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Abstract

A new look at the inner-shelf circulation in the northern Gulf of Cádiz (SW Iberian Peninsula) is taken. Results reveal

the introduction of a sharp spatial heterogeneity in the wind field by the coastal geometry around Cape St. Vincent and

nearby mountain chains. Direct observations taken in November–December 2001 reveal the alternating nature of the

coastal flow along the SW Iberian Peninsula, featuring a sharp current inversion on time scales of less than 2 days. Along-

shore gradients of the oceanic wind stress were detected, which may contribute to the coastal circulation patterns in the

region. Over the observational period, the sea-level variability in the Gulf of Cádiz is better explained by the action of

along-shore winds outside the Gulf, than by local winds. This is confirmed by a scale analysis done on the vertically

integrated momentum equation. It is shown that, to a first approximation, the expected behaviour of the inner-shelf flow

responds to linear dynamics. In this approximation, the along-shore sea-level slope (�5 cm over 100 km) is the dominant

term, overriding the linear (bottom and surface) stress terms. This suggests control by large-scale atmospheric pressure

systems, and negligible dynamical influence from local wind stress.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Located at the northernmost tip of the Eastern
Boundary Current System (EBCS) of Western
Europe and North Africa, the SW Iberian Peninsula
(IP) is noted for the marked geographical anomaly
e front matter r 2006 Elsevier Ltd. All rights reserved
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constituted by Cape St. Vincent. At this point, the
western Iberian coast meets, almost at right angles,
the southern Iberian coast (Fig. 1), with the
additional presence of mountainous peaks of
�900m relatively close to the coast. A major
difference with respect to other well-studied EBCSs,
such as the US west coast, is the coastal disconti-
nuity imposed by the Strait of Gibraltar. Through
this strait, exchange between the Atlantic Ocean, at
the surface, and the Mediterranean Sea, at the
bottom, occurs. A key result of this exchange is the
.
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Fig. 1. Map of the Gulf of Cádiz showing topography and locations of the sampling stations. Mean wind vectors over 1999–2001 at the

anemometer wind stations are also plotted. The shaded boxes for the satellite images and the T/P altimeter data spatial averages are also

shown and indicated. A general location map with geographical details is plotted in the inset.
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dissimilar mass field characteristics of the IP system
when compared with others. This latter fact has
attracted numerous observational programs since
the 1950s, and substantial knowledge of the
dynamics of the subsurface Mediterranean outflow
has been attained. Yet, detailed knowledge of the
particularities of the surface circulation of the Gulf
of Cádiz remains still poor.

An understanding of the surface ocean circulation
in such orographically complex regions requires the
determination of the structure of coastal wind fields.
These may have a variable spatial structure,
influenced either by pure physical interaction with
geographic features (sheltering or channelling) or by
local-scale modification of the lower-atmosphere
stratification at the sea-surface boundary. In the
case of the Gulf of Cádiz, the land geometry has
been shown to have a rectifying effect on the
prevailing wind patterns, with shadowing of the
preferential NE–SW wind pattern lee of the Cape,
or funnelling and channelling for other patterns
(Lobo et al., 2004).

The local-scale oceanographic context of the SW
IP has been explored with single-point coastal
meteorological wind station data and SST satellite
images by Folkard et al. (1997), after Fiúza (1983).
In general, the Gulf of Cádiz has been described as a
large bight that is subject to marked recirculations
(Sánchez and Relvas, 2003a,b). Conspicuous seaso-
nal alternation of flow and hydrographic fields, with
clear upwelling and downwelling seasons over the
shelf and the coastal ocean, has been reported. The
aforementioned studies observed correlation be-
tween the SST and local winds, specially during
the summer months when the thermal contrast
associated with the coastal upwelling is most
evident. The proposed mechanism has been related
with air–sea interactions through momentum ex-
change in the classical Ekman circulation (Fiúza,
1983). Hence, as observed in other EBCSs, north-
erlies (westerlies for the south coast) would favour
upwelling, whereas the onset of southerlies (east-
erlies) would contribute to the development of
poleward flows (Folkard et al., 1997).

These studies have shown that much of the
variability over the inner shelf of the northern Gulf
of Cádiz can be explained by flows counteracting
those at the outer shelf and slope. Sequences of
summer SST satellite images are usually dominated
by a zonal current pattern formed by poleward and
equatorward advection of warm and cold tongues
of water, respectively (e.g., Fiúza, 1983; Folkard
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et al., 1997; Relvas and Barton, 2002; Lobo et al.,
2004), consisting of a warm inshore counter-current
opposing the offshore upwelling circulation in the
northern Gulf of Cádiz. Winter images show a
similar zonal pattern, yet with colder waters over
the shelf, associated with-river runoff (Peliz et al.,
2004). The counter-current typically extends west-
wards over the inner shelf from the inner Gulf of
Cádiz. It may eventually turn northwards along the
western coast after reaching Cape St. Vincent
(Relvas and Barton, 2005; see the sequence in
Fig. 13). Relvas and Barton (2002) observed this to
be one of the most recurrent mesoscale patterns
present in at least 45% of (summer) cloud-free
images from 1982–1994. The persistent recurrence
of this inner-shelf circulation was seen also in the
sedimentary record. Lobo et al. (2004) presented
results proving the western deflection of the
sedimentary wedge of the Guadiana and Guadal-
quivir rivers in the inner-middle shelf of the Gulf of
Cádiz. These authors attributed these sedimentary
patterns to the occurrence of westward inshore
flows.

Detailed observations by Folkard et al. (1997)
noted the lack of correlation between the SST
signature and the local winds in the winter months.
This was initially attributed to the lack of thermal
contrast in the winter SST images. However, the
notion of the northern Gulf of Cádiz as a region
sheltered from the main offshore wind patterns
opens the question as to what does occur over the
shelves where local winds are weak relative to other
forcing mechanisms. Recent studies (Relvas and
Barton, 2002; Sánchez and Relvas, 2005) make the
claim for mechanisms, other than direct wind
forcing, to be responsible for the development of
SST patterns in the Gulf of Cádiz region. The
proposed mechanisms are based either on the
relaxation of upwelling-favourable winds (Relvas
and Barton, 2002) or on interaction with the
offshore eddy field (Peliz et al., 2004). In this paper,
we suggest that the existence of dissimilar wind
patterns on either side of Cape St. Vincent, resulting
from orographic deformation, is a significant
contributor to the surface circulation under weak
to moderate wind conditions.

During November–December 2001 as part of the
observational programs of the Portuguese SIRIA
project, two Acoustic Doppler Current Profilers
(ADCP) were deployed over the inner shelf of the
Gulf of Cádiz. These data revealed the sudden onset
of a counter-current, which appeared to be un-
correlated with the local wind field. This observa-
tion prompted a detailed study to be made into the
dynamics of this event, with emphasis on the forcing
mechanisms. Thus, the objectives of the present
paper are the following: (i) to evaluate the role of
the various terms in the along-shore momentum
balance obtained using the data set of in situ
thermohaline and velocity observations taken in
winter 2001; (ii) to attempt to define the mechanisms
responsible for the observed structure of the flow;
(iii) to understand the influence that the dissimilar
coastline alignment on both sides of Cape St.
Vincent exerts on the wind field over sheltered
regions in the lee of the Cape; and (iv) to determine
its effect on the coastal ocean circulation along the
northern Gulf of Cádiz.

2. Data

2.1. The November– December 2001 observations

Within the frame of the Portuguese SIRIA
project two RDI 600 kHz upward-looking ADCPs
were deployed at �20m depth in the Gulf of Cádiz
between 25 November and 7 December 2001
(Fig. 1). The instruments were placed about 4m
above the bottom and configured to acquire data in
0.75-m bins. After recovery of the instruments, the
upper 10 bins were found to be affected by a high
signal-to-noise ratio. Hence, the effectively sampled
water depth ranged from 8 to 15m. These data were
complemented with a set of simultaneous observa-
tions that included tide gauge and bottom tempera-
ture observations at the (ADCP) mooring sites, plus
several CTD casts performed in nearby locations
during the deployment period. Additionally,
AVHRR satellite imagery from the German Re-
mote Sensing Service (Deutsches Zentrum für Luft-
und Raumfahrt, DLR) was obtained from their
public access gateway (http://isis.dlr.de/).

2.2. Anemometer-based wind data

Hourly anemometer wind data for the period
1999–2001 were obtained from the locations in-
dicated in Fig. 1, with the exception of the Tavira
station, which was specifically set up for the
November–December 2001 survey, and was situated
close to the ground at the Tavira barrier island.
Sines, Sagres and Faro stations are land-based
meteorological stations, managed by the Portuguese
Instituto de Meteorologia, Lisbon. Sines station is

http://isis.dlr.de/
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Table 1

Crosby et al. (1993) ðr2Þ and Kundu (1976) (R) vector

correlations obtained between the wind station pairs used in this

study

Unfiltered series Low-pass filtered series

ðr2Þ T. lag (h) ðr2Þ T. lag (h)

(R) T. lag Ph. lag R T. lag Ph. lag

(h) (1) (h) (1)

Reference station: Sines

Sagres 1.11 1 1.48 1

0.76 1 �16 0.87 1 �16

Faro 0.76 2 1.23 2

0.58 2 �18 0.71 1 �16

Cádiz 0.75 4 1.17 4

0.59 4 �5 0.73 4 �5

Reference station: Sagres

Faro 0.79 1 1.15 0

0.60 1 �38 0.71 0 �38

Cádiz 0.68 3 1.05 2

0.56 3 �26 0.70 2 �26

Reference station: Faro

Cádiz 0.85 3 1.44 2

0.67 3 �14 0.87 3 �14

The considered period is 777 days from 1999 to 2001. Bold type

refers to the vector correlations obtained along each perpendi-

cular coast. The 95% confidence bound is 0.11 for the Crosby et

al. (1993) and 0.12 for the Kundu (1976) correlation coefficients,

respectively.
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located on the west coast, 8m above ground level
and 15m above mean sea level (msl). Sagres station
is located at Cape St. Vincent, 6m above ground
level and 40m above msl. Faro station is close to the
shore on the south coast, 7.5m above ground level
and 8m above msl. Cádiz station is an ocean buoy
maintained by the Spanish Puertos del Estado,
moored in the Gulf of Cádiz at 450m over the shelf
break. Anemometer winds were height-adjusted and
corrected for roughness to the equivalent 10-m
neutral-stability winds using the logarithmic profile
law. A simple statistical check rejected any outliers
lying �2:3 standard deviations from the sample
mean.

In order to eliminate tidal and other sub-inertial
oscillations where required, scalar and vector time
series were low-pass filtered using a cosine-Lanczos
filter with a half-power point at 40h spanning 140 h.
Vector time series were compared by using two
distinct vector correlation methods: the Crosby
et al. (1993) and Kundu (1976) statistics. The vector
correlation coefficient r2, as defined in Crosby et al.
(1993), accounts for the contribution of each of the
orthogonal wind components. A perfect correlation
of two means that two vector series may differ only
in a constant offset in direction, and a multiplicative
factor in magnitude. In this case, the covariance
structure of both series is therefore identical. This
property makes it an excellent tool to study the
spatial heterogeneities of the wind field. Additionally,
the Kundu (1976) vector correlation coefficient (R)
produces the correlation between the wind speeds of
the two series, and a speed-weighted estimate of the
mean angle through which the first field would have
to be rotated counterclockwise to match the second
field. As we will see, the correlation values from these
two methods are complementary.

3. Results

3.1. Long-term winds along the study area

The change of coastline orientation at the
conspicuous point of Cape St. Vincent was expected
to exert non-negligible effects on the spatial
continuity of the wind field, over sheltered regions
in the lee of the Cape. In similar regions, this
discontinuity has been revealed as a major mechan-
ism responsible for the generation of local forcing
(Oey et al., 2001). In order to study these effects in
relation to the circulation in the Gulf we compared
hourly vector time series of winds at the four longer-
term anemometer wind stations presented in Fig. 1,
using the two vector correlation coefficients. These
provided scalar measures of the agreement between
the vector data sets. Vector correlations were
computed over 777 days from 1999 to 2001
(�19 000 hourly points for each series). Tavira
winds were unavailable for this period.

The correlations were applied for the hourly
original (unfiltered), and for the time series with
tides and other sub-inertial oscillations removed
(low-pass filtered). The results are presented in
Table 1. Both vector correlation coefficients were
significantly augmented for the filtered series. The
augments ranged between 25% and 40% for the
Crosby and 13% and 23% for the Kundu correla-
tions. These were more dramatic when any of the
stations sited inside the Gulf of Cádiz were
involved. This illustrates the effect of local-scale
fluctuations, such as sea breeze or atmospheric
tides, on instantaneous winds in the sheltered
regions of the Gulf. Wind stations at the central/
eastern Gulf of Cádiz, such as Faro or Cádiz,
generally lagged the wind series at the west coast by
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2–4 h. This indicates that the most common wind
patterns have a significant northerly component.

Vector correlations showed that coastal winds
were well-correlated along each perpendicular coast
(marked in bold type in Table 1). For instance, on
the west coast the Sines and Sagres stations showed
r2 ¼ 1:48 and R ¼ 0:87. Similarly, on the south
coast the Faro and Cádiz stations showed r2 ¼ 1:44
and R ¼ 0:87. Disagreement occurred when stations
situated at the opposite coast were compared. The
plot in Fig. 2 shows the cross-vector correlations of
the wind series as a function of the distance between
wind stations. A least-squares fit to a Gaussian
function is also shown. Poorer correlations were
obtained with increasing distance. The pairs aligned
along each of the perpendicular coasts showed
the best values, well above r241:40. In contrast, the
cross-correlation of stations along each of the
perpendicular coasts was much poorer, always
below r2o1:25. Note also the low correlations
between the stations located immediately to either
side of Cape St. Vincent (Faro and Sagres stations).
In spite of the fact that these stations are the closest
to each other (87 km), they have a poor r2 ¼ 1:15.

3.2. The November– December 2001 deployments

3.2.1. Description of the wind forcing

As was revealed for the 1999–2001 wind series
presented above, the wind forcing during the
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Fig. 2. Crosby et al. (1993) vector cross-correlations between

wind stations along the southwestern Iberian Peninsula. The 95%

significance bound is less than 0.11 for all cases. A least-squares

fit to a Gaussian e�ðDx=DÞ2 where Dx is the station separation and

D a correlation scale, is also plotted. In this case the correlation

scale is 300 km.
deployment period (25 November–7 December
2001) featured dissimilar patterns over both the
west and the south coasts. The meteorological
stations at Sines and Sagres describe the situation
on the west coast (Fig. 3). There, winds were
upwelling-favourable from 26 November–1 Decem-
ber, although the northerly component slightly
weakened during 29–30 November. After 1 Decem-
ber, until the end of the deployment period, winds
showed enhancement of the easterly component
with the exception of the interval between 3 and 5
December, when northerlies peaked again. The
wind stick diagrams from Faro, Tavira and the
Cádiz stations describe the coastal wind conditions
inside the Gulf of Cádiz. In contrast to the west
coast, winds here were predominantly easterly,
hence downwelling-favourable. Exception should
be made for two brief periods between 26 and 27
November and 1 and 2 December, when the
westerly component prevailed. This situation high-
lights the disagreement between the coastal winds
on either side of Cape St. Vincent. We applied a
vector correlation test for this 2-week period. As
expected from visual observation, strong disagree-
ment between the vector series north and east of the
Cape was found. A very low vector correlation
ðr2 ¼ 0:33Þ was obtained between Sagres and Cádiz,
the Sagres wind leading the Cádiz buoy by 3 h. This
value was much smaller than the values observed
during the reference 1999–2001 period (Table1).

To investigate further the spatial continuity of
ocean winds during this period we retrieved spatial
ocean wind field data to illustrate four significant
snapshots of the study period. Fig. 4 presents ocean
wind vectors, as obtained from a blend of QuikS-
CAT swath data and National Centers for Envir-
onmental Prediction (NCEP) reanalysis (Chin et al.,
1998) derived winds, together with the vectors
from the anemometer stations. The QuikSCAT/
NCEP data were retrieved from http://dss.ucar.edu/
datasets/ds744.4. These pictures revealed that over the
study period, along the west coast the wind was
predominantly blowing from the north, yet with
variable intensity, with the exception of the brief
period corresponding to December 2. In contrast, the
ocean winds were more variable both in direction and
magnitude in the Gulf of Cádiz. On November 27
(Fig. 4A) the wind pattern showed a large-scale
equatorward wind along the study area, featuring
positive wind curl in the Gulf of Cádiz. Three days
later (November 30) the wind vectors rotated clock-
wise, and show an homogeneous NE pattern all across

http://dss.ucar.edu/datasets/ds744.4
http://dss.ucar.edu/datasets/ds744.4
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favourable winds as negative. An arrow points to the north in all subplots. All plots have the same scale except for the Tavira winds, which
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the domain. This field illustrates the dissimilar
(upwelling-favourable on the west coast and down-
welling-favourable on the south coast) wind patterns
either side of Cape St. Vincent. On December 2, winds
on the west coast rotated to an easterly direction,
whilst in the Gulf of Cádiz the winds showed a non-
coherent pattern. Finally, on December 5 the wind
pattern was similar to the snapshot of November 30,
with northerlies along the west coast and easterlies in
the Gulf of Cádiz. This field contains evidence of wind
shadowing along the northernmost limits of the Gulf
of Cádiz and east of Cape St. Vincent.

As shown by the vector correlations and the
spatial maps, over the deployment period a clear
spatial-temporal break of ocean winds occurred,
which appears to be associated with Cape St.
Vincent. The wind time series display different
behaviour at either side of the Cape, justifying the
degradation of the vector correlations between these
winds during November–December 2001.

3.2.2. Evolution of the temperature field

The temperature time series obtained from the
moored instruments together with direct measure-
ments from CTD casts are presented in Fig. 5. In
addition, two SST satellite image snapshots corre-
sponding to the deployment period can be seen in
Fig. 6. These satellite images reveal that during the
described period coastal water was colder than the
offshore oceanic water (Fig. 6A). Shelf coastal water
in winter usually contains water associated with
Guadiana and Guadalquivir runoff (Fig. 7A; e.g.
Peliz et al., 2004). Before the deployments (23–24
November) the CTD data showed that the coast
east of Cape St. Maria was invaded by waters colder
than 16 �C. However, during the deployment period
sharp temperature oscillations over small time scales
were observed. These were attributed to episodes of
advection and retreat of cold water towards and
away from the mooring sites. For instance, at the
beginning of the sampling period before 27 Novem-
ber, a sharp temperature contrast between the two
mooring locations was evident (Fig. 5). The SST
image of 26 November (Fig. 6A) permits the
inference of a temperature rise at the site of the
easternmost instrument, ADCP2, between 23 and
26 November; this indeed occurred as a conse-
quence of the retreat of the coastal water and the
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Fig. 4. NCEP/QuikSCAT blend winds for November–December 2001. Wind vectors at the Sines, Sagres, Faro land stations, and the

Cádiz buoy anemometer stations are also presented, and correspond to averages over the 24 h prior to the image capture. (A) 27

November; (B) 30 November; (C) 2 December; (D) 5 December. Reference vector is 4m s�1, shown in figure D.
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associated onshore and eastward advection of
warm, oceanic waters. Hence, ADCP1 (to the west)
is situated out of the influence of cold coastal
waters, whereas ADCP2 is situated within its
influence. The eastward advection of warm water
continued during 26–28 November, as shown by the
sharp temperature rise detected at ADCP2 (solid
line in Fig. 5). This event occurred despite the local
mean wind that was blowing from the east (mean
values of �3m s�1Þ from 24 to 26 November (see
Fig. 6A); instead, it was influenced by equatorward
winds of �4m s�1 over the western coast (see
Fig. 3).

After this rise, the temperature dropped by 0:5 �C
in 2 days (Fig. 5). During this period, strong easterly
winds occurred in the Gulf of Cádiz, together with a
slight relaxation of northerlies along the west coast
up until 30 November (Fig. 3). This cooling was
mostly associated with the westward pushing of
cold, coastal waters towards the mooring sites. This
temperature fall was disrupted by a slight rise of
�0:5 �C over 24 h between 29 and 30 November,
best shown by ADCP1. This latter event occurred
during the brief relaxation of easterlies and the
westerly wind event in the Gulf of Cádiz.

A dramatic temperature fall of 1:8 �C in less than
36 h was observed at both mooring sites from 30
November to 1 December (Fig. 5). This fall was
consistent with the fall observed in CTD casts taken
near to the mouth of the Guadiana River at 10m
depth, and the satellite images (Fig. 6B). The
satellite image in Fig. 6B was acquired on December
3, but the wind vectors are contemporaneous
with the temperature fall, i.e. averaged over 1–2
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December. Westward advection of cold, coastal
waters is inferred. Detailed observation of the
temperature together with the wind series indicates
that this cooling coincided with the relaxation of
the local easterlies and the onset of westerlies in the
Gulf of Cádiz, and most importantly, with the
disruption of the northerlies and the onset of
easterlies at the west coast (see Fig. 3).

At the end of the deployment, another tempera-
ture rise coincided with a new onset of easterlies,
intensified along the Gulf of Cádiz, from 2
December. This event was accompanied by another
pulse of northerlies on the west coast. It is most
likely that this event occurred as a result of the
onshore advance of oceanic water, under the
influence of the local easterlies (see Figs. 3 and 4).

This event occurred in the absence of major river
discharges (Fig. 7B). To investigate the causes for
this event, the temperature time series at the
orthern Gulf of Cádiz in 2001. (A) 26 November, (B) 3 December.

ectors are averages over the 24 h prior to the image acquisition.

tively. Reference vector is 4m s�1. Colourbar units are �C.
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mooring sites was correlated with the wind forcing
(Table 2). As can be observed through visual
examination of the temperature time series (from
any of the sources: ADCP, CTD or satellite), and
the winds at various locations in the sampling area,
the correlations revealed that shelf water properties
in the inner Gulf of Cádiz were poorly correlated
with local wind forcing. The temperatures showed
better correlation with the wind series at stations
situated on the west coast, rather than with local
winds in the Gulf of Cádiz. As an example, note
that the along-shore wind component at Sines has a
correlation of �0.84 with the temperature; the
temperature lags behind the wind by about �5 h.
The same series compared with the Sagres winds
showed a correlation of �0.74, the wind preceding
temperatures by 3–5 h. Conversely, correlations
Table 2

Lagged correlations and time lag (hours) between the zonal ðuÞ

and meridional ðvÞ components of the wind and the mean

temperature series at the mooring sites for the period 25

November–7 December 2001

U T. lag (h) V T. lag (h)

Sines 0.41 0 �0.84 �5

Sagres n.s. n.s. �0.74 �3

Faro n.s. n.s. n.s. n.s.

Tavira n.s. n.s. n.s. n.s.

Cádiz n.s. n.s. �0.48 +4

The label ‘n.s.’ stands for non-statistically significant correlations.
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Fig. 8. (A) ADCP1 flow velocity stick plot. Vectors are conveniently ro

arrow points to the north for reference. A bold line represents the mode

the along-shore and across-shore bin averaged velocities. The mean is
with local winds at Faro or Tavira showed non-
significant values, and weak correlations with the
Cádiz winds (0.48 at a lag of þ4). These results
indicate that large-scale circulation, rather than
local winds may be responsible for the thermal
patterns found along the inner shelf of the eastern
Gulf of Cádiz.

3.2.3. Description of the ADCP velocities

The ADCP observed current patterns obtained
from the two instruments were very similar.
Examination of the along- and across-shore struc-
ture of the currents of ADCP1 showed strong
polarisation of the flow, primarily parallel to the
isobaths due to the proximity of the coastal wall
(Fig. 8A). Mean across-shelf flows wereo0:01m s�1

for all considered bins, which is on the order of
magnitude of the accuracy of the ADCP, with
standard deviations of 0:02m s�1 (Fig. 8B). The
along-shore component exhibited more consistent
values of �0:05m s�1. For this reason, velocity
vectors were rotated into the direction of maximum
variance, and are presented here as the along-shore
and across-shore components. Sticks in Fig. 8A
represent column-averaged rotated velocity vectors.

Two distinct periods may be distinguished
(Fig. 8A). From 26 September to 1 December the
current was flowing equatorward (eastward) with
maximum subinertial velocities of �0:2m s�1,
although a slight deceleration occurred from 28 to
29 November, accelerating back again on 29–30
2 02/12 03/12 04/12 05/12 06/12
001

15 16 17 18 19 20
th (m)

tated into the axis of maximum variance (�31� anticlockwise). An

lled along-shore velocity at the ADCP1 location. (B) Statistics of

represented as a line and the standard deviation as an errorbar.
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Fig. 9. Lagged ADCP-wind vector correlations for each of the

anemometer wind stations along the Gulf of Cádiz during

November–December 2001. (A) Kundu (1976) vector correlation

coefficient (R). (B) Crosby et al. (1993) vector correlation

coefficient (r2). The 95% confidence bound is indicated as a thin

dashed line. The confidence bound in (A) was based on an

asymptotic normal distribution of 0:5 logðð1þ RÞ=ð1� RÞ � 1Þ,

with an approximate variance equal to 1=ðN � 3Þ, N being the

number of data points of the series. In (B) the confidence bound

was based on the Crosby et al. (1993) results that for a large

number of independent samples, the r2 approximates a chi-

square distribution with 4 degrees of freedom (dof). The number

of independent samples, or effective number of degrees of

freedom of the complex series was estimated as in Breaker et

al. (1994), based on the e-folding time scale for both orthogonal

components, and then choosing the median as a representative

time-scale (t). After, the dof was estimated as dof ¼ NDt � t�1, Dt

being the sampling interval (1 h).
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November. The second period occurred from 3
December through to the end of the deployment
period; here the current switched to a poleward
flow, with velocities at roughly the same order of
magnitude as in the previous period. The transition
involved a sharp current reversal, from equatorward
to poleward flow, that occurred in less than 48 h
between 1 and 3 December 2001.

The initiation of the temperature fall described in
Section 3.2.2 coincided with the deceleration of the
eastward velocities on 28 November, with tempera-
tures remaining low as long as the westward flow
continued. This confirms that the dramatic tem-
perature fall was associated with the westward
advection of cold water from the eastern Gulf of
Cádiz, as also observed in the satellite SST image
(Fig. 6). The SST image indicates that this cold
water was related to local river runoff. An extreme
expression of this feature has been reported by Peliz
et al. (2004).

In order to examine the ocean response to the
wind stress, we constructed lagged vector correla-
tion of ADCP velocities and wind stress at the
different locations. These are presented in Fig. 9.
Positive lags stand for the wind leading the ADCP
velocities. The Kundu coefficients show a lack of
correlation between the ADCP velocities and local
winds (Fig. 9A). The best correlations were ob-
served between the ADCP mean vectors and the
winds at Sines (R ¼ 0:62, at 420 h lag), and at
Sagres (with R ¼ 0:69, at 15 h lag) stations, which
were located 233 and 123 km, respectively, from the
measuring point. In contrast, the nearer Tavira
(5 km), Faro (40 km) or Cádiz (80 km) winds,
showed lower and non-significant correlations
(Fig. 9A). The Crosby coefficient values were
generally low. The only significant correlations were
obtained for Cádiz winds with a lag of �15 h
ðr240:8Þ (Fig. 9B).

The disagreement between the two vector correla-
tion statistics may help us understand the effect of
wind on the shelf circulation in the inner Gulf of
Cádiz. Each statistic exhibits dissimilar but com-
plementary properties. The method of Kundu
(1976) produces complex numbers expressed in
terms of rk ¼ R � eði�yÞ, where R is the product of
the wind speeds between the two fields and y
represents a speed-weighted estimate of the mean
angle through which the first field would have to be
rotated counter-clockwise to match the second field.
Hence, R is a measure of the correlation of the
vector magnitudes, and gives a sense of whether the
differences are more related to speed or direction.
The method of Crosby et al. (1993) explores the
covariance structure of the orthogonal components
of the two vector series, and provides a better
overall sense of how well each data series correlates
with another over time. This powerful statistic is
able to reveal considerable fine structure in the
vector correlation sequences, mostly coincident with
small changes (Breaker et al., 1994). Thus, the
relatively good Crosby correlations of ADCP
velocities with (local) winds at Cádiz (Fig. 9B)
indicate that small wind oscillations have an effect
on the variability of ADCP records locally. Con-
versely, the low values of the Kundu statistic for the
Cádiz winds reflect the fact that there were
significant differences in the correlation sequence
of ADCP velocities and nearby winds. Instead, the
more distant Sines/Sagres winds showed better
agreement, in this sense (Fig. 9A). These points
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Table 3

Bound values of the terms of the along-shore momentum

equation

Term Bound value ð10�5 m2 s�2Þ

H
qv

qt

4

Hv
qv

qy

1

Hf u 1

H2 g

ro

qr
qy

o1

gH
qZ
qy

6

tws
ro

3

tbb
ro

3

HF o1
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again highlight the underlying effects of phenomena
related to the larger-scale wind circulation.

3.2.4. The barotropic momentum equation

Local wind-stress variability is insufficient in
explaining the observed flow pattern. So what drove
the sharp current reversal, and its associated
dramatic temperature drop? To determine the
mechanisms driving the current reversal, and to
account for the observed structure of the along-
shore flow field, we considered the vertical integral
of the along-shore momentum equation

q
qt

Z Z0

�H

v dzþ
q
qx

Z Z0

�H

uv dz

þ
q
qy

Z Z0

�H

v2 dzþ f

Z Z0

�H

u dz

¼ �gH
qZ
qy
�

Z Z0

�H

Z Z0

z

g

ro

qr
qy

dz0 dzþ
tws � tbb

ro

þ

Z Z0

�H

F dz. ð1Þ

The coordinate system is with the y-axis rotated 31�

northwards (Fig. 8B) and positive eastward, and
the x-axis directed positive onshore. Hence, v; u are
the along-shore and across-shore components of the
velocity, Z and Z0 are the adjusted and actual sea
level, respectively, tws and tbb are the along-shore
components of the surface and bottom stress due to
the wind and the bottom friction, respectively, F is
the divergence of the along-shore component of the
horizontal Reynold stress, H is the mean depth
(assumed as constant in this case), and r and ro are
the density and mean density, respectively. Assum-
ing barotropic conditions we can integrate and write

H
q
qt

vþH
q
qx

uvþH
q
qy

v2 þHf u

¼ �gH
qZ
qy
�H2 g

ro

qr
qy
þ

tws � tbb
ro

þHF , ð2Þ

where the overbar denotes vertical averages.
As in Lentz and Winant (1986) we scaled the

terms in the equation of motion (Eq. (2)) using the
observations made in the Gulf of Cádiz in
November–December 2001. The wind stress tws
was parameterised by the quadratic drag law

~tws ¼ raCDvwj~uwj, (3)

where ra is air density (assumed to be 1:22 kgm�3),
~uw is surface wind velocity vector, vw along-shore
component of the surface wind velocity ðms�1Þ, and
CD is a drag coefficient (CD ¼ 0:00114, Large and
Pond, 1981).

Following Lentz and Winant (1986) and Hickey
et al. (2003), the along-shore bottom stress tbb was
expressed as a linear function of the depth-averaged
velocity, v:

tbb ¼ rorv, (4)

where r is a resistance coefficient set to
r ¼ 1:25� 10�4 m s�1.

The along-shore sea-level slope (ASLS) term was
estimated using the sea levels from tide-gauges
(TGs) located on the Algarve and at Cádiz (Fig. 1).
A detailed description of this term is further
presented in Section 3.2.5. The along-shore density
gradient term can be significant during spring–
summer, when river outflow and coastal upwelling
may promote strong horizontal density gradients
(e.g. Sánchez and Relvas, 2003a,b). However, it is
expected to remain generally low during winter,
owing to the strong homogenisation and erosion of
horizontal gradients, as reported for the California
coast (Lentz and Winant, 1986). Unfortunately, a
complete hydrographic survey simultaneous to the
observations presented here was not undertaken,
and so the along-shore density gradient term had to
be indirectly estimated. A value of �0:4 kgm�3 over
150 km from Cape St. Maria to the Guadalquivir
River mouth was calculated from the climatological
analysis of a local historic hydrographic database.

The results of the scale analysis are presented in
Table 3. The depth-averaged advective term, the
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Coriolis term, as well as the along-shore density
gradient term, were, at most, one third of the stress
and one fourth of the local acceleration terms, and
therefore could be neglected. Caution should be
taken if strongly meandering flows (field accelera-
tions), over the middle and outer shelf (across-shelf
flows) and/or strong density gradients, such as in
frontal zones, are present, since these assumptions
may then not be correct. The smallness of the
advective term is partly due to the fact that the flow
closely follows the isobaths, and it does not suffer
from sharp local accelerations (Section 3.2.3). The
Coriolis term was assumed zero by necessity, since
the proximity of the instruments to the coastal wall
set a no-flow condition through the coastal bound-
ary. Additionally, this latter term appeared uncor-
related with other elements of the momentum
equation. This observation agrees with previous
studies (Lentz and Winant, 1986; Hickey et al.,
2003), and shows the lack of dynamical significance
of the sub-inertial across-shore velocities, which
may probably be related to instrument noise.

After applying the scaling, the Coriolis, advective,
along-shore density and Reynolds stress terms may
be neglected in the momentum equation. We can
rearrange the equation to obtain a linear barotropic
expression for the along-shore acceleration:

qv

qt
¼ �g

qZ
qy
þ

tws � tbb
Hro

. (5)

In this equation, local accelerations are balanced by
the gradient of the sea surface (ASLS) and
modulated by the difference between the along-
shore component of the wind stress and the stress at
the bottom of the layer. The relative influence of the
stress (surface force) and the ASLS (body force)
terms depends on the total depth H (assumed as
constant ¼ 20m). The scaling of the equation terms
(Table 3) indicates that the ASLS was the dominant
term in the equation, counteracted by the stress
terms to induce the observed motion. As seen in the
previous section, low correlations were observed
between the flow and local winds. Also outstanding
was the fact that local wind velocities were in any
case very low, and unlikely to provide the necessary
drag to explain the observed accelerations. Hence,
an ASLS must exist to account for the residual.

The time series of retained terms in the depth-
averaged along-shore momentum Eq. (5) are pre-
sented in Fig. 10. We correlated the acceleration and
the wind-stress term at the various sites presented in
Fig. 1. Flow accelerations in the inner Gulf of Cádiz
(Fig. 10A) were poorly correlated with the along-
shore wind stress, measured locally on the south
coast (e.g. Faro station r ¼ 0:39; po0:01; Tavira
station r ¼ 0:42; po0:01). Conversely, accelera-
tions were well-correlated with the wind stress on
the west coast (e.g. Sines station, r ¼ 0:89; po0:01
or Sagres station r ¼ 0:75; po0:01).

A closer look at the time series gives an under-
standing of the behaviour of the acceleration, and
its association with the along-shore wind stress. For
the sake of clarity, the wind stress on the west coast
is also presented in Fig. 10B. Maximum eastward
accelerations of 0:16m s�1 d�1 were observed be-
tween 26 and 27 November, in response to the
upwelling-favourable wind event simultaneously
observed both on the west and south coasts
(Fig. 10A and B).

Similarly, between 29 and 30 November, positive
flow accelerations of �0:1m s�1 d�1 were observed
after the presence of northerly winds (on the west
coast), although surprisingly, against the local
easterlies. Eastward ADCP accelerations occurred
well before the full onset of local westerlies
occurred at the Cádiz buoy (observe the event
marked in Fig. 3). Finally, a smaller pulse of
eastward accelerations of 0:05m s�1 d�1 occurred on
5 December, coinciding with a local weakening of
the easterlies and enhancement of northerlies on the
west coast.

The strongest acceleration event occurred from 30
November to 4 December, with a strong peak of
0:23m s�1 d�1 between 2 and 3 December (Fig. 10).
This event reversed the so far eastward flow,
resulting in a sharp inversion of the current pattern
(see Fig. 8A). This major peak did not seem to be
associated with any onset of local easterlies. In fact,
one can observe that negative accelerations com-
menced between 30 November and 2 December, i.e.
under the presence of local westerlies (Fig. 3E). The
peak in the negative accelerations occurred more
than 24 h before any local easterly wind peaks at the
Cádiz buoy. Nonetheless, it seemed to occur
simultaneously with the strong relaxation of the
equatorward component of the wind on the west
coast, rather than in association with the strength-
ening of the local poleward component of the wind.

The inferred ASLS term is presented in Fig. 10D.
The plot shows that the sharp current reversal of
1–3 December was associated with the inversion of
accelerations forced by the sea-level slope from ��
0:20 to þ0:25m s�1 d�1. This value is consistent with
the inability of local stresses to counteract the
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Fig. 10. Terms in the barotropic along-shore momentum Eq. (5). From top to bottom: (A) Local flow acceleration; (B) Surface stress term

(solid line). The stress term on the west coast was also plotted for reference (dotted line); (C) Bottom stress term; (D) ASLS �gðqZ=qyÞ

term (TG-observed, dotted line; T/P-observed, open circles). The residual from the difference ðts � tbÞ=Hro � gðqv=qtÞ is plotted as a bold

line. See text for details.
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pre-existing ASLS. This makes the ASLS term the
main contributor toward the inner-shelf circulation
along the eastern Gulf of Cádiz during November–
December 2001.

3.2.5. Sea-level differences

The linear barotropic momentum equation can be
rewritten in terms of the ASLS, as

qZ
qy
¼

tws � tbb
gHro

�
1

g

qv

qt
. (6)

The ASLS inferred using the right-hand side of
Eq. (6) has been compared with the ASLS estimated
from two local TGs, situated approximately 100 km
east and west of the moorings locations, respectively
(Fig. 1). Sea-level data were available for the
November–December 2001 period (Fig. 11A). The
ASLS was estimated as the difference between
the sea-level anomalies at the two TGs over a
normalised distance of 100 km. ASLS refers to
anomalies subtracted from the mean. This ASLS
was plotted in Fig. 11B together with the inferred
ASLS from the previous section. The observed
ASLS series correlated with the inferred ASLS from
the barotropic, linear model. The general trend and
the peaks were well simulated by the linear model.
The correlation coefficient between both series was
0.69 ðpo0:01Þ.

We wanted to estimate this difference by taking
another independent measure of the ASLS too. Sea-
level anomalies from Topex/Poseidon (T/P) satellite
observations were considered. Data were retrieved
from the PO.DAAC web gateway (http://poet.jpl.
nasa.gov/). ASLS was computed by calculating
spatial means over two boxes placed either side of
Cape St. Vincent, as indicated in Fig. 1. The ASLS
was also normalised over a standard distance of
100 km. The T/P data have a maximum temporal
resolution of five days, and there were just a few
data points for November–December 2001. How-
ever, it can be seen that altimetry observations
showed a good agreement with both the inferred
and TG-observed ASLSs. These values appeared
consistent with climatological TG observations

http://poet.jpl.nasa.gov/
http://poet.jpl.nasa.gov/
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Fig. 11. (A) Inverse-barometer adjusted sea levels at the Cádiz and Algarve tide-gauges for November–December 2001. (B) Along-shore

sea-level slope (averaged over 100 km) in November–December 2001 as inferred by the barotropic momentum equation (bold line), the T/P

altimeter (open circles) and the difference between the Cádiz and Algarve tide-gauges (dashed line). ASLS modelled by the ROMS

simulation is plotted with a thin solid line. (C) ASLS (averaged over 100 km) as inferred by the T/P altimeter. A horizontal line indicates

ASLS greater than 5 cm. Grey stripes are referred to in the text.

Table 4

ROMS simulation parameters

Number of timesteps 8640

Internal (baroclinic) timestep size 500 s

External (barotropic) timestep size 30 s

Surface stretching 5

Bottom stretching 0.4

Thermocline depth 50m

Open at N, S, W boundaries Marchesiello et al. (2001)

Horizontal grid resolution Dx ¼ 4km, Dy ¼ 4 km
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from Relvas and Barton (2002), who report an
ASLS on the order of a few centimeters over
100 km, stronger in summer. These pieces of
evidence support the validity of the assumptions
taken in the along-shore momentum equation.

3.3. Non-linear numerical model for the Gulf of

Cádiz

Section 3.2.4 showed that a one-dimensional,
linear model was successful at predicting observed
accelerations over the northern Gulf of Cádiz. The
Regional Ocean Modelling System (ROMS) version
2.1 was used to explore some three-dimensional
effects of the combination of complex topography,
wind and buoyancy forcing in the Gulf of Cádiz.
ROMS features are described in detail in Haidvogel
et al. (2003). The model includes a smoothed
bottom topography to minimise the gradient
pressure error. The domain covers the entire Gulf
of Cádiz region, extending between 34:5� and
39:0�N, and 5:5� and 10�W. Further model para-
meters are given in Table 4. A detailed picture of the
model bathymetry in the Gulf of Cádiz is provided
in Fig. 13; note the difference between the heavily
smoothed model bathymetry and the true bathy-
metry as in Fig. 6.

The model is started from rest on 20 October
2001 and is run until 8 December 2001. Initialisation
is achieved using Gulf of Cádiz winter stratification
profiles for 2001 obtained from the World Ocean
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Atlas (Hankin et al., 2003). The model is forced
using NCEP winds and heat fluxes through a bulk
parameterisation. In winter, nearshore regions are
frequently occupied by low salinity waters supplied
by local rivers (Fig. 7A), hence the need to include
fresh water forcing in the model. Fresh water was
input at three point sources corresponding to the
locations of the three main Gulf of Cádiz rivers:
the Guadalquivir River (Alcalá del Rı́o station); the
Guadiana River (Pulo do Lobo station); and the
Tinto–Odiel River System (12% of the Guadiana
outflow, following Cossa et al., 1994). Fig. 7B
details the daily outflows from these rivers over the
period of the model run.

ROMS SST results are presented in Fig. 12. The
figure shows 2-day averages of the SST both before
and after the observed current reversal. There is
some discrepancy between the temperature values
of the model results and the satellite images (c.f.
Fig. 6). Nevertheless, the model successfully repro-
duces the net westward advection of cold water with
source on the inner shelf from 26 November to 4
December 2001. Furthermore, along-shore velocity
records retrieved from a virtual current meter at the
ADCP1 location (Fig. 8A, thin line) show that a
current reversal did occur in the model, at about the
same time as observed by the ADCPs. Model
velocities were in the order of �0:04m s�1, which
is an order of magnitude below our observations.
However, we note that, as a result of the smoothing
of the bathymetry in the model domain, the depth
of the water column at the model ADCP location is
100m, which is 5 times greater than the true depth
of 20m. A simple correction to the modelled
velocity to account for this depth difference may
be given by: 100m/20m; such a correction is not
inappropriate, given the volume conservation char-
20

20

100500

 30’    8°W  30’    7°W  30’    6°W

 24’ 

 36’ 

 48’   3
7°

N

 12’ 

 24’ 

17.1 17.2 17.3 17.4 17.5

Fig. 12. Model SST fields. (A) 26–27 November 2001, (B) 4–5 Decemb

rivers, respectively. Colourbar units are degrees Celsius. A black squ

bathymetric contours are also plotted. Note the difference from the tru
acteristics of the model, and it produces a model
velocity that corresponds to the observed velocities.
A model ASLS was retrieved from model TGs
situated at approximately the same locations as the
observing ones (Fig. 11B, thin line). These data
revealed a notably consistent response between the
model and the observations.

In order to isolate the effects of the wind stress
from the buoyancy forcing a secondary set of
simulations was conducted without the river input
(not shown). These model results revealed qualita-
tively similar results as the with-river results,
although the absolute values of the along-shore
momentum were offset. As such, a current shift
occurred at about the same time as observed in the
data (see Section 3.2.3), independently of the
presence of the buoyant water. This was not a
surprise since the river discharge values remained
low during the simulation period (Fig. 7B). Hence,
the model current shift is not attributed to the
presence of a buoyant river plume.

The temporal coincidence in the response of the
model with the observations suggests that the
development of the counter-current at the beginning
of December 2001 was a response to a combination
of wind stress and topography. In this respect, it
was noted that the NCEP winds (used to force the
model) showed a strong degree of similarity with the
wind fields shown in Fig. 4, satisfactorily reprodu-
cing the coastally induced contortions of the wind
flow around Cape St. Vincent.

4. Discussion

As Lentz and Winant (1986) observed, studies
that show correlation between current structure,
SST signatures and along-shore winds, have
20
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typically been made in regions characterised by
strong winds. In contrast, when the local wind stress
is weak relative to other forcing terms in the
equation of motion, this local correlation is
degraded by necessity. The perception of the
northern Gulf of Cádiz as a region sheltered from
the main offshore winds aids understanding of the
reasons for the lack of correlation between the SST
signature and local winds, as reported in recent
studies (Peliz et al., 2004). These facts make the
northern margin of the Gulf of Cádiz a good
candidate for a study of a wind-sheltered region.

Fig. 13 shows four snapshots of the development
of the inner-shelf counter-current in the first half of
August 2000. Mean (subinertial) wind vectors over a
48-h period prior to the image acquisition are also
plotted, together with a sequence of cloud-free SST
Fig. 13. Sequence of AVHRR SST for the first half of August 2000

anemometer stations are also presented, and correspond to averages ov

Colourbar units are degrees Celsius. (A) 4 August; (B) 8 August; (C) 1
daily composite images at 4-day intervals. From 4 to
8 August the vigorous upwelling-favourable wind
ð410m s�1Þ, relaxed north of 37�N and shifted to
easterly, in the Gulf of Cádiz (Fig. 13A and B). This
permitted the development of an inshore (warm)
flow that reached and turned around Cape St.
Vincent on 8 August. After this date the flow
continued poleward, in spite of the return of the
equatorward, upwelling-favourable winds. This
event resulted in the break-up of the upwelling
pattern west of Cape St. Vincent. As for the results
of the ADCP survey of November–December 2001
presented in the previous section, lack of correlation
between local winds and SST was shown.

The energetic event presented in Fig. 13 shows a
counterflow that breaks through the equatorward
cold flow, separating the eastern and southern cold
. Wind vectors at the Sines, Sagres, Faro, and the Cádiz buoy

er the 24 h prior to the image capture. Reference vector is 4m s�1.

2 August; (D) 14 August.
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features. This latter situation is a rare feature
seldom observed in the SST imagery. From 1982
to 1995, with the help of daily SST images, Relvas
and Barton (2002) reported just seven such occur-
rences. We looked up the updated SST database
with weekly SST images from 1994 to 2002,
obtained from the German Remote Sensing Service
(http://isis.dlr.de/). Breakthrough signals in the
weekly composites indicated events persisting for
at least one week. For this period, breakthrough
episodes could be observed 3 times, namely during
the weeks starting on 7 August 2000, 11 September
2000 and 29 October 2001.

In Fig. 11C the 1992–2002 ASLS as observed by
the T/P altimeter is presented. It also has been
referenced over a standard 100 km distance. A
straight line marks the 5 cm ASLS threshold.
Shaded stripes denote the August 2000 event from
Fig. 13 and the November–December 2001 survey.
Over 1992–2002, the ASLS rarely exceeded 5 cm
above the mean. It can be seen that in August 2000
the ASLS exhibited one of the largest positive
peaks, featuring values in excess of 7 cm. Ignoring
the stress terms, and considering just the ASLS and
acceleration terms in the equation of motion (e.g.
Eq. (6)), we can estimate crudely the acceleration
forced by the ASLS alone to be �0:5m sd�1. This
value approximates the values obtained if we take
the thermal contrast of SST images as a tracer of the
flow from the daily sequence of SST images
(Fig. 13). Hence, in this case and as was observed
from the November–December 2001 observations,
the existence of an ASLS capable of forcing inner-
shelf poleward motion seems reasonable.

Results presented here verified the existence of an
ASLS, responsible for the inshore flow under the
presence of weak local winds. In Section 3.2.4 it was
observed that during November–December 2001,
local winds over the northern Gulf of Cádiz as
measured at three anemometer wind stations, were
relatively weak when compared with other forcing
terms. The ASLS emerged as the main contributor
to the dynamical balance in Eq. (6). The inability of
local wind stress to counteract the existing ASLS
permitted a sharp current reversal that brought
about, among other consequences, westward advec-
tion of colder waters that prompted a dramatic
temperature drop over a single local inertial period
ð�19:9 hÞ.

The question of the origin of this ASLS is unclear.
A number of mechanisms can be proposed as
responsible for its generation. First, influence of
the mixing with the shallow Mediterranean Outflow
Water (MOW) in the northern Gulf of Cádiz
(Mauritzen et al., 2001) provides a scenario that
may help to explain the existence of a local sea-level
gradient. More general mechanisms applicable to
other similar zones include the effects related to
buoyant plumes and the wind stress and its curl.

Considering the influence of the MOW, Maur-
itzen et al. (2001) concluded that the inshore
circulation above the core of Mediterranean water
is westward. They argued that the effects of local
mixing with the MOW would favour the formation
of an inner-shelf, topographically steered, westward
surface density current. The effects of buoyant
plumes on the upper-layer circulation in the north-
ern Gulf of Cádiz were considered by Peliz et al.
(2004). These authors observed that low-salinity
water with source in the fluvial runoff can at times
interact with the topography and the offshore eddy
field, resulting in dramatic westward-extending river
plumes. Model results presented in Section 3.3 were
able to reproduce broadly the characteristics of the
current shift event of November–December 2001
without explicitly introducing the MOW or the river
input (Fig. 12). These results suggest that the
problem should be centred on interaction between
the wind and topographic forcing. More specifi-
cally: is the onshore Ekman transport able to
promote an ASLS that could trigger the develop-
ment of a coastal counter-current, or is the ASLS
formed by dissimilar wind-stress forcing either side
of Cape St. Vincent? Numerical model analyses
carried out for similar regions have revealed that
heterogeneities in the wind field may generate along-
shore gradients of the oceanic curl of the wind
stress, that can be exclusively invoked as a major
mechanism responsible for the generation of a local
ASLS (Oey et al., 2001).

In this sense, the change of orientation of the
coast at Cape St. Vincent, and the proximity of the
coastal margin to the nearby mountain chains
(Fig. 1), provide a disrupting effect on the synoptic
wind field, breaking the spatial coherence of coastal
and ocean winds around the SW IP and hence
generating the local forcing. From Fig. 2 the spatial
vector correlation length scales indicate that this
spatial heterogeneity in the wind field appears
smaller than its purely atmospheric scales of
variation (Sánchez et al., 2005). This heterogeneity
may be associated with the presence of Cape St.
Vincent. As an example, mean winds over the
northern Gulf of Cádiz shelf are much weaker than

http://isis.dlr.de/
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those in exposed areas (cf. Fig. 1) from which the
perception of a dual wind pattern either side of the
Cape emerges. These results provide evidence for
the apparent orographically induced shadowing and
deformation of the large-scale ocean wind field over
the Cape St. Vincent region.

The spatial heterogeneity of the coastal winds has
an influence on the coastal circulation over sheltered
regions in the lee of Cape St. Vincent. Sánchez and
Relvas (2003a,b) considered the comprehensive
ocean atmosphere data set (COADS) monthly mean
winds. These authors observed local divergences in
the Ekman layer from May to September. Local
positive maximum wind-stress curl was associated
with Cape Finisterre and Cape St. Vincent, which
introduced the major coastline irregularities in the
western IP region. The climatological winds fea-
tured vertical velocities of 0:2md�1 close to these
Capes. Heterogeneity of ocean winds near Cape
Finisterre has been observed in the QuikSCAT
analysis of Torres et al. (2003). Owing to the finer
spatial resolution (0:25�) than those of COADS,
pumping velocities in excess of 6md�1 were
inferred. Münchow (2000) showed strong wind-
stress curl in the lee of the prominent Point
Conception (California), a coastal configuration
much akin to Cape St. Vincent. This author used
aircraft-based winds with great spatio-temporal
resolution, permitting the observation of strong
cyclonic circulation, that may result in upward
Ekman pumping velocities greater than 20md�1.

To further understand the wind effect on sea
level, we correlated the sea level at the TGs in the
Gulf of Cádiz and the along-shore component of the
wind stress at several locations along the western IP
and North Africa for the period 1 November–1
December 2001 (Fig. 14A, see inset for locations).
The wind sources were the southwestern IP anem-
ometer wind stations (plotted as solid dots in the
inset of Fig. 14) and NCEP Reanalysis 10-m winds
(plotted as empty circles in the inset of Fig. 14).
Mean NCEP wind vectors for this period are also
plotted. The locations of the TGs are indicated by
asterisks. Following Hickey et al. (2003), we
retained just the long-period component by con-
sidering either wind or sea-level fluctuations longer
than 10 days. There was a general trend showing
higher correlations between the TG sea levels and
the along-shore winds, following the 10�W line from
north to south. This can be interpreted as a
consequence of the large-scale nature of the wind
outside the Gulf of Cádiz, rather than the result of
an oceanic process. Considerably weaker correla-
tions were observed for comparisons between the
TG and local winds in the Gulf of Cádiz, a
correlation low being observed between 39�N and
32�N, where values were always o0:8. These results
clearly suggest that winds in the Gulf of Cádiz are
unable to explain the local sea-level response.
Rather, this response is better correlated with the
remote winds.

In Fig. 14B we present the meridional correla-
tions between the ASLS and the zonal shear of the
along-shore wind stress, at several locations along
12:5�W–10�W in the western IP. Within confidence
limits, sea-level gradients in the Gulf of Cádiz
showed good correlations ð40:7Þ with the zonal
shear of the along-shore wind stress close to the
coast north of 30�W. These may be attributed to the
heterogeneity of the large-scale winds when ap-
proaching the coast, as was observed in Section 3.1.
In the vicinity of the Gulf of Cádiz region, this
heterogeneity may be implicated in the generation
of dissimilar upwelling-/downwelling-favourable
wind patterns either side of Cape St. Vincent (cf.
Fig. 4).

The effect of the large-scale wind heterogeneity
upon the ASLS is illustrated in Figs. 3 and 11A.
Upwelling-favourable winds before 28 November
contributed to the general sea-level drop observed
by both TGs. From 29 November the sea level on
the west coast remained relatively low, as a result of
the re-intensification of local upwelling-favourable
winds. In contrast, the sea level over the inner Gulf
of Cádiz increased sharply, probably after the
sustained onshore transport of the local easterlies
during 28–30 November. This conjunction contrib-
uted to the construction of a local along-shore
pressure gradient, that if not balanced by the local
wind stress may be held responsible for the pole-
ward propagation, as has been proposed by Relvas
and Barton (2002).

These processes may trigger the generation of a
coastally trapped wave (CTW). CTWs propagate
along the continental margins of many of the
world’s oceans with the coast on the right in the
northern hemisphere with periods ranging from a
few days to weeks. The study of generation and
evolution of a CTW was outside the scope of this
paper. It is argued, instead, that heterogeneities in
the wind field can be responsible for the initiation of
a poleward circulation in a similar manner to the
propagation of CTW reported in similar areas,
where they have been seen to account for a major
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Fig. 14. (A) Maximum correlation between the along-shore component of the wind stress at selected latitudes and observed sea level at

Cádiz and Algarve tide-gauges (TG) for the period 1 November–31 December 2001. The time lag ranges 7–12 days for all cases. The 95%

confidence level is below 0.4 in all cases. The correlation values (x-axis) are latitudinally sorted from north to south (y-axis). Empty

symbols refer to correlations between the NCEP winds and each of the TGs. Solid symbols refer to correlations between the anemometer

wind stations (Sines, Sagres, Faro and Cádiz) and each of the TGs. For reference, the correlations along the 10�W line are joined with a

line for each TG. The inset indicates the location details: AW stations are plotted as solid dots; TG locations are plotted as asterisks;

NCEP 10-m reanalysis winds are plotted as empty circles; mean NCEP wind vectors for November–December 2001 are also plotted. See

Fig. 1 for a detailed picture. (B) Maximum correlation between the zonal shear of the along-shore component of the NCEP wind stress at

selected latitudes and observed along-shore sea-level slope between the Cádiz and Algarve TGs for the period 1 November–31 December

2001. Confidence bounds are also plotted. A black arrow approximately indicates the latitude of the TG stations.
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part of the nearshore low-frequency variability
(Hickey et al., 2003; Pringle and Riser, 2003). This
nearshore transport might have broad implications
for both the biological and pollution dynamics in
this region.

5. Summary and conclusions
�
 The alternating nature of the coastal flow along
the southwestern IP in the Gulf of Cádiz has been
shown, using satellite images and in situ tem-
perature and velocity data, for the period
November–December 2001. Of particular inter-
est was a sharp current inversion, that occurred
over 2 days and was uncorrelated with the local
wind stress.

�
 During deployments conducted in November–

December 2001, the Coriolis, advective and
along-shore density terms could be neglected
from the along-shore barotropic momentum
equation. The resulting balance showed that the
inversion of the flow had to be associated with a
sharp change in ASLS of �5 cm over 100 km.

�
 The analysis of anemometer wind station data

along the southwestern IP, collected over a 777-
day period showed that the general wind pattern
along the eastern Atlantic suffers from strong
shadowing in the Cape St. Vincent region, the
wind stations being well-correlated along each
perpendicular coast, but uncorrelated with the
stations on the opposing coasts. The introduction
of a sharp spatial heterogeneity in the wind field
by the Cape and the nearby coastal mountain
chains may generate along-shore gradients of the
oceanic wind stress, which in turn contribute to
the circulation patterns in the Gulf of Cádiz. This
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had an anomalously strong effect during No-
vember–December 2001.

�
 Results from a non-linear three-dimensional

model run for October–December 2001 consider-
ing wind stress, topography and weak fluvial
input as the forcing terms, rendered flow patterns
temporally coincident with the observations.
These results suggest that the problem should
be centred on the interaction between the wind
and topographic forcing.

�
 Sea-level variability is mostly explained by

relaxation of equatorward winds on the wind-
ward side of Cape St. Vincent, rather than by
local wind forcing. This was attributed to the
heterogeneity of the large-scale winds when
approaching the coast in the Gulf of Cádiz
region. The mechanism is associated with the
dissimilar generation of upwelling-/downwelling-
favourable wind patterns either side of Cape St.
Vincent.

�
 Regional features, such as the large-scale wind-

stress field, are important in fully representing
detailed aspects of the circulation in the coastal
zone, and have to be properly taken into account
to model the circulation in the Gulf of Cádiz.
This highlights the importance of coupling of the
local model with a regional model.
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