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A B S T R A C T

The nearshore circulation in the lee of a cape under upwelling conditions was studied using in-situ data from 3
consecutive summers (2006–2008). Focus was given to a period between 20 July and 04 August 2006 to study
the diurnal variability of the cross-shelf circulation. This period was chosen because it had a steady upwelling-
favourable wind condition modulated by a diurnal cycle much similar to sea breeze.

The daily variability of the observed cross-shelf circulation consisted of three distinct periods: a morning
period with a 3-layer vertical structure with onshore velocities at mid-depth, a mid-day period where the flow is
reversed and has a 2-layer structure with onshore velocities at the surface and offshore flow below, and, lastly, in
the evening, a 2-layer period with intensified offshore velocities at the surface and onshore flow at the bottom.
The observed cross-shelf circulation showed a peculiar vertical shape and diurnal variability different from
several other systems described in literature. We hypothesize that the flow reversal of the cross-shelf circulation
results as a response to the rapid change of the wind magnitude and direction at mid-day with the presence of
the cape north of the mooring site influencing this response.

A numerical modelling experiment exclusively forced by winds simulated successfully most of the circulation
at the ADCP site, especially the mid-day reversal and the evening's upwelling-type structure. This supports the
hypothesis that the cross-shelf circulation at diurnal timescales is mostly wind-driven. By analysing the 3D
circulation in the vicinity of Cape Sines we came to the conclusion that the diurnal variability of the wind and the
flow interaction with topography are responsible for the circulation variability at the ADCP site, though only a
small region in the south of the cape showed a similar diurnal variability.

The fact that the wind diurnally undergoes relaxation and intensification strongly affects the circulation,
promoting superficial onshore flows in the leeside of Cape Sines. Despite the small-scale nature of the observed
cross-shelf circulation, onshore flows as the ones described in this study can be particularly helpful to
understand the transport and settlement of larvae in this region and in other regions with similar topography
and wind characteristics.

1. Introduction

The cross-shelf circulation over the nearshore region plays a key
role on the distribution of plankton, nutrients, heat, salt and sediments,
and has been the subject of many recent studies (Fewings et al., 2008;
Lentz et al., 2008; Hendrickson and MacMahan, 2009; Marchesiello
and Estrade, 2010; Ganju et al., 2011; Lentz and Fewings, 2012; Liu
and Gan, 2014). Wind-driven upwelling and downwelling systems are

particularly important because of the cross-shelf exchange that is
forced in these wind conditions, which promotes transport of material
across the shelf, especially over stratified shelves (Austin and Lentz,
2002). In the region onshore of the upwelling front, stratification is
often weaker and the surface and bottom turbulent layers overlap,
causing the reduction or shut-down of the cross-shelf transport
(Estrade et al., 2008). This region is normally referred to as inner-
shelf (Lentz, 2001; Austin and Lentz, 2002; Fewings et al., 2008). In
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spite of weaker cross-shelf transport conditions, this shallow part of the
shelf is an attractive habitat for many coastal species. For example,
inter-tidal species, having their planktonic larval phase over the shelf,
must cross the nearshore zone for settlement. Cross-shelf transport
processes over the shelf are thus critical for the larvae supply to the
shore, which then determines recruitment (Pineda et al., 2009).
Understanding the physical processes behind the cross-shelf exchange
over the inner-shelf is of particular interest for this type of studies.

The wind-driven shelf response over a straight coastline has been
extensively studied. Upwelling-favourable winds drive cross-shelf ex-
change with an offshore flow at the surface boundary layer and a
compensating onshore flow near the bottom. This occurs for depths
typically greater than 50 m, when the surface and bottom boundary
layers are relatively thin when compared with total water depth (a
region often called mid-shelf (Lentz and Fewings, 2012)). With
strongly stratified waters, this region moves inshore as the turbulent
layers thin due to stronger stratification, extending the cross-shelf
circulation farther inshore when compared with unstratified conditions
(Austin and Lentz, 2002; Horwitz and Lentz, 2014). Less is known for
systems with complex topography variations. Divergences in the along-
shelf and cross-shelf flows may occur with the presence of complex
coastline topography and subtle bathymetric features, that can drive
substantial cross-shelf exchange (Barth et al., 2000; Gan and Allen,
2002; Kirincich et al., 2005; Sanay et al., 2008; Ganju et al., 2011). As
seen in several studies (Gan and Allen, 2002; Gutierrez et al., 2006;
Kuebel Cervantes and Allen, 2006; Maza et al., 2006), strong along-
shore pressure gradients can form in the presence of a cape, when the
upwelling wind regime relaxes. These pressure gradients are accom-
panied by geostrophically balanced cross-shelf flows over the inner-
shelf, resulting in the intensification of the upwelling in the lee of the
cape. A cyclonic recirculation that may form in the presence of a cape,
can also be relevant since it enhances the onshore transport in the
leeside of the cape (Barth et al., 2000; Doglioli et al., 2004; Meunier
et al., 2010; Liu and Gan, 2014).

here we conduct a study of the shelf circulation at a site with sharp
along-shelf topography changes, and with a marked diurnal variability.
the strong diurnal cycle of the wind motivated the focus on the daily
variability of the circulation, since sea breeze events are found to be
particularly important in promoting onshore transport across the
inner-shelf, through its influence on both winds and waves (Woodson
et al., 2007; Hendrickson and MacMahan, 2009; Lucas et al., 2013).

The study area lies within the meridional coast of Portugal around
Cape Sines (Fig. 1). The shelf is relatively narrow (around 30 km) with
the shelf break at approximately 150 m depth. South of the Cape, the
shore is mostly rocky and crucial for many inter-tidal species including
barnacles (Cruz et al., 2005). The processes of barnacle recruitment at
this site have been under investigation for many years now, in the
frame of various projects (Cruz, 1999; Cruz et al., 2005; Jacinto and
Cruz, 2008; Cruz et al., 2009; Trindade et al., 2016). We used Eulerian
velocity measurements collected at 12-m water depth in the lee of Cape
Sines, over 3 consecutive summers (2006–2008). Summertime is the
period when the larvae recruitment of several barnacle species is higher
for the study region (Cruz, 1999; Cruz et al., 2005; Jacinto and Cruz,
2008), which can be particularly interesting since, during summer, the
western Iberian coast is typically under upwelling-favourable winds
(Relvas et al., 2007), which intensify the along-shelf currents and
promote the shut-down of cross-shelf transport in the region inshore of
the upwelling front (Estrade et al., 2008). However, in the presence of a
cape, diurnal relaxation periods may induce retention-favourable
conditions, which can be beneficial to larvae recruitment in the leeside
of the cape (Roughan et al., 2005a, 2005b; Peliz et al., 2007; Woodson
et al., 2007; Oliveira et al., 2009; Lucas et al., 2013).

We chose a period between 20 July and 04 August 2006 when the
wind showed a steady upwelling-favourable condition modulated by a
diurnal cycle of the wind. The use of a period with such stable wind
forcing enabled us to minimize other forcing effects and to focus on the

wind-driven part of the circulation. A numerical model simulation was
also conducted to study the wind-driven circulation in the vicinity of
Cape Sines during this period. This study adds new insights about the
spatial patterns of the circulation at diurnal timescales in the leeside of
Cape Sines and how transport across the shelf may be promoted.

2. Data and methods

2.1. In-situ data

Wind data for the summers of 2006, 2007 and 2008 were collected
at the Meteorological station of the Port of Sines authority, at 37° 57′
25″ N; 8° 52′ 74″W which is about 10 km North of the ADCP location
(Fig. 1). Wave and tidal data for the same period were collected at 37°
55′ 14″ N; 8° 55′ 47″W, and 37° 56′ 89″ N; 8° 53′ 27″W respectively
(Fig. 1).

Four thermistors (Stowaway TidBit, Onset Computer Corp.) were
deployed from July 19, 2006 to September 15, 2006 and from 1 to 14
of August 2007, on a mooring next to the ADCP location. Temperature
was measured at 4 different depths: 1 m, 3 m and 5 m above the sea
floor, and at the surface. A fifth thermistor was deployed in 2006 at 2 m
from the surface.

Velocity profiles were measured with a bottom-mounted upward
looking Acoustic Doppler Current Profiler (WorkHorse Sentinel
1200 kHz), with a bin size of 0.5 m, and a ping frequency between
0.83 and 1.67 Hz, deployed in approximately 12-m water depth at 37°
53′ 11.52″N, 8° 48′ 15.42″W, and about 600 m offshore (Fig. 1). The
data was collected in 2006, between July 19 and August 29; in 2007,
between July 31 and August 14; and in 2008, between July 22 and
September 9 (with a gap between August 05 and August 19). As
bottom-mounted ADCPs do not sample the entire water column, the
deepest bin corresponds to approximately 1.5 m above sea bed.

The upper bins of the ADCP correspond either to emersed or
submersed depth cells depending on the height of the free surface,
mainly due to tidal movements. Therefore it was first necessary to find
the sea surface, and disregard all bins above that surface. To find the
contaminated bins, and since the data was collected at a shallow
location where the tidal amplitude ranges from 14% to 30% of the total
depth, the ‘tide-following method’ was used (Kirincich et al., 2005). For
each profile, the depth of maximum backscatter intensity was marked
as the water surface and all bins above this surface were discarded, plus
three bins immediately below it.

2.2. Time-averaging and vertical coordinate transformation

The fact that the sea surface undergoes significant changes in
shallow waters rises the question of how to compute the daily time
averages of data along the same depth. If a bottom or surface reference
coordinate system is used (Kirincich et al., 2005; Fewings et al., 2008;
Lentz et al., 2008), an average along the same z-level will include data
that are at very different relative distances to the surface (especially in
spring tides and shallow waters) and this will produce an aliased mean.
To overcome this problem, a dynamical (tide-following) vertical
coordinate z z h′ = / , where h is the total water column depth (changing
with tides), was used. The total depth (or the sea surface height) was
computed by adjusting the surface detected with the maximum of total
backscatter intensity to the sea surface using the tidal height measured
at the port of Sines (near the ADCP location, see Fig. 1). Each ADCP
profile was then interpolated into this new coordinate system. Time-
averaging was then performed along each of the dynamical-surfaces,
ensuring that the time-averaging of velocity values is done along levels
that are at equal relative distances to the bottom and sea surface. The
dynamical vertical coordinate conserves information of both bottom
and surface bins and it was, therefore, the one chosen for this study.

The coordinate system was rotated based on the principal axis
direction of the subtidal depth-averaged velocity. For most deploy-
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ments, the major axis orientation was less than 2.4° clockwise from
north, and it was roughly aligned with local bathymetry and coastline.
The coordinate axis was rotated according to this angle and the velocity
profiles are now considered to be in cross-shelf (x) and along-shelf (y)
directions, with x negative offshore and y positive along-shelf north-
wards.

All further analysis was performed with hourly averaged data.

2.3. Model setup

A numerical simulation was conducted using the Regional Ocean
Modelling System (ROMS) (Shchepetkin and McWilliams, 2005;
Haidvogel et al., 2008), a free-surface, terrain-following (sigma co-
ordinate), primitive equation ocean model largely used for coastal
applications.

The model configuration was developed to simulate the period
between 20 July and 04 August 2006 in the region focused by this study
(around Cape Sines, in the Southwestern coast of Portugal). The
configuration consisted of a high resolution (0.22 km) grid in a 50 ×
80 km domain around Cape Sines (red square in Fig. 1). 32-σ levels
were used with enhanced vertical resolution at surface levels.
Topography data compiled in Peliz et al. (2013) was used, with a
low-level smoothing and a cut-off depth of 800 m. Radiation conditions
are used along the open boundaries for momentum and tracers,
together with passive-active nudging open boundary forcing
(Marchesiello et al., 2001). A sponge layer of 15 km is placed near
the open boundaries to reduce reflections that tend to appear as a
consequence of the reduced grid dimension.

The model initially assumes a flat ocean with a vertical density
distribution typical of summer time. The same salinity and temperature
conditions are preserved near the open boundaries using a relaxation
time scale (Marchesiello et al., 2001). Homogeneous surface heat fluxes
with a fixed diurnal variability are used to maintain the stratification
(more details in Trindade et al. (2016)).

The model was forced with 15 days (between 20 July and 04 August
2006) of winds downscaled from Era-Interim data using the Weather
Research and Forecast Model (Fig. 2), with 9 km resolution, to allow

spatial inhomogeneity (Soares et al., 2012; Peliz et al., 2013). Since
WRF model seems to systematically overestimate the winds when
compared with the observed time series, the WRF wind magnitude was
reduced by the time-mean wind magnitude difference between the data
and model at the location of the meteorological station.

The focus of this study is to analyse the wind-driven circulation, and
therefore tides were not included in the model forcing. A spin-up of 3
days was considered for the model to stabilize and the results from that
period were disregarded. To avoid misinterpretations, the model
description and analysis will be based on the zonal (x) and meridional
(y) oriented axis, with the consideration that away from the cape
(including the ADCP site) it is coincident with the along- and cross-
shelf coordinate axis.

3. Results

3.1. Observations

3.1.1. Winds
Cross-shelf wind stress (τs

x) ranged, on average, between values of
−0.05 Pa and 0.05 Pa (Fig. 3a) and was mostly positive (onshore) with
short periods of offshore winds. Along-shelf winds were dominantly
from north (negative values of along-shelf wind stress), with episodic
and weaker events of southerly winds (Fig. 3b). Along-shelf wind stress
(τs

y) was overall higher than cross-shelf wind stress, and ranged
between −0.1 Pa and 0.05 Pa.

3.1.2. Waves and tides
Throughout the 3 summers the waves had a mean significant

wave height of 1.2 m (Fig. 3c) and significant wave heights above
2.5 m were rare during this period. As seen in Lentz et al. (2008)
and Fewings et al. (2008), wave-driven cross-shelf currents for
waves with Hsig1.2 m are in the order of 0.01 m s−1, and directed
offshore (wave-driven undertow). The tidal components were
diagnosed using the tidal gauge data and the T_TIDE package
(Pawlowicz et al., 2002). The dominant tidal component was the
M2 (lunar semidiurnal tide, with period of 12.42 h) followed by S2,

Fig. 1. Left: Study area (blue box) on the southwestern coast of Portugal. Red box shows the numerical model domain. Right: zoom of the study area showing different sites of in-situ
data: triangle – Meteorological Station, diamond – Wave-rider buoy, star – ADCP and Thermistors, and circle – Tide gauge. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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N2 (semidiurnal) and K1 (diurnal tide). The mean tidal amplitude
at this site, during these 3 summers, was 1.7 m with maximum of
3.6 m (Fig. 3d). Estimations of the barotropic tidal contribution of
the M2 tide resulted in cross-shelf velocities around 2 × 10−3 m s−1.

3.1.3. Stratification
Throughout the period when water temperature was measured, the

water column was stratified (Fig. 3e). A mean difference between
surface and bottom temperature of 2 °C was observed, which is
considered high stratification for a 12-m depth site (Lentz, 2001;

Fig. 2. Wind field from WRF model for the period between 20 July 2006 to 04 August 2006. First row: U-component of wind stress [units: Pa] for different hours of an average day.
Second Row. V-Component of wind stress [units: Pa] for different hours of an average day. Bottom Row: Wind vectors for the 15-day run at the ADCP site.

Fig. 3. a) Hourly (green) and subtidal (black) cross-shelf wind stress [Pa]; b) Hourly (red) and subtidal (black) along-shelf wind stress [Pa]; c) Significant Wave Height [m]; d) Tidal
Height [m] and e) Temperature [°C], between 15 July and 15 September. Each column indicates a different year, left to right – 2006; 2007 and 2008. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Durski et al., 2004). Temperature changes are apparently connected
with the variability of the along-shelf winds, with higher stratification
periods occurring during relaxation of the northerly winds. However,
periods of higher surface temperatures are also concurrent with spring
tides, meaning that tidal effects on the stratification should not be
neglected.

3.1.4. Mean circulation
During the summers of 2006, 2007 and 2008, the subtidal

along-shelf velocity (Fig. 4d) was southwards, consistent with a
response to northerly, upwelling-favourable winds, which is a
typical wind regime in the Western Iberian margin during summer

(Relvas et al., 2007). There were a few events where the upwelling
relaxed and the wind rotated northwards. During those events, the
along-shelf velocity was northwards. The intensity of the along-
shelf velocity was stronger at the surface and decayed with depth.
The cross-shelf velocity (Fig. 4c) had a persistent maximum
onshore flow at mid-depth, with offshore velocities at surface and
bottom. This parabolic profile did not change regarding northerly
or southerly winds, except during strong upwelling-favourable
wind conditions, when the cross-shelf velocity showed a two-layer
vertical structure with offshore velocities at surface and an opposite
flow in depth, as should be expected during upwelling conditions.

Fig. 4. Subtidal time series of a) cross-shelf (τs
x) and along-shelf (τs

y) wind stress [Pa]; b) Significant wave height [m]; c) Cross-shelf velocity profiles [m/s]; d) Along-shelf velocity
profiles [m/s]; and e) Temperature profiles [°C]. Each column, left to right – 2006; 2007 and 2008. z = 0 is the bottom.

Fig. 5. High passed (<33 h) a) cross-shelf wind stress [Pa] and b) along-shelf wind stress [Pa]. Wavelet power spectrum of the high passed (<33 h) c) cross-shelf and d) along-shelf wind
stress. Magenta lines in b) represent the periods of strong diurnal cycle (considering the periods when ADCP data was collected).
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3.1.5. Circulation at diurnal timescales
Throughout this study, it was given special attention to the diurnal

variability of the circulation. A method defined by Hendrickson and
MacMahan (2009) as the ’24-h time-averaged’ was used. The result
consists of an average day (hereinafter clock-hour average day) in
which each hour corresponds to a mean of that same hour throughout a
chosen period (example: hour 1 is an average of every 1:00 a.m. for a
chosen period).

Spectral wavelet analysis (Morlet) at diurnal timescales (<33 h
with 95% of confidence level) of the observed wind stress shows
that the highest energy is found in the diurnal period (Fig. 5 c and
d), and was consistent throughout the summers of 2006, 2007 and
2008. The stronger diurnal signals were found in the following
periods: 20 July to 04 August 2006, 18–29 August 2006, 11–14
August 2007 (the strong diurnal signal remained until 23 of August
but there is no ADCP data after day 14) and 18–27 August 2008.
These periods are marked in Fig. 5b and were the ones selected to
compute the clock-hour average day of the current velocity and
temperature profiles, wind parameters and wave height.

Emphasis was given to the period between 20 July to 04 August
2006 (hereinafter control period) when both wind and wave forcing
maintained similar conditions (Fig. 6). The wind had a very steady
pattern of northwesterly wind modulated by a diurnal oscillation of
magnitude in both wind components (Fig. 6a). Wave height increased
on average throughout this period but had a daily maximum con-
current with the maximum of wind magnitude (Fig. 6b). During this
period, the cross- and along-shelf velocity (Fig. 6c and d, respectively)
showed a repetitive circulation pattern. The flow in the along-shelf
direction was southwards with a daily intensification in the afternoon.
There was a daily flow reversal in the cross-shelf circulation at mid-day.
Cross-shelf velocities ranged from 0.1 to − 0.1 m s−1 while the along-
shelf circulation was stronger, reaching − 0.3 m s−1. The water column
remained stratified during this period, with a marked diurnal heating
and an overall decrease in temperature towards the end of July and
beginning of August (Fig. 6e).

Results for the clock-hour average day over the control period are
plotted in Fig. 7. The diurnal sea-breeze cycle is clear in the wind stress
plots (Fig. 7a). Wind stress was weak in the morning period, but
around 11 h there was an increase of both components of the wind
stress, with cross-shelf wind stress peaking at 16 h and along-shelf
wind stress at 18 h. There was a decrease in Hsig throughout the

morning and mid-day, with minimum height at 13 h. Afterwards, the
significant wave height increased, peaking at 20 h (Fig. 7b). A lag
between wind and wave maximum was also described in Hendrickson
and MacMahan (2009). The stratification (Fig. 7c) was present
throughout the day with a semi-diurnal peak and higher values late
in the day, related to diurnal heating. In the cross-shelf flow we can
clearly identify 3 periods (Fig. 7d). From 00 h to 11 h (morning period)
the cross-shelf velocity had a 3-layer structure, with offshore velocities
of approximately − 0.01 m s−1 at the surface and near the bottom, and
an onshore flow at mid-depth. Between 12 h and 15 h (mid-day
period), when wave height reached its minimum value and the wind
increased in magnitude and rotated onshore, there was a reversal in the
cross-shelf flow structure. The cross-shelf velocity profile had a 2-layer
structure, with onshore flow in the surface layer, and offshore flow at
the bottom (Fig. 7d). After 15 h (evening period), the velocity profile
was again reversed, with onshore flow near the bottom and offshore
flow at the surface, much stronger than in the morning period. This
period corresponds to maximum wave height and strongest wind
magnitude with a clear cross-shelf component. Throughout the clock-
hour average day the along-shelf velocity was always negative (Fig. 7e)
with maximum velocities between 16 h and 18 h, concurrent with the
maximum of northerly wind. Overall, the cross-shelf circulation
magnitude was around 0.01 m s−1, and the along-shelf circulation
was much stronger, reaching up to 0.2 m s−1.

To show consistency of the diurnal variability observed for the
control period, we computed the clock-hour average day over four
periods when the diurnal cycle of wind in either component was also
strong (shown as magenta lines in Fig. 5b). It can be seen in Fig. 8 that
the averaged diurnal variability for these periods is much similar to the
clock-hour average day of the control period. The cross-shelf circula-
tion (Fig. 8d) also showed a daily three-period variability, although
with a weaker magnitude than the clock-hour average day for the
control period. The diurnal variability of the along-shelf velocity was

Fig. 6. Time series, between 20 July and 04 August 2006, of a) Wind stress [Pa]; b)
Significant wave height [m]; c) Cross-shelf velocity [m/s]; d) Along-shelf velocity [m/s];
and e) Temperature [°C]. z = 0 is the bottom.

Fig. 7. The clock-hour average day, from July 20 to August 04, 2006, of a) Wind stress
[Pa]; b) Significant wave height [m]; c) Difference between temperature at the surface
and at the bottom [°C]; d) Cross-shelf velocity [m/s]; e) Along-shelf velocity [m/s]. z = 0
is the bottom. Thick black line marks zero and the contour interval is 0.01 m/s.
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also similar to the control period, with maximum (although slightly
weaker) southwards flow near the surface and in the evening, con-
current with maximum wind magnitude.

3.2. Model results

3.2.1. Model-data comparison
Model results for the grid point nearest to the ADCP site are used

for comparisons with in-situ data. Overall, the model simulated
successfully most features of the circulation and temperature evolution
at the ADCP site (Fig. 9). The wind undergoes a diurnal cycle of both
magnitude and direction, rotating onshore with increasing magnitude
at the end of each day (Fig. 9a). In the cross-shelf direction (Fig. 9b),
the circulation shows a permanent two-layer structure, with a repetitive

daily cycle of flow reversal of the entire water column at mid-day. The
along-shelf velocity (Fig. 9c) is always southwards, intensified at the
surface, and with a daily increase of magnitude later in the day
(concurrent with the daily maximum of wind magnitude). The water
column is stratified at all times (Fig. 9d), with stronger stratification in
the first 5 days and again in August 02. The 12-day average difference
between surface and bottom temperature was 2.2 °C, consistent with
the observations.

We then computed the clock-hour average day for the same
variables. The results are shown in Fig. 10. The model represents well
the observed diurnal cycle of wind and stratification (Fig. 10a and b,
respectively) showing the wind variability and the temperature average
difference of around 2 °C between the surface and bottom layer. For the
cross-shelf circulation (Fig. 10c) the reversal at mid-day is present,
with longer duration than in the observations, and the upwelling-type
exchange in the evening is also reproduced. The along-shelf velocity
(Fig. 10d) has the same structure and variability as the observations,
with surface intensified southward velocities and an increase in
magnitude in the afternoon.

The model results are about 20–30% stronger than the observations
for both velocity components, except for the offshore (cross-shelf
negative) values which are about 10% weaker.

3.2.2. Circulation in the vicinity of the Cape
Fig. 11 shows the horizontal fields of surface temperature (top row)

and surface elevation (bottom row) with current velocity vectors
superimposed (surface temperature and velocity correspond to the
average of the first 5 m) for six different hours of the clock-hour
average day: 4 h, 8 h, 12 h, 16 h, 20 h and 24 h. The blue vectors
represent the wind at the ADCP site for the corresponding hour.

Fig. 11 clearly illustrates the influence of the cape on the tempera-
ture and surface elevation fields. The permanence of northerly wind
maintains a background upwelling circulation throughout the domain.
In the northside of the cape, the largest southward currents, associated
with the upwelling-jet, are concentrated from the coast to the 50-m
isobath. The presence of the cape causes the deflection of this jet to the
west. The upwelling jet is then displaced offshore and follows the 100-
m isobath after the cape. As the upwelling-jet is deflected by the cape, it
rotates cyclonically. The deviation of the upwelling jet by the cape leads

Fig. 8. The clock-hour average day, for the four periods of the three summers with a
strong diurnal cycle of the wind marked in 5), of a) Wind stress [Pa]; b) Significant wave
height [m]; c) Difference between temperature at the surface and at the bottom [°C]; d)
Cross-shelf velocity [m/s]; e) Along-shelf velocity [m/s]. z = 0 is the bottom.

Fig. 9. Modelled time series of a) Wind stress [Pa]; b) Cross-shelf [m/s]; c) Along-shelf
velocity [m/s]; d) Temperature profiles [°C], at the ADCP site.

Fig. 10. Modelled clock-hour average day of a) Wind stress [Pa]; b) Temperature
difference between surface and bottom [°C]; c) Cross-shelf velocity [m/s]; d) Along-shelf
velocity [m/s], at the ADCP site. Thick black line marks zero and the contour interval is
0.01 m/s.
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to lowering the sea surface elevation south of the cape. Similar to the
surface elevation, lowest temperatures are seen south of the cape. In a
region just below Cape Sines, the circulation is weaker and the cross-
shelf component is slightly dominant.

In our case, superimposed to a constant upwelling-favourable wind
regime there is also a daily oscillation of the wind magnitude and
direction, which will have different impact on the circulation depending
on the region considered. Overall the circulation is dominantly to the
south, with a weaker zonal component that rotates from west to east
and again to west throughout the day.

In the northside of the cape, the upwelling-jet is constrained by the
presence of the coast. While most of the flow rotates to the east, the
circulation aligns with the bathymetry as we approach the coast,
causing a circulation convergence (downwelling), which results in a
region of warmer waters near the coast in the afternoon.

In the leeside of the cape the flow becomes meridionally aligned,
forming a secondary upwelling-jet within 5 km of the coast. This
secondary upwelling flow is dominantly southwards but has a weak
zonal component that alternates from westwards in the morning
period, to eastwards at mid-day and finally to westwards later in the
day. This is consistent with the surface flow reversal observed at the
ADCP location (a red dot representing the ADCP location can be seen
in Fig. 11 over this secondary upwelling flow). The two upwelling jets
are also responsible for the southwards advection of the cooler, newly
upwelled waters from the south part of the cape (Fig. 11 top).

3.2.3. Regions with similar diurnal variability
We proceeded to the analysis of whether the circulation observed by

the ADCP is local or if it is representative of a region in the leeside of
the cape.

The distinct circulation feature identified in the present study is the
cross-shelf current reversal at mid-day. For that reason, we analyse
how the circulation varies along the domain. We are interested in
regions where the velocity at surface and bottom show the flow
reversals at the same hours as in the observations, which are in
agreement with the wind variability.

To achieve that, we searched for grid points in the model results with

similar characteristics by producing binary maps. These maps were based
on the direction of the zonal flow at the surface and bottom layers, and were
constructed according to the following rules: i) For each grid point, the
signal of the zonal component of the velocity in both layers is compared; ii)
In the morning and evening, we searched for regions where the surface
velocity was negative (offshore at the ADCP site), and bottom velocity was
positive (onshore), for the mid-day period we searched for the opposite -
onshore flow in the upper layer and offshore flow in the bottom layer.
Whenever these conditions are met, the value on the map is one and for any
other situation the value is zero. Note that the 3-layer structure observed in
the morning period was not reproduced by the model, and therefore, in the
morning period, the circulation pattern considered was the same as the
model simulated (2-layer flow).

The binary map for the set of hours: 8 h, 12 h and 24 h, for regions with
depth less than 50 m, is shown in Fig. 12, where red represents 1 and white
is 0. We show separately the binary maps representing the surface layer
(top row), the bottom layer (middle row) and the combination of both
(bottom row) for analysis purposes. Thus, the top row of Fig. 12 shows the
regions where the surface (top 5 m) cross-shelf velocity was negative
(offshore) at 8 h (a), positive (onshore) at 12 h (b) and again negative at
24 h (c). The middle row is analogous for the bottom layer (last 5 m) but
with opposite signal: positive cross-shelf velocity at 8 h, negative at 12 h
and positive at 24 h. The right column in Fig. 12 (d) shows the product of
the previous three (a, b and c). The bottom row is the combination of the
surface and bottom layer, showing in red the regions where the cross-shelf
flow in both layers has a similar vertical structure as the model at the ADCP
site.

In the surface layer, at 8 h (Fig. 12a; top row), only a small region south
of Cape Sines has negative velocities at the surface. This zone is limited to a
small along-shelf band near the coast where the coast becomesmeridionally
aligned (consistent with the location of the secondary upwelling jet). On the
other hand, at 12 h (Fig. 12b, top row) a great part of the domain is marked
in red, showing that most of the domain (considering depths below 50 m)
has positive zonal velocities. Lastly, at 24 h (Fig. 12c, top row), most of the
shallow part of the domain (<50 m) has negative velocities at the surface,
with the exception of a small region south of Cape Sines.

It is clear that, at the surface, eastwards flow at mid-day and westwards

Fig. 11. a) Sea surface temperature [°C] and b) Sea surface height [m], for different hours of the clock-hour average day (each column): 4 h, 8 h, 12 h, 16 h, 20 h and 24 h, with surface
current velocity vectors superimposed. The blue arrow represents the wind vector at the ADCP site, for the respective hour. The red dot marks the ADCP location. Scale vectors are
represented in the last subfigure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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flow in the evening are common circulation features in a large portion of
the domain but only a small region, consistent with the location of the
secondary upwelling jet, has negative velocities in the morning period. This
implies that only the region over the secondary upwelling jet has the same
daily evolution of the surface flow as the model at the ADCP site (Fig. 12;
top row; map d). It is visible in Fig. 12 that the marked regions in the
morning (a) and mid-day (b) hours on the bottom layer (middle row) are
sparse and connected with small-scale topographic variations. However, at
24 h (c) most part of the domain (for depths below 50 m) show positive
velocities.

Combining the binary maps of both surface and bottom layer (bottom
row of Fig. 12) results in few regions with a behaviour synchronous with the
observations, mainly due to the small scale variations in the bottom layer.
The analysis of the last map indicates that only a few zones fit our criteria
and, by definition, the ADCP site is included (marked as a star in Fig. 12).
The resulting map shows that these zones are located in the shallow region
south of cape Sines, when the coast becomes meridionally aligned,
consistent with the location of the secondary upwelling jet.

4. Discussion and conclusions

Nearshore circulation was analysed using ADCP data collected at 12-m
in the lee of Cape Sines (Fig. 1), during the summers of 2006, 2007 and
2008. The region is under persistent upwelling-favourable wind conditions
modulated by a daily cycle similar to sea breeze. We focused on a 15-day
period between 20 July to 04 August of 2006, when the wind maintained
similar conditions, to study the diurnal variability of the cross-shelf
circulation.

The daily variability of the observed cross-shelf circulation consists of
three distinct periods. A morning period with a 3-layer structure with
onshore velocities at mid-depth, a mid-day period where the flow is
reversed and has a 2-layer structure with onshore velocities at surface
and offshore flow at the bottom (downwelling), and, lastly, a 2-layer period,
with strong offshore velocities at the surface and onshore flow at the bottom
(upwelling).

The observed cross-shelf circulation showed a peculiar vertical
shape and diurnal variability different from several other systems

Fig. 12. Binary maps representing the grid points where the modelled cross-shelf velocity had the same structure and evolution as in the ADCP site. Red is 1, white is 0. Top row) Binary
map for the surface layer; Middle row) Binary map for the bottom layer; Bottom row) Binary map combining both surface and bottom layers. a) 8 h; b) 12 h; and c) 24 h. d) The regions
in red represent the interception between a, b and c. The star represents the ADCP location. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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described in literature. Most inner-shelf studies admit that cross-shore
wind stress may induce a circulation of similar magnitude as upwelling
or downwelling, specifically over stratified waters. Cross-shore wind
stress is found to force a circulation of same direction as wind (onshore
or offshore) in the surface layer and a compensating opposite flow
underneath (Lentz and Fewings, 2012). Although previous works have
found that the cross-shelf circulation is strongly modified by sea breeze
events, the observed 3-period clock-hour average day described here is
different from previous studies (Woodson et al., 2007; Hendrickson
and MacMahan, 2009; Xiaoqian Zhang et al., 2010). Hendrickson and
MacMahan (2009) described a diurnal circulation forced by sea breeze.
In their study, the most clear feature was a wave-driven undertow
forced by the sea breeze effect on wave height. They found that a wind
stress threshold of 0.5 Pa was needed to modify the background
circulation. We do not observe that type of circulation, probably due
to lower Hsig and wind stress present at this location. Except for the
upwelling-type cross-shelf circulation in the evening period, the
observed diurnal circulation did not show a simple wind- or wave-
driven circulation coherent to previous inner-shelf studies (Tilburg,
2003; Kirincich et al., 2005; Fewings et al., 2008; Lentz et al., 2008;
Hendrickson and MacMahan, 2009; Lentz and Fewings, 2012).

A distinctive feature of the circulation at this site appears to be the
parabolic cross-shelf profile, with maximum onshore velocity at mid-
depth, that also appears in the morning period of the clock-hour
average-day. (Lentz and Chapman, 2004) showed that for strong
stratification conditions, the onshore return flow (as response to
upwelling) can be in the interior of the water column, as a response
to increasing momentum flux divergence and small bottom stress in the
momentum balance. Mid-shelf studies on the Middle Atlantic Bight
(Lentz, 2008) and Oregon coast (McCabe et al., 2015) showed mean
cross-shelf profiles with maximum onshore flow at mid-depth which
were explained by a combination between wind stress and local along-
shelf pressure gradients. In a study around Point Conception,
California, Fewings et al. (2015) consistently observed vertical profiles
of the same form, which were associated with pressure gradients
connected with local wind relaxations. These studies indicate that the
along-shelf pressure gradient is likely a key factor in the cross-shelf
vertical profile form at this site.

The realistic model was forced exclusively with local winds and
simulated most of the current variability seen at the ADCP site,
including the mid-day flow reversal and the upwelling-type circulation
in the evening. This supports the hypothesis that the observed cross-
shelf circulation pattern at diurnal timescales is mostly wind-driven.
The observed two-layer pattern in the evening (after 19 h) is consistent
with an upwelling circulation (Allen et al., 1995; Austin and Lentz,
2002). Although in shallow waters the circulation tends to align
barotropically with the wind (Lentz, 2001; Kirincich et al., 2005), the
presence of stratification enables the cross-shelf exchange to penetrate
into shallower waters, as suggested in several studies (Lentz, 2001;
Austin and Lentz, 2002; Durski et al., 2004; Kirincich et al., 2005).
However, the model fails to reproduce the 3-layer structure seen in the
morning. This can be due to the fact that other forcing elements may
have a stronger impact in this period (like tides and or waves) or larger
scale processes described before (Lentz, 2008; McCabe et al., 2015;
Fewings et al., 2015) but not reproduced in the model due to the small
domain.

Wave data collected at 98-m depth showed significant wave heights
of less than 2 m for most part of the time (Fig. 3). At this point we can
only speculate that the waves do not affect significantly the circulation
since Hsig1.2 m which corresponding wave forcing (cross-shelf velo-
cities below 0.01 m s−1), is most likely not sufficiently energetic to
modify the wind-driven circulation (Fewings et al., 2008; Lentz et al.,
2008; Hendrickson and MacMahan, 2009).

Tidal forcing may have some significance in the circulation,
especially in the morning period. A recent work by Trindade et al.
(2016) that used the same model configuration as this study, but

included tidal forcing, showed little differences between the modelled
circulation during neap and spring tides. In their study, the model also
failed to reproduce the 3-layer structure in the morning period. This
further indicates that tides probably do not significantly affect the
observed circulation.

Studies over different inner-shelves (Lentz et al., 1999; Liu and
Weisberg, 2005; Fewings and Lentz, 2010) seem to agree that the
circulation is mainly forced by along-shelf pressure gradient (generated
by local wind forcing) and wind stress, though other processes can also
be important depending on water depth and wave regime.

Several modelling studies (Austin and Lentz, 2002; Cudaback et al.,
2005; Estrade et al., 2008; Marchesiello and Estrade, 2010; Tilburg,
2003) and observations (Lentz et al., 1999; Lentz, 2001; Kirincich
et al., 2005; Fewings et al., 2008) found that along-shelf wind alone is
not an efficient mechanism in driving cross-shelf exchange on inner-
shelf. As seen in Gan and Allen (2002) and Kuebel Cervantes and Allen
(2006), strong onshore flows in the leeside of the cape result from the
interaction between the wind-driven flow and the variations in
topography, which are responsible for the setting up of an along-shelf
pressure gradient as a response to the decreased surface elevation in
the leeside of a cape, which results from the intensification of the along-
shelf velocity around the cape. A work by Sanay et al. (2008) over the
inner-shelf showed that there is a 3-D circulation response to wind in
the presence of a cape. Ganju et al. (2011) pointed out the importance
of topographic features in the circulation over the inner-shelf by
showing that the dynamical balance was dominated by pressure
gradient and horizontal advection terms, which varied with subtle
bathymetric changes. Finally, several studies found that non-linear
advection is particularly important in the vicinity of topographic
features (Doglioli et al., 2004; Meunier et al., 2010; Liu and Gan,
2014). It is expected that Cape Sines will have a similar effect on the
circulation, which will promote the generation of localized wind-forced
pressure gradients and enhance the cross-shelf exchange in the leeside
of the cape.

The upwelling jet deflection and corresponding cyclonic circulation
due to the presence of a cape and the intensified upwelling in the
leeside of the cape is consistent with several studies (Barth et al., 2000;
Gan and Allen, 2002; Doglioli et al., 2004; Kuebel Cervantes and Allen,
2006; Meunier et al., 2010; Perlin et al., 2011; Liu and Gan, 2014).
However, most of these studies deal with steady upwelling regimes or
with relaxation periods of more than one day, and do not describe the
diurnal variability caused by a daily oscillating upwelling regime. In our
case, the diurnal variability of the wind is felt differently across the
domain and the small-scale spatial alternation of upwelling/down-
welling regions can effectively drive cross-shelf exchange, especially in
the leeside of Cape Sines.

In summary, in-situ data and the numerical model results helped to
characterize the nearshore circulation in the vicinity of Cape Sines. We
conclude that the presence of the cape is responsible for the observed
cross-shelf circulation pattern but only very few regions show a similar
flow evolution as the observations. The persistence of upwelling-
favourable winds promoted retention of cold and newly upwelled
waters in the leeside of Cape Sines which is significantly relevant for
pythoplankton blooms and larvae development (Roughan et al., 2005a,
2005b, Peliz et al., 2007; Oliveira et al., 2009). The fact that the wind
diurnally undergoes relaxation and intensification strongly modifies
the cross-shelf circulation, promoting superficial onshore flows at mid-
day, in the leeside of Cape Sines, that overpower the strong along-shelf
currents. The combination of these two wind regimes indicates that the
study region has effective mechanisms of onshore transport during this
period, as seen in Trindade et al. (2016). The small-scale circulation
patterns described here can be particularly helpful to understand the
transport and settlement of larvae in this region and in other regions
with similar topography and wind characteristics.
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