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Surf zone drifters and a current meter were used to study the nearshore circulation patterns in the lee of

groynes at Cottesloe Beach and City Beach in Western Australia. The circulation patterns revealed that a

persistent re-circulation cell was present in the lee of the groyne which was driven by changes in wave

set-up resulting from lower wave heights in the lee of the groyne. The re-circulation consisted of a

longshore current directed towards the groyne which was deflected offshore due to groyne resulting in a

rip current along the groyne face. The offshore-flowing rip current and the incoming waves converged at

the offshore extent of this circulation cell, with the deflection of the rip current parallel to the shoreline

and then completing the recirculation through an onshore component. The Eulerian measurements

revealed that 55% of the currents on the lee side of the groyne were directed offshore and that these

currents had a maximum speed of 2 m s�1. Spectral analysis of the wave heights and the currents

revealed several corresponding peaks in the measured spectral densities with timescales between 12 s

and 50 min. Numerical simulations of an idealised beach with a shore-normal groyne were conducted

using a circulation model driven by waves, and confirmed the formation of a persistent eddy in the lee

of the groyne. Sensitivity studies indicated that the incident wave angle, wave period, and especially the

wave height controlled the circulation. The eddy vorticity, a measure of an eddy’s strength, increased

roughly proportional to an increase in the incident wave energy flux.

& 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Groynes are often used along coastlines to protect beaches
against coastal erosion. Many studies have been conducted into
the design and scour of groynes (e.g. Sumer and Fredsøe, 1997);
however, few studies have examined the interaction between
groynes and the hydrodynamic field generated by tidal-induced or
wave-induced currents. Circulation patterns in the lee of groynes
can affect local sediment transport rates, especially down-drift
erosion. In the presence of strong tidal currents, the interaction
between currents and a groyne can separate the flow at the groyne
tip and produce eddies in the lee of the groyne, similar to those
formed in the lee of a headland (Alaee and Pattiaratchi, 1999). The
interaction between groynes and the hydrodynamic field in wave-
dominated waters has usually been examined in the laboratory
(Gourlay, 1974; Wind and Vreugdenhil, 1986) or through numer-
ical studies (Aelbrecht and Denot, 1999; Shi et al., 2003); few field
studies have been conducted.

Rip currents are strong, narrow currents, which flow seaward
through the surf zone (MacMahan et al., 2004, 2006) and affect
ll rights reserved.
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the nearby sediment transport, shoreline migration, and pollutant
transport processes (Basco, 1983; Aagaard et al., 1997; Brander,
1999). They are also hazardous to beach users and cause around
50 drownings a year in Australia (Short and Hogan, 1994) and
around 30–40 drownings a year in Florida (United States) alone
(Lushine, 1991). An alongshore variation in the wave height, which
creates a quasi-steady pressure gradient, is needed for a rip
Groin Rip Current wave crests

Fig. 1. Streamlines in the lee of a groyne in a physical model (from Gourlay, 1974).
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current to form (MacMahan et al., 2006). This alongshore
variation changes the wave set-up (defined as a wave-induced
increase in the mean water level near the shore), with higher set-
up present when wave heights increase.

Bowen and Inman (1969) used a resonant condition for
standing waves in a wave basin to show how rip currents form
Fig. 2. Map of the study region showing the field sites and the location of the

offshore wave buoy (indicated by the asterisk).

Fig. 3. Aerial photograph of Cottesloe Beach in summer 2000 showing th

Please cite this article as: Pattiaratchi, C., et al., Wave-driven circul
(2009), doi:10.1016/j.csr.2009.04.011
adjacent to groynes. When waves approach a groyne at an angle,
wave diffraction and refraction produce smaller waves in the lee
of the groyne; the resulting wave set-up field produces an
alongshore current, which flows towards the groyne. The groyne
deflects this current offshore, forming a rip current adjacent to the
groyne. Gourlay (1974) used neutrally buoyant floats and photo-
graphic methods to show how a closed circulation (Fig. 1) was
formed in the surf zone in the geometric shadow of a groyne,
thereby reproducing the results of Bowen and Inman (1969).
When these currents reached the groyne, the groyne deflected
these currents back into the exposed zone resulting in a
recirculation pattern in the lee of the groyne (Fig. 1). The
numerical modelling studies undertaken by Aelbrecht and Denot
(1999) and Shi et al. (2003) reproduced an eddy in the lee of a
groyne, confirming Gourlay’s (1974) findings.

Many field studies of rip currents have been conducted (e.g.
Aagaard et al., 1997; Brander, 1999; Brander and Short, 2001;
Johnson and Pattiaratchi, 2004b; Callaghan et al., 2005; MacMa-
han et al., 2006); however, these studies did not examine rip
currents formed adjacent to groynes. For the present study,
Lagrangian and Eulerian techniques were used to study rip
currents and nearshore currents in the lee of a groyne at
Cottesloe and City beaches on the Western Australian coast
(Figs. 2–4). The experiments were designed to confirm the
presence of re-circulation in the lee of the groynes and to
investigate their dynamics under swell conditions. Numerical
modelling studies were undertaken with an idealised geometry to
complement the field studies, particularly to examine how
these eddies behave under different incident wave (energy)
conditions.
e groyne and the location of the current meter (indicated by the X).
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2. Field observations

2.1. Study region

The study region experiences diurnal, microtidal conditions
and has a maximum spring tidal range of 0.8 m (O’Callaghan et al.,
2007). Further details of the study region can be found in
Pattiaratchi et al. (1997) and Masselink and Pattiaratchi (2001).
In winter, the region is subject to the passage of frontal systems,
which produce strong, north-westerly winds (up to 25–30 m s�1);
these winds change direction to the west, then south–west over
Fig. 4. Photographs of the groyne at Cottesloe Beach (a)

Table 1
The drifter-recorded incident wave conditions and the mean and maximum rip curren

Test Date Wave

height (m)

Cottesloe Beach

RE1 29/6/04 1.8

RE2 8/7/04 1.3

RE4 21/8/04 1.3

City Beach

RE5 26/7/04 0.9

RE6 27/7/04 0.6

Please cite this article as: Pattiaratchi, C., et al., Wave-driven circul
(2009), doi:10.1016/j.csr.2009.04.011
12–16 h, then weaken over two to three days, allowing swell-
dominated conditions to prevail for another three to five days
before another frontal system passes. About 30 storms a year
occur in the region (Lemm et al., 1999).

Cottesloe and City Beach are popular recreational beaches in
Western Australia, located to the north of Fremantle along the
Perth Metropolitan region. The groyne at Cottesloe Beach (Fig. 3)
is at an oblique angle to the shore (�451) and shelters the beach
from south–west to westerly swells. A limestone headland to the
south of the groyne limits sediment transport from the south
(Masselink and Pattiaratchi, 2001). City Beach, about 5 km to the
and City Beach (b) obtained during the field tests.

t speeds.

Wave

period (s)

Mean rip current

speed (m/s)

Maximum rip current

speed (m/s)

12 0.44 0.95

10 0.33 0.78

12 0.33 1.28

13 0.26 1.98

14 0.27 1.34
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north of Cottesloe Beach, is a long and straight beach with the
groyne extending perpendicular to the shore (Fig. 4b). In general,
incident waves approach these groynes obliquely, rather than the
strictly normal direction assumed in the physical model used by
Gourlay (1974).
Fig. 5. Drifter tracks at Cottesloe Beach for test RE1 (29 June 2004) (a) and test RE2

(8 July 2004) (b). The tracks start at the cross and finish at the circle. The groyne

and the upper limit of the swash zone were traced out by walking around it with a

drifter.
2.2. Methods

Field experiments were conducted at Cottesloe and City Beach
over several days between June and August 2004 (Table 1). The
sampling was carried out under moderate swell conditions after
the passage of a south-westerly cold front, with the swell
direction coming from south–west to west.

Eulerian measurements of the current velocity in the lee of the
Cottesloe groyne were conducted to determine the magnitude of
the flow and direction. A vector-averaging InterOcean S4 current
meter located 0.5 m above the bed in a mean water depth of 1.4 m,
equipped with a pressure sensor, was used to continuously
measure the currents at a rate of 2 Hz. The location of the current
meter is shown in Fig. 3.

Surf zone drifters, developed by Johnson et al. (2003) and
Johnson and Pattiaratchi (2004a, b), were used to conduct
Lagrangian measurements of the nearshore currents. The drifters,
which recorded changes in their horizontal position at a sampling
rate of 1 Hz, were carried into the surf zone to a water depth that
was greater than the draft of the assembly—about 0.5 m. The
drifters were released into the rip current adjacent to the groyne
and allowed to circulate in the nearshore region until they either
washed ashore or drifted too far offshore and had to be retrieved.
Drifters that became lodged in the groyne were released back into
the rip current. These drifters were equipped with drogue
parachutes which opened on sudden increase in velocity of
the drifter, making them mostly resistant to ‘surfing’ with
waves—broken or unbroken (Johnson and Pattiaratchi, 2004a).
The shallow draft and flexible nature of the parachute assembly
on these drifter units made them suited to this study in the
shallow nearshore zone in which water depths were between
approximately 0.5–1.5 m. Drifters hit by the plunging lip of
breaking waves would often be carried along with the resulting
Table 2
The incident wave conditions and rip current speeds recorded in the model runs.

Model run Wave height

(Hs) (m)

Wave

direction (ym)

Wave period

(Tp) (s)

Maximum rip current speed in

lee of groyne (m s�1)

Vorticity (�10�3 s�1)

1 1 45 14 0.33 0.083

2 1 45 8 0.27 0.13

3 1.5 45 14 0.53 1.6

4 1.5 45 8 0.43 1.2

5 2 60 8 0.48 1.2

6 2 45 8 0.55 1.7

7 2 30 8 0.55 1.4

8 2 10 8 0.46 0.33

9 2 60 10 0.54 1.4

10 2 45 10 0.61 2.0

11 2 30 10 0.61 1.5

12 2 10 10 0.50 0.43

13 2 60 14 0.59 1.5

14 2 45 14 0.66 2.0

15 2 30 14 0.66 1.6

16 2 10 14 0.56 0.43

17 2.5 45 14 0.83 3.7

18 2.5 45 8 0.70 3.1

19 3 45 14 0.93 4.3

20 3 45 8 0.76 3.1

Please cite this article as: Pattiaratchi, C., et al., Wave-driven circulation patterns in the lee of groynes. Continental Shelf Research
(2009), doi:10.1016/j.csr.2009.04.011
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wave bore; these incidents were easily recognised and removed
from the datasets for analysis of the results.

The current meter also recorded current speeds estimated by
the drifter when the drifter passed through the rip current within
a 2 m radius of the current meter. To validate the drifter-recorded
current speeds, average drifter speeds within this radius were
compared with the one-minute-averaged current speeds recorded
by the current meter.
3. Numerical modelling

3.1. Model description and configuration

Two-dimensional (2D) circulation numerical simulations were
computed on an unstructured grid (flexible mesh) using the MIKE
Fig. 6. Drifter speeds recorded at Cottesloe Beach during test RE1 on 29 June 2004 f

1500–2000 s (e).

Please cite this article as: Pattiaratchi, C., et al., Wave-driven circul
(2009), doi:10.1016/j.csr.2009.04.011
21 modelling suite (DHI, Denmark). Stationary wave fields were
simulated using the MIKE 21 SW spectral wave model, which
estimated the transformation of incident wave energy by shoaling,
refraction, diffraction, and dissipation by both depth-induced
wave breaking and bottom friction. Model details are provided in
Sorensen et al. (2004). Output wave fields provided the radiation
stress gradients (wave forces) to drive 2D mean current fields
within the MIKE 21 HD flow model.

The idealised model runs assumed a sloping (1:50), linear
beach profile and included a 20-m-wide, shore-normal groyne
extending 200 m in the cross-shore direction. The model domain
extended 4000 m in the alongshore direction and 1000 m in the
cross-shore direction, with a grid resolution ranging from 10 m in
the region around the groyne to 80 m offshore. The MIKE 21 SW
has been used by many investigators and has been thoroughly
validated, particularly for engineering applications (e.g. Johnson
or periods of 100–600 s (a), 600–900 s (b), 900–1200 s (c), 1200–1500 s (d), and

ation patterns in the lee of groynes. Continental Shelf Research
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et al., 2005). In this study, as only numerical experiments are
conducted to examine the sensitivity of the re-circulation patterns
to various incident wave conditions, and no specific validation
exercise was performed. However, the re-circulation pattern
observed during the field measurements was reproduced by the
model.

A significant wave height Hs, peak wave period Tp, and mean
wave direction ym (defined relative to the shore-normal direction)
based on a JONSWAP spectrum (peak enhancement factor of 3.3)
was prescribed at the offshore boundary to force the wave model..
Following Battjes and Janssen’s (1978) formula, a constant breaker
coefficient of g ¼ 0.8 was used to parameterise the wave breaking-
induced dissipation. Following Weber’s (1991) formula, a constant
Nikuradse bed roughness length of kN ¼ 0.04 m was used to
parameterise the rate of bottom friction-induced wave dissipa-
tion. A quadratic drag law with a Manning number of 32 m1/3 s�1

was used to parameterise the bed shear stress in the circulation
model, and a space-varying eddy viscosity based on Smagorins-
ky’s (1963) formula was used to parameterise the turbulent,
subgrid-scale horizontal momentum transfer.
were released simultaneously in each test. The tracks start at the cross and finish

at the circle.

3.2. Model runs

Twenty numerical experiments were conducted (Table 2), in
which coupling between the wave and circulation models
occurred every 60 s. Each run started with zero flow and zero
mean water level, and both models were allowed to ‘spin-up’ until
quasi-steady current and wave fields were attained; this usually
occurred after about three hours. Wind effects were excluded
from the model runs. The outputs of the mean water level (set-up
and set-down) and the depth-averaged current speeds were
archived for subsequent post-processing. Visual interrogation of
each current field was conducted to identify the centre of the eddy
within the grid’s nearshore resolution (710 m). The current
speeds at four points (u1, u2, v1, and v2), located 30 m to the
north, south, east, and west of the eddy centre, were used to
estimate the eddy vorticity (oe):

oe ¼
@v

@x
�
@u

@y
�

v1 � v2

dx

� �
�

u1 � u2

dy

� �
(1)

A radius of 30 m was used as this distance corresponded to
approximately half the distance between the centre of the eddy
and the groyne and was also within the eddy boundary. The
longshore current speeds along an alongshore transect 20 m
offshore were examined to determine the point at which the
longshore current changed from positive (towards the groyne) to
negative (away from the groyne), thereby serving to define the
eddy’s spatial extent.
Fig. 9. Drifter tracks at City Beach for test RE5 (26 July 2004) (a) and test RE6 (27

July 2004) (b). The tracks start at the cross and finish at the circle. The groyne and

the upper limit of the swash zone were traced out by walking around it with a

drifter.
Fig. 7. Time series of the drifter speeds recorded at Cottesloe Beach during test RE1

on 29 June 2004.

Please cite this article as: Pattiaratchi, C., et al., Wave-driven circulation patterns in the lee of groynes. Continental Shelf Research
(2009), doi:10.1016/j.csr.2009.04.011
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4. Results

4.1. Lagrangian measurements

Drifters were used to examine the spatial characteristics of the
wave-generated current system at Cottesloe and City Beach over
several sampling occasions. A small selection of these deploy-
ments has been chosen for further analysis. Data from a single
drifter circulation deployed at Cottesloe on 29 June (test RE1) and
8 July (test RE2) are described in detail within. An S4 current
meter was placed in the lee of the groyne (Fig. 3) and a set of five
drifters were used during deployments on 21 August (test RE4).
Deployments at City Beach occurred on the 26 July (RE5) and 27
July (RE6). Offshore wave heights during all deployments
were obtained from an offshore wave buoy at Cottesloe Beach
(Fig. 2).

Fig. 5 shows the drifter tracks from tests RE1 (29 June) and RE2
(8 July). The plots show an eddy in the lee of the groyne, with the
drifter tracks resembling the streamline patterns that Gourlay
(1974) predicted in his physical modelling studies. During
tests RE1 and RE2, the drifter completed six and seven
revolutions of the eddy, respectively (Fig. 5). The clockwise
circulation in the lee of the groyne created an offshore flow
along the groyne face, which was constrained within about 10 m
of the groyne edge.

The drifters measured a mean rip current speed of 0.44 m s�1

during test RE1 and 0.33 m s�1 during test RE2 (Table 1). The rip
current that was formed next to the groyne was unlike a classic rip
current, in that it had no ‘head’ region. Instead, the seaward extent
of the rip current was deflected north at around a 901 angle (i.e.,
away from the groyne). The current then continued to flow
alongshore and into the more exposed region of the surf zone
before turning shoreward.
Fig. 10. Frequency of occurrence of current directions

Please cite this article as: Pattiaratchi, C., et al., Wave-driven circul
(2009), doi:10.1016/j.csr.2009.04.011
During tests RE1 and RE2, the drifters circulated through an
area more than 40 m wide. Within this region, any large increase
in the drifter speeds was used to indicate whether the drifters
were ‘surfing’ the waves (referred to here as a surfing event). No
significant surfing events occurred during test RE1, however, one
surfing event was apparent during test RE2.

Once the drifters reached the surf zone, they began moving
back towards the groyne in a southward, alongshore current. This
alongshore current was constrained during test RE1, with the
drifter circulating several times through a 10-m-wide area,
whereas during test RE2, the drifter circulated through an area
about 20-m wide. Near the groyne, the longshore current was
deflected offshore, forming a rip current and completing the flow.
During test RE1, the deflected current formed an empirical
logarithmic spiral shape, whereas during test RE2, the current
was deflected more abruptly at the base of the groyne.

Data obtained during test RE1 (Table 1) were divided into
�5 min sections and plotted with current vectors for each
segment (Fig. 6). The data showed the drifter completed a single
revolution in �300 s (Fig. 6b–d). The time series of the drifter
speeds (Fig. 7) showed the speeds fluctuated because of changes
in the drifter location, and recording a maximum speed of
1.25 m s�1. The lowest current speeds were recorded when the
drifter approached the shore during the onshore part of the eddy
and was then entrained into the alongshore current flowing
towards the groyne. When two drifters were released into the
eddy simultaneously, they followed a similar path (Fig. 8),
reflecting the quasi-steady nature of the circulation system.

A set of five drifters was deployed on 21 August to determine
the drifter dispersion rates (see Johnson and Pattiaratchi, 2004b).
These dispersion rates were used to compare the mixing processes
associated with the convergence zone (where the offshore-
flowing rip current converged with a shoreward current) with
and magnitudes recorded by the current meter.

ation patterns in the lee of groynes. Continental Shelf Research
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Fig. 11. The water surface elevation (a) and current spectrum (b) recorded by the

current meter on 21 August 2004.
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those of a normal rip head section. The dispersion rates were
low when the drifters were in the rip neck and increased when
the drifters reached the ‘turn’ at the rip current’s seaward extent.
Only five dispersion rates (ranging between 0.6 and 4.1 m2 s�1)
were obtained for the convergence zone, because waves
often separated the drifters in the rip neck. These rates were
similar to the dispersion rates of 1.3–3.9 m2 s�1 that Johnson and
Pattiaratchi (2004b) found in a rip head in their study, and
suggested that extensive mixing occurred in the convergence
zone.

During tests RE5 (26 July) and RE6 (27 July) at City Beach,
several sets of data were obtained in which the drifter completed
several eddy revolutions (Fig. 9). The circulation pattern at City
Beach was similar to that at Cottesloe Beach (Fig. 9). The
circulation created an offshore current along the groyne,, a
northward, alongshore current where the offshore current
interacted with the incoming mass flux of the incident wave
climate, a wide current through the surf zone, and a southward
current close to shore directed towards the base of the groyne. The
strongest rip currents were recorded at City Beach, with a
maximum speed of 1.98 m s�1 recorded during test RE5. Mean
rip current speed at City Beach was 0.26 m s�1 (Table 1).
Please cite this article as: Pattiaratchi, C., et al., Wave-driven circul
(2009), doi:10.1016/j.csr.2009.04.011
4.2. Eulerian measurements

Eulerian measurements of the water flow in the lee of the
Cottesloe groyne were conducted during RE4. A vector-averaging
InterOcean S4 current meter, equipped with a pressure sensor,
continuously measured the current speeds at a rate of 2 Hz and
was placed in the offshore flow in water depth of approximately
1.4 m. The current meter was used to obtain comparative Eulerian
measurements of the rip flow and also provide a validation of the
drifter recorded speeds.

The measurements obtained with the current meter showed
the main current direction was to the north–west, with currents
flowing to the west–north–west and north–north–west (i.e.,
parallel to the groyne) accounting for 55% of the total currents
measured (Fig. 10). The currents flowing to the west–north–west
and north–north–west were also the strongest: the highest
recorded speed was 2 m s�1, and 15% of the currents had speeds
40.80 m s�1.

The measured currents were only directed towards shore �5%
of the time, with speeds usually o0.40 m s�1. These low speeds
were due to the slow and diffuse onshore flow resulting from the
Stokes’ drift and the mass transport of breaking waves and also
the smaller wave heights in the lee of the groyne. The current
meter data revealed that offshore currents, parallel to the groyne,
were dominant in the lee of the groyne for incident swell from the
south–west.

The results from the spectral analysis of the current measure-
ments revealed peaks at several frequencies, most of which
corresponded to peaks in the incident wave climate (Fig. 11). The
main peak – a period of 12 s – may have been related to incident
swell waves, as reflected in the offshore data (Table 1). The high
spectral energy within this peak suggested the incident wave field
mainly forced the currents; however, the presence of several
smaller peaks in the spectrum suggested other forcing
mechanisms may also influence the circulation. Several smaller
peaks around one to three minutes were also observed. The rip
current speeds also had longer oscillations, with peaks in spectral
density of 2.5 h. The oscillations of the measured currents and
elevations could be attributed to seiching in the adjacent
continental shelf region (Pattiaratchi and Wijeratne, 2009).

Brander and Short (2001) conducted a field study of rip currents
and found that infra-gravity waves with periods of several minutes
contributed to rip pulsing. Small peaks in the spectral density
measured by the current meter occurred with periods of
approximately one to three minutes (Fig. 11), which suggested
the water level changes in the surf zone may contribute to the
current system. These peaks may be related to either infra-gravity
waves or wave groups, which are a main feature of the wave
climate in the study region (Kularatne and Pattiaratchi, 2008).

Although the current meter measured depth-averaged current
speeds and the drifters measured wave-averaged surface current
speeds, the use of two measurement techniques allowed the
comparison between the two to determine any discrepancies. The
average drifter speed within a 2 m radius of the current meter was
0.35 m s�1, with the mean drifter speed in the rip current slightly
underestimating the mean current speed measured by the current
meter by about 5% (Fig. 12). This result agreed with the validated
drifter speeds of Johnson and Pattiaratchi (2004b), who found
their drifter speeds closely matched their depth-averaged Eulerian
speeds, especially in the cross-shore direction.

The drifters and the current meter recorded similar current
speeds, because the current meter was placed in a water depth of
only 1.4 m. Johnson and Pattiaratchi (2004b) found that the
vertical velocity profiles of rip currents were mostly uniform; thus
the drifter-recorded speeds and the current meter-recorded
speeds were likely to be similar.
ation patterns in the lee of groynes. Continental Shelf Research
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Fig. 12. Time series of the one-minute-averaged current speeds recorded by the current meter, the total average current speeds from the Eulerian measurements, and the

average drifter speeds (within a 2 m radius of the current meter) from the Lagrangian measurements.
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4.3. Model runs

The vector plots of the current speeds overlaid on the wave set-
up (Figs. 13–16) showed the dominant circulation pattern that
emerged in the lee of the groyne. Although the currents’ spatial
characteristics varied under different wave conditions, the model
runs revealed a general circulation pattern. This pattern included:
�

P
(2
an eddy in the lee of the groyne;

�
 the presence of rip currents on both sides of the groyne;

�
 a convergence zone near the offshore end (‘tip’) of the groyne;

�
 divergence in the alongshore currents at the downdrift extent

of the eddy.

4.3.1. Eddy circulation in the lee of the groyne

An eddy was formed in the wave shadow region in the lee of
the groyne in all model runs (Figs. 13–16) similar to that observed
during the field measurements. Aelbrecht and Denot (1999) and
Shi et al. (2003) also observed this phenomenon in their
numerical modelling studies.

The eddy vorticity (Fig. 17) was strongly correlated (R2
¼ 0.87

for ym ¼ 451) with the wave height and peak wave period Hs
2Tp,

which was proportional to the deep water incident wave energy
flux. The cross-shore velocity plot of the eddy centre (Fig. 18) also
showed this relationship. For a given wave incident angle (451),
increasing the offshore wave height from 1 to 3 m increased the
rip current speed adjacent to the groyne from 0.31 to 1.0 m s�1

(Fig. 18). The onshore maximum current speeds also increased
(from 0.09 to 0.36 m s�1), however, the location of the centre of
the eddy remained almost constant (Fig. 18).
lease cite this article as: Pattiaratchi, C., et al., Wave-driven circul
009), doi:10.1016/j.csr.2009.04.011
The vorticity values revealed the eddy was strongest when the
incident wave angle was 451. Waves approaching at more oblique
angles or nearly perpendicular to the shore (ym ¼ 01) produced a
weaker eddy (cf. Figs. 14 and 16). An increase in the wave period Tp

from 8 to 14 s slightly increased the vorticity. The location of the
eddy centre seldom changed in the alongshore direction, but
tended to move offshore as the vorticity increased and onshore
when the mean wave direction ym was closer to 01 (cf. Figs. 14 and
16). Eddies with a higher vorticity were also larger.

4.3.2. Rip currents

Rip currents, with speeds of around 0.3–0.9 m s�1 (Table 2),
occurred along both sides of the groyne and were strongest close
to the groyne. The rip currents on the lee side of the groyne were
strongly attached to an eddy (see Section 4.3.1. above). For most
runs, the spatial extent of the rip current in the lee of the groyne
was equal to or greater than that of the rip current on the updrift
side. On the lee side of the groyne, the cross-shore location of the
strongest currents was nearly in line with the eddy centre.

To examine the effects of changing the wave direction y and
peak wave period Tp, the significant wave height Hs was kept
constant at 2 m. A rip current was formed in all the model runs,
but was weaker when the Hs and Tp were small and the y was
close to either 01 or 901 and stronger when the Hs and Tp were
large and the y was close to 451. Changes in the incident wave
height caused the most variation in the rip current speeds.

4.3.3. Convergence zone

In all model runs, the rip current in the lee of the groyne
encountered a shoreward current around the groyne tip
ation patterns in the lee of groynes. Continental Shelf Research
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Fig. 13. Vector plot showing the predicted current vectors and the wave set-up for model run 1 (Hs ¼ 1 m; Tp ¼ 14 s; y ¼ 451). The black arrow in the centre (groyne)

indicates the convergence point of the opposing currents, and the black arrow to the left (shoreline) indicates the divergence point of the alongshore currents.

C. Pattiaratchi et al. / Continental Shelf Research ] (]]]]) ]]]–]]]10
(Figs. 13–16). When the opposing currents converged, the flow
was directed away from the groyne at around a 901 angle and
forced to continue along the outer edge of the eddy. The point
where the currents converged depended on the wave height and
direction. For smaller waves (i.e., a weaker eddy), the convergence
point was closer to the shore (Fig. 13), whereas for bigger waves
(i.e., a stronger eddy), the convergence point was closer to the
groyne tip (cf. Figs. 13–15). Smaller incident wave angles produced
weaker eddies, with the convergence point located closer to the
shore (cf. Figs. 14 and 16).
4.3.4. Divergence in the alongshore currents

In all model runs, the model predicted that the alongshore
current would diverge at the limit of the geometric shadow of the
groyne. Here, the alongshore current flowed towards the groyne in
the region between the divergence point and the groyne, and
away from the groyne beyond the divergence point (Figs. 13–16).
The divergence point was associated with a change in the wave
set-up gradient resulting from the alongshore gradient in wave
height due to the groyne’s sheltering effect. The divergence point
Please cite this article as: Pattiaratchi, C., et al., Wave-driven circul
(2009), doi:10.1016/j.csr.2009.04.011
was between 20 and 60 m from the base of the groyne. Larger
waves (i.e., a stronger eddy) caused the divergence point to move
away from the groyne, and smaller waves (i.e., a weaker eddy)
caused it to move towards the groyne (cf. Figs. 13–15). Small
changes in the wave climate and also ym and Tp had only a small
influence on the location of the divergence point.
5. Discussion and conclusions

Lagrangian and Eulerian measurements of the current system
in the lee of two groynes off the west Australian coast were used
to verify the results from previous laboratory (Gourlay, 1974) and
numerical (Liu and Mei, 1976a, b; Aelbrecht and Denot, 1999; Shi
et al., 2003) studies that have proposed that wave-generated re-
circulation should be generated. The geometric shadow of the
groyne caused alongshore variations in the wave height, which
created an alongshore current flowing towards the groyne in the
nearshore. This current was then deflected offshore due to
the presence of the groyne, forming a rip current adjacent
to the groyne. At the end of the groyne, the current was deflected
ation patterns in the lee of groynes. Continental Shelf Research
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Fig. 14. Vector plot showing the predicted current vectors and the wave set-up for model run 14 (Hs ¼ 2 m; Tp ¼ 14 s; y ¼ 451). The black arrow in the centre (groyne)

indicates the convergence point of the opposing currents, and the black arrow to the left (shoreline) indicates the divergence points of the alongshore currents.
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perpendicular to the groyne by the incident waves. The
drifter tracks revealed four main characteristics of the current
system:
�

P
(2
an initial broad, onshore inflow in the exposed region of the
shore due to Stokes’ drift and the mass transport of breaking
waves;

�
 an alongshore current, which flowed from the exposed surf

zone towards the groyne;

�
 a rip current along the leeward face of the groyne;

�
 a deflection in the direction of the incident waves at the

seaward extent of the rip current where the flow continued
alongshore before turning shoreward.
Gourlay (1974) showed that alongshore variations in the wave
set-up between the exposed surf zone and the sheltered region in
the geometric shadow of the groyne were the driving force of this
current system. The numerical modelling results, which predicted
the presence of an alongshore set-up gradient (Figs. 13–16),
confirmed these findings. Data obtained from four drifter deploy-
ments at Cottesloe Beach revealed the longshore current extended
lease cite this article as: Pattiaratchi, C., et al., Wave-driven circul
009), doi:10.1016/j.csr.2009.04.011
to about 80 m north of the groyne. The swell direction was similar
in each test, although the significant wave height varied. The
general circulation pattern stayed the same under different
incident wave heights.

The offshore extent of the current increased with an increase in
wave height, which was attributed to higher rip current speeds;
the numerical modelling results, which showed the offshore
current strengthened with an increase in the energy flux,
supported this theory. The numerical modelling results also
predicted the eddy would be contained within the shadow of
the groyne, whereas the field measurements from Cottesloe and
City beaches revealed the eddy extended farther offshore; this
discrepancy was most likely due to the effects of the groyne
orientation and effects from the local bathymetry, with the
circulation centred over shallow offshore bars. The numerical
model was an idealised set-up with a linear beach and a groyne
perpendicular to the shore, whereas the groyne at Cottesloe Beach
is angled to the shore and an offshore bar was usually present
(Fig. 4a).

The seaward extent of the offshore current adjacent to the
groyne differed from that normally associated with a classical rip
current. A sharp deflection of the incident waves marked the rip
ation patterns in the lee of groynes. Continental Shelf Research
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Fig. 15. Vector plot showing the predicted current vectors and the wave set-up for model run 19 (Hs ¼ 3 m; Tp ¼ 14 s; y ¼ 451). The black arrow in the centre (groyne)

indicates the convergence point of the opposing currents, and the black arrow to the left (shoreline) indicates the divergence points of the alongshore currents.
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current’s seaward extent, whereas a cloud of sediment-laden
water normally marks the seaward extent of a classic rip current
and shows where the current disperses (e.g. Brander, 1999;
MacMahan et al., 2006). This deflection of the incident waves
occurred during all drifter tests, and visual observations con-
firmed the region was energetic, with small, turbulent eddies seen
at the water surface. The offshore-flowing rip current and the
shoreward currents converged at the offshore extent of the
circulation cell in the lee of the groyne. Once the drifters reached
this convergence zone, the impact of the opposing currents
converging separated the drifters and thrust them into the
exposed surf zone.

The Eulerian measurements obtained with the current meter
deployed in the lee of the groyne at Cottesloe Beach supported the
Lagrangian measurements obtained with the drifters and revealed
that 55% of the currents along the lee side of the groyne, including
the strongest currents, were directed offshore. A wave-generated
current system usually has forcing frequencies that correspond to
variations in the incident wave climate. This was evident
through corresponding peaks seen in both wave and current
spectra obtained with the current meter. These peaks included
Please cite this article as: Pattiaratchi, C., et al., Wave-driven circul
(2009), doi:10.1016/j.csr.2009.04.011
a period of 12 s, which corresponded to the significant wave
period and periods of one to three minutes, which are likely
to correspond to longer oscillations which cause changes
to the nearshore water level, such as infra-gravity waves or wave
groups.

Groynes are commonly used as a shore protection measure
with different degrees of success. One of the reasons for the failure
of a groyne has been attributed to the influence of rip currents
adjacent to the groyne resulting from the deflection of the
longshore currents by the structure on the upstream side of the
groyne (Komar, 1998). The results of this study indicate that a rip
current may also be present on the lee side of the groyne which
has the potential for the offshore transport of sediment. The
shoreline in the vicinity of a groyne is such that, in general, there
is accretion on the upstream side of the groyne and erosion on the
downstream (lee) side as a result of the interruption of longshore
transport along the beach. The presence of the eddy system in the
lee of the groyne will provide a mechanism of the downstream
erosion of the beach through the offshore transport of sediment
via the rip current adjacent to the groyne, as detailed in this
paper.
ation patterns in the lee of groynes. Continental Shelf Research
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Fig. 16. Vector plot showing the predicted current vectors and the wave set-up for model run 16 (Hs ¼ 2 m; Tp ¼ 14 s; y ¼ 101). The black arrow in the centre (groyne)

indicates the convergence point of the opposing currents, and the black arrow to the left (shoreline) indicates the divergence point of the alongshore currents.

Fig. 17. The eddy vorticity for different wave conditions. The black dots indicate

incident wave angles of 451, and the asterisks indicate incident wave angles of 101,

301, and 601. The regression line for the incident wave angle of 451 is also shown.

Fig. 18. Cross-shore velocity plot of the eddy centre for different model runs (see

Table 2).
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