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ARTICLE INFO ABSTRACT

Editor: E Anthony Rip currents have an important control on the exchange of water and advected materials such as sediment and
pollutants, between the surf zone and inner shelf. Concurrent in situ Eulerian and Lagrangian (GPS drifter) data
of surf zone waves and currents were combined with video data on wave breaking patterns over the inner and
outer bars on a high energy, double-barred beach. The data collectively show how the occurrence of wave
breaking over the outer bar changes the behavior of a channel rip current, and the exchange process. On both
days, there was a prominent clockwise eddy in the surf zone, for which the seaward-heading portion formed a rip
current in a well-defined channel rip, incised into the inner bar. Exit rate (measured with drifters) from the surf
zone to inner shelf decreased significantly with increased wave breaking over the outer bar, from 71% exits to
6% over the two days. Exit rate appears to be driven by the balance between wave breaking over the inner and
outer bars and pulsing of currents within the surf zone. Under higher wave conditions, there were stronger
pulsations in surf zone currents and more surf zone exits. However, higher wave conditions caused wave
breaking over the outer bar. This breaking increases vorticity around the outside of the surf zone eddy, which
increases surf zone retention. This is in contrast to previous studies showing that vorticity is highest at the center
of surf zone eddies. Under such conditions, drifter exits were rare, and occurred due to vortex shedding. During
lower incident wave conditions, eddy vorticity was lower, and drifters could relatively freely exit the surf zone.
This is one of the few studies that investigate surf zone circulation on a high energy, double-barred beach.
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1. Introduction remains a challenge.

Surf zone exchange occurs on all types of wave-dominated beaches

On surf beaches, water is exchanged between the surf zone and
inner continental shelf (Smith and Largier, 1995; Brown et al., 2009;
Spydell et al., 2014; Hally-Rosendahl et al., 2015; Suanda and
Feddersen, 2015), and also transports sediment (Holman et al., 2006;
Loureiro et al., 2012; Thorpe et al., 2013; Spydell, 2016), nutrients
(Castelle et al., 2010a), diatoms (Talbot and Bate, 1987), larvae (Defeo
and McLachlan, 2005; Fujimura et al., 2014; Spydell, 2016), pathogens
(Feng et al., 2013; Hally-Rosendahl et al., 2015) and other pollutants
(Spydell et al., 2007, Spydell and Feddersen, 2012, Spydell, 2016) in
nearshore and shelf waters (Kumar and Feddersen, 2016a, 2016b).
However, the exchange process is highly variable in space and time
(Suanda and Feddersen, 2015), and understanding the mechanisms
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(e.g., Spydell et al., 2007, 2014; Spydell and Feddersen, 2009, 2012;
Feddersen et al., 2011; Suanda and Feddersen, 2015). On beaches with
sand bars, a key conduit for this exchange is rip currents (rips) (Kumar
and Feddersen, 2016a, 2016b). Rips are narrow, seaward-directed flows
that extend from close to the shoreline, through the surf zone and
sometimes beyond (Short, 1985; Aagaard et al., 1997; Castelle et al.,
2016a, 2016b). There are three broad categories of rip currents, which
can be subdivided into six fundamental types (Castelle et al., 2016a,
2016b). Hydrodynamically-controlled rips (sometimes called transient
rips) occur on beaches that have uniform bathymetry alongshore and
are transient in space and time (Johnson and Pattiaratchi, 2004, 2006;
Castelle et al., 2014a; Feddersen, 2014; Suanda and Feddersen, 2015).
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Fig. 1. (a) Study site location and bathymetry (compiled by Harrison and Hunt, 2014, with data sources detailed in Harrison, 2015), indicating the location of the
Cam-Era camera (camera symbol). (b) Google Earth image from 22/07/2015 of the study area in the box indicated in (a). (c) timex Cam-Era image of the focus area
on 11/02/2015 at 09:30 shown in (b), where black areas are outside the camera field of view. Bathymetry contours in (b) were collected on 5 February 2015 with
RTK GPS down to low tide level and merged with bathymetry from Harrison and Hunt (2014), with a vertical datum of mean sea level. Coordinates in (c) and
throughout the rest of the paper are local and in m, with an arbitrary zero, and rotated 153° relative to true north to align with the shoreline. Locations of the Acoustic
Doppler Velocimeters (ADVs) on each day are indicated by the numbered symbols, also shown in (b) for reference.

The two types of hydrodynamically-controlled rips are shear instability rips
which can form due to shear instabilities of longshore currents (Ozkan-
Haller and Kirby, 1999; Spydell et al., 2009; Castelle et al., 2014a;
Feddersen, 2014), and flash rips, which are episodic bursts of water that
jets offshore, due to transient surf zone eddies (Spydell and Feddersen,
2009; Feddersen, 2014). Bathymetrically-controlled rips are forced by
alongshore variability in hydrodynamics, driven by bathymetric var-
iations. These rips can be subdivided into channel rips, which occupy
channels in between sand bars (Holman et al., 2006; Gallop et al., 2009;
Dalrymple et al., 2011), and focused rips which form due to variations in
offshore bathymetry (Long and Ozkan-Haller, 2005, 2016). Boundary-
controlled rips occur along lateral boundaries such as headlands (Gallop
et al.,, 2011; McCarroll et al., 2014), piers and groynes (Pattiaratchi
et al., 2009; Scott et al., 2016), and can be divided into shadow rips,
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which form against a boundary in the area shadowed from incident
waves (Gourlay, 1974; Castelle and Coco, 2012), and deflection rips
which form due to strong alongshore currents generated by incoming
waves, that are deflected against a lateral boundary (Dalrymple et al.,
2011; Scott et al., 2016). This paper focuses on surf zone exchange on a
beach with channel rips, that is, rip currents located within channels in
between sand bars, driven by alongshore variation in breaking wave
energy dissipation, due to the alongshore variability in water depth
(Bowen et al., 1968).

Surf zone exchange can be measured in terms of retention and exit
rate of material from the surf zone (MacMahan et al., 2010; Reniers
et al., 2010; Castelle et al., 2014b; Suanda and Feddersen, 2015). An
exit occurs when currents move water and material seaward of the
wave breaker zone onto the inner shelf, as opposed to retention by
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Fig. 2. (a) Water level measured at Raglan Wharf in 2015; and offshore wave
conditions from NZLAM_12 and nzwave_12 respectively, including: (b) Hy; (c)
T, and T,; (d) mean wave and wind direction (from); and (e) wind speed. The
duration of the ADV deployments is highlighted by the blue segments (lighter
color) and drifter deployments by grey segments (darker color). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

recirculation back into the surf zone by surf zone eddies (Austin et al.,
2010). Exit rate is defined here as the rate of exits per rip entry (after
MacMahan et al.,, 2010; McCarroll et al., 2014; Scott et al., 2014;
Pitman et al., 2016). Exit rate is a critical measure of the hazard to
swimmers from rip currents, which depends not only on the current
speed, but also on the circulation pattern (McCarroll et al., 2013; Scott
et al., 2014); whether a rip current circulates within a surf zone eddy or
exits through the breaker zone may also determine the best escape
strategy (MacMahan et al., 2010; Miloshis and Stephenson, 2011;
McCarroll et al., 2013), so is central to beach safety education (Brander
and Macmahan, 2011; Kumar and Feddersen, 2016a, 2016b; Van
Leeuwen et al., 2016).

Surf zone exits from eddies are driven by pulsations in rip current
velocity. Pulsations of surf zone currents can occur at infragravity
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frequencies (~25-300s), which can be caused by standing infragravity
waves (Sonu, 1972; MacMahan et al., 2004a), and wave groups (Spydell
and Feddersen, 2009; Reniers et al., 2010; Feddersen, 2014). In addi-
tion, recent research has revealed the presence of vortical motions at
Very Low Frequencies (VLF) (4-10min) (MacMahan et al., 2004b;
Reniers et al., 2010; Feddersen et al., 2011; Castelle et al., 2013, 2014b;
Houser et al., 2013; Brown et al., 2015), which may be forced by spa-
tially-varying wave groups (Reniers et al., 2007; Castelle et al., 2013).
Stokes drift also has an important influence on exit rate, by reducing
offshore current velocities (Reniers et al., 2009) and inducing a return
Eulerian circulation (Kumar and Feddersen, 2016a, 2016b).

Research on rip currents at high energy wave-dominated beaches is
sparse, (Brander and Short, 2000), despite such beaches having the
highest hazard rating in the Handbook of Drowning (Bierens, 2006).
Such beaches in micro- to meso-tidal ranges often have multiple sand
bars (Masselink and Short, 1993; Short and Aagaard, 1993; Castelle
et al., 2010c, 2014b). Here, the inner bar and surf zone can develop
unique morphology and circulation that does not occur on single-barred
beaches (Castelle et al., 2010b, 2014b; Price et al., 2014), and the
alongshore-variable bathymetry can further complicate mixing. This is
because in addition to horizontal mixing by rotational flows that also
occurs on alongshore-uniform beaches without sand bars, mean circu-
lation features can also contribute (Brown et al., 2009). The aim of this
study was to investigate surf zone exchange on a double barred beach,
including how wave breaking over inner and outer bars controls rip
circulation. This was explored in a channel rip current over two con-
secutive days, where variations in wave height controlled the occur-
rence of wave breaking over the outer bar. A combination of data were
used, including in situ Eulerian and Lagrangian (drifter) data of surf
zone waves and currents, and video data of wave breaking patterns over
the inner and outer bars.

2. Materials and methods
2.1. Study site

Ngarunui Beach is located on the west coast of the North Island of
New Zealand, near the township of Raglan (Fig. 1a). Ngarunui is a
double barred, 2 km-long high energy beach, with a tidal inlet to the
north, and a volcanic headland (Karioi) to the south (Fig. 1a and b). The
beach consists of titanomagnetite sand (Sherwood and Nelson, 1979)
with D5y between 200 and 400 ym (Huisman et al., 2011; Guedes et al.,
2013) and has a gentle slope with B,.qn of 0.014 over the intertidal
region (Guedes et al., 2013). Tides are semidiurnal with typical neap
and spring ranges of 1.8 and 2.8 m respectively (Walters et al., 2001).
Average offshore significant wave height (Hy,) is 2 m and mean spectral
period (T,) is 7 s (Gorman et al., 2003). The dominant wave direction is
southwesterly (Sherwood and Nelson, 1979; Gorman et al., 2003), thus
Karioi generally partially shelters the beach (Harrison, 2015). Ngarunui
Beach is a popular beach for surfers and swimmers and has had recent
fatalities despite lifeguards at the southern end.

The study area was at the southern end of the beach, well away from
the harbour inlet. The focus was on a channel rip current incised into
the inner bar (Fig. 1c). This channel is ~300 m away from the head-
land, although it appears closer in Cam-Era images such as Fig. 1c due
to shadowing of the field of view by cliff overhang. This rip channel had
a prominent surf zone on either side, thus is a channel rip current, not a
boundary-controlled rip (as described in Castelle et al., 2016a, 2016b).
The outer bar (Fig. 1¢) forms a continuation of the southern arm of the
terminal lobe of the ebb tidal delta, located at the inlet to Whaingaroa
Harbour (Harrison, 2015). This arm moves periodically offshore during
large swell events, and migrates shoreward during smaller swell events
that typically occur in summer (Harrison et al., 2017). The depth at
which wave breaking occurs varies greatly, with tide and wave condi-
tions determining whether waves break over the terminal lobe, outer,
and/or inner bar (Guedes et al., 2013).
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Fig. 3. Sea level and wave parameters for each ADV averaged for 2048 measurements (~8.5 min): (a) water depth to the sea bed; (b) T,; (¢) Hpayx; (d) Hy; and currents
averaged for each ~17 min burst in the (e) longshore; and (f) cross-shore. Grey shaded areas show drifter deployment times; and arrows combined with dashes lines

on right hand side of (e) and (f) show is currents are heading north (N) or south (S) alongshore; and onshore (On) or offshore (Off). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Mean hydrodynamic conditions during drifter deployments.

Date in 2015 Water level (m) Offshore Hy, (m)

Offshore T, (s)

Offshore Tj, (s) Nearshore H (m) Nearshore T, (s)

10 Feb
11 Feb

0.88
0.83

1.4
1.9

8.7
11.7

14.2
12.5

0.60
0.47

9.9
10

2.2. Field measurements

Field measurements were collected on 10 and 11 February 2015
(hereafter referred to as days 1 and 2 respectively), using three Triton
Sontek Acoustic Doppler Velocimeters (ADVs) (Fig. 1c¢) and ten GPS
drifters (Gallop et al., 2015, 2016). The ADVs were placed in an
alongshore array, with one just shoreward of the base of the rip
channel, and two in the feeder channel adjacent to the rip (Fig. 1c).
They were upward-facing with the housing buried, so that the initial
sensor height was 0.35-0.6 m above the bed, and collected 4096 sam-
ples at 4Hz every 20 min. Spectral analysis was undertaken on de-
trended ADV current and pressure records.

The GPS drifters were based on the designs of Schmidt et al. (2003)
and MacMahan et al. (2009) and were used to measure rip current
velocities and exits. QStarz BT-Q100eX GPS loggers were used in the
drifters, which record both position and velocity at 10 Hz, where
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velocity has accuracy of 0.1 ms™~* according to product specifications.
The standard deviation for horizontal position was 3.78 m + 1.20m,
estimated from a drifter left in a static position onsite. Drifters were
deployed initially by being waded out to waist-depth at the base of the
rip channel, before being released, and retrieved from the shore or
using a jetski. Drifter data were quality controlled to remove periods
when the instruments were dragging on the bed. Similar to previous
studies (MacMahan et al., 2010; Austin et al., 2013; Scott et al., 2014;
Pitman et al., 2016), drifters were retrieved for 4 reasons: because they:
(1) exited the surf zone; (2) washed in towards shore and contacted the
seabed; (3) travelled alongshore to outside the area of interest, within
which they could be safely monitored and retrieved; and (4) ‘other’
reasons (e.g. retrieval from busy surfing areas, or at the end of an ex-
periment). Position and velocity data were collected at 1 Hz. Velocity
data were low-pass filtered using a Butterworth filter with a cut-off
frequency of 0.05 Hz (Johnson and Pattiaratchi, 2004; McCarroll et al.,

+
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2014) to average short wave-motion and other noise. A 10m X 10m
grid was used across the surf zone to resolve the circulation patterns, as
in previous studies (Austin et al., 2010; MacMahan et al., 2010; Austin
et al., 2013; Scott et al., 2016; Pitman et al., 2016). Vorticity (I') is the
change in orientation of a water parcel without change in area or shape
(Molinari and Kirwan Jr., 1975), and represents local rotational mo-
tion/velocity shear (MacMahan et al., 2010). I is calculated here (fol-
lowing MacMahan et al., 2010; McCarroll et al., 2014; Pitman et al.,
2016) as:

r— av du

dx dy (@)
where u and v are velocity in x and y direction at location x, y.

The study area was observed remotely via the ‘Cam-Era’ video
system, consisting of two cameras located at ~95 m above the beach on
top of the hill at the southern end of the beach (Fig. 1a) (Harrison et al.,
2017). These overlook the nearshore region, including Ngarunui Beach,
the inlet to Whaingaroa Harbour and the ebb-tidal delta at its entrance.
Both are Lumenera LE 375 video cameras with a 7.7 X 6.1 mm color
CMOS sensor, a 2048 x 1536 array (3.1 MP) and a 25.5 mm fixed focal
length lens, and have slightly overlapping fields of view which enable a
broad composite view of the region (Guedes et al., 2013; Harrison,
2015; Simarro et al., 2015). In this paper, coordinates are local and
given in m, with an arbitrary zero, and are rotated 153° relative to true
north to align with the shoreline (Fig. 1¢). Normally, 2400 image pairs
care collected over 20 min at 2 Hz during daylight hours, which are
averaged to create a time-exposure (timex) image. However, during the
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experiment the camera recorded at 1 Hz. There were camera outages on
both days during part of the drifter deployments, indicated in Fig. 8.
The boundary of persistent water and foam from breaking waves was
digitized from rectified images as the location of wave break-point, in
order to assess the influence of wave and tide conditions on the relative
impact of the outer and inner sandbars to local wave breaking. While
the focus here is on whether breaking occurred or not, we acknowledge
that the actual position of shallow sandbars (or other bathymetric
perturbations) initiating the wave breaking can differ by up to 10 m
depending on offshore wave height, water level and bathymetry (Van
Enckevort and Ruessink, 2001).

Bathymetry was surveyed down to low tide using RTK-GPS on 5
February 2015, and bathymetry from the wider area was compiled by
Harrison and Hunt (2014) using a variety of sources including multi-
beam (2013) and singlebeam (2008-2009) echosounders, LiDAR
(2010—-2011), and digitized navigational charts (1961 and 1977).
Water level was measured at Raglan Wharf in the main channel of
Whaingaroa Harbour (Fig. 1a). Offshore wave conditions were obtained
from the nzwave_12 wave forecast/hindcast, which used the WAVEW-
ATCH v3.14 model, provided by the National Institute of Water and
Atmospheric Research (NIWA). Hourly data were used from the grid
cell closest to Ngarunui, (37.777843° S, 174.66760° E), in 53 m water
depth. Times are given as New Zealand Daylight Time (NZDT).
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Fig. 5. Quality controlled drifter tracks on (a) day 1 (10 February) with timex image from 14:30 and (b) day 2 (11 February) with timex image from 10:30 where dots
show deployment and retrieval locations. (c¢) and (d) show the mean vorticity (I) (color) and direction (arrows) in each 10m x 10m cell on day 1 and day 2
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Results
3.1. Hydrodynamic forcing

3.1.1. Offshore wave conditions

The experiment was undertaken as tidal range decreased from a
spring to a neap tide; tidal range decreased from 2.32m on day 1, to
2.01 m on day 2 (Fig. 2a). Drifter deployments were undertaken on the
rising tide on both days (Fig. 2a). Offshore wave conditions were
moderate on day 1, with H, of ~1.4 m, which increased to 1.9 m on day
2 (Fig. 2b). This 0.5 m increase in wave height doubled incident wave
energy (E), estimated from Eq. (2), to be 1230Jm™ 2 on day 1, and
2270 Jm™2 on day 2.

E = Yiepet2 @
where p is water density and and g is acceleration due to gravity. This
increase in H; was accompanied by an increase in T, from ~9 s on day 1,
to 125 on day 2 (Fig. 2c). Peak wave period (T,) decreased from ~14s
on day 1 to 1~2.5s on day 2 (Fig. 2c¢), thus the wave field narrowed
significantly in terms of period from day 1 to day 2. Swell waves were
incident from WSW for the duration of the experiment, and wind was
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easterly on both days (Fig. 2d). Wind speed was an average of about
6.5ms~ ' during the day 1 deployments, and 4ms~* on day 2.

3.1.2. Nearshore waves and currents

Nearshore (depth of 1-2 m) wave height (Fig. 3c and d) was strongly
tidally-modulated (Fig. 3a). On day 1 H; and maximum wave height
(Hpay) varied from as low as 0.2 m and 0.4 m (respectively) at low tide,
and reached up to 0.75m and 1 m at high tide (Fig. 3c and d). These
waves had T, largely between 8 and 10 s (Fig. 3b). On day 2, H; reached
up to 0.4 m at ADVs 1 and 2, and up to 0.6 m at ADV3; and H,,,, was
fairly constant at 0.5 m except at ADV3 where it reached > 1 m. These
waves had T, of 8-12s. The mean hydrodynamic conditions during the
daily drifter deployments are summarized in Table 1. Similar mean
wave conditions and tidal modulation were observed regardless of lo-
cation within the surf zone.

On both days, longshore currents measured by the ADVs headed
largely in a southerly direction (indicated by negative values in Fig. 3f),
i.e., towards Karioi (Fig. la), towards the prominent rip-current
channel towards the sound (marked on Fig. 1c), near the location of
ADV 1. This is consistent with the clockwise surf zone circulation cell in
this area, revealed by the drifter tracks (Fig. 5c and d and detailed
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below in Section 3.2). Cross-shore currents were mostly directed off-
shore during all ADV deployments (indicated by negative values in
Fig. 3g), also consistent with the presence of the prominent rip current

at the location of ADV 1, with mean velocities of ~0.3 to 0.5ms™ ..

3.1.3. Current and water level spectra

ADVs were located close to shore when the drifters were deployed,
thus ADV and drifter locations are not co-located. However, ADV data
were still useful to investigate spectral energy in the surf zone in order
to interpret drifter data. Spectral analysis shows that there was sig-
nificantly higher spectral density in the cross-shore direction than
longshore. For cross-shore currents, spectral density was an order of
magnitude higher on day 2 (Fig. 4b) compared to day 1 (Fig. 4a). The
maximum spectral density for cross-shore currents on both days was in
the infragravity band at the 90s period (0.011 Hz), where this peak
increased from maximum of 0.7 X 10° on day 1 to 1.6 x 10" on day 2
(Fig. 4a, b). This increase is consistent with the increase in incident
wave height between these two days. On day 1, there were clear peaks
at swell wave periods of 7s (0.14 Hz) and 15s (0.066 Hz) (Fig. 4b) in
cross-shore and longshore currents, and water level, corresponding
approximately to the mean incident wave periods with T,, of 8.7s.
However, on day 2, spectral density was more spread out across all
swell frequencies (Fig. 4b, d, f). There was a clear correspondence be-
tween cross-shore current spectral patterns and water level (e.g., Fig. 4a
cf. 4e), and no strong correlation between longshore currents and water
level (e.g., Fig. 4c cf. 4e, and 4d cf. 4f).

3.2. Surf zone exchange

On both days, drifters rotated clockwise in a prominent surf zone
eddy (Fig. 5), where the offshore-directed component of the eddy was
in the rip channel seaward of ADV 1. However, there was a stark
contrast in drifter behavior between days in terms of surf zone exits and
retention rates (Fig. 6). On day 1, during moderate wave conditions, the
rate of surf zone exchange was high, with 71% of drifters (per rip entry)
exiting the surf zone beyond the breaking waves (Fig. 5a and 6a). On
day 2, during high energy waves, surf zone retention was high, with
most drifters circulating around the surf zone eddy, and remaining
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inside the surf zone (Fig. 5b and 6b). On day 2, only one drifter exited
the surf zone (exit rate = 6%). The higher exit rate on day 1 was as-
sociated with lower I" (Fig. 5c), compared to on day 2 when most
drifters were retained within the surf zone, and I' was generally higher,
particularly around the landward and seaward edges of the surf zone
eddy (Fig. 5d). Vorticity was strongly positive (I’ > 0.1ms™?, anti-
clockwise) in a band across the center of the eddy, and strongly nega-
tive (I' < 0.1ms~?, clockwise) in bands around the ends that were
constricted by the shore and the inner bar. Once drifters have exited
beyond the inner bar, I" was generally ~zero, indicating that once
drifters have exited the eddy, currents are no longer rotational (Fig. 5c,
d.

3.3. Lagrangian pulsations

Pulsations in drifter velocity were O(~0.5-2 ms~1). On day 1,
during the moderate wave conditions (H,, = 1.4 m), pulsing was in-
termittent and occurred in bursts lasting 5-10 min, interspersed with
periods of relatively constant, and lower velocities of < 0.5ms™*
(Fig. 7a). On day 2, during the higher wave conditions (Hs, = 1.9 m),
current velocities were constantly pulsing throughout the measure-
ments (Fig. 7b). While rip current velocities measured with drifters
cannot be directly compared to the ADV measurements (which were
shoreward and alongshore of the rip, see Fig. 1c), visual observations
clearly showed that when drifters were deployed at the base of the rip
channel, they were very quickly swept alongshore and offshore.

3.4. Role of wave breaking over the outer bar

Waves break when water depth is sufficiently shallow relative to
wave height, where breaking wave height is classically defined as 0.78
of the water depth (e.g., Masselink et al., 2011). Throughout the drifter
deployments, the occurrence of wave breaking over the inner and outer
bars was turned on and off (Fig. 8a and c), and was strongly modulated
by both tide and wave height. In the early morning on day 1, wave
breaking occurred over the inner bar from low tide, at least up to mid-
tide (Fig. 8a). The drifter deployments took place approaching high
tide, at which time wave breaking did not occur over the inner bar
(Fig. 8a). On the outer bar, wave breaking moved further inshore as
water level increased (Fig. 8b), and wave similarly ceased approaching
high tide (Fig. 8c). The camera outage makes it difficult to assess wave
breaking on day 2, however it appears that there was a similar process
of wave breaking over the inner and outer bars switching off with the
rising tide.

4. Discussion

The aim of this study was to investigate surf zone exchange on a
double barred beach, and the role of wave breaking on rip current
dynamics. The exit rate from the surf zone to inner shelf decreased
dramatically with increased wave breaking over the outer bar, from
71% on day 1 to 6% on day 2 (Fig. 6). This exit rate appears to be driven
by the balance between: (1) wave breaking over the inner and outer
bars, which determines if water parcels can ‘escape’ the surf zone eddy
and exit beyond the breakers; and (2) pulsing of currents within the surf
zone. Lagrangian measurements showed intermittent rip current pul-
sing on day 1, when incident wave energy was moderate (Hy, = 1.4 m),
and constant pulsing on day 2, when incident wave energy was 36%
higher (H,, = 1.9m). Thus, increased pulsing under high wave condi-
tions does not necessarily increase surf zone exits. This is consistent
with recent studies showing that low rip flow speeds under lower wave
conditions can increase surf zone exits (Castelle et al., 2014b; Scott
et al.,, 2014) (although they did not look at the relationship between
pulsing and exits specifically).

Previous studies have linked the occurrence of surf zone exits to
pulsations in rip current velocity at infragravity (~25-3005s)
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Fig.7. (a) and (b) show filtered GPS drifter velocities. Drifter velocities are color coded by location/behavior, shown in the example timex image from 10/02/2016 at
11:59 in (c). Color key is an example timex image from 10/02/2015 at 17:00 and indicates (1) offshore- (red) and (2) onshore-directed (blue) flow in the rip current
circulation cell; (3) elsewhere inside the surf zone (grey); and (4) offshore (seaward of the surf zone, green). Low tide on each day was at 11 am and 11:45 am. The
gap in day 1 is a result of the quality control process, when redeployed drifters were largely dragging on the bottom and were not successfully transported into the
surf zone eddy. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(MacMahan et al., 2004a; Spydell and Feddersen, 2009; Reniers et al.,
2010; Feddersen, 2014) and VLF frequencies (MacMahan et al., 2004b;
Reniers et al., 2007, 2010; Feddersen et al., 2011; Castelle et al., 2013,
2014b; Houser et al., 2013; Brown et al., 2015). Although the Eulerian
measurement locations did not coincide with the drifters and direct
comparisons of current speeds could not be made, the ADV spectra also
showed dominant infragravity energy when pulsations were also
dominant. The mechanisms of the pulsations are outside the scope of
this study, however, it is clear that more constant rip current pulsing
occurs under higher wave energy, although it does not appear that this
increases the surf zone exit rate, probably due to the balance with wave
breaking on the outer bar, discussed below. Spatially, the pulsations
occur when the drifters were caught in the main eddy (Fig. 5), but not
when drifters exited the surfzone (see green in Fig. 7), thus the pulsa-
tions are associated with water circulating through the eddy. Spectra
from the ADVs shows that infragravity spectral density in cross-shore
currents was an order of magnitude higher on day 2 compared to day 1
(Fig. 4a, b), in accordance with the well-known relationship between
offshore wave height and infragravity wave energy in the nearshore
(e.g., Guza and Thornton, 1982; Ruessink et al., 1998). Furthermore, at
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the study site Ngarunui beach, (Guedes et al., 2013) showed that at the
predominantly dissipative Ngarunui Beach, most infragravity forcing
came from outside of the surf zone rather than due to generation in the
surf zone such as by bore-bore capture of sea swell waves (e.g, Mase,
1995).

Previous studies suggest that rip flow generally remains within the
surf zone due to eddies and I" (MacMahan et al., 2010; Reniers et al.,
2010; Castelle et al., 2010a). While the offshore-directed part of the surf
zone eddy in this study was in the channel rip current, this rip was
~300m away from a prominent headland, thus there could be some
lee-side circulation effects due to wave shadowing (Gourlay, 1974;
McCarroll et al., 2014; Pattiaratchi et al., 2009). The current study
shows that the highest surf zone exit rate occurred when there was no
wave breaking over the inner and outer bars on day 1 (Fig. 8a and c).
Conversely, larger waves and hence increased breaking over both bars
encouraged retention, as supported by observations elsewhere (Austin
et al., 2013; Houser et al., 2013) This process is similar to a recent
concept developed for single-barred beaches, of ‘open rips’ when there
is no wave breaking across the seaward end of a rip channel, and ‘closed
rips’ when wave breaking occurs across the seaward end of a rip
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channel (Pitman et al., 2016). Rip closure at Ngarunui is inferred from
the occurrence of breaking over the inner bar (Fig. 8a). This closure
increased the rotational component of surf zone currents (as evidenced
by I'in Fig. 5c and d), in accordance with a 43% increase in I" for closed
compared to open rips at Perranporth Beach, U.K. (Pitman et al., 2016),
and Santa Rosa Island, Florida, U.SA., where Houser et al. (2013) found
increased I when the extent of wave breaking increased. Pitman et al.
(2016) also found that in closed rips, drifter exits rates were < 25%
compared to up to 91% for open rips, consistent with the exit rate of 6%
for the closed rip and 71% for the open rip at Ngarunui. At Ngarunui, I
was highest around the outside of the eddy, i.e., where the currents are
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constricted by the shore and outer bar and forced to rotate, rather than
the center of the eddy as found for predominantly open rips in previous
studies (e.g., McCarroll et al., 2014). Previous studies have shown the
highest I" at the center of the eddy (Castelle et al., 2010a; MacMahan
et al., 2010; McCarroll et al., 2014); for these studies the effect of
breaking across the seaward end of the channel was not explicitly re-
ported, however it appears that there was a mix of open and closed rips.

While further investigation is required, the two days of Lagrangian
measurements at Ngarunui suggest that there may be two different
mechanisms responsible for exits from the surf zone, depending on
wave breaking conditions across the outer bar (Fig. 9). On day 1, there
was no wave breaking over the outer bar, and therefore no incident
wave bores driving shoreward currents towards the inner bar, allowing
water parcels (and drifters) to freely exit the surf zone (Fig. 9a). In
contrast, on day 2, wave breaking over the outer bar means that now
wave bores were driving shoreward return currents, pushing against the
vortical currents of the surf zone eddy (Fig. 9b). In this situation, exits
from the surf zone may only occur when a vortex is shed off the surf
zone eddy (Castelle et al., 2010a), which have been described as fila-
ment-like Lagrangian Coherent Structures (LCS; Reniers et al., 2010;
Castelle et al., 2013). Only a single LCS was observed at Ngarunui, and
accounted for the single drifter exit observed on day 2 (Fig. 5b).

In summary, the interaction of surf zone bathymetry (i.e., sand bars
and channels) with incident wave conditions appears to be a key driver
of rip current circulation, in particular, of whether currents circulation
in eddies within the surf zone, or exit beyond the outer bar. Rip current
circulation patterns and exit rates have important implications for rip
current hazards. Pitman et al. (2016) showed that at Perranporth, open
rips were twice as dangerous to beach users in terms of requiring rescue
by lifeguards. Further research is required to determine how such in-
formation could be used to reduce rip current hazards, such as which
escape strategy to use (Miloshis and Stephenson, 2011; McCarroll et al.,
2013; Castelle et al., 2016a, 2016b). In addition, there have been very
few studies on the influence of outer bars on surf zone retention, which
may have important implications for surf zone sediment transport and
exchange (Orzech et al., 2011; Thorpe et al., 2013).

5. Conclusions

This study investigated rip current circulation and surf zone ex-
change at the high energy, double barred Ngarunui Beach in New
Zealand. A key focus was on the role of wave breaking over the inner
and outer bars on surf zone circulation and retention. Over the 2 days
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Fig. 9. Conceptual model of the two mechanisms for exits from eddies in the surf zone to beyond the breakers; during periods of (a) significant wave breaking over
the outer bar; and (b) little or no wave breaking over the outer bar. LCS is Lagrangian Coherent Structure as defined by Reniers et al. (2010).
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measured, there was a clockwise eddy in the surf zone, for which the
seaward-heading portion formed a rip current in a well-defined channel
rip incised into the inner bar. Exit rate (measured with GPS drifters)
from the surf zone to inner shelf decreased significantly with increased
wave breaking over the outer bar: from 71% exits to 6% over the two
days. This exit rate appears to be driven by the balance between wave
breaking over the inner and outer bars; and pulsing of currents within
the surf zone. Under higher wave conditions, there were stronger pul-
sations in surf zone currents, which could lead to more surf zone exits.
However, higher wave conditions caused wave breaking over the outer
bar. This breaking increases vorticity around the outside of the surf
zone eddy, which increase surf zone retention. This is in contrast to
previous studies which found that vorticity is highest at the center of
surf zone eddies. Under such conditions, drifter exits were rare, and
occurred due to vortex shedding. During lower incident wave condi-
tions, eddy vorticity is lower, and drifters can relatively freely exit the
surf zone. This is one of the few studies that investigate surf zone cir-
culation on high energy, double-barred beaches. Further investigation
is required to investigate forcing mechanisms of the current pulsations
(e.g., infragravity waves and VLF motions); and to determine how the
balance of wave breaking and pulsations determines surf zone hazards
on such beaches.
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