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Pocket beaches bound by headlands or other geologic features are common worldwide
and experience constrained alongshore transport that influences their morphological
changes. Pocket beaches fringed by shallow reefs have not been well-studied, yet can
be commonly found throughout temperate and tropical regions. The presence of a reefis
expected to drive distinct hydrodynamic processes and shoreline responses to offshore
waves and water levels, which is investigated in this study. To examine the drivers of
shoreline variability, a 20-month field study was conducted on a reef-fringed pocket
beach in southwestern Australia (Gnarabup Beach), using a series of in situ wave and
water level observations, topographic surveys, as well as video shoreline monitoring.
The results indicate that the beach as a whole (alongshore averaged) was in a mostly
stable state. However, we observed substantial spatial variability of the local shorelines
in response to offshore wave and water levels across a range of time-scales (from
individual storms to the seasonal cycle). We observed local regions of beach rotation
within cells that were partitioned by the headlands and offshore reefs. The shoreline
response was also dictated by the combination of offshore waves and water level which
varied seasonally, with the shoreline generally eroding with lower water levels for the
same wave height. Despite the contrasting responses in different alongshore locations
of the beach, the overall beach volume of the pocket beach was largely conserved.

Keywords: rocky reef, pocket beach, coastal erosion, beach rotation, Western Australia

INTRODUCTION

Pocket beaches, in which a stretch of sandy shoreline is bounded by headlands or other features
that impede alongshore sediment transport, occur globally across a wide range of wave exposure
regimes. Due to how these beaches are bound by barriers to sediment transport, they are often
considered to be largely closed systems. Pocket beaches can be dominated by both cross-shore
transport processes, that are primarily controlled by the incident wave energy (Harley et al., 2011;
Blossier et al., 2017a), or alongshore transport that may cause beach rotation (Dehouck et al.,
2009; Daly et al., 2014). In addition to limiting or preventing broad-scale alongshore transport,
headlands or other bounding structures can introduce alongshore wave energy gradients (e.g., by
shadowing obliquely incident waves), and act as wave reflectors particularly in the case of low
frequency (infragravity waves) which can result in standing edge waves (e.g., Ozkan-Haller et al.,
2001; Masselink et al., 2004) along the pocket beach. Most research has focused on pocket beaches

Frontiers in Marine Science | www.frontiersin.org 1

June 2020 | Volume 7 | Article 445


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2020.00445
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2020.00445
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2020.00445&domain=pdf&date_stamp=2020-06-10
https://www.frontiersin.org/articles/10.3389/fmars.2020.00445/full
http://loop.frontiersin.org/people/919732/overview
http://loop.frontiersin.org/people/951329/overview
http://loop.frontiersin.org/people/137792/overview
http://loop.frontiersin.org/people/919912/overview
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Risandi et al.

Shoreline Variability at a Reef-Fringed Pocket Beach

that are located along open coastlines (e.g., Vousdoukas et al.,
2009; Horta et al,, 2018). However, pocket beaches are also
commonly fringed by coral or rocky reefs that create a semi-
protected lagoon, which may have a significant influence on the
beach morphodynamics processes.

For reef-fronted beaches, the general physical mechanisms
that drive the hydrodynamic processes can be similar to those
in other coastal environments in which wave breaking results
in wave-driven currents (Monismith et al., 2013). These wave-
driven currents are generated by radiation stress gradients
dominated by wave breaking, resulting in wave setup gradients
across the reef that can drive onshore mass fluxes over the reef
if a lagoon is present (e.g., Gourlay and Colleter, 2005; Taebi
et al.,, 2011; Lowe and Falter, 2015). While these same processes
occur in open coast sandy beaches, reef environments also have
additional complexity associated with steep slopes and high
bottom roughness that can modify the nearshore hydrodynamics.

Along reef-fringed beaches, the importance of low-frequency
infragravity (IG) waves with periods between 25 and 600 s has
been highlighted in a number of studies (e.g., Hardy and Young,
1996; Péquignet et al., 2009; Pomeroy et al., 2012; Buckley et al,,
2018). This is mostly a result of the dissipation of groups of sea-
swell (periods < 25 s) waves by the shallow reef that leads to
the generation of IG waves through both a breakpoint forcing
mechanism (Symonds et al., 1982) and the “release” of incident
bound waves (Baldock, 2012). Due to their long wave lengths
and typically smaller amplitudes than incident sea-swell, IG
waves generally do not break and thus can have a significant
influence on shoreline water level variability, including being
a potential primary driver of beach erosion (Ford et al., 2013;
Becker et al., 2016).

The dynamics of both sea-swell and IG waves along reef-
fronted coastlines depend strongly on the submergence depth of
the reef, which modulates the amount of depth-induced breaking
over the reef and causes less dissipation (more transmission)
occurring with greater submergence (e.g., Lowe et al., 2009).
Any (offshore) process that alters water levels relative to the reef
depth can, in turn, regulate the amount of wave energy that
reaches reef-fringed coastlines. Reef fringed shorelines can be
exposed to a range of sources of offshore water level variability
over a range of time scales. These includes processes such as
tides and atmospheric surges, as well as seasonal to longer-term
changes in sea level. For example, in micro-tidal southwestern
Australia, water level fluctuations associated with the strength
of the Leeuwin Current (a poleward flowing eastern boundary
current) result in seasonal and interannual sea-level variations
with a range of 10s of cm, which is of the same order of
magnitude as the microtidal tidal range of the region (Smith
et al., 1991; Feng et al, 2003; Pattiaratchi and Eliot, 2008).
In a reef-fringed beach of South West Australia (~200 km
from the study site descried here), Segura et al. (2018) found
that these seasonal and inter-annual sea-level fluctuations were
the dominant factor that determined the seasonal variability
of the shoreline.

Despite pocket beaches influenced by reef systems being
relatively common globally (Short, 1999), only a limited
number of studies have investigated the processes governing

morphodynamic changes within such sites, such that it still
remains unclear how pocket beach shorelines generally behave
relative to other classes of beaches (Norcross et al., 2002; Jeanson
et al., 2013). Here we quantify the shoreline variability at
Gnarabup Beach, a reef-fringed pocket beach in the Margaret
River region of southwestern Australia, using a sequence of
topographic measurements and daily video derived shorelines
spanning a period of approximately 20 months between
November 2015 and July 2017. Using this detailed data set, we
investigate the processes that drive the shoreline variability along
this reef-fringed pocket beach over a range of time-scales (from
storm to seasonal), including the influence of large swell from the
Southern Ocean and offshore water level fluctuations.

FIELD OBSERVATION AND METHODS

Description of the Study Area

Gnarabup Beach is a 1.5 km long pocket beach located in
southwestern Australia (Figure 1). The beach is fronted by
limestone reefs that are located ~600 m offshore and become
partially exposed at low water levels forming a semi-protected
lagoon; hereinafter, just referred to as ‘lagoon’ (see Figure 1A).
Two channels (up to 8 m deep) separate the reefs from
the headlands and each other. Together, the reefs occupy
approximately one-third of the length between the headlands
that bound the pocket beach. The study site experiences
variable hydrodynamic conditions over the seasonal cycle from
the austral summer (November-February) to winter (June-
September). The site is exposed to consistent swell year-
round from the Southern Ocean with offshore significant
wave heights averaging ~2.3 m but can occasionally exceed
8 m during large conditions (especially during austral winter
months). The tides at the site are micro-tidal, with a mean
tidal range of 0.36 m and a maximum spring tidal range
up to ~1.25 m observed during the study period. Offshore
water levels vary seasonally (up to 0.2 m) due to variations in
the strength of the Leeuwin Current (Feng et al, 2003). The
beach is composed of medium to coarse carbonate sands. The
lagoon seafloor consists of a mix of carbonate sands, seagrass,
and patchy limestone outcrops (particularly onshore of the
two main reefs).

In situ Observations

In situ observations of waves and water levels were collected at
nine locations for a total of 16 months between November 2015
and August 2017. Observations were made almost continuously
for the 15 months between November 2015 and January 2017,
and for another month from end of June to July 2017. Pressure
sensors (sampling continuously either at 1 or 2 Hz) were deployed
at eight sites (depths ranging from ~1.7 to 3.6 m, see Table 1)
within the lagoon and were organized into one alongshore
and two cross-shore transects (Figure 1A). Offshore of the
southern reef (in ~18 m depth), a Nortek AWAC recorded wave
conditions incident to the study area. The instruments were
bottom-mounted on aluminum frames weighed down with lead
and were serviced approximately every 3 months based on battery
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FIGURE 1 | (A) Aerial photo of the study area with 2 main offshore reefs around 600 m from the shoreline (source: www.nearmap.com). The red star denotes the
location of the AWAGC, the red circles denote locations of the pressure gauges. The red rectangle is the coverage area of video camera. The insert at top right corner
shows the location of Gnarabup beach at the southwest coast of Western Australia. (B) The coverage area at the south of the beach from the image rectification
process (red box in Figure 1A) used in this study and the 2 parts, i.e. (A,B), at Cell 3 (see Figure 7B for the description) separated by a black line that represents
the location of a node (center of beach rotation). The red dashed lines denote the border of 5 m farthest points used to identify shoreline rotation in Figure 7C). The
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life. Among the 15 months of nearly continuous data, there were
some occasional gaps in the instrument records; for example,
between April and May 2016 when the AWAC was overturned
due to a large storm. The AWAC was also not deployed
from February to June 2017. To provide a continuous estimate
of the wave conditions at this site, data were approximated
using empirical relationships derived between observations from
a directional wave buoy operated by the Western Australia
Department of Transport (DoT) deployed in 48 m depth offshore
of Cape Naturaliste approximately 50 km NW of the study site.
During overlapping periods, the wave heights at the two sites
were strongly correlated (Figure 2A, Rps—Guq = 0.93), which
allowed us to fill data gaps based on a linear relationship observed
between the buoy and AWAC,

1)

where H; Guq is offshore wave height at Gnarabup Beach and
H; nat is offshore wave height at Cape Naturalist.
Datum-referenced tidal and non-tidal water levels were
recorded by a tide gauge operated by DoT located in Port
Geographe, approximately 45 km north of the study site. Gaps
in the offshore Gnarabup water levels (when the AWAC was not
properly functioning or not deployed) were estimated from the

H Gna = 0.8952H nar — 0.0978

Port Geographe tide gauge based on a linear correlation observed
between these sites (Figure 2B, Ry —Gna = 0.93):

WLGna = 0.9753WLGe, — 0.0515 (2)

where WLG,, and WLg,, are water level fluctuations at Gnarabup
Beach and Port Geographe, respectively.

Wave statistical properties at the AWAC site were determined
based on 2400 sample burst recorded at 1 Hz every other
hour. AWAC measurements were processed using the Nortek
Storm software, which calculates the wave spectrum based
on the acoustically tracked sea surface, pressure fluctuations,
and near-surface velocity signals. At the lagoon sites with
pressure sensors, spectral estimates of the sea-swell (SS,
periods < 25 s) and infragravity (IG, periods 25-600 s) wave
height and frequency were made using hourly records (3600
or 7200 samples based on instrument sampling frequency)
using linear wave theory. Non-tidal water level variations at
frequencies longer than the tides (i.e., subtidal water levels)
were obtained by low-pass filtering hourly averaged water level
signal using a PL66TN filter with a half-power cutoff period
of 33 h (Beardsley et al., 1983). Additionally, wave setup
at the lagoon sites was estimated by comparing the depth
difference between the sensors located at the reef and the
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TABLE 1 | Site names, instrument type, and approximate mean depth during
the study period.

Mean
depth (m)

Site name Instrument type
November 2015~

January 2017

Date range

Offshore Nortek

AWAC

D1 =12/11/15-2/11/16
D2 = 27/6/17-20/8/17

18.0

Lagoon

Al RBR solo D1 =11/11/15-24/1/16 3.5
D2 = 9/2/16-20/7/16

D3 = 14/9/16-6/1/17

D4 = 28/6/17-25/7/17

D1 =11/11/15-20/1/16 2.7
D2 = 14/9/16-11/1/17

D3 = 28/6/17-25/5/17

D1 =11/11/15-30/1/16 1.7
D2 = 9/1/16-23/7/16

D3 = 13/9/16-2/2/17

D4 = 27/6/17-20/7/17

D1 =11/11/15-25/1/16 25
D2 = 9/2/16-2/7/16

D3 = 14/9/16-30/12/16

D4 = 27/6/17-21/7/17

D1 =11/11/15-24/1/16 2.6
D2 = 14/9/16-20/1/17

D3 =27/6/17-21/7/17

D1 =11/11/15-30/1/16 3.0
D2 =9/2/16-4/7/16

D3 =13/9/16-2/2/17

D4 = 27/6/17-22/7/17

D1 =11/11/15-21/1/16 3.6
D2 =9/2/16-18/7/16

D3 = 13/9/16-2/2/17

D4 = 28/6/17-25/7/17

D1 =11/11/156-27/1/16 3.4
D2 =12/2/16-6/6/16

D3 = 13/9/16-2/2/17

D4 = 28/6/17-25/7/17

A2 RBR solo

A3 RBR solo

A4 RBR solo

A5 RBR solo

AB RBR solo

C1 RBR solo

C2 RBR solo

The D1-D4 refers to the deployment periods in between servicing.

one offshore, as described in e.g., Mory and Hamm (1997) and
Beetham et al. (2016),

i =h— (ho + Ah) (3)

where 1] is the wave setup at the lagoon sites; h is the mean depth
at the lagoon site; hg is the depth at the offshore AWAC (with
overbars indicating hourly averaging); and A# is the difference in
elevation between the offshore sensor and the lagoon sensors. The
depth difference was calculated assuming a flat sea surface during
periods with minimal incident wave energy and periods with
small tidal residual (see section “Intertidal Beach Morphology”).

Video Shoreline Detection
At the southern end of the beach, an elevated camera was
installed to quantify the shoreline variability. The video system

consisted of a Point Gray Blackfly 5 MP video camera with
12.5 mm fixed-focal-length lens that was mounted on a light
pole 15.9 m above mean sea level. Every other hour during
daylight, the system collected 10 min of video recording at 1.5 Hz.
Time exposure (timex) images were produced by averaging the
900 video frames recordings from which the average shoreline
position could be extracted (see Holman and Stanley, 2007).
Between November 2015 and July 2017, there were 3390 timex
images collected by the video system from which ~97% were
useable for shoreline detection.

The timex images were transformed onto a horizontal plane
and rectified by taking into account the tidal level to increase
the accuracy of the shoreline position on the rectified images
(Bryan et al., 2008; Blossier et al., 2017b). Due to the decrease
in pixel resolution with increasing distance from the camera,
the usable area of the rectified images was 112 m in the cross-
shore and 250 m in the alongshore (indicated by the red rectangle
on Figure 1A).

Numerous algorithms have been developed to detect shoreline
position from timex images automatically (e.g., Uunk et al,
2010; Almar et al, 2012; Simarro et al, 2015). At Gnarabup,
the white sand and clear water, coupled with the variability
in atmospheric conditions and lighting, resulted in no single
methodology from those available in the published literatures
working optimally for all images. As a result, we relied on an
algorithm that sequentially adopted four methods; the maximum
grayscale intensity (Holland et al, 1997), the color channel
divergence method that identifies the difference between red and
blue channels (Turner et al., 2004), pixel intensity clustering
which is based on the hue saturation value (Aarninkhof, 2003),
and the Otsu method that works on the black and white color
model (Otsu, 1979). Each method was applied to the cross-shore
array of pixels of each images and the predicted shorelines from
each method were evaluated using a multi-criterion analysis (e.g.,
Longley et al., 2005).

The shoreline of an image was selected among the four
detection methods based on the following criteria. First, the
cross-shore difference in the detected shoreline position between
adjacent shoreline points was calculated. If the difference
between adjacent shoreline points was greater than 5 m, the
detected shoreline was automatically discarded. This approach
was designed to capture erroneous shorelines in which points
of the detected shoreline were either anomalously too far
offshore or inland. Second, of the remaining shorelines that
were not removed due to the first criterion, the shoreline was
selected whose alongshore averaged position was the closest
to the alongshore averaged position of a reference shoreline.
The reference shoreline was the average shoreline position of
a random sampling of 150 hand digitized shorelines spanning
all weather conditions. In some cases, often during low light,
none of the four automatically detected shorelines met the above
criterion, in these cases the shoreline was digitized manually.
The multi-criterion analysis showed almost all of the shorelines
(~90%) were predicted using HSV, RGB and grayscale methods
(i.e., each method could predict ~30% of the total shorelines),
and the remaining shorelines were predicted using Otsu method.
Overall, the combined algorithm was able to accurately detect
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FIGURE 2 | Relationships between (A) offshore wave heights at Cape Naturaliste (Hya) and Gnarabup (Hgna), (B) offshore water level elevations at Busselton
(WLgys) and Gnarabup beach (WLgna), and (C) offshore water level at Gnarabup beach (from AWAC and Busselton tide station) and inside the lagoon at A3.
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76% of the shorelines from the 3277 images, the remaining
shorelines required assistance from manual digitization. All of the
automatically detected shorelines were also manually checked to
ensure their quality.

Intertidal Beach Morphology

As the shoreline recorded from a timex image reflects the position
of the waterline with all water level contributions included (tidal
and non-tidal), any shoreline position change between successive
timex images does not necessarily reflect changes in the beach
morphology. To estimate the position of the daily (datum-
based) shoreline, the horizontal excursion of the shoreline,

in combination with the recorded water levels, were used
to reconstruct the intertidal beach morphology. Datum-based
water levels recorded by the pressure sensors were estimated
by determining the deployment depth of the sensor relative to
the Australian Height Datum (AHD, representing approximately
mean sea level). This was done by comparing the measured
hourly-averaged water levels at site A3, which was close to shore
and had the longest recorded time series, with the hourly average
water levels recorded at the Port Geographe tide gauge that
were referenced to AHD. To minimize the contribution of wave-
and/or wind-driven setup and other non-tidal water levels, the
comparison was made only for hours when the tidal residuals

Frontiers in Marine Science | www.frontiersin.org

5 June 2020 | Volume 7 | Article 445


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Risandi et al.

Shoreline Variability at a Reef-Fringed Pocket Beach

measured at Port Geographe were less than 0.1 m and the
offshore waves recorded by the AWAC were less than 1.5 m. As
the deployment location and depth varied slightly between each
deployment, this analysis was conducted independently for each
deployment period lasting several months. For instances when
the water level data was not available from site A3 (e.g., February—
June 2017), the water level at that position was estimated from
the AWAC water level, given that this water level was found
to be well-correlated with the water level measured at A3,
RWL—A3 =~0.84 (Figure ZC).

The deployment depth (relative to AHD) for each instrument
was estimated from the average bottom elevation (tide removed)
from all periods where the tidal residuals and wave heights were
less than a threshold (less than 0.1 and 1.5 m, respectively).
This resulted in a total of 22 estimates of the instrument depth
(with a standard deviation of 0.17 m) for the four deployments
(for which the tidal residual ranged from 0.02 to 0.1 m and
incident wave height ranged from 0.54 to 1.37 m). The AHD
shoreline elevation from each timex image in between November
2015 to July 2017 was assumed to be equivalent to the recorded
AHD elevation from the hourly water level at site A3. The
daily intertidal beach morphology was then reconstructed by
linearly interpolating the horizontal and vertical positions of the
hourly shorelines. From the reconstructed beach morphology, the
location of the 0 m AHD contour was extracted for each day
and used in all subsequent analysis (Figure 3A). This approach
was acceptable for 488 of the 504 days. For the remaining
16 days, none of the video derived shorelines spanned the 0

m AHD contour (i.e., water levels never exceeded or dropped
below 0 m). For these days, the shoreline position was estimated
by extrapolating the beach slope estimated from the range of
elevations covered. The regression models used in the beach
extrapolation were generated from monthly cross-shore profiles
and the corresponding elevations as illustrated in Figure 3B.
The modeled curves were used to extend the shape of daily
intertidal bathymetry to obtain a shoreline position at a reference
elevation (0 m).

In addition to the video-derived shorelines, seven topographic
beach surveys were conducted between December 2015 and July
2017 using a backpack-mounted Differential Global Navigation
Satellite System (DGNSS) receiver. Following the method of
Segura et al. (2018), for each survey the complete 1.5 km beach
was traversed by foot in a series of cross- and alongshore
lines each spaced ~30 m apart and spanning —0.5 to 5 m
AHD. The points from the DGNSS receiver (collected at 2 Hz)
were organized into a triangular irregular network (TIN) and
subsequently interpolated onto a 2 m regular grid. The sub-aerial
beach volume from each survey was estimated using trapezoidal
integration (e.g., Roy, 2010) with 2 m grid cell size calculated
over 49,485 m? of beach area with —1 m AHD as the lowest
elevation. To evaluate the quality of the video derived shorelines
we compared the daily 0 m contour shorelines extracted from
the video system with those estimated from the DGNSS backpack
survey for 4 days during which both data sets were available. The
average (across the four surveys) root mean square error (RMSE)
calculated over the 250 m alongshore stretch of beach common

.
' {0.25
<
<
N i +40.2
[
N
©
=4 0.15
—_ < 10.1
Es |
N
0 © 0.05
0
]
~ i -0.05
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N
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FIGURE 3| (A) Daily intertidal bathymetry on 16 November 2015, the red line represents the shoreline at 0 m and the dashed black line is the location cross-section
profile at (B). (B) A modeled cross-section profile at S 6237.4 km in November 2015 (blue line), red dots are the corresponding shoreline positions recorded during

the month.
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_0.5 L 1 L
500 550 600 650 700
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to both data sets was 1.71 m (average bias of 3.82 m). The
difference between the shorelines is potentially a result of image
rectification errors (e.g., Tian et al., 2002; Girard, 2018) as well
as interpolation of the survey data (to extract the 0 m contour)
which was produced from cross-and alongshore transects spaced
~30 m apart.

RESULTS

Hydrodynamic Conditions

During the study period, the offshore significant sea-swell
(SS) wave heights at the offshore AWAC averaged 2.3 m
(Figure 4A), with a mean direction from the southwest and
west. Wave heights were lower (higher) during the austral
summer (winter) months, with episodic, high-energy winter
storms causing large wave events (i.e., reaching up ~8 m in
July 2016). From the wave spectrum at the AWAC between
November 2015 and July 2017 (Figure 5A) the incident waves
were dominated by sea-swell waves with peak period of 5-20 s.
We identified 75 days of energetic wave events (daily average
H; higher than 3.5 m) that mainly occurred during winter
with maximum daily average H; of 6.9 m on 31 July 2016.
Stormy days also occurred in spring and autumn for example
two consecutive days of storm in the beginning of October
2016 (see Figure 4A). The hourly offshore mean water level
reached a maximum of 1.05 m above AHD, with a range of
1.62 m over the study period (Figure 4B). The offshore non-
tidal water level variations reached a maximum value of up to
0.62 m above AHD and a minimum of —0.17 m AHD. The
two reefs shelter the beach creating a semi-protected lagoon,
and the daily-averaged significant wave height never exceeded
1.5 m within the lagoon, even when the offshore waves reached
8.4 m (Figure 4D).

Inside the lagoon, as wave energy within the SS band
dissipated, the wave spectrum became increasingly dominated
by IG waves, particularly at site A6 in the protected southern
corner of the lagoon (see Figures 5B-D). Similar to other
reef environments, SS waves were mostly depth-limited in the
lagoon (Lowe et al., 2009) with the breaking index (the ratio
between wave height and local water depth) of ~0.4 for all sites
(Figure 6A). In contrast, the IG waves in the lagoon did not
appear to display any depth limitation on water depth over the
study period (Figure 6B). The IG waves were typically less than
0.5 m and showed less spatial variability among sensors inside
the lagoon (Figure 4E). Within the lagoon, the IG waves made
a significant contribution to the total wave energy, especially
at the most protected area at the south (site A6) where the SS
waves were smallest (Figure 4F). Both the SS and IG wave heights
were strongly correlated with the offshore waves (Rgs = 0.83 and
RiG = 0.81, respectively).

Time-series of wave setup at site A3 are shown in Figure 4G.
Note that there were only small differences in setup between A3
and the other lagoon sites. This is likely because the setup in the
lagoon was dictated by breaking on the offshore reefs rather than
breaking inside the lagoon, with maximum RMSE among sites
relative to A3 of only 0.016 m with maximum bias of less than

1 cm (% error among sites relative to A3 of 7.7-31.5%, highest
at Al) over the study period (not shown). The maximum daily
wave setup over the 15 months (November 2015 to January 2017)
reached 0.32 m at site A3, which coincided with a large wave event
on 1 October 2016 when the daily significant wave height at the
AWAC site was 5.8 m. Wave setup at all sites was very strongly
correlated (Ry, of ~0.85 to ~0.95) with the off-shore wave height
squared (proportional to the incident wave energy) (Table 2).

Beach Dynamics

Sub-aerial beach dynamics were quantified using the daily video-
derived shorelines, which supplemented by less frequent DGNSS
backpack-based surveys of the entire 1.5 km beach. While the
video-derived shorelines were available almost every day, they
only captured the southern 250 m of the beach. As a result,
the complete topographic surveys of the beach, while being
much less frequent, provide valuable additional context to the
video shorelines.

Topographic Beach Surveys

Over the 20 months (from December 2015 to July 2017), the total
sub-aerial beach volume averaged over the entire 1.5 km beach
was largely conserved (Figure 7A, the blue line). Relative to the
initial total beach volume (in December 2015) of ~195,000 m>
(calculated over 49,485 m? of beach area with —1 m AHD as the
lowest elevation), the maximum total beach volume changes were
~23,100 m? (~15.4 m>/m), which is equivalent to ~11.8% of the
total initial beach volume (Figure 7A). However, despite the total
beach volume being mostly conserved, there was considerable
alongshore variability in the seasonal erosion and accretion
patterns over the study period (Figure 8).

To investigate these erosion/accretion patterns in further
detail, we divided the beach into three cells based on the patterns
in the beach elevation changes (Figure 8, with boundaries
generally aligning with the alongshore locations of the reefs).
The volume changes indicate that each cell is semi-closed, as
evident by small volume within Cell 1 to Cell 3 in Figure 7A,
with a local out of phase erosion/accretion response within each
cell (Figure 8). The elevation changes over the two summer
seasons within the study period (Figures 8A,D) showed similar
patterns, characterized by sand deposition at the northern and
southern corners of the beach, accretion of the salient that formed
where the northern reef attaches to the coast at the boundary
between Cell 1 and 2, and erosion of the salient that formed
where the southern reef attaches to the coast at the boundary
between Cell 2 and 3.

The beach evolution in transitional seasons (spring and
autumn), showed different behavior. During spring between
September to November 2016 (Figure 8C), both the northern
salient (boundary between Cell 1 and 2) and the corners of the
beach near the headlands accreted; whereas the southern salient
(boundary between Cell 2 and 3) eroded. The sand volume during
the period decreased by ~3,500 m? (around —2.4 m*®/m or —1.8%
of total beach volume, Figure 7A), which is likely related to the
high wave heights in October to November 2016 that reached
5.8 m (see Figure 7D). In contrast, between February to June
(autumn) 2017, the beach exhibited erosion at both salients and
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deposition at all embayments (Figure 8E). The autumn profile
showed a slight decrease (—0.87%) of the total beach volume
(Figure 7A). During autumn 2017, the daily wave heights were
relatively higher (average of 2.3 m), compared to that of the
summer (average of 2.1 m).

The winter (June to August) beach elevation patterns
(Figures 8B,F) showed an opposite response to the summer
patterns (Figures 8A,D). Sediment accumulated in the southern
portion of each cell, with erosion on the northern ends; during
this period there was additional ~18,000 m* (9.3%) of sand
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Figure 1A for site descriptions) with spectra resolution of 0.0005 Hz. The horizontal white line on the figures represents the separation frequency (fsplit of 0.04 Hz)
for the short-wave and infragravity bands. Blank parts on the figures denote the periods without observation.
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added to the overall beach volume, mostly deposited on the lower
beach between 0 and —1 m elevations, thus indicating some
flattening of the beach.

Video Shoreline Observations

The video monitoring captured daily shoreline movements
in the central and northern portion of Cell 3 where images
were obtained (see Figure 1A, red box). Consistent with the
topographic surveys, the video observations indicated shoreline
rotation within Cell 3, and we thus used the nodal point (derived
from the topographic beach surveys) to divide the cell into two
sections within the camera’s field of view (hereinafter referred
to Cell 3A and Cell 3B, Figure 1B, note the camera’s field of
view only captured the northern portion of Cell 3B close to the
nodal point). The temporal mean shoreline position averaged
over the 20 month period was removed from the daily shoreline

position yielding daily relative shoreline positions (Figure 7B).
The shoreline movements were characterized by short term
oscillations over days-to-weeks, which were superimposed on
longer time-scale (seasonal) cycle (Figures 7B,C). Given that the
data from the topographic surveys indicated that similar beach
rotation patterns occurred over the entire beach (Figure 8), we
would expect both Cells 1 and 2 to show rotational responses that
were similar to Cell 3.

The shoreline rotation signal within Cell 3 becomes even
more apparent (Figure 7C) within timeseries of the monthly-
averaged northern and southern limits of the shoreline positions
within the cell. In the rectified images, these locations coincide
with y = 0-5 m (Cell 3B) and y = 245-250 m (Cell 3A) (see
red dashed lines in Figure 1B). The offshore wave and water
level conditions (Figure 4) influenced the change of shoreline
positions, resulting in both an in-phase (uniform) and out-phase
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(rotational) response at the extreme ends of Cell 3A and Cell 3B
(Figure 7C). In December 2015-February 2016 (summer), the
wave energy was the lowest of all the seasons over the study period
(with daily Hy of 1.6 m on average), and the shoreline across
both Cells 3A and 3B was accreted (except for in the very early
summer where Cell 3B was eroded), with larger accretion in Cell
3A suggesting northward alongshore transport (Figure 7C). In
December 2016-February 2017 (Summer), most of the shoreline
was consistently eroded across both Cells 3A and B with greater
erosion at Cell 3A (~ —4 m) compared to that of Cell 3B,
which could be due to some southward alongshore sediment
transport. The subtle differences in the shoreline responses
during the summers of 2016 and 2017 appears to be due to
the differences in the average offshore wave conditions between
these years. Compared to the summer of 2016, the summer of
2017 experienced larger waves (average H of 2.1 m versus 1.6 m

TABLE 2 | Summary of correlation coefficient between offshore wave energy
(~H?) and setup at observed locations for all observation period and every season.

Seasons Al A2 A3 A4 A5 A6 C1 Cc2
All 092 092 091 092 095 085 092 091
Summer 2016 0.84 094 078 077 090 060 087 0.90
Fall 2016 095 NA 096 096 NA 096 096 094
Winter 2016 0.88 N/A 092 091 N/A~ 090 090 0.75
Spring 2016 097 098 098 098 098 063 096 098

Summer 2017  0.88 098 097 096 095 092 094 097

N/A shows when the data is not available.

in the summer of 2016). This could be partially attributed to
stronger local wind conditions in 2017 (average of 7.7 m/s) than
the average value of 7.0 m/s in 2016 (Figures 4A,C).

During the winter (June-August) seasons, the shoreline
responded more consistently at Cells 3A and 3B, with both
sub-cells showing rapid erosion and recovery (Figures 7B,C).
The shorelines showed a slight counter-clockwise rotation at the
beginning of the winter of 2016 and then demonstrated an in-
phase (uniform) response during the remainder of the winter of
2016 before the shoreline began to rotate counter-clockwise after
July 2016 (Figures 7B,C).

The shoreline patterns in autumn (March-May) were opposite
to that of spring (August-November) in which during both
periods, the daily offshore wave height was moderate (2-4 m).
Shoreline patterns in autumn 2016 showed the shoreline rotated
clockwise, in which Cell 3B was more accreted than Cell 3A.
However, during spring (around September to early-October
2016), when the daily wave heights decreased, the sediment
tended to move back to Cell 3A; as a result, Cell 3B became eroded
and the shoreline rotated anti-clockwise (Figure 7C).

During large wave events (defined as days with offshore
H; > 3.5 m), which mainly occurred during winter months
but also occasionally in other seasons (Figure 4A), the entire
shoreline in Cell 3 mostly retreated up to 10 m. But it often
quickly recovered as wave energy decreased; for example, during
the storms on 31 July 2016 with average daily offshore wave
height of 5.8 m (Figure 4A). During some storm events, we
observed a rotational response, i.e., accretion within one portion
of Cell 3 while the other portion became eroded; however, there
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were inconsistent responses in shoreline rotation to individual accreted. Over the full record correlations between Hs > 3.5 m
storms. Examples include the days of 16 May (H; = 5 m) and and shoreline at 3A-3B were very weak with R < 0.1 (p > 0.05).

7 June 2016 (H; = 4.6 m) where Cell 3A accreted, whereas on The shoreline positions during the observation period were
15 March (H; = 4.6 m) and 13 July 2017 (Hs; = 4.6 m) Cell 3B very weakly correlated to the main offshore hydrodynamic
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forcing, including wave height and direction as well as subtidal
water level (that modulates wave transmission across the reefs)
(| Rl < 0.3, p < 0.05). However, if the correlations were
computed between the shoreline positions and wave heights from
each season independently, we found greater correlations. This
especially occurred during summer and winter, with R = —0.55
and —0.48 at Cell 3A as well as R = —0.55 and —0.42 at
Cell 3B (with all p < 0.05), respectively. Similarly, correlation
coefficients with the offshore water level were larger in summer

(Cell 3A of ~0.26 and Cell 3B of ~0.37, all p < 0.05) but
slightly weaker in winter (Cell 3A of 0.16 p > 0.05 and Cell
3B of 0.32 with p < 0.05). During transitional seasons, autumn
and spring, the shoreline positions were weakly correlated with
the offshore hydrodynamics. Correlations remained low between
shoreline position and offshore wave direction over the entire
data set or by seasons (R < 0.14 for entire years and seasonal,
p < 0.05 at Cell 3A for all years and spring). Although there were
appreciable fluctuations in the shoreline position at individual
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locations, overall, there was a balance between erosion and
accretion indicating the beach is in dynamic equilibrium with no
significant net trend in erosion or accretion (Figure 7B).

Given the role of offshore water level in modulating wave
breaking over reef platforms (e.g., Lowe et al., 2005), it is expected
that the offshore water level fluctuations at the site would have
an impact on the shoreline dynamics. To examine the shoreline
response to both offshore waves and water levels, the shoreline
position from the northern and southern 5 m of the camera’s field
of view (transparent lines in Figure 7C) were organized into 0.2 m
bins of daily averaged offshore wave height and 0.1 m bins of daily
averaged offshore water level. All daily shoreline positions that
occurred with the corresponding wave and water level bins were
averaged within each bin (Figure 9). While there was significant
scatter, in general, we see a trend of greater erosion for the
same wave height, with lower water level, and vice-versa. The
greatest shoreline accretion occurred at the higher water levels.
For example, in both Cells 3A and B for offshore wave heights
between 2 and 2.5 m, we generally observed shoreline accretion
during high water levels and erosion for low water levels. By
further relating the erosion and accretion patterns of Cell 3A and
B to larger offshore wave heights (>3.5 m) and the corresponding
subtidal water levels across study period, we found that accretion

at both Cells 3A and B mostly occurred during high subtidal
water levels (average of 0.32 m); for example, on 1 October 2016
(daily H; ~5.8 m and subtidal water level ~0.3 m). In contrast,
when the subtidal water level was lower (average of 0.21 m),
erosion occurred across the entire shoreline, for example, on 9
August 2016 (daily H; ~4.2 m and subtidal water level ~0 m).
During intermediate subtidal water levels (in between 0.21 and
0.32 m), we identified a rotational response with accretion at one
of the cell followed by erosion at the other cell.

DISCUSSION

This study investigated the shoreline and beach elevation changes
at a reef fronted pocket beach at Gnarabup Beach in southwestern
Australia. The site receives substantial offshore wave energy.
Strong wave breaking occurs over the reefs, where significant
energy is generated at the infragravity frequencies. Infragravity
waves contribute to a large portion of the total wave energy inside
the lagoon, similar to what has been found at coral reef sites (e.g.,
Taebi et al., 2011; Torres-Freyermuth et al., 2012; Péquignet et al.,
2014). The site also features substantial seasonal non-tidal water
level variability, with fluctuations which can be as large as the tide.
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At Gnarabup Beach, seasonal shoreline changes mostly
consisted of beach rotation with differing areas of the 1.5 km
pocket beach experiencing in and out of phase patterns of erosion
and accretion represented by beach surveys (Figures 7A, 8)
and also the video analysis (Figures 7B,C). The video derived
shorelines for the southern portion of the beach showed
considerable temporal and spatial variability. Similar to the
research conducted by Norcross et al. (2002) at a reef-fringed
pocket beach in Hawaii, we also found weak bivariate correlations
between the observed hydrodynamic forcing (waves and water
levels) and shoreline position. This was potentially caused by
the complexity of beach geometry whereby the presence of
the reefs and headlands caused a non-linear response of the
shoreline to the offshore forcing. As such, the video records
indicate the shoreline positions had no consistent relationship
with the offshore forcing conditions (see Figure 9). While
in many cases the shoreline was in an eroded state during
low subtidal water level, we also found during larger wave
events (>3.5 m) the shorelines showed variable erosion and
accretion patterns at different subtidal water levels. Considering
Gnarabup beach is a pocket beach with minimum sediment
exchange between the beach and adjacent areas; the shoreline
accretion (instead of the expected erosion) at all of the
sub-regions during larger wave events could be explained
as follows. Energetic waves with high subtidal water level
occurring mainly during winter would likely contribute to
beach flattening and/or dune erosion as the waves erode a
higher part of the beach and further deposited the eroded
material seaward. As evidence of that, beach topography surveys
collected around winter indicated additional sand within the
system instead of erosion (see Figure 7A), which could have
potentially come from the upper beach area. Evidence of beach
flattening is also seen in the topographic beach surveys in Cell
3 (blue color in Figures 8D,F), where the upper part of the
beach was eroded.

The patterns of beach erosion and recovery, as observed in
both the beach surveys and video shoreline data, indicate that
seasonal beach rotation occurs within the study area. This is
similar to what was found by Jeanson et al. (2013) for another
reef fronted pocket beach. Instead of the whole beach rotating
in a pattern that commonly occurs in pocket beaches (e.g.,
Ranasinghe et al., 2004; Castelle and Coco, 2012; Do et al,
2016), at this reef-fringed pocket beach the rotation occurred in
clusters (cells). This is associated with the presence of offshore
fringing reefs that partly connected to the shore, creating quasi-
headlands within the pocket beach that could partially-impede
the alongshore sediment transport.

Furthermore, the existence of fringing reefs creates a narrow
offshore gap, i.e., the width between the southern headland and
the southern fringing reefs is only ~230 m, protecting the beach
which can likely explain why the beach was not very sensitive
to changes in the wave direction. While literature on open-coast
beaches has often identified a strong influence of offshore wave
direction on shoreline rotational response (e.g., Turki et al., 2013;
Daly etal., 2015; Luccio et al., 2019), at Gnarabup beach the beach
rotation was more strongly controlled by the interaction between
the offshore hydrodynamic conditions and the reef morphology.

CONCLUSION

A series of field observations over 20 months were used to assess
the behavior of an embayed pocket beach fringed by rocky reefs
in southwestern Australia. Despite the high incident wave energy
at the site, most of the incoming wave energy was dissipated
by the shallow reefs, resulting in relatively low wave energy
conditions along the shoreline. Seasonal beach surveys over the
entire 1.5 km of the beach and daily video derived shorelines over
the southern 250 m of beach indicate the shoreline shows both
patterns of rotation as well as uniform erosion and accretion.
Over the entire study period, the beach experienced large (up
to 10 m) erosion caused by storms, yet, the erosion events
were quickly followed by recovery that caused the shoreline
position was largely stable. The video derived daily shorelines also
reveal differing shoreline response based on the combination of
offshore waves and water levels (which vary as a result of seasonal
variations in the Leeuwin Current). In general, at comparable
wave height conditions, the beach tended to be more eroded
during low water levels compared to during high water levels.
This pattern, while somewhat counterintuitive, may have resulted
from both beach flattening and rotation of the shoreline. The
study shown the complexity of beach dynamics within a reef-
fringed pocket beach whereby the wave energy at the shoreline
is strongly modulated by offshore wave conditions but also
reef submergence.
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