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Key Points

* Sediment transported in suspension is 3-4 timesifdan sediment transported as

bedload.

» Sediment transported in suspension by mean curieBterders of magnitude greater

than sediment transported by waves.

» Sea-swell waves typically transport sediment offsreond infragravity waves and mean

currents typically transport sediment onshore.
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Abstract

Coral reefs generate substantial volumes of catb@eiment, which is redistributed
throughout the reef-lagoon system. However, thetgtie understanding of the specific
processes that transport this sediment producéldeoouter portions of coral reefs
throughout a reef-lagoon system. Furthermore, ¢éparate contributions of currents, sea-
swell waves, and infragravity waves to transpotich are all strongly influenced by the
presence of a reef, is not fully understood. Heeeshhow that in reef-lagoon systems most
suspended sediment is transported close to thedeald can, at times, be suspended higher
in the water column during oscillatory flow tramaits (i.e., near slack flow) at sea-swell
wave frequencies, and during the peak onshordatscif velocity phase at infragravity wave
frequencies. While these wave frequencies contibuthe transport of suspended sediment
offshore and onshore, respectively, the net fllscgll. Mean currents are the primary
transport mechanism and responsible for almostonders of magnitude more suspended
sediment flux than sea-swell and infragravity waW¥hilst waves may not be the primary
mechanism for the transport of sediment, our resulggest they are an important driver of
sediment suspension from the seabed, as well asbedmg to the partitioning of sediment
grain sizes from the reef to the shoreline. Asatean wave climate changes, sea level rises,
and the composition of reef benthic communitiesgeathe relative importance of mean
currents, sea-swell waves, and infragravity wasdsely to change, and this will affect how

sediment is redistributed throughout reef-lagomsteys.
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Plain Language Summary

Most of the sandy sediment found on coral reefttioas is produced by organisms
living within the reef. This sediment is then traoded by waves and currents across the reef
and distributed throughout the lagoon. Little i®Wm about these transport processes,
including the relative importance of how currentsldferent types of waves drive transport.
This study shows that most of the sediment in thEemcolumn (suspended sediment) is
transported close to the seabed by mean currentsnés, this sediment can be suspended
higher in the water column by short waves (5-2&Is3n the flow transitions from being
onshore directed to offshore directed, or whenvtiecities of longer period waves (25-250
s), called infragravity waves, are directed onsh®he timing of the suspension by these
waves helps to sort the sediment into differeresicross the system, but the quantity of
sediment transported is small. As the ocean wanweatd changes, sea level rises, and reefs
change, the relative importance of mean curreatsssvell waves, and infragravity waves is
also likely to change, and this will affect how seent is redistributed throughout reef-

lagoon systems. This study provides insight int@atdinanges may be expected.

1 Introduction

Tropical beaches protect and support communiti¢sintireds of millions of people
globally (Hoegh-Guldberg et al., 2019). These beadre primarily accumulations of
sediment derived from the calcium carbonate skieletaains of organisms such as coral,
crustose coralline algae, and mollusks from adjaceral reefs (Perry & Hepburn, 2008).
When these skeletal remains break down into parsiaes that can be mobilized and
transported by waves and currents, they are rdulistid and deposited on the adjacent
shoreline (e.qg., Perry et al., 2011; Sandersoni&tE1996; Woodroffe et al., 1999), on other
parts of the reef substrate (e.g., Harney & FletcP@03; Storlazzi et al., 2009), in nearby
lagoons (e.g., Kench, 1998b; Kennedy & Woodroff¥)@), or are exported via channels and
breaks in the reef into deeper water (e.g., Hired.e1981; Hughes, 1999; Storlazzi et al.,
2004). The ability to accurately predict sedimeansport rates and patterns throughout a
reef environment is essential to forecast how traldieaches may be affected by changes in
storminess, sea level, coral reef health, as wsdibathe design of interventions such as reef

restoration.
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The morphology of a coral reef environment affébeshydrodynamics over the reef,
in the lagoon, and at the shoreline. The steepri®tslope and shallow reef flat transforms
and dissipates the incident open-ocean wind wageggrihrough depth-limited wave
breaking and bottom friction (Lowe et al., 2005; dvimith et al., 2013). Some of the
incident wave energy in the sea-swell frequencyd&S, >0.04Hz) that is not dissipated
at the reef crest continues to propagate overetifiat (e.g., Gourlay, 1994; Hardy &
Young, 1996) and can also generate undular barest(@emirbilek et al., 2007; Gallagher,
1972; Sous et al., 2019). A proportion of the iecidenergy is also transferred to lower
frequencies, such as the infragravitys(, 0.004—0.04Hz) wave band (Péquignet et al., 2014;
Pomeroy, Lowe, et al., 2012; Symonds et al., 1982ven a longer very low frequency band
(‘VLF, <0.004 Hz). This redistribution of wave energylower frequencies can become a
large proportion of the total wave energy in regfionments (e.g., Brander et al., 2004,
Cheriton et al., 2016; Hardy & Young, 1996; Luga+i@ndez et al., 1998; Péquignet et al.,
2009; Pomeroy, Lowe, et al., 2012; Roeber & BricR€x15), can resonate under specific
conditions (Gawehn et al., 2016; Péquignet eRaD9; Pomeroy, Van Dongeren, et al.,
2012) as well as form nonlinear bores that propagetoss the reef toward the shoreline
(Cheriton et al., 2020).

As incidentSSwaves shoal and break on the fore reef slopesfrcrest, radiation-
stress gradients are generated that are primai&nbed by a combination of wave-induced
setup on the reef flat (Becker et al., 2014; Bugldeal., 2015, 2016; Longuet-Higgins &
Stewart, 1964) and mean bottom stresses that smeiated with wave-averaged cross-reef
currents that are driven by the cross-reef presgadients (e.g., Coronado et al., 2007;
Gourlay, 1996b, 1996a; Hench et al., 2008; Jagb.,€2007; Lowe et al., 2009a; Massel &
Gourlay, 2000; Monismith et al., 2013; Taebi et 2011). The magnitude of this current
depends on the water depth on the reef, the battaghness, and the reef morphology such
as the reef flat width, lagoon depth and the camfgons of breaks in the reef (e.g., Gourlay
& Colleter, 2005; Hearn, 1999; Lowe et al., 200Bbmeroy et al., 2018; Symonds et al.,
1995). In addition to thes®S IG andVLF waves, locally generated wind waves as can also
make and important contribution to the reef hydrayics (e.g., Cuttler et al., 2018;
Pomeroy et al., 2018). Thus, in contrast to margnagast beaches, the hydrodynamics that
define a reef-lagoon system are often defined biyraodal wave spectrum that is
characterized by high- and low-frequency wave eneagnbined with mean cross-reef

currents.

This article is protected by copyright. All rights reserved.



Most studies of sediment transport in coral re@fremments have focused on the
physical processes that drive suspended-sedimanentration $SJ variability. These
studies have typically evaluated the relative ingoore ofSSwaves and currents and how
these contributions are affected by water depthalysthrough direct correlation between
SSCand bed shear stress (e.g., Harris et al., 20&Ack 1998b; Ogston et al., 2004,
Pomeroy et al., 2018; Storlazzi et al., 2004; Sdha§ Roberts, 1977; Vila-Concejo et al.,
2014). In general, these studies suggest that sedsmnent is suspended from the seabed by
the stress imposed on the sedimenEBwaves, and once suspended the sediment is
transported by currents. Waves seem to be espeirgibrtant in back-reef and lagoon areas
where the sediment is typically sand size (e.gndke 1998a; Morgan & Kench, 2014, 2016)
and currents are often slower than on the ree{dlat, Pomeroy et al., 2018; Presto et al.,
2006; Storlazzi et al., 2009; Taebi et al., 201tlis worth noting that many studies estimate
the critical shear stress based on bed sedimemasition analogous to beaches and rivers,
which in reef environments may not always be relatethe sediment in suspension
(Pomeroy et al., 2017; Storlazzi et al., 2010). Bavdies have quantified the contribution - if
any - ofIG waves to sediment transport processes, eitheicakpor through the careful
choice of bulk spectral parameters. Laboratory grpnts suggest th#t waves may make
an important contribution to cross-reef sedimesmsport (Pomeroy et al., 2015); however,
results from field experiments so far have bees tkfinitive (Pomeroy et al., 2018).
Importantly, a key limitation of almost all of treestudies is that they rely on point
measurements at some distance from the seabedSBQ®waries throughout the water
column in coral reef environments, the extent tactwhhis SSCdistribution is spatially and
frequency dependent, and the overall importansisphended-sediment flus$H in

comparison to bedload transport has not been duigntified.

The aim of this study was to (a) quantify the magie and distribution of sediment
in the water column at different locations and atens above the seabed in a coral reef-
lagoon system, (b) determine how this magnitudedisttibution changes due to differences
in SSandIG forcing, and (c) quantify the magnitude and diecof the resultanBSF In
section 2, we first describe a field experiment thauses on a fringing reef in north-western
Australia, including the instrument configuraticarsd the data analysis methods. The results
are then presented in section 3. In section 4,iseuds the relative importance®8Fand

bedload transport to the magnitude of sedimensgrart across the reef platform. Finally, we
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consider the implications of the spatial and terapwariability in both the hydrodynamics

andSSCfor different zones across the reef.

2 Methods
2.1 Study design

We analyzed four subsets of data collected alotrgss-reef transect during the
MegaReef 2016 experiment. The MegaReef experimaatarfour-week field experiment
conducted from 24 May to 21 June 2016 where ~9@uments were deployed throughout a
fringing reef-lagoon system in northwestern Ausirah that field experiment, data were
collected spatially and vertically through the watelumn across the reef and lagoon.
Combined with bedform migration measurements (Roseger et al., 2020), these data
provide a unique opportunity to quantify cross-fedrodynamics an8SC as well as to

determine the relative contribution of b@8Fand bedload to the total sediment flux.

2.2 Site Description

The field site located at Ningaloo Reef (Figure d@ar Tantabiddi (21°5206.08S,
113°58058.26E; Figure 1b) has been described in detail by Poynet al. (2018) and
Cuttler et al. (2019) and is only summarized h&re reef crest is located 2.0 to 2.5 km from
the shoreline with a reef flat that is ~0.6—1.5 @olv mean sea level at still water and is
~500 m in width. The lagoon is generally ~3 m desph channels that are up to ~6 m deep
that cut into the reef flat and reef crest to tbemand south. The mean currents are
predominantly defined by subtidal variations in ¢ftshore incident wave conditions and are
driven across the reef flat to the lagoon, wheesfiitw diverges toward the adjacent channels
(Pomeroy et al., 2018). In addition to the subtigaiability, mean currents within the lagoon
also vary at intratidal timescales due to a tidatiolation of the wave-driven flows (Pomeroy
et al. 2018). The spatial distribution of sedimainthe site generally follows the mean current
patterns, with the coarsest material on the oetefrftat, and finer material within the lagoon
(Cuttler et al., 2019).
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Figure 1. Overview of the Ningaloo Reef field sateTantabiddi. (a) The location of the study
site at Ningaloo Reef, which is approximately 32 fkam the regional center of Exmouth (by
road). (b) The location of the four instrument pagés, with the acoustic Doppler directional
wave gauge/current profiler at M1 on the fore 1@®d the cross-reef tripods at T1-T3. The
depth contours at the site are shown and the \&hitevs indicate the channels and breaks in
the reef. (c) Photograph of tripod T2 (Curt Starlak)SGS). Each tripod contained an
acoustic Doppler profiler, an acoustic Doppler eetweter, two optical backscatter sensors,
and three sonar altimeters.

2.3 Field Measurements

The subset of data used in our study consistechgéwlata that were measured on the
fore reef at M1 with an acoustic Doppler directiowave gauge/current profiler (AWAC)
and the three identical instrument tripods thateandeployed along a cross-reef transect
(Figure 1b,c). The instruments on each tripod (&dblincluded a downward-facing acoustic
Doppler profiler (ADP) that measured the velocitgfge, a downward-facing acoustic
Doppler velocimeter (ADV), two optical backscatsensors (OBS), and a set of three
downward-facing altimeters spaced 6.5 cm apartzbatally in a cross-shore orientation.
The time-averaged characteristics of the sedinmestispension were determined from
sediment samples obtained in a sediment ttep/6 mm, height=200 mm) positioned 0.2 m
above the bed. A meteorological station was deplayethe shore adjacent to the site and

recorded wind speed, direction and barometric press

2.4 Hydrodynamic data analysis

The offshore incident wave heigHto,i, peak wave period;,, and peak wave directiof,
were determined from the fore reef AWAC (M1) fockdurst of data. On the reef flat and
in the lagoon, one-dimensional surface elevati@tsp were derived from the pressure time
series at each tripod, which was converted to sarédevation using linear wave theory.
From each spectra, the hourly root mean squaredS)Rd&ve heights for the shorter-period

(525 s)SSwaves Hrus,s} and longer period (25-2501€ waves Hrws,i9 were calculated.
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Table 1. Instrument site information and sampliagfiguration

Depth*
Site ([T;] Instrumentation Sampling Regime*
M1 (fore reef) ~18 Nortek AWAC 1 Hz with 2048 s burst every 3600 s
current profile every 5 min
RBR Virtuoso D Continuous at 1 Hz
T1 (outer reef flat) ~2.4 Nortek ADP-HR 1 Hz continuous, downward facing with 2.5 cm
T2 (inner reef flad ~2.3 bins
T3 (lagoon) ~3.4 Nortek ADV 8 Hz with 14400 samples every 3600 s at 0.2
mab
Seapoint OBS 8 Hz with 14400 samples every 3600 s at 0.2
mab
1 Hz with 3600 samples every 3600 s at 0.4
mab
Echologger AA400 2 Hz with 20 samples every 600s at 0.87 mab
Altimeters

* depth is relative to mean sea level
# measurement elevations are in meters above thedémab)
a2 ADV velocity measurements were not obtained duantinstrument fault

The raw ADV and ADP velocityu) data were filtered to remove velocity spikes (e.g
caused by bubbles or debris in the sample volusiegla kernel-based despiking algorithm
(Goring & Nikora, 2002). For each hourly burst atal the depth-averaged mean current
speed /) and direction ) were computed. The mean current vector was th@oved
from the data and the local direction of wave pgaten was determined via a covariance
analysis from the angle of rotation required t@otithe (residual) east and north components
of oscillatory velocity dataifz, tiy) into a coordinate system defined by the maximuaoh a
minimum variance. For the ADP, the angle of rotatieas determined from the average of
the bottom 10 valid bins in the profile. We defirted lowest valid bin as the bin elevation
with the highest acoustic backscatter, which weayed across all three beams for each time
step, less one standard deviation of the distamt®etbin with the highest acoustic
backscatter. This typically resulted in the exaasof the bin at the top of the mobile
sediment layer (verified from measurements of dygl@yed instruments) and the bin
immediately above it. We then removed an addititmalo eliminate data that may be
affected by acoustic side lobe interference withlibd. We validated our assessment

technique with the position of the bed calculatedrf the altimeter data.

2.5 Sediment grain-size distributions
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To determine grain size distribution of the seditrenthe seabed as well as in
suspension, we compared seabed sediment samptethevgediment trap samples at the end
of the experiment. The bed sediment samples wegeengal from the top ~5-7 cm in the
center of each tripod prior to tripod deploymertiegrain-size distribution of each sample
was determined using a Beckman LS-13-320 lasenadifbn particle size analyzer and the
percentages of calcium carbonate and terrigenaesni@ed following the methods
described by Barber (2002).

We compared the sediment distributions to the gsaia D) predicted to be
suspended by the hydrodynamics at each site. fsiestalculated shear velocitias, §

imposed on the bed by mean curremts,{, SSwaves(u. ;) andlG waves(u,,.) waves.

*SS
Note that we chose to limit this study to these gonents, which were clearly apparent in
the wave spectrd/LF motions were not considered. As the instrumepbtts were deployed
on reasonably flat sections of the reef and lagtmimmediate influence of roughness
elements (e.g., coral) on the flow was minimal. Fbrand T3, we used the 8 Hz ADV data,
while at T2, where the ADV failed, we used the A@da from the cell located at the

elevation of the ADV to maintain consistency.

It is important to make a distinction at this poifihe total resistance experienced by
the overlying flow that is responsible for hydrodymic transformations and dissipation can
be partitioned into two components: (1) a bed stoesnponent that is due to the stress
imposed by sediment grains at the bed and (2)ra fivag component that is due to drag
forces either by mobile bed forms (e.g., due tplap, which we show later can be present at
this site) or by immobile roughness (e.g., corakasblages). In this study we principally
focus on the mobilization of sediment from the bed thus focus on the calculation of the
bed stress component, which in reef environmemdeamuch smaller than the total
resistance and is located within the roughnesgs kg develops due to the presence of large
roughness elements (Pomeroy et al., 2017). We howegver, that organized structures such
as vortices that develop along with the form dragnponent can be important for the

diffusion of sediment higher in water column.

To estimate the, imposed on the sediment, we adopted the appraapoged by
Soulsby and Clarke (2005) as adapted by MalarkdyCavies (2012). From the wave
velocity spectra, we calculated a representatibéarvelocity (i) and representative

frequency {):
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Uy = \/ 2 z Suguy,idi (1a)

l
i fiSuguy.ibfi
2i Suguy,ibfi

fr (1b)

whereSy, 4, = Suzu, + Suyiy 1S the combined horizontal velocity spectrum ariddenotes

NUN
the oscillatory (unsteady) component. In our apghp#he current-alone drag coefficient was
calculated based on the assumption that a logaadtprofile develops within the unresolved

region between the seabed and our lowest hydrodgmaeasurement:

Cp = (2a)

wherek is the von Karman constant (0.4)is the height above the seabed up to the limit of
our lowest valid velocity measurement ahg the mean velocity profile displacement, which
close to the seabed is approximately zero,gnd Ds,/12, with Dsg the median grain size of
the suspended sediment trap distribution. The wagBon coefficient {») was calculated

using the formulation proposed by Soulsby et &9@):
A
fo = 1.39 (—) (2b)

whereA is the semi-orbital excursion for the represeméatvave condition§u,./ f,-2m)
Implicit in this assumption is that the represamahydraulic roughness length) is
constant and applicable across different wave &rgies. Based on laboratory and field
observations, this assumption is reasonable (Lawaé,e2005; Mathisen & Madsen, 1999).
However, the choice of roughness formulation iskehy to change the interpretation of

results.

Next, to relate the suspended sediment grain si&tebdition tou,, we determined the
equivalent sediment diameterthat could be suspended by a given shear velbaggd on
the downward particle fall velocity%). Following Pomeroy et al. (2017), we assumed that
the shear velocity to mobilize the sediment grams suspension is directly related to the fall
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velocity of the sediment grains (i.e., = wg); once these grains are mobilized, they directly
enter a state of suspension. Whether sedimentmasurst or fully developed suspension is

not relevant for this analysis. We used the Sou(¢B97) formulation to estimates as:

w, = %(\/10.362 + 1.049D3 — 10.36) 3)

wherev is the kinematic viscosity of waté9.35 x 10~"m?s™!) andD- is the dimensionless
grain size(D, = (g(s — 1)/v*)'/3D) with g being the gravitational acceleration constant
ands the ratio of sediment grain densip) to water densityd,). Rosenberger et al. (2020)
reported thap, varied along the transect and was smaller thasetheported by Cuttler et al.
(2015). For simplicity, in Eq 3 we used the averafjhe measurements reported by
Rosenberger et al. (2020), which were also obtaioethis specific experimenp{ =

2167 kg m3).

2.6 Backscatter calibration

The OBS data were post-calibrated in the laboraisiyg the sediment that was
collected in the traps positioned above the bedu¥ésl a 60 L resuspension tank to which
we added known guantities of trap sediment. As saahple was added to the tank, we
measured the optical backscatter for 5 min prideking a sample of the water and sediment
to verify the actual concentration relative to finedicted concentration. Each sample was
vacuum filtered onto pre-weighed glass fiber filfdthatman GF/C, 0.8m), dried (75°C for
24 h), and weighed in order to calcul&®8C The knownSSG obtained through filtration
were related via linear regression to the measopéidal backscatter time-averaged over the

5 min tank sampling duration.

To calibrate the ADV and ADP acoustic backscatdg), we related the time-
averagedSCfrom the calibrated lower and upper OBSs toABS For the ADV, we
directly related the AD\ABSto the lower OBS, as these instruments were appaigly co-
located. The ADFABSdata were first corrected for acoustic decay oN&ance in water
(e.g., Ha et al., 2011), before three measureniaatdentered on the height of each OBS
were averaged at each time step. A linear equatamnthen fit to the data. The variability in
the SSCmagnitude from the ADVABS OBS, and ADFABSwas similar between instruments
at each location, but the ADMBSoften exhibited a slightly lowe8SCthan the OBS and
ADV ABS during the larger swell events. We chose nostwthe OBS data for the
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subsequent concentration or flux analysis, as Wexg point sources and typically showed

evidence of biofouling later in the experiment.

2.7 Suspended-sediment flux (SSF)

Theu andSSC(c) series data derived from the ADP were decompogednean
(steady) and oscillatory (unsteady) componentseth elevation where data were obtained
via:

(uc) =((w+aw)(c+¢)) = uc+ (Tic)

Qm (3a)
where( ) denotes time-averaging over the hourly burst td dad the overbar indicates
mean quantities. The first term on the right-hadé sf Eq. (3a) is th&SFdriven by the
mean (wave-averaged) Eulerian flo@n). The second term is the oscillatory flux and is
non-zero when fluctuations in velocity aB&Care correlated. The cross-terms are zero by
definition. The oscillatory component was furthecdmposed into itSSandIG
contributions, corresponding to the first two teromsthe right-hand side of Eq. (3b),

respectively

(uc) = ((tiss + ) (€ss + C16)) = (HssCss) + (T Crg) + (UssCic) + (T Css)
Qss Q16 (3b)

The cross-product terms (the last two terms in3Bj.represent interactions betwegsand
IG oscillations, which were uncorrelated and at léaetorders of magnitude smaller than

the other terms.

We note that the wave and current velocity wasredantly cross-shore directed
except for the occasional burst of data when thelent wave forcing and reef flat water
depth were small, which resulted in an increasedgahore current component at T3 as the
flow diverged toward the channels and breaks irre¢leé (Figure 1b). To determine the
cumulativeSSFover the experiment in the lowest 0.5 m of theawablumn, we vertically

integrated eacBSFcomponentQu, Qss andQic) at each location.

2.8 Phase-averaged quantities

To evaluate how thBSCandSSFvaried due to differences 8SandIG energy
vertically within the water column and throughouwvave cycle, at each location we
calculated the ensemble average ahdc at each phase for four different forcing condison

(Table 2). For each forcing condition, we firstitied individual waves using a zero down-
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crossing analysis of the demeaned and band-ptsedSSandIG velocity data and
extracted ther andc for each wave to form an ensemble. As the bandupg®f the
concentration data resulted in a zero mean, fdn eamwve we set the largest negative
concentration to be 0 mg*and rescaled the concentration to better représentlative

increase and decrease in concentration.ul keandQ where then normalized for each wave
phase(t/T):

N-1
1
X(t)T) = N;X(t +nT) @
whereX represents some quantity over time ahd the number of ensembles. This
ensemble-averaged approach enabled greater sttinfidence in the data for each
condition whilst also accommodating variabilitytive data due to the irregular forcing
conditions.

Table 2. The representative forcing conditionssilected 3 hr bursts of data. The root-mean-
squared sea-swelHgwms s} and infragravity Klrus i@ wave heights on the reef flat at T1 for
the representative cases are shown along withuitmer of sea-swelNsg and infragravity
(Nic) wave ensembles used for the ensemble averaging.

Case Definition Hrvsic Hrwmsss Hrwsic/HrRvwsss N Nss
[m] [m] [-] [-1 [-]
liclss Low Hrwmsic Low Hrwms, ss 0.13 0.11 1.2 254 1315
lictss Low Hgrws,g HighHrusss  0.08 0.34 0.2 277 1241
t1clss HighHrwsig LowHrusss  0.19 0.11 1.8 270 1276
tietss High Hrus,g HighHrms,ss  0.17 0.30 0.6 284 1287
3 Results
3.1 Forcing

The winds recorded during the experiment were lightnoderate (0-10 m*s and
were typically onshore or obliquely onshore (Fig@eg; a diurnal sea breeze was prevalent
during the latter part of the study period. Thaltiichnge varied from 0.21 to 1.56 m (Figure
2b). TheHmo,ic measured on the fore reef at M1 ranged from 5379 m, with a mean)
height of 1.27 m and a standard deviationdf 0.44 m (Figure 2c). These waves hath f
5t0 24 syt = 14 s), and generally approached the reef withat between 2304nd 275° (80°
to 40° off the cross-reef direction). During thepesment, four swell events were measured
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(Figure 2c,d). The largest event (#1, Figure 2c@m@himo,ic= 2.79 m, occurred 29-31 May as
the tide approached its neap phase. The other ¢aeye (#4 wherelmo,ic= 2.53 m, Figure 2c)
occurred during the spring phase of the tide frethJaine. Between these events, two smaller

swell events occurred whelbno,ic= 2.20 and 2.26 m, respectively.
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Figure 2. Incident forcing measured on the foré a¢®&11 and at the shoreline. (a) The wind
speed and direction measured at the shorelin@h@Yidal variability measured at M1 in

~20 m water offshore of the reef crest. (c) Thedeot wave conditions measured at M1 with
the incident wave heighitimo,ic shown in black and the peak wave peribg,associated with
these waves is shown in gray. (d) A timestack efitlave spectra which shows the offshore
most of the energy is contained within the sea-sinejuency band. Four peaks in wave
height are observed and indicated with arrows Wighextent of the events indicated by the
dotted boxes.

3.2 Reef-Lagoon Hydrodynamics
A large reduction in th&Swave heights was observed on the outer reef dat the

crest at T1 (Figure 3a), located ~350 m shorewatheosurf zone, wittHrums sganging from
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0.05-0.6 m g = 0.29 m). Farther toward shore, on the inner flee{T2) and inside the
lagoon (T3), th&sSheights continued to decrease; the ntéamns ssat T3 was reduced by on
average 20% when compared to T1 (Figure 3b,c). iwitte reef, th&Swave heights were
strongly modulated by tidal changes in reef flatevaepth, which affected the height of the
waves that could propagate over the reef and totarghoreline.

TheHrwms,icon the outer reef flat at T1 were generally smghange: 0.04-0.22 np,
= 0.09 m) than the correspondiS8§wave heights (Figure 3a). However, when reef flat
depths became shallow at low tide or when inci&Swave heights offshore were relatively
large, such as during larger swell events (e.gM80), Hrus,icincreased substantially.
During these events, there was also a substantigdase in the depth-averaged mean current
speedd/ (Figure 3b), which could be as high as ~0.2-0 4'nTheHrws icgradually
decayed over the reef flat toward the inner resf(fT2) and in the lagoon (T3). This decay
was slightly less (15%) than tisSwaves (Figure 3b,c). LikErus,ss bothHrus icand thel
were also tidally modulated. The wave spectra reted thelG motions predominantly
occur during these swell events with some dis)padicross the instrument transect (Figure
3d-f).
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Figure 3. The waves and depth-averaged currentureghat sites across the reef platform
(T1-T3). Panels a-c show the hourly root mean siarave height{rmg for the sea-swell
(S9 and infragravity IG) frequency bands, along with the depth averagenroeaent (),
while panels d-f show the wave energy spectra) {&ldn the outer reef flat. (b,e) T2 on the
inner reef. (c,f) T3 in the lagoon. The four eveailsng with tidal variability, are clearly
observed in thélrus,,candU across all reef sites whereas Hhaus sgdata varied only with

the tide. Energy dissipation across the reef stekearly observed in both frequency bands
as well as in the.

3.3 Grain size distributions

The grain size distribution of the seabed sedimbtdined at each site was
predominantly sand-sized (0.063 — 2 mm) and almostely composed of calcium
carbonate (e.g., Figure 4 and Table 3). The presehgravel-sized grains of shell hash
decreased in size and quantity toward the shoteline peak grain size as a percentage by
mass was similar on the reef flat at T1 and T24@8n) but slightly finer in the lagoon at T3
(0.5 mm). The sediment collected in the traps atllevation of the lower ADV and OBS
was finer than the bed sediment collected at theessite and did not contain gravel-sized
grains of shell hash that were observed in thesa@tbles. At T1 on the outer reef flat, the
peak grain size as a percentage by mass of thegediment distribution was similar to the
peak in the bed sediment (0.7 mm), but this peakgize became progressively finer than
the bed sediment across the site (T2 = 0.59 mnT@8ne0.21 mm).
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Figure 4. Seabed and suspended (trap) sedimentgjzai distributions. The peak in the
grain-size distribution is shown in detail in tapw, with the full distribution shown in the
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bottom row. (a,d) On the outer reef flat at T1djlDn the inner reef flat at T2. (c,f) In the
lagoon at T3. The gray lines show the resolutiothefgrain size distribution analysis. The
grain size of the sediment collected in the suspdrsgdiment trap is unimodal and thus
suitable for theABSand OBS calibration.

Table 3 Seabed and suspended (trap) sediment tdrésics by mass.

Mud Sand Gravel CaCQ Terrigenous Dso
Sample <63um  63um-2mm  >2mm [%] [%] [mm]

(%] (%] (%]
T1 Seabed 0.6 79.9 195 99.5 0.5 0.95
T1 Trap 13 95.9 2.8 99.5 0.5 0.67
T2 Seabed 0.6 87.2 12.2 99.5 0.5 0.86
T2 Trap 1.0 96.4 2.6 99.5 0.5 0.57
T3 Seabed 0.8 96.4 2.8 99.2 0.8 0.58
T3 Trap 5.3 94.7 0.0 98.3 14 0.24

The calcium carbonate (Cagand terrigenous percentages are based on thdraatidn.

Estimation of the sediment grain siZ®) that could be suspended into the water column at
each site indicates that larg&stvere associated with the shear stress contribéroon the
SSwaves (Figure 5). Despite theS8waves being depth-limited on the reef flat andthu
relatively small (< 0.5 m), thB estimated fromu, s was approximately 2-3 times greater
than theD estimated by.,,; oru,,. Mean currents anid waves alone typically suspended
sediment with smalldd (<0.15 mm), except during the events when theneg&dD was
noticeably larger (up to 0.2 mm). Thd3evalues are consistent with the pealiby mass

collected in the sediment traps located at eaehBigure 4).
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Figure 5. Grain size) predicted to be suspended from the bed due tar siess (presented
here as shear velocity) imposed on the bed by o@aants 4.,), u., combined with
infragravity wavesu,,;), andu,,, combined withu,;; and sea-swell waves (). (&) On

the outer reef at T1. (b) On the inner reef at(€2In the lagoon at T3. The four events are
indicated by the dotted boxes. Sea-swell wavesesmonsible for the suspension of the
largest grain sizes and these predicted grain sigese with the peak by mass of the sediment
trap grainsize distribution at each site.

3.4 Suspended-sediment concentrations (SSC)

The SSCvaried with the tide, as well as with the incidestve forcing (Figure 6).
The OBS andBSestimates 06SCmeasured 0.2 m above the bed (mab) were similar
throughout the experiment (Figure 6b-d). At eath, $he averag8SCdecreased at low tide
and increased with the higher tide. At T1 on theepteef flat, early and late in the
experiment (24-28 May and 9-20 June), #&Cwas low (1-6 mg 1*) and predominantly
exhibited tidal variability (Figure 6b). While thmpact of the wave events on t88C
variability is apparent in the data at T1, only tinst and fourth events resulted in a
substantially greate8SCwhen compared to the typical outer reef flat vahgy. Whilst the
Hmo,ic were larger during the first event than duringftheth event (Figure 2c), the average
SSCon the outer reef flat at T1 was slightly loweridg the first event than during the fourth
event (Figure 6b). This difference 86Cis due to the larger average high tide (i.e., near
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spring tide) that occurred during the fourth eventtich enabled larger incident waves to
propagate across the reef. In contrast, the fushteoccurred close to neap tide and the
average high tide was lower. During the fourth ¢yv#eSSCon the reef flat was 2-3 times
greater than the typic&8SCobserved at other times during the experiment. @te that the

Hrus icandU in the first event were similar to tiékwms icandU in fourth event.

The SSCvariability on the inner reef flat at T2 and iretlagoon at T3 was
approximately 2 times greater than ®8®8Cobserved on the outer reef flat at T1 (Figure
6¢,d). TheSSQwas slightly higher at T2 (1.5-15 mg'.than at T3 (2-13 mg}). At both
sites, the change in magnitudeS8Cwith the semi-diurnal tide is apparent. Similaith
the first and fourth events are clearly visibléhe data at T2, but the second or third events
are less distinct. It is notable that during thistfand fourth events, despite similar or slightly
largerHrusat T2 than at T3, the peaks$®Cat T3 were larger than those measured at T2.
This difference in the magnitude of t8&Cpeaks was clearly observed during the fourth
event and also, to a lesser extent, during theduent. Furthermore, a reduction in ®8C
variability was observed at T2 for a period of tiafeer these events. In the case of the first
event, this decrease in variability extended faumber of days (i.e., from 1-3 June). This is
despite the&sSandIG waves, as well a, being similar or even greater magnitude than

during non-event periods (e.g., 14-18 June).

Profiles of theSSGndicate that at each site most of the sedimestigpension was
located close to the seabed (Figure 6e-g) belowlthations of the point measurements. On
the outer reef flat at T1, the seabed level wasteorn during the experiment, with only small
variations in the bed elevation measured (Figuje\&#ilst there was a small increase in
SSCthroughout the water column at tidal timescales,itlpact of the four events on the
water columrSSQs clearly observed. On the inner reef flat at @dsiderable bed
variability occurred (Figure 6f). During the firsvent, the seabed elevation rapidly reduced
and remained fairly flat for approximately 7 d. Foperiod of approximately 2 d prior to the
fourth event, the elevation of the seabed increbséate it again rapidly decreased during
the fourth event. There was also a notable abseieeaks in SSC during these periods when
compared to other times in the experiment, or ainTtBe lagoon where such rapid changes

in bed elevation were not measured (Figure 6g).
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Figure 6. Wave and current forcing and the resgibuspended sediment concentrations. (a)
The hourly sea-swelS§g and infragravity IG) root mean squared wave heightiigg and

the depth-averaged mean currdsy ¢n the outer reef flat at T1. The hourly suspende
sediment concentrations)(measured by the acoustic Doppler profiler (ADRJ aptical
backscatter sensor (OBS) at each site. (b) Onuter ceef at T1. (c) On the inner reef at T2.
(d) In the lagoon at T3. The shaded areas indicetestandardd) deviation in theSSCtime
series data for each burst of ADP data. The védistribution of¢ indicated by the colorbar
in mg L at each site. (€) On the outer reef at T1. (fti@ninner reef at T2. (g) In the lagoon
at T3. The average position of the seabed detethiinen the altimeters are indicated by the
gray shaded areas. The horizontal white line indgthe position of the OBS aAdBSdata
shown in the left column. The dotted boxes represgenfour events. The highesivas
located close to the seabed below typical pointsm@anents elevations.

3.5 Cumulative suspended-sediment flux (SSF)

Despite the variability in hydrodynamic forcing gere 7a), the cumulative depth-
integratedSSFcontribution bySS(Qsg was consistently directed offshore on the ineef r
flat at T2 and in the lagoon at T3, but was nefblgyat T1 on the outer reef flat (Figure 7b).
Close inspection dDssat T2 indicates that this transport exhibits ¢l (on-off) type
pattern. Within a tidal cycle, tH@ssincreased from a near zero transport rate at

approximately mid-falling tide, approached a maximi+2 h prior to low tide, before the
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rate reduced until it ceased at low tide and resthimear zero as the tide increased (not
shown). A similar transport pattern was also meagur the lagoon at T3. Mo&ssoccurred
during non-event periods at T2 at an average fat€.04 kg m' h! (but could be as high as
0.07 kg m* h'Y). There were two periods of time wh@gswas approximately 4 times
smaller, 30 May — 4 June and 7 — 9 June. Thesedqsewere the same periods when the bed
was flat (Figure 6b). In contrast, at T3 fResalmost only occurred during the four events,

although the transport rate was similar (~0.03 kgh).

The cumulative depth-integrat&bFcontribution bylG (Qic) over the duration of the
experiment was approximately half@&s(Figure 7c). Th&ic was principally directed
onshore on the outer reef flat at T1 and the imeef flat at T2, but in the lagoon at T3 it
alternated between being directed onshore andarffsit T1, theQic was directly related to
the presence of the larg€s waves that occurred during each of the four evevith
negligibleQic at other times during the experiment. During thegants, th&c ranged from
0.025-0.035 kg m h'l. TheQic was slightly smaller at T2 but was also direcélated to the
increase irHrvs i At T3, theQic was almost always small (< 0.02 kg'int) and was
briefly onshore directed during the first event duected offshore at other times. Notably in
contrast tQss the plateaus iQic coincide with the reduction iArus icand not the state of
the bed. Whilst th€c was greatest during pulseslGfenergy at T1 and T2, at T3 there was
no clear relationship betwe&ic and the hydrodynamic forcing.

The cumulative depth-integrat&$Fassociated with the mean curré@t,) was two
orders of magnitude greater than @&andQic (Figure 7d). Th&wm was greatest on the
inner reef flat at T2, with a typical rate of 0.§ kil h! and as high as ~5 kghin! during
the events. Th@®w was similar on the outer reef flat at T1 and i& llgoon at T3 but slightly
lower than at T2 (0.5-3.5 kg hhY). This similarity in flux was due to differencesthe
magnitude o/, which was consistently greater at T1 than atHigure 3), which offset
differences in th&SCat each site. Thus, faster currents and lower caret@n at T1
resulted in a similar flux of sediment as the lowerrents and higher concentrations at T3.
WhenU was small in comparison to tieobserved during the four even@y was also
small. However, when thié increased even slightly above its fairly stable-sevent
magnitudeQw rapidly increased. It is clear from these resthiét once sediment was
suspended into the water colun@y made the dominant contribution to fluxes of susieeh

sediment across the reef.
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Figure 7. Wave and current forcing and the resgiitniean and wave-driven cumulative
depth-integrated suspended-sediment flQxig kg n. The hourly (a) Sea-swelsg and
infragravity (G) root mean squared wave heightsgg and the depth-averaged mean
current (J) on the outer reef flat at T1. The vertical dashmeks in (a) indicate cases
considered in section 3.6 and the extent of the dvants are indicated by the dotted boxes.
| x indicates relatively “low” and x indicates relatively “high'SSor IG waves. (b) Sea-swell
SSHQs9 at the three sites. (c) InfragravBBF(Qic) at the three sites. (d) Me&SF(Qw) at
the three sites. Positi@ is directed onshore, and negative values aretduteaffshore. The

Qw was two orders of magnitude greater tkigg which was directed offshore, afuk,
which was primarily directed onshore, but coulddle directed offshore.

3.6 SSC wave phase variability
Whilst the decomposition of the contribution to thenulativeSSFdemonstrate@wm

was the primary mechanism responsible for the pam®f sediment in suspension, sediment
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was also transported offshore $$waves and onshore g waves. Here we consider how
four different forcing conditions affect the vedldistribution of sediment throughout the
wave cycle and how these forcing conditions affeetflux of sediment at each location

across the study site.

WhenHgrus,icwas low andHrms,sswas high (ic1ss Figure 8), thesSCon the inner
reef flat at T2 and in the lagoon at T3 was mucpdathan th&sSCon the outer reef flat at
T1 (<0.5 vs 2-3 mg ). At T2 and T3 where th8SCQwas large (Figure 8m-0), tf@sswas
directed offshore at T2 but onshore at T3 due fierdinces in the phasing between waves
and concentration at each of these sites (Figufe. &d T2, theSSCdecomposed fd8S
frequenciesdss) increased near slack flow as the oscillatory eigyaransitioned from
onshore to offshore-directed flow for each wavdewnd peaked just prior to the maximum
offshore directed velocity. In contrast at T1 arg] thecss was distributed across much of
the wave cycle. Whil&SCdecomposed fdiG frequenciesd;;) was larger thangs (Figure
8g-i), the sediment was in suspension across althesintirdG wave cycle, with only a
slight bias during the offshore phase (Figure 8Ensequently, over a wave cycle (s
was up to 4 times larger than tQe; (Figure 8p-r). Thus, when th& waves were small, the

SSFassociated with waves was dominatedsBprocesses.

When theHrus, sslecreased to a value similarHaws ic (416! ss Figure 9), such as
during the low tide non-event periods, 3¢ andc;; was noticeably lower throughout the
water column. Under these forcing conditions, $#80was typically two-thirds of the
measured magnitude (<1 mg)lwhenHgrwus ssvas larger (e.g., high tide), with little
difference between thgs andc,; (Figure 9m-o). Whilst for these conditions therasuittle
sediment suspension at any site, a slight elevatitimecss was typically measured when the
oscillatory velocity transitioned from being diredtonshore to offshore flow (Figure 9d-f). A
similar increase im;; was also measured but this increase occurre@fiestthe peak
onshore velocity. However, we note that these ea@rphase-related distribution are
normalized concentrations, and thus likely to oaemphasize the variability at these low
concentrations (Figure 9g-i). Due to the very I8®Cand local velocities under these forcing
conditions, there was little n8ISF, except on the inner reef flat at T2 where @e onshore

but small (Figure 9q).

During each of the four events that occurred dutivegexperiment, there was a

noticeable increase in bolkrus,ssandHrms,ic(Figure 3) During these eventfs waves
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were more asymmetrie\{ = 0.45-0.49) than for non-event periods. WhenHhgs,cwas
relatively large and thelrms,sswas small (but similar tblrus,ig 116! s9, the SSCthroughout
the water column was reduced and was predominknt#ed close to the bed (Figure 10).
These forcing conditions typically occurred durthg four events but at low tide. For these
conditions, thegs was similar to the lowlrus icand lowHrus sscase (<1 mg £, Figure
10m-0), whereas thg; was 2 times greater (Figure 10m-0). thewas greatest during the
onshore flow phase, which resulted in an onskxeFigure 10g-i). This flux was largest on
the inner reef flat at T2 and ~3 times larger ttte@Qss In contrast to the phase distribution
of thec,;, thecss was largest in magnitude during the transitiomfrmaximum onshore- to
maximum offshore-directed oscillatory velocity (&rg 10d-f). However, when combined

with low SSvelocities this resulted in negligib&SFat all sites.

If Hrus icremained relatively large arttkvs ssncreased, there was again an increase
in SSCacross the siter (c1ss Figure 11). This increase, however, resulted 88&that was
similar to the lowHrms,icand highHrus sscase, despitelrus,icbeing twice as large. At all
sites, theQsswas directed offshore, with higlys measured during the oscillatory flow
reversal that would persist through the offshoragetof the flow (Figure 11d-f). This
resulted in a net offsho@ssfor all sites across the reef platform. In cortrgec,; was
typically greatest during the onshore phase obswllatory flow cycle (Figure 11g-i).

Consequently, th®,c was directed onshore (Figure 11m-0).
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Figure 8. Coupling between waves, suspended setitnanentrationsc) and fluxes $SH
at sea-swell9 and infragravity IG) frequencies for the case whé@waves are relatively
low compared to th8Swaves (ic1 sw). The left column is for the outer reef flat at, T1

middle column is on the inner reef flat at T2, &nel right column is in the lagoon at T3. (a-c)

The ensemble averaged wave velocity at ~0.15 nraBSandIG frequencies with the
skewness%) and asymmetryA) for theSS(blue) andG (red) waves noted in the bottom
left of each panel. (d-f) The ensemble averageaifeach phase f&@Sfrequencies
distributed over ~0.5 mab. (g-i) The ensemble ayeEc at each phase oG frequencies
distributed over ~0.5 mab. The color bars inditheephase averaged and normalizegHl)
The average all onshore velocity profiles and therage of all offshore velocity profiles
(dashed lines), as well as the wave-averaged er@tlid lines) foiSSandIG frequencies.
(m-0) The average all onshd8&Cprofiles and the average of all offsh@8Cprofiles
(dashed lines), as well as the wave-averaged er@tlid lines) foiSSandIG frequencies.
(p-r) The wave-averagesiSFat SSandIG wave frequencies. The larg&$Foccurred at T2

and was directed offshore &8frequencies.
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Figure 9.Coupling between waves, suspended sediment coatens ) and fluxes $SH

at sea-swell9 and infragravity IG) frequencies for the case whé@waves and&Sare

both relatively low (ic! sw). The left column is for the outer reef flat at, Tdiddle column is
on the inner reef flat at T2, and the right colum the lagoon at T3. (a-c) The ensemble
averaged wave velocity at ~0.15 mab$8and|G frequencies with the skewne&)(and
asymmetry As) for theSS(blue) andG (red) waves noted in the bottom left of each panel.
(d-f) The ensemble averagemét each phase f&Sfrequencies distributed over ~0.5 mab.
(g-i) The ensemble average®at each phase foG frequencies distributed over ~0.5 mab.
The color bars indicate the phase averaged andatiaedc. (j-I) The average all onshore
velocity profiles and the average of all offshoetocity profiles (dashed lines), as well as the
wave-averaged profile (solid lines) f86andIG frequencies. (m-0) The average all onshore
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SSCprofiles and the average of all offsh@8Cprofiles (dashed lines), as well as the wave-
averaged profile (solid lines) f&@SandIG frequencies. WheHrwvs ssandHrwms,icare similar
but small, little sediment is suspended and thei#wnegligible.
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Figure 10Coupling between waves, suspended sediment coatiens €) and fluxes $SH

at sea-swell9 and infragravity IG) frequencies for the case whé@waves are relatively
higher than th&Swaves (! sw). The left column is for the outer reef flat at, diddle
column is on the inner reef flat at T2, and thétigplumn is in the lagoon at T3. (a-c) The
ensemble averaged wave velocity at ~0.15 maB&andIG frequencies with the skewness
(S) and asymmetryAs) for theSS(blue) andG (red) waves noted in the bottom left of each
panel. (d-f) The ensemble averageat each phase f@Sfrequencies distributed over

~0.5 mab. (g-i) The ensemble average af each phase fdG frequencies distributed over

This article is protected by copyright. All rights reserved.



~0.5 mab. The color bars indicate the phase average normalized. (j-1) The average all
onshore velocity profiles and the average of diladre velocity profiles (dashed lines), as
well as the wave-averaged profile (solid lines)3&andIG frequencies. (m-0) The average
all onshoreSSCprofiles and the average of all offsh@8Cprofiles (dashed lines), as well as
the wave-averaged profile (solid lines) #BandIG frequencies. WheHrwus,icWaves are
larger tharHrms ssthere is a flux of sediment onshord@tfrequencies.
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Figure 11 Coupling between waves, suspended setltnanentrationsdj and fluxes $SH

at sea-swell9 and infragravity IG) frequencies for the case whétews icandHrus,ssare
both relatively high {ict sw). The left column is for the outer reef flat at, Tdiddle column

is on the inner reef flat at T2, and the right cofuis in the lagoon at T3. (a-c) The ensemble
averaged wave velocity at ~0.15 mab$8and|G frequencies with the skewne&)(and
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asymmetry As) for theSS(blue) andG (red) waves noted in the bottom left of each panel.
(d-f) The ensemble average®ét each phase f@Sfrequencies distributed over ~0.5 mab.
(g-1) The ensemble averageoét each phase foG frequencies distributed over ~0.5 mab.
The color bars indicate the phase averaged andatiaadc. (j-I) The average all onshore
velocity profiles and the average of all offshoetoeity profiles (dashed lines), as well as the
wave-averaged profile (solid lines) f86andIG frequencies. (m-0) The average all onshore
SSCprofiles and the average of all offsh@8Cprofiles (dashed lines), as well as the wave-
averaged profile (solid lines) f@SandIG frequencies. Th8SFat SSfrequencies was
directed offshore across the study area, buS®ieat |G frequencies was directed onshore on
the reef flat but directed offshore in the lagoon.

4 Discussion
4.1 Contribution of suspended-sediment flux to totat fl

Point measurements 8SCn reef environments are typically obtained ~0.15-
0.2 mab (Larcombe et al., 1995, 2001; Ogston g2@04; Pomeroy et al., 2017; Presto et al.,
2006; Storlazzi et al., 2004, Yahel et al., 206&)wever, our profile measurements over
0.5 mab show that most of the elevai&®iCoccurs very near the bed (at <0.15 mab). Within
this same near bed region the SSC is also highilglMa. Thus, while point measurements
that are typically obtained at 0.15-0.2 mab artable to understand concentration variability
over different temporal and spatial scales, theyli&ely to under-represent the actual
magnitude of sediment transported in the watermoaluOver the duration of this experiment,
260-467 kg it of sediment was transported in suspension, withgteatest transport on the
inner reef flat at T2. Our estimates@®Fdo not account foBSF>0.5 mab, which was
beyond the range of our instrumentation, or veogelto the seabe&(.075 mab) where we
removed data to eliminate side lobe effects. Thausion of data higher in the water column
is expected to be negligible, as ®8CandSSFtend toward zero higher in the water column
(e.g., Figure 8m-r). The exclusion of data closthioseabed is likely to result in an
underestimate of th@SFclose to the seabed where 8@&Cclearly exhibits an increasing

trend.

TheseSSFrates were much lower than the bedload transptes rcalculated at the
same sites by Rosenberger et al. (2020). Rosentarge (2020) found that on the inner reef
flat bedload transport was supply limited, did netessarily coincide with peak incident
wave energy and was highly variable, even whenrtident wave energy was consistent. At
this location the bedload flux toward the shoregehfrom 13 to 485 kg thd?, which over
the duration of the experiment resulted in a transgte of ~1565 kg rh This represents 3-

4 times greater flux by bedload than by suspendad. lin the lagoon, Rosenberger et al.

(2020) showed that the bedload transport wouldllyspaak at the onset of events and then
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gradually slow. At this location the magnitude efllbad ranged from 20 to 231 kgtrd™.
Over the duration of the experiment this resulted485 kg it of sediment transported as
bedload, which was 2 times greater than that tiamsg in suspension. Bedload transport
rates on the north and south side of the shorshitient were 116 and 325 kg*m
respectively (Cuttler et al., 2019). For this regstem and the observed forcing conditions
bedload is the dominant sediment transport mecimaiMghen the results of this study are
combined with the bedload transport rates detemniiyeRosenberger et al. (2020), the

average rate of total sediment flux from the reéfzatoward the lagoon at T3 1s3 kg m™2.

The reduction ir8SC(Figure 7b,c) an&SF(Figure 6c,f) on the inner reef flat at T2
during and just after events coincided with therrikedé-bed measurements (i.e., the absence
of mobile sediment bed forms) observed by Rosemergal. (2020). There are a number of
possible explanations for this reduction: (i) seeltwas washed off the reef flat, leaving
little sediment to be suspended (i.e., sedimentstrggped leaving the underlying pavement
exposed), (ii) the ‘wash out’ of ripples due toethibow transport during events that reduces
the efficiency of sediment resuspension (Nakatd.efl977; O’'Hara Murray et al., 2011,
Sleath & Wallbridge, 2002), or (iii) the compositiof the bed sediment changed. It is
difficult to determine the precise cause of thdu&ion in the sediment based on the data in
this study alone; however, Rosenberger et al. (R@&fued based on a detailed analysis of
the bedload dynamics that bed sediment limitatias likely to be a key factor. Our results
demonstrate that once the bed is flat, there vitles 3ISFandSSCwas reduced. This is
despite thet, s (Figure 4) being sufficiently large to continuesigspend the typical
sediment grain sizB observed in the sediment trap (Figure 3). We tiwetheSSFdue to
IG waves continued to transport sediment during thieses. This suggests that the length
scales oSSFfor theSSwaves are small relative to the 1G waveSFby SSmay be locally
generated where&SFby IG may be advected across the site. Importantly, bethoad and
suspended load is clearly affected by sedimentahibidy in this reef environment. The
mechanism that transports sediment onto the rexf the reef has been stripped of sediment
remains unclear but may be wave transport (disdusser) or the transport of offshore

sediment up onto the reef under certain incidenditmns (Storlazzi et al., 2004).

Finally, how theSSFvaries both along the direction of transport armhgshore due
to variability in sediment availability and the éirscale composition of the bed remains
poorly quantified in this study. Conventional sedithtransport predictions as well as the

approach taken in this study assume the bed s dottupied by sediment of unlimited
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supply, which is clearly not the case on many cagafs. In reality, the sediment is
interspersed between roughness elements that ncapya large proportion of the planform
area of a reef, thereby reducing the area overhihie sediment can be entrained. Thus,
sediment may be transported through regions wheshengnt is exposed but in other regions
where the roughness occupies a large proportidinedbed, little sediment may be
transported. Thus, irrespective of the sedimerihgiae distribution, there can be limited
sediment available for suspension on the reef\W4tilst not the focus of this study and the
data are insufficient to spatially resolve theeliénces in sediment flux, it would be
reasonable to assume that more sediment woulabgpiorted around and through roughness
elements than over areas of the bed where the nesgloccupies a large proportion of the
bed.

4.2 Suspended-sediment fluxes by waves and mean auirrent

In this study, the transport of sediment in susjgenBy due to the phase-differences
between the wave velocities and 8®C(Eq.3) was typically only 1% of the sediment
transported by mean currents. The comparatively trensport rates due to mean currents
was due to the strong cross-reef currents thatloe¥yem the setup generated by the
radiation-stress gradients induced by wave breatamthe fore reef (Becker et al., 2014;
Longuet-Higgins & Stewart, 1964). The presenceheflagoon and breaks in the reef at this
site enable the water setup on the reef flat wutate through the reef system and exit via the
channels (Pomeroy et al., 2018). Whilst there weasestidal variability in the magnitude of
this mean current, the vertical distributionS$Cwvas strongly affected by the magnitude of
the Hrus sq(Figure 7). Greate8SCQwas observed whetrus sawvas larger. Our estimates of
u, andD show that th® that could be suspended by mean currents (Figura$
consistently smaller than tlizzobserved in the trap sediment samples (Figuréhis$.is
consistent with other studies that have quantifiedmagnitude of bed, attributed to waves
and currents in reef environments, which have shinatSSwaves are often required to
suspend much of the sediment observed both orettha®well as in suspension (e.g.,
Pomeroy et al., 2018; Presto et al., 2006).

Notably, not all reef systems have strong crosta@eents. For example, relatively
alongshore uniform reefs (Storlazzi & Jaffe, 2008%hallow shore-attached fringing reefs
without a lagoon (Ogston et al., 2004; Péquignel.eR014; Presto et al., 2006) are systems
where the relative importance of sediment transippwaves could be expected to be of

greater relative importance than the transport bgmcurrents. The importance of wave-
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driven transport was also demonstrated in the bbrktory study by Pomeroy et al. (2015),
which showed that for a fringing reef system witbhallow reef flat the transport of sediment

by waves could be similar and in some cases grdaarbedload transport.

4.3 Sea-swell and infragravity wave-driven suspendelinsent flux

The state of the seabed and the shape of the \aa@egiven location affect the
magnitude and direction of sediment transporthig $tudy there were noticeable differences
between whel®sSCwas greatest within th®SandIG wave phase cycle. Thgs started to
increase in magnitude as the flow approached peshare velocity and was typically at a
maximum just after flow reversal. Tlg; then decreased during the offshore flow phase.
Previous studies have shown that this pattern sfexusion over a wave cycle is due to vortex
shedding off bed formations such as ripples thatiscas the vortex is advected over the
ripple crest around the instant®$&flow reversal (Nakato 1977, Sleath and Wallbri@gé2,
Ohara Murray 2011). This vortex-induced suspenalsea entrains sediment to considerably
greater heights for a given hydrodynamic condititam would be suspended from a flat bed
that relies on turbulent diffusion to lift sedimento the water column (Thorn 2002, Bijker
1976, Nakato 1977, Block 1994, Davies and Thorr@b20an der Werf 2007, Nielsen 1992,
Thorne 2009). Rosenberger et al. (2020) showediphaes are present on the bed at both
the inner reef flat at T2 and in the lagoon at A&, were not observed on the outer reef flat at
T1. Despite the absence of organized ripples omegkflat, the phase observations in this
study suggests that vortices develop and suspelitiaet from the bed, perhaps due to reef
flat bed variability (e.g., roughness). Wave nogdirties such as asymmetric and skewed
wave forms (Cheriton et al., 2020) may also contelio the flux of sediment, particularly

closer to the reef crest (Bramante et al., 2020).

In contrast, the;. typically increased just prior to the peak onshaecity and was
at a maximum just after this peak velocity. Thitgra of suspension is consistent with the
suspension of sediment due to stresses imposdteded (e.g., Davies & Thorne, 2008).
When the waves are skewed (sharp high crests aad Ishallow troughs) high crest
velocities are generated in the onshore directitsu(& Hanes, 2004; Marino-Tapia et al.,
2007). If these waves are also asymmetric (forvpgiched saw tootilype waves) strong
fluid acceleration at the front face of these wauether enhance the mobilization and
transport of sediment (Drake & Calantoni, 2001 rileet al., 2006). Whilst the phasing
observed in this experiment suggests that sedimenispended from the bed l6y waves,
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theu,;; was small and thus these waves could only susjpemdediment even under these
nonlinear wave conditions. (Figure 5). An altermatexplanation could be the relationship
betweernSSandIG waves as they propagate across the reef and laGQooa moderately
sloping beach wherdc/Hs<<0.4, de Bakker et al. (2016) demonstrated thasdadement

flux is related to the correlation of the infragtssvave orbital motion with the sea-swell
wave envelope. That study showed that when I8&®aves are present during negaii@e
velocities (bound infragravity wave case, negatiwgelation),Qic is directed offshore.
However, when the correlation is positive (fil€ewaves), the largeSiSwaves are present
during positive infragravity velocities arf@s is directed onshore. This latter case more
closely relates to the dynamics observed in reef@mments where it has been shown that
IG waves generated on the reef flat typically propagaross the reef and lagoon as free
waves (Pomeroy, Lowe, et al., 2012; Van Dongeral. e2013). For the two phase-averaged
cases wherklic/Hss<0.4, we observed that for the ld¥wms,icand highHrus sscase thé&SSF
was directed slightly offshore. We note that véttiel sediment was in suspension; however,
it is possible that this mechanism may reinforeedfishore-directe&SFby SSwaves and

contribute to the return of sediment to the inmafr

deBakker et al. (2016) also noted that when thagnévity waves are relatively large
(Hic/Hss>0.4), most sediment is suspended during negativagravity velocities, anQic is
offshore directed. There were three short periaaigd this experiment where these
conditions occurred and the SSF duéGavaves was indeed offshore directed. However, at
all other times and also for the two phase-averagsds wherklic/Hss>0.4, the SSF was
onshore directed. Further research is requireaptoee if and how the model by deBakker et
al. (2016) needs to be modified for applicatioraoal reefs. Nevertheless, our results
suggest that whelG waves are present, and under certain conditibey,dan be an efficient
sediment transport mechanism but that most ofseiment flux is onshore directed. This is
consistent with the laboratory experiments by Payet al. (2015) that suggested that
sediment transported BB frequencies could be equal or greater than thasported a&S

frequencies whehlrus,icWwas similar or larger thafdrwus,ss

4.4 Influence on reef sediment distributions

Many reef studies have shown that sediment is woally transported from the reef
to the shoreline and that bed sediment becomesgssigely finer closer to the shoreline
(e.g., Calhoun & Field, 2008). This change in bediment size is usually attributed to the

overall breakdown of sediment from the reef toghereline along with the dissipation of
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waves and currents over the reef and lagoon. Therlvave and current energy allows finer
sediment to settle out of the water column anddposdited on the seabed. However, this
study demonstrates that the magnitude and direofitimee SSFis not only dependent on the
mean current wave energy but is also affected lag@leoupling betwed® andSSwaves

with SSCresuspension from the seabed.

Our results indicate that in the absencé®fvaves, a mixture of sediment grain sizes
is suspended into the water column duringSBescillatory flow reversal. For this
suspension mechanism, coarser sediment fractionsecaxpected to settle out of suspension
during the ensuing offshore wave phase while faggliment fractions persist in suspension
to be deposited on the bed during the subsequshbo& wave phase. The cumulative impact
of these waves is to partition finer sediment talthe shoreline and coarser sediment toward
the reef flat. Our results suggest that offshorealed transport of sediment may be greatest
during non-event periods and thus this may be énareésm that contributes to the return of
sediment to the reef flat once it has been wasHeadto the lagoon during larger events
WhenlG wave energy is high, such as during the evergsgdlipling betwee8SandIG
waves results in high&SCduring the peak onshol& wave phase. During this pe&S
waves were larger due to the increase in the vaisjeth facilitated by th& waves and
sediment suspended by these waves can be trargsportsiderable distances. For coarser
sediment, this sediment may be transported shodeglase to the seabed while finer
sediment that is suspended higher in the watenaoolmay be transported toward the reef flat
(i.e., the opposite case to tB&wave only case). When combined with the tendeacyrfean
currents to transport large quantities of sedimeumt,results suggest that waves may be
particularly important to the sorting of coarsedisgent that could not otherwise be

transported in suspension.

4.5 Implications for future changes to sediment tramspgechanisms

The quantification of sediment transport throughoutef system is critical to predict
a range of impacts including the evolution of tdgaaent shoreline. Our study examined this
concentration distribution in detail and the faidlyimodal suspended-sediment distribution
(Figure 4) enabled us to use acoustic backscattesblve these concentrations. An implicit
assumption in our analysis is that this distribmtiemains fairly representative throughout
the experiment, which is likely to be the casetlfi@ relatively moderate forcing conditions
observed in this experiment. Further researchgsired to quantify the extent to which this

sediment distribution changes due to differentifag@nd consequently what this may mean
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for suspended-sediment transport. However, we thateobservations by Cuttler et al. (2018)
suggest when this same reef was subjected to ayétwoing, most of the wave growth
across the site was due to wind; the incident wawvesinued to be depth-limited and
efficiently dissipated on fore reef. Thus, for noyelonic but still energetic forcing, this
forcing may not substantially impact the sedimastribution due to depth limitations

imposed by the reef on the wave height.

It is clear from this study that most suspendedhseqdt transport occurs during
episodic events. The presences&andIG waves during these events results in substantial
cross-reef transport of suspended sediment by m@aants (Figure 7). As sea levels
increase, it may be expected that more sedimentimitéglly be transported as larger waves
propagate onto reefs and wave generated crossugehts remain similar or even larger
than at present. This case could be expected sispantil such time that the increase in sea
level is a substantial proportion of the tidal rangs sea levels continue to rise, cross-reef
currents could then be expected to decrease initndgrdue to reduced wave breaking on
the fore reef, which would reduce the water leedlip on the reef that drives cross-reef
currents (e.g., Becker et al., 2014; Vetter et28110). Under these conditions, the relative
importance of sediment transported in suspensiddSandIG waves is likely to increase. It
remains unclear from the results of this study hlo@se changes will affect the net cross-reef
transport of sediment in suspension. Bramante €2@20) recently showed, using the non-
hydrostatic numerical model XBeach, that for ineexhsea level the wave height, skewness,
and shear stress imposed on the bed are likehctease cross-reef sediment transport.
However, that study also showed that changes tmtigent waves on the fore reef would
also reduce the sediment transported onto thdle¢dfom the fore reef. Our results show
that the sediment transport on the reef flat megaaly be supply limited. Given there is a
substantial flux of sediment from the reef into lhgoon, any reduction in supply can
therefore be expected to have substantial impacisediment redistribution throughout a

reef-lagoon system as well as to the adjacent Bhere

5 Conclusions

In this study, we investigated the processes thet the cross-reef transport and
vertical distribution of suspended sediment aceos=ef platform, as well as how these
distributions varied due to differences in the tiglamagnitude of sea-swell waves,

infragravity waves, and mean currents. The maialtesf this study are as follows:
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1. The morphology of a reef substantially attenuatesves in reef-lagoon systems.
Consequently, most suspended sediment is trangpmase to the bed due to the low wave
conditions. When sediment is suspended highettiavater column by sea-swell waves,
this occurs during the oscillatory flow transitiand often when ripples are present on the
seabed. At infragravity frequencies this resusmensiccurs during the onshore velocity
phase.

2. For reef-lagoon systems where cross-reef curranisdevelop, suspended sediment flux
by mean currents is substantially greater (in skusly by 2 orders of magnitude) than the
flux by waves. However, waves still transport adisgent offshore at sea-swell frequencies
and onshore at infragravity frequencies.

3. When compared to the transport of sediment by laedithis study shows that bedload is
3-4 times greater than the depth-integrated sugaesediment flux.
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