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Coastal Dynamics 2013

SLOPE-DEPENDENT BIOPHYSICAL MODELING OF SURF ZONE LARVAL TRANSPORT

Atsushi Fujimurd, Ad Renier$, Claire Pari§ Alan Shanks Jamie MacMaha&nand Steven Morgédn

Abstract

Onshore transport of intertidal invertebrate laraaea reflective (steep beach slope) and an ingiate (relatively
gradual beach slope) beach is modeled. Physicaéhwadtulations are conducted with the measureldybzgtry data
and averaged wave data obtained during the sumfm201® at Sand City beach, CA (intermediate beach)the
summer of 2011 at Carmel River State Beach, CA (réfledieach). The physical model output is then used
Lagrangian larval tracking model. Our results stibat larval delivery to the surf zone is highette&t more dissipative
beach than at the more reflective beach, andghisiisistent with the larval recruitment study Imasks et al. (2010).
Also, two possible factors for the successful omsHarval transport on an intermediate beach, tertitdependent
sinking behavior and buoyancy of larvae, are nobgs necessary in the case of a reflective beach.

Key words:. bio-physical interaction, modeling, surf zone, &riransport, beach morphology

1. Introduction

Most invertebrate larvae are slow swimmers thatddpon water currents and other physical forcing to
migrate onshore for settlement. Biological factsush as larval buoyancy and a sinking rate canksdsof
importance. The surf zone is the last stage imtiggation of the larvae of intertidal invertebralewever,
the mechanism of larval delivery across this vergrgetic region is not well understood.

Shanks et al. (2010) showed that a larval settl¢maga is higher at dissipative beaches (graduative
slope) than reflective beaches (steep beach slbleeg we examine the effects of physical, biologiand
morphological factors on larval transport at reflex and intermediate (between dissipative anc:céile)
beaches by using biophysical numerical modelingelp explain these observations.

2. Methods
2.1. Field data

Physical data were collected at Sand City beacht&tey Bay, CA in the summer of 2010, and at Carmel
River State Beach (CRSB), CA in the summer of 2(Figure 1). Sand City beach is characterized as an
intermediate beach, and well-formed rip channets glroals can be observed. CRSB is a reflectivehbeac
with a very narrow surf zone dD(10) m. Current and wave data were obtained byasédg and
monitoring drifters and dye, as well as fixed ingtents such as acoustic Doppler current profilers.
Bathymetric data used for the model simulationsewenllected with a personal water craft or kayak
equipped with an echo sounder and a Global PositicBystem (GPS). The dry beach and inter-tided are
where mapped by a walking person carrying a GP 8paak.
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Pacific Ocean

Figure 1. The locations of Sand City beach and ChRiver State Beach (CRSB) with the approximate model
domains enclosed by red and pink rectangles, résplc(Credit: Google Earth). The average wavedions during
the field experiment are indicated with arrows.

2.2. Model setting

2.2.1.Hydrodynamic model
For the three-dimentional hydrodynamic model sirtiokes of both surf zones, we use the Computational
Fluid Dynamics (CFD) software Delft3D (Deltares 28b) including wave-current interaction.

For Sand City, the model domain consists of 85rthe alongshore direction, 450 m in cross-shore
direction, and depth is based on the collectedyagitry data. The model mesh scheme is a reguldr gri
(hexahedral cells). Grid spacing is 10 m alonghtbach, approximately 5—10 m in the cross-shore thith
finest at the shoreline, and Hdlayers representing the depth with a fine mesh tiea bed in order to
resolve bottom boundary layer streaming. Shorefeftections are absorbed by an offshore Riemann
boundary which is a weakly reflective open boundé@nyshore and alongshore boundaries are closed. A k
¢ closure scheme is used for modeling turbulencesdlying turbulent kinetic energy (k) and energy
dissipation rateg]). Shore normal waves with 0.75 m significant whegght and 8.75 s peak wave period,
based on the average wave data during the datectiolt period in the summer of 2010, are generated
the offshore boundary. We also test effects of véitidss by imposing either no wind or 8.0 fcenstant
onshore wind based on the approximate minimum aaximum values during the field experiment.

In the model settings for CRSB, we use the domiaim &f 1050 m alongshore and 600 m in the cross-
shore. Cross-shore reflections are again managednbgffshore Riemann boundary, and alongshore
reflections are suppressed by a weakly reflectimeemievel boundary in the South, while the Noitte ss
a closed boundary. In the analysis we removed@bthm of the northern and 100 m of the southeth en
in order to eliminate potentially adversely affectboundary currents. Oblique waves with 0.57 m
significant wave height and 9.45 s peak wave perlmased on the average wave data during the
experiment period in the summer of 2011, are géeérat the offshore boundary. Due to shoaling from
deeper water at CRSB the wave height at wave brgagisimilar to the wave breaking height at Saitg C
beach. The other settings are the same as thoddartbe modeling at Sand City beach.

Model domains and depth contours with approximaté zone edges are shown in Figure 2. Note that
North points toward the bottom (offshore to théntjgdue to our coordinate system.
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Figure 2. Bathymety in Sand City (left) and CRSB (riglithite bottom contour lines are in 1 m incremdram
depth of 0 m (shoreline) to 5 m. Black dashed leresthe approximate surf zone edges as a referdncth direction
is shown. The modeled wave angles obtained frore-iveraged field data are indicated by white asrow

Beach profiles consist of 1/7 subaerial beach sl@f#9 subaqueous beach step, and 1/27 subaqueous
beach profile along the rip channel (Y = 90 m) an& City; 1/8 subaerial beach slope, 1/64 subagueou
beach step, and 1/27 subaqueous beach profile #ierghoal (Y = 160 m) in Sand City; and 1/6 suiaher
beach slope, and 1/18 subaqueous beach profile=dd & in CRSB (Figure 3).

For both beaches, the model run time is 2 h wiilma step size of 3 s and output interval is 6isrial
events, such as tide and diurnal wind cycle arecoasidered here, so the 2-h simulation outputsedu
periodically for a 24-h larval transport simulation

5 ‘ :
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o- —CRSB:Y=0m
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Figure 3. Beach profiles at Y = 90 m and 160 m fanc&City and at Y = 0 m for CRSB.
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2.2.2.Larval transport model

An individual based model with the same Lagrangiansport equations as the ones used by Fujimura et
al. (2013) is applied. For all the simulations prged here, Stokes drift is included, which playsitcal

role in onshore larval transport (Fujimura et 2013). Another essential part of the transport raagm is

the turbulence-dependent sinking behavior (Fujimatral. 2013) where competent larvae stop swimming

and sink to the bottom by their own body weight witiee turbulent energy dissipation rate is gretiten

10° n? s® (Fuchs et al., 2004). Note that turbulent dissimatates exceeding the threshold number occur

almost everywhere in the bottom boundary layersiarie surf zones at both beaches.

Each individual particle is assigned a verticaloe#tly -10° m s or 4*10° m s', which represents
buoyancy or vertical swimming speed of the larva.adtive horizontal swimming behavior is considered
here. In the 24-h simulation time, 602 particles $@and City and 637 particles for CRSB are released
every hour from offshore (X = 410 m for Sand CitydaX = 550 m for CRSB) equally distributed
alongshoreAy = 10 m) at two vertical locations for two typdsparticles: near the bottom for the particles
with negative buoyancy (bottom dwellers); and ribarwater surface for the ones with positive buayan
(surface migrators). For CRSB, we also releasetictes at X =350 m where the depth (10-15 m) is
approximately the same as the offshore depth atl &ty (X = 410 m). Offshore and lateral sides are
considered to be outlet boundaries, i.e., oncertéicfgagets out of the model domain, it is not taketo
account any more. The first 12-h run is used ggira g stage for particle initialization, and ordgcond
half of the simulation (12-24 h) is used to caltelldne time-averaged particle density. The mods¢sand
parameters are summarized in Table 1.

Table 1. Performed model cases. “Wind” is eithemited (no) or onshore wind (yes) = 8.0 th X" is initial cross-
shore position of particles. “Sinkings sinking behavior of particles, included (on)ywot (off). “W” is vertical
velocity of particles: negative (N) = -£an s* or positive (P) = 4*18 m s'. Each case name describes a test
condition: location and initial cross-shore padipbsitions are “i” = Sand City at 410 m, “ii” = CRSB50 m, and
“ii” = CRSB at 350 m; “W" if onshore wind is includedS” if the sinking behavior is included; “+” arfe’
correspond to positive and negative buoyancy dfger respectively. For example, Case 1.iS- is tiegly buoyant

particles with sinking behavior released at X = #106f Sand City beach during no wind event.

Case Location X (m) Wind Sinking w
1.iS- Sand City 410 no on N
2.iS+ Sand City 410 no on P
3.i- Sand City 410 no off N
4.iWS- Sand City 410 yes on N
5.iIWS+ Sand City 410 yes on P
6.iW+ Sand City 410 yes off P
7.iiS- CRSB 550 no on N
8.iiS+ CRSB 550 no on P
9.ii- CRSB 550 no off N
10.iiiS- CRSB 350 no on N
11.iiiS+ CRSB 350 no on P
12.iii- CRSB 350 no off N
13.iWS- CRSB 550 yes on N
14.iiWS+ CRSB 550 yes on P
15.iiw+ CRSB 550 yes off P
16.iiIWS- CRSB 350 yes on N
17.iiiWS+ CRSB 350 yes on P
18.iiiW+ CRSB 350 yes off P

3. Resultsand discussion

3.1. Sand City beach

Modeled time-averaged depth-integrated velocitiesSand City from the two physical model cases,
without and with wind, are shown in Figure 4. le $urf zone, onshore currents enter over the sthibals

flow back offshore as rip currents. Wind stressngfgathe current but the general flow patterns engtrf
zone are similar to that in the no wind case.
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Figure 4. Time-averaged depth-integrated velocitis bathymetry at Sand City beach. No wind cast)(and
onshore wind case (right). Arrows indicate the ctimns of wave and wind.

3.1.1.Nowind case

Negatively buoyant particles with sinking behaJiGase 1.iS-) reached the surf zone, while the ipegit
buoyant particles (Case 2.iS+) did not (FigureNggatively buoyant particles without sinking beluavi
(Case 3.i-) partially entered the surf zone but astsignificant as the particles with sinking bebav
(Figure 5). Fujimura et al. (2013) explained a passmechanism of the successful onshore larval
migration thatnegatively buoyant larvae sink in the turbulenttmt boundary layer and are carried by
streaming toward the shore. Note that the partiolecentrations in Case 1.iS- were much higherérrin
than on the shoal (Figure 5) which was also shoywRWimura et al. (2013).

3.1.2.0nshore wind case

In contrast to the no-wind case, negatively buoysatsticles with sinking behavior (Case 4.iWS-) dimt
achieve onshore migration because wind forcing sy altered the offshore current near the bed
suppressing streaming (Figure 6). On the other hidwedpositively buoyant particles (Case 5.iWS+H)ldo
reach the surf zone (Figure 6). The positively karyparticles without sinking behavior (Case 6.iW+)
partially entered the surf zone but mostly conedett outside the surf zone (Figure 6). With onshanel
forcing, there is another possible mechanism ofalatransport to the shore: positively buoyant éerare
carried by the wind driven onshore surface curramig they sink to the bottom in response to the
turbulence once they get to the surf zone edge,tlaewl they are caught by the bed streaming flowing
toward the shore (Fujimura et al., 2013).
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Figure 5. Depth- and time-averaged particle derfaitynber of particles / unit volume) for the no dicase at Sand
City beach. Left panel: Negatively buoyant partickéth sinking behavior. Middle panel: Positivelydyant particles
with sinking behavior. Right panel: Negatively baay particles without sinking behavior. Bottom cartbnes from

0 m depth (shore line) to 5 m depth with 1 m inczats are given.
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Figure 6. Depth- and time-averaged particle der{aitynber of particles / unit volume) for the onsghaind case at

Sand City beach. Left panel: Negatively buoyantiplest with sinking behavior. Middle panel: P posity buoyant

particles with sinking behavior. Right panel: Piosity buoyant particles without sinking behavioot®m contour
lines from 0 m depth (shore line) to 5 m depth iitin increments are given.
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3.2. Carmd River Sate Beach

Time-averaged depth-integrated velocities at CR®Bfthe physical model output of with/without wind
cases are shown in Figure 7. In both cases, flowsieed in the cove around X = 100 m x Y = -200 m,
and continued as alongshore currents up to aboat2¥0 m, where an eddy formed around X = 300 m.
Wind forcing made the eddy somewhat larger andeshit a little toward North.
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Figure 7. Time-averaged depth-integrated velocitigs bathymetry at CRSB. No wind case (left) andhams wind
case (right). Arrows indicate the directions of wand wind.

3.2.1.Nowind case

Depth- and time-averaged particle concentrationgie no wind case at CRSB are shown in Figure 8.
Negatively buoyant particles with sinking behavieteased at X = 550 m (Case 7.iiS-) created some
patches outside the surf zone but not in the sumeéz A very small number of particles got into thef
zone for positively buoyant particles with sinkibghavior (Case 8.iiS+) and negatively buoyant plasi
without sinking behavior (Case 9.ii-). Some paeicwith negative and positive buoyancy with sinking
behavior (Cases 10.iiiS- and 11.iiiS+, respectivelyd with negative buoyancy without sinking bebavi
(Case 12.iii-) released at X = 350 m reached thhezgune, but these were very patchy distributidrtsese
high density particle patches in the surf zone ¢eintb be in the south rather than the northern zumé.
The difference of particle concentrations betweem different initial release locations (X = 550 mda350

m) indicates differences in cross-shore flow patebetween offshore and near the surf zone. This al
suggests that the influx of particles from the faltdooundaries closer to shore, which are not damei
here, will be important.

There seems a correlation between the currentrpaffégure 7) and the particle patch distributions
(Figure 8). A notable feature is the circulatiorXat 300 m x Y = 150 m, where each case has avelat
high concentration patch at that location. Anott@mmon high concentration spotisat X =50 m x Y =
50 m which is between the shoreline and the alarrgsburrent and again coincides with the presefice o
an eddy trapping the particles.

By comparing the successful cases when particlesazhthe surf zone, it is obvious that the onshore
larval transport rate at CRSB (Case 10.iiiS- inuFégg8) was much lower than that at Sand City beach
(Case 1.iS- in Figure 5). Note that the color s¢al€igure 8 is 10 times smaller than in Figurevere
though the same amount of particles per unit voluvas released. This is consistent with the study by
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Shanks et al. (2010) who showed larvae of sometidéd species are delivered in a higher rate atemo
dissipative than more reflective beaches. Also¢esinome particles in both Cases 11.iiiS+ and 12.iii
entered the surf zone, the effects of particle buoy and the sinking behavior for onshore lanahgport

at CRSB without wind forcing seem to be less sigaiit than for the same condition at the internmtedia
beach at Sand City.

Case 7.ii5-

|| 1
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Case 10.iii5-
||:'I

# of particles

¥ {m)
g

-100

-200

-300

1 | 1 Al
<] 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 &00
X (m) X (m) X {m)

Figure 8. Depth- and time-averaged particle dergaitynber of particles / unit volume) for the no dicase at CRSB.

Initial cross-shore particle release positions(apper panels) X = 550 m and (lower panels) X = 8bQeft panels:

Negatively buoyant particles with sinking behavididdle panels: Positively buoyant particles withking behavior.

Right panels: Negatively buoyant particles withaokimg behavior. Bottom contour lines from 0 m defsthore line)
to 5 m depth with 1 m increments are given as ereete.

3.2.2.0nshore wind case

Figure 9 shows the depth- and time-averaged partiensities for the onshore wind case at CRSB.
Negatively buoyant particles with sinking behavieleased either at X = 550 m (Case 13.iiWS-) or 850
(Case 16.iiiWS-) did not achieve onshore transpud the surf zone because the bottom boundary laye
streaming was suppressed by the onshore wind skestatively large patch can commonly be observed
at X =200 m x Y = 200 m in cases with positivelyoant particles; with sinking behavior release at

550 m (Case 14.iiwWS+) and X = 350 m (Case 17.iiiWWSnd without sinking behavior released at X =
550 m (Case 15.iiw+) and X = 350 m (Case 18.iiiWHis patch is caused by the eddy at the same
location (right panel in Figure 7). Similarly toetimo wind case, particles in these cases tendctomadate

in the South.
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Positively buoyant particles without sinking belwvior both initial release locations (Cases 15#iW
and 18.iiiw+) were delivered to the shore more alauntly than in the case with sinking behavior (Gase
14.iiWS+ and 17.iiiwS+) (Figure 9). This result épposite to the Sand City case (Figure 6) where
positively buoyant particles with sinking behavi{@ase 5.i\WS+) reached shore at a higher rate than t
ones without sinking behavior (Case 6.iW+). Thirg significance of the sinking behavior varies with
beach morphology and corresponding water flow. Agapte that the color scale in Figure 9 is smaller
than in Figure 6.

Similarly to the no-wind case, the rate of sucagstransported larvae at CRSB (Cases 14.iiWS+ and
17.iiiWS+ for comparison, but also even Cases Wbtiiand 18.iiiW+ in Figure 8) was lower than that at
Sand City beach (Case 5.iWS+ in Figure 6). Thisllteaslso supports the previous finding that intiati
invertebrate larvae were delivered at a higher adimore dissipative than more reflective bea¢Bbanks
et al., 2010).

Case 13.1IWS- Case 14.iiWS+ Case 15.iiW+
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Figure 9. Depth- and time-averaged particle dergaitynber of particles / unit volume) for the onsghwind case at
CRSB. Initial cross-shore particle release positioaq@pper panels) X =550 m and (lower panels)366& m. Left
panel: Negatively buoyant particles with sinkindnaeior. Middle panels: Positively buoyant partiokgth sinking
behavior. Right panels: Positively buoyant partieléhout sinking behavior. Bottom contour linesrfr® m depth
(shore line) to 5 m depth with 1 m increments avergas a reference.
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4, Conclusions

Our biophysical model showed the differences ofdatransport on two types of beaches with various
biological and physical parameters. The intermedi@ach (Sand City) let the larvae cross the saméz
more easily than in the reflective beach (CRSB)s Teasult supports the idehat larval delivery is higher
at more dissipative beaches than at more reflettdaches (Shanks et al., 2010). There are two commo
cases where larvae achieve onshore transport ihdtiebeaches: 1) negatively buoyant particlest¢bot
dwelling larvae) with turbulent-dependent sinkinghhvior in no wind condition; 2) positively buoyant
particles (floating larvae) with turbulent sinkitghavior during onshore wind event. Unlike Sandy Cit
beach, larvae could reach the surf zone withoutisgnbehavior, especially for the positively buofan
particles with onshore wind forcing. Even positivéluoyant larvae got into the surf zone during noew
conditions. Therefore, larval transport at the treddy steep beach is less dependent on the impmiorta
parameters for the gradual slope beach (i.e., lldsuayancy and the sinking behavior), but are more
controlled by the more complex beach configuraiod morphology.
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