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Abstract

The response of the circulation of a coral reef system in Kaneohe Bay, Hawaii to incident wave forcing
was investigated using field data collected during a ten-month experiment. Results from the study
revealed that wave-forcing was the dominant mechanism driving the circulation over mugh’of Kaneohe
Bay. As predicted theoretically, wave setup generated near the reef crest due to-waveybreaking
established a pressure gradient that drove flow over the reef and out the twoweefichannels. Maximum
reef setup was found to be roughly proportional to the offshore wave ehergy flux above a threshold
root-mean-squared wave height of 0.7 m (at which height setup was negligible). On the reef flat, the
wave-driven currents increased approximately linearly with ificident wave height; however, the
magnitude of these currents were relatively weak (typically <20 cm/s) due to: 1) the mild fore-reef
slope of Kaneohe Bay that reduced setup due to a ¢ombination of frictional wave damping and its
relatively wide surfzone compared to steep-fa¢ed reefs; and 2) the presence of significant wave setup
inside its coastally-bounded lagoon, due toifrictional resistance on the lagoon-channel return flows,
which reduced cross-reef setup gradients'by 60-80%. In general, the dynamics of these wave-driven
currents roughly matched predictionsiderived from quasi one-dimensional mass and momentum
balances that incorporated sadiation stresses, setup gradients, bottom friction and the morphological

properties of the reefslageon System.



1 Introduction

Although winds, tides and buoyancy forcing can govern the circulation of some reefs, breaking waves
have long been recognized as the dominant forcing mechanism on many reefs (Munk and Sargent
1954; Symonds et al. 1995; Kraines et al. 1998; Lugo-Fernandez et al. 2004; Callaghan et-al. 2006).
Conceptually, wave breaking increases the mean water level i in the surfzone (“waveé'sctup”),
establishing a pressure gradient that drives flow across the reef and into a lagdeon (Figure 1a). This
process is often modeled using the radiation stress approach to wave-méan/flow interaction presented
by Longuet-Higgins and Stewart (1962). Written for the one-dimensiofial (1D) reef profile in Figure

la, the steady, depth-averaged mass and momentum equations, ‘are respectively (Mei 1989)
— = (1

-
degq 2:-g(h+ﬁ)ﬂ_l&_t_”’ )
dx8h+l’7g de) ' r dx r

where x is the cross-shore distance, /4 is the*water depth, t, is the bed stress, and ¢ =U (I’T + h) is the

volume flux per unit width based,on\the Lagrangian mean velocity U =U” +U? (i.e., the sum of an

Eulerian velocity U” and StoKes‘drift U°). The radiation stress S for normally incident waves is
generally computed fronlinear wave theory as

€ 2kh 1u
er :Ew é . +_l:|’ (3)
“ @sinh (2kh) 2

> is the wave energy density inferred from the root-

rms

where kis'the ywave number and £, =1/8r gH
meanssquared wave height H .

A number of attempts have been made to develop simplified analytical solutions to (1)-(3) to
predict setup and wave-driven flows on reefs, e.g., Symonds et al. (1995), Hearn (1999 - hereinafter
H99), and Gourlay and Colleter (2005 - hereinafter GC05). The simplest of these approaches, e.g.
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H99, consider an incident monochromatic wave of height /, and period 7, and assume the wave
height H through the surfzone is depth-limited by

H=g(h+h), (4)
where g is an empirical breaking parameter (note that for natural reefs with random(wave forcing H,
is typically assumed for /). For the case where g is spatially uniform, H99 negleets convective
accelerations and friction in (2), and using (4) predicts the maximum setup omithe reef A will be

= M, - H, , (5)
g+8/ (3g )

where H, =gh, is the depth-limited wave height over the réefflat” An alternative approach for

predicting 1, was developed by GCO05, who empiricallyyrelated /1. to the incident wave energy flux

roportional to H,’T ) and the overall energy dissipated within the surfzone. Consistent with the H99
prop 0 gy P

model result [(5)], the GCO5 model also predicts that setup will increase above some breaking wave

threshold height A, , i.e., setup will be absént when H < H, .

The difference in the mean Water level between the reef /i and the lagoon A, can drive an
Eulerian flow U’ across thesgef(Figure 1). For i, <</ , and assuming negligible wave dissipation
on the reef flat (i.e., S, /dx » 0) where dh/dx » 0, (2) predicts that a balance will exist between the

mean water level.gtadient and the bed stress. In current-dominated systems (i.e. U’ >>U, where U,
is a representative near-bed wave velocity), bed stresses are often well-described using a quadratic drag

law &y, =%C, |U E|U £ with drag coefficient C,,, such that

C,|\UF|UF
dﬁ D r r ’ (6)

_» -

dx gh,




in which case dh / dx can be estimated as (I’Tr -h, ) / L, given a cross-shore reef flat length L (Figure
la). To obtain a solution to (6), H99 and GCO05 assumed in their models that /i, was approximately

zero such that dh / dx could be estimated as ~f /L . This may be a reasonable assumption for those

reefs which do not bound land masses or enclosed bodies of water. Examples of such reefs can be
found in the ‘open’ Indo-Pacific atolls that form incomplete rings, or in many of the smaller individual
reefs forming the Great Barrier Reef which lack a true lagoon. However,,many teefs that form adjacent
to coastal land masses, e.g., ‘fringing reefs’, have enclosed lagoons in which’exchange with the
surrounding ocean is often restricted by friction through narrowreugh, and sometimes tortuous

channels. Assuming f1, ~ 0 for these reef systems may nodonger’be valid, given that 1, may become
a substantial fraction of 1, (Jago et al. 2007). Therefore, while /i, may still be primarily controlled by
incident wave forcing under these circumstances, the magnitude of U’ should also depend strongly on

the momentum dynamics governing f1, .

The overall dynamics controlling wave-driven flows on coastally-bounded reefs may be similar
to those, for example, governing’fip*eurrents that form over submerged bars on sandy beaches. In this
case, setup gradients can drive a'flow over a shallow bar crest that returns to the ocean through narrow
rip channels (e.g., see MaesMahan 2006 for a review). However, while the beach literature may serve
as a foundation fofyunderstanding and predicting wave-driven flows on coastally-bounded reefs, these
reefs may possess.a number of key differences that could significantly distinguish their dynamics from
beaches« Finst,/the bottoms of coral reefs are often very rough compared to sandy beaches, due to the
presence of canopy-forming benthic organisms and the irregular morphology of the platforms on which
they grow. The resulting bottom friction generated can play an important or even dominant role in the
overall wave-energy dissipation on the forereef (Roberts et al. 1975; Lowe et al. 2005), which could

significantly reduce wave setup (Longuet-Higgins 2005; Dean and Bender 2006). Over the reef flat,



this enhanced friction may also significantly reduce wave-driven mean flows in comparison to
hydraulically smoother beaches. Second, reefs display a much wider range of lagoon and channel
geometries than beaches, for example, ranging from the very deep (>50 m) lagoons of atolls to the
much shallower (<5 m) lagoons of fringing reefs. Finally, reefs exhibit a wide range of forereef bottom
slopes that can vary from order 1:100 to order 1:1. Given that setup on reefs and beaches is strongly
slope dependent (Stockdon et al. 2006, Callaghan et al. 2006), the relationship,between incident wave
forcing and wave setup on reefs may differ appreciably from beaches.

The main objective of this paper is to investigate how the fundamental momentum balances
governing wave setup and circulation on coastal reefs behave dnder different incident wave conditions,
and how these balances are affected by reef morphology,/To ac€omplish this, a detailed investigation
into the dynamics of wave-driven flows in Kaneohe Bay, Hawaii was conducted (Figure 2) using
observations from a 10-month field program. The tafluence of winds, tides and buoyancy on the
lagoon circulation of Kaneohe will be presénted €lsewhere. Previously, the most detailed physical
oceanographic study of this system was'congducted by Bathen (1968), who did not consider wave
forcing. In contrast, H99 proposed.that Kaneohe Bay’s reef and lagoon are dominantly flushed by
wave-driven flows; this conclusiofiwas based largely on the model discussed above, due to the lack of
any detailed field observations. To aid in the interpretation of the wave setup and circulation
observations, as well'as to' broaden the scope of the study, a simple model that considers the mass and
momentum balances governing setup and circulation in the cross-reef direction (both over the reef flat
and withifinthe lagoon-channel region) is developed. Through application of this model, we are able to
investigate’how key properties (e.g., frictional characteristics and reef morphological parameters)
associdted with coastal reefs, govern setup and circulation within these systems in a more general way.

This paper is organized as follows. In section 2 we formulate a simple model for estimating

setup and circulation on coastally-bounded reefs that extends the 1D mass and momentum balances



traditionally considered in the reef literature for the forereef and reef flat regions, to also incorporate
the coupled dynamics of the lagoon-channel return flows. A description of the study site, field
program and data analysis is presented in section 3. Results from the field studies are described in
section 4 and compared with the numerical model predictions and existing reef models.in“section 5.
The results are summarized and discussed in section 6.

2 Wave-driven reef circulation in the presence of lagoon setup

We consider an idealized reef-lagoon-channel cell (Figure 1b) where setup’generated by wave breaking
drives flow across a shallow reef flat, through a deeper lagoon, and fifrally exits through a channel. For
this reef geometry, mass conservation [(1)] implies that

UhW, =UhW. (7)

[

where /. and A, are representative depths of the reef and channel regions, respectively, W, and W, are
the alongshore reef and channel widths, and U, and U, are the depth-averaged mass transport

velocities (i.e., the sum of the Eulerian and'Stokes drift velocities). In terms of the total circulation cell

width W

total

=W +W_, (7) can be rewritten as

Uc (VVr /Vthal) ﬂ (8)
u 1-(VVr/VV;oml)hc'

r

For cases where"i**h <<1 (valid for this study site but not always for reefs), the cross-shore
momentum balance [(2)] simplifies to

dh _ 1 dS, t, +q2ﬁ
dx rgh dx rgh gh’dx

€))

If A, is.not small relative to 7, the full momentum balance given by (2) must be considered. Although
theywave-driven flow pattern in Figure 1b is two-dimensional (2D), i.e., some alongshore flow must be
present from the lagoon to the channel, analogous 1D models developed for predicting rip currents on

barred-beaches have often found (9) can still provide accurate estimates of cross-shore variations in
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(e.g., Dalrymple et al. 1978; Reniers and Battjes 1997; Bellotti 2004). This is because the along-beach
variability in A driving these flows is often controlled by alongshore variability in the dominant cross-
shore momentum balances, e.g., as computed between separate cross-shore transects over both the bar
and through a rip channel. Nevertheless, it is always important to evaluate the performance and
inherent assumptions of these simple models, as is done below using the field dataset.

Given a prediction of Sy,(x), (9) can be numerically integrated across’the reef (along transect 4-

B, see Figure 1b) for a given cross-reef discharge g, , from offshore (f,=Q) to the lagoon (A =h, ):

ﬁ _ x=f,. &i 1 dS{X i CD,r qrE qrE + qrz ﬁ(—)dx (10)
' Qeé rgh dx g’ ehiing )

where C,,, is a representative drag coefficient for the réefiflat.” Note that in wave-dominated coastal
regions (i.e., U, >>U"), a linear drag law may b mere’appropriate yet can easily be substituted into
(10),i.e., t, =r C¢U U, , with a linear drag'coefficient C$ (Mei 1989).

Equation (1) requires g, to be cofistant along 4-B, however, otherwise remains unconstrained
by the offshore boundary conditién<(f =0), i.e. a valid solution for A1, in (10) can be obtained for any

gq.. Thus to evaluate g, , the additional momentum balance on the lagoon-channel return flow is also

considered. If it is assumed.that 1) wave-forcing is negligible in this deep channel region (i.e.,

dsS . /dx»0),2) hNs Spatially uniform in this region (i.e., dh/dx » 0), and 3) Stokes drift is

negligible (i.c.,%g » q, ), then the simplified momentum balance [(2)] becomes

q.14

dh— CWD ,C c
— )) -—
dx gh’

(1D

where C,, . is a representative drag coefficient for this lagoon-channel region (possibly different from

the reef value C,,). Given that it should eventually return to zero out the channel, the lagoon-



channel water level gradient in (11) can be estimated as dfi /dx» h, / L, where L, can be taken as the
total return flow path (transect B-C-D, see Figure 1b). This gives

ﬁ — CD,cqchc — CD,CLC er 62 2
R T

(12)

L

where flow through the channel ¢, has been related to the flow across the reef g, using (7). (10) and

(12) represent a closed set of equations that can be numerically solved by fifstiguessing a value of g,
evaluating /1, using (10), comparing this value with /1, predicted from (12);and then iterating to find
a g, that satisfies both (10) and (12).

A wave model is needed to predict cross-shore variatign in S_ for (10). A number of 1D
models have been developed to predict wave transformation’on beaches (e.g., Thornton and Guza
1983; Lippmann et al. 1996; Baldock et al. 1998); thiese¢ models should also be appropriate for reefs
with relatively mild slopes (e.g., <1:10). ItiS notthe goal of the present study to conduct a detailed
evaluation of such wave models (for suehwa review see Apotsos et al. 2008a). For this application, the
model by Thornton and Guza (1983) (hereinafter TG83) is applied, in part because it was found to
accurately predict wave transfermation on the Kaneohe reef in prior work (Lowe et al. 2005). Like
many parametric wave models, TG83 assume that cross-shore gradients in wave energy flux are

balanced by the locahrate,of energy dissipation by both breaking e, and bottom friction e,

(Ec)=-e- e (13)

where"g( and e, are parameterized via semi-empirical relationships. Given E,, Sy, is evaluated with

(3) While the enhancement of S,, by rollers is sometimes added to (3), this is not included in the

present study. We note, however, that some studies of beaches have found that the inclusion of a roller



has only a minimal effect on the total setup generated shoreward of the surfzone (e.g., Apotsos et al.

2007).

3 Field experiment

3.1 Site description
Kaneohe Bay (Figure 2), located on the northeast coast of Oahu, Hawaii (21°29' N, 157°48' W) is

approximately 13 km long by 4 km wide. A 5 km long, ~2 km wide, shallow (<3 'm) reef extends over
much of the area, and is covered by coral, algae, coral rubble and sand. An ~1%m wide lagoon (12-16
m deep) separates the reef from shore, with a bottom comprised mostly of sand and mud, although
there are a number of coral patch reefs that rise to within ~1 m0f the surface distributed throughout.
The lagoon exchanges with the ocean through the northernShip €hannel (mean depth ~12 m) and the

shallower Sampan Channel in the south (mean depth/<5ym).

3.2 Measurement of waves, currents andwaye setup

A series of instrument deployments were conducted between June 2005 and March 2006 (Table 1).
Waves were measured by an offshore directiendl wave buoy (WO), two Seabird Electronics (SBE)
pressure sensors (model 26) located on the forereef (W1, W2), two on the back reef (W3, W4), as well
as the pressure sensors on thre€ RD Instruments Acoustic Doppler Current Profilers (ADCPs) located
on the reef flat (A2, A3, Ad){Fable 1). The offshore wave buoy, operated and maintained by the
University of Hawaii Sea Level Center, was located ~8 km south-east of Mokapu Point. SBE 26s at
sites W1 and W2 each.collected 2048 pressure samples at 2 Hz every 30 minutes, while at W3 and W4
collected 1024 samples at 1 Hz every hour. The ADCPs at sites A2, A3, and A4 were burst sampled
such that 900 pressure samples were obtained at 1 Hz every hour. An additional SBE 26 was operated
as,a ‘water level gauge (no waves) and was positioned on a patch reef in the lagoon (site W5).

Pressure data were analyzed by dividing each burst into 16 sections of equal length, each with
50% overlap, applying a Hanning window to the segments, and computing spectra. These were

converted to one-dimensional wave spectra S using linear wave theory, from which rms wave heights
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were calculated as H,,s = (8my)"*, where my is the zeroth moment of S based on the energy between 2
and 30 s (this generally contained >99% of the total wave energy). Mean T,9; and peak T, wave
periods were subsequently calculated based on the first spectral moment of S and the spectral peak,
respectively. At deeper sites (W1 and W2), the spectra between 2 and 4 s was modeled by, assuming a
frequency to the -4 power relationship (Jones and Monismith 2007), in order to aceguit-for energy that
could not be resolved in this high frequency region due to the attenuation of the pressure signal with
depth. This correction generally only contributed a small amount (<2%)to’the'total energy.

Theories developed to predict /. on reefs are often cast as depéndent on the deep-water wave

height H However, because of large-scale wave refraction,"wave heights measured by the

rms,0 *
offshore wave buoy (site WO) may not accurately refle¢t'the deep water wave height directly offshore

of the study site. H,, , was therefore calculated from the rms wave height measured on the forereef

H,,, corrected to a deep water value using a shoaling coefficient K, = H,, / H

ms.0 (Dean and
Dalrymple 1991) based on the peak peried 7" K was generally close to unity throughout the

experiment (range 0.90-1.05; mean 0.94).
Current profiles were teasured using seven ADCPs deployed at sites A1-A7, with bin sizes
ranging from 0.05 to 0.5m (Table 1). All of the ADCPs were burst sampled at 1 Hz for 15 minutes

each hour. Hourly, Carrent profiles were obtained for each ADCP by averaging all samples in a burst

and were depth-aVeraged to produce time-series of U”. These were rotated into the principal
componenitaxes of the velocity variance (Emery and Thompson 2001), such that positive flow along

the majomaxis represented flow into the bay. Tidal current amplitudes and phases were calculated from
t.” using T TIDE (Pawlowicz et al. 2002). A correlation coefficient R, for currents is thus defined

as the square-root of the percentage of total variance in U” explained by the tidal harmonic analysis.
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No sites were located inside the surfzone, so the wave-induced transport was estimated from:the

depth-averaged Stokes drift velocities U® computed from the wave spectra following Kenyon (1969).
Given that most wave measurements did not include directional information, the dominant Stokes drift
directions were inferred from directions output from a numerical wave model (SWAN- Booij et al.
1999) simulation of the winter experiment. Wave directions in Kaneohe Bay were'mostly insensitive
to large variations in offshore wave direction, since they are mainly controlle@yby sefraction patterns
over the shallow reef (Lowe et al. 2005).

Mean water level variability A (defined relative to still water) atthis site was driven by tides

and wave setup, since wind-setup was estimated to be only Q(I'mm) based on a typical 5 m s™ wind
speed (Lugo-Fernandez et al. 1998) and thus could be neglected from the momentum balance.
Although wave setup on both reefs and beaches can beynodulated at tidal frequencies (e.g., Thornton
and Kim 1993; MacMahan et al. 2006), discriminating these relatively small modulations in setup from
much larger variations in the tides occurring at the same frequencies can be difficult. Through
application of the model from section 2,'we €stimated these tidal modulations in setup to be relatively

insignificant in comparison to th€"fmuch greater variability in A resulting from observed changes in

incident wave forcing (not.showny. Therefore, in the present study, the specific response of both setup
and currents to incident wave forcing was investigating at sub-tidal frequencies by applying a PL64
filter (Beardsley etval. 1985) with a half-power period of 38 hours. Although performing a similar
analysis at higherfrequencies poses an interesting problem, it is beyond the scope of the present paper
and, moteovers/ not necessary for exploring the fundamental dynamics given in (2). For consistency,
wheén investigating relationships between setup, currents, and wave forcing, each pair of time series
were low-pass filtered identically and then decimated to six hourly values to form a “subtidal” data set.

In all calculations, significance levels were obtained from the effective degrees of freedom (DOF)
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estimated from the record length divided by the autocorrelation timescale (Davis 1976); this timescale
was typically ~1.5-2 days.

To compute wave setup, a modified version of the approach by Raubenheimer et al. (2001) was
used, which is detailed in Appendix A. Setup was calculated only for sites where insttuments were
deployed on a hard reef platform (i.e., A2-A4, W3-W5). Thus, data collected by instriments in the
channels (A1l and AS5) were precluded from the analysis, since they gradually=ssank into the sand by up
to 5 cm during the experiment, making it difficult to maintain an accurate reference level. Note that

data from sites A2 and A3 was used to estimate the maximum reef settipsf1., since they were located

only ~100-200 m shoreward of a consistent surfzone (Figure,.l).NThis is equivalent to only 5-10% of

the overall-cross reef length L,, so given the momentum/balance in (6), 1 measured at these sites

should be at most 5-10% less than A, .

4 Observations

4.1 Offshore forcing conditions

The winter deployment captured four spting-neap tidal cycles (Figure 3a) and offshore rms wave

heights H,, , averaged 1.6 m (Figtre 3b). During the first two weeks (18-30 January), trade-wind
wave conditions dominatedywith’persistent waves coming from the east with 4, , ~2 m and
T,~7-9 s. For thgremainder of the experiment, waves were variable (H,, ,~1-3m; T, ~6- 13 s),

in part generatedsieindtely by several North Pacific storms. H,, , over the longer 10-month

deployment (not'shown) averaged ~1.4 m (range ~0.5-3.5 m), and propagated mostly from 50° — 80°.

4.2 «Waye energy distribution

Figurey4a shows time-series of measured H

N

at representative forereef and reef flat sites. H, on the

forereef (sites W1 and W2) was on average 25% lower than offshore (Table 2), with only ~6% of this

discrepancy explained by wave shoaling (see section 3.2). As discussed by Lowe et al. (2005), this
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wave attenuation is likely caused by bottom friction across the rough and relatively gently-sloping
forereef offshore of sites W1 and W2.

In general, wave heights in Kaneohe Bay can be controlled by changes to either offshore wave
conditions or tidal elevation (or a combination of both). To quantify these effects, correlation
coefficients between the local wave height and both the offshore wave height andfecalwater depth
were computed (Table 2). Wave heights on the forereef (W1 and W2), measured prior to breaking,
were only correlated with offshore wave heights (Ryave~0.9), while on the shallow reef flat (A2 and A3)
were instead primarily controlled by the tidal elevation (Rig.~0.8). “Thusy given that A2 and A3 sit
shoreward of a saturated surfzone, local wave heights were mastly insensitive to changes in incident

wave forcing (Figure 4a) since their height was depth-limited acCording to H =gh . The

measurements indicate g, » 0.3 at sites A2 and A3«Figure 4c), comparable to values found on other

reefs and also on some beaches (e.g., Thorntod and Guza 1982; Hardy and Young 1996). At A4, W3
and W4, all located on the reef but in deeper water (~3-5 m), wave heights were only weakly correlated

with tides (R4¢.<0.5) and were more corr€lated with the offshore wave height (Ryave~0.6-0.8).

4.3 Dominant circulationspatterns

On-average, two persistent circtilation cells dominated the north and south regions of the bay (Figure
5a), with onshore flow génerated over the shallow reef sections (A2 and A3) followed by return flows
out the channels (Al and’AS5); the division of these cells occurred at Kapapa Island, roughly at the
alongshore center.of the bay. The major axes of the principal component ellipses at most sites were
aligned with,time-averaged current vectors (Figure 5b). Mean flow inside the lagoon (A6 and A7) was
typically tfuch weaker than over the reef, averaging ~1-2 cm s™', however, instantaneously attained
values up to ~10 cm s™ (Figure 6¢).

Variability in U, occurring at tidal frequencies may result from a combination of the ebbing

and flooding of the bay, as well as tidal modulations of the wave-driven currents. On the reef (A2-
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A4), these tidal flows were oriented across the reef; note that at A4 this implies that the flow was
roughly orthogonal to the dominant flow direction at this site (Figure 5d). Tidal currents were much
stronger in the channels and lagoon than over the reef (by factors ranging from 2-4), due to preferential
flow through these deeper regions (Table 3). In general, flow variability inside the lagoonh.(A6 and A7)

was dominantly driven by tides, with R

1o Tanging between 0.7-0.8. Flow variability im*the channels

(Al and A5) was only partially correlated with tides ( R

v = 0.5-0.6), with y¥ery weak correlation

R, <0.3 on the reef flat (A2 and A3).

4.4 Wave-driven transport

To evaluate the role of wave-forcing, the response of the subtidahgirculation to the magnitude of H

rms,0

was investigated. Subtidal flows across the reef (A2, A3 and A4) and in the channels (A1l and AS5)

were dominantly wave-driven (Figure 6a,b), with/R , 40.8-0.9. However, for the lagoon sites (A6

wave

and A7), subtidal currents were only weakly.cogrelated with H,, , (R, <0.3) (Figure 6¢).

For the reef and channel sites where subtidal flows were dominantly wave-driven (Figure 6a,b),

U”* increased roughly linearly with \F{ Moreover, a threshold wave height A was apparent at

rms,0 *
these sites, corresponding to thegpdint where the wave-driven circulation roughly shut down (see Figure

6a,b). H,. was evaluated\for\each site (based on the rms wave height) and averaged H, =0.7 m (range
0.6-0.8 m) (Table3). Given the typical Kaneohe reef flat depth / » 2 m (Falter et al. 2004), the ratio
observed H, Mg »0.35 is similar to the H./h » 0.4 proposed by Gourlay (1996).

Mean’Stokes drift vectors during the winter experiment were directed across the reef (Figure

5¢)NComputed U° was most variable on the forereef (range ~1-16 cm s™'; mean ~3 cm s™) but on
avérage was comparable to values on the reef at A2 and A3 (range ~1-5 cms™; mean ~3 cms™). On
the reef, Stokes drift on-average contributed ~25% of the total transport but its importance varied as

offshore wave conditions changed (Figure 7). Given that waves on the reef (sites A2 and A3) were
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mostly independent of offshore wave conditions, the relative importance of Stokes drift increased as

the incident wave forcing decreased to a point where it sometimes dominated over the Eulerian flow.

4.5 Wave setup

2
rms,0

A strong correlation was present between 1 and H,,, T, for representative sites on the’reef flat and

lagoon (Figure 8b,c), indicating that setup increased roughly proportionally to the mcident (deep water)

wave energy flux. Results of a nonlinear least squares fitting of 1 =aH” T™- b<{(15)] to the data

rims 0 p
indicated that m and n ranged between 1.8-2.9 and 0.7-1.0, respectively, averaging m =2.3 and n=0.8
(Table 4). This scaling is very different from the m =1, n =0 scaling from H99 [(5)], but consistent
with the m =2, n=1 scaling of GCO5.

Spatial variations in A are illustrated in Table 4 where’'values were calculated for H,__, =2 m

sy =
and T, =7 s using the nonlinear regression coeffiCients Computed for each dataset. For this wave
condition, i, ~6- 8§ cm on the reef flat (A2-andA3) and ~4 cm on both the back reef (W3 and W4) and
lagoon (W5). Thus, i, was not zero inSide,the lagoon (Figure 8a) as assumed in existing reef models,
instead representing ~60-80% of4heymaximum reef flat values /.. Wave setup also varied somewhat

alongshore (Table 4). For a given wave height, i was largest at the shallowest reef flat sites (A2 and
A3) near the alongshore center of the bay and slightly smaller at the deeper site (A4). This is not
surprising since over this shallower section of reef, more wave energy was dissipated by breaking, and

also when cofaparing equal rates of dissipation, setup gradients will increase in shallower water via (2).

S Modebapplication
Todapply the model in section 2 to Kaneohe, we first defined representative reef geometry parameters

(e, L..w h W, h and forereef slope). Given that the water depth is not uniform over the reef and

channel regions, we assigned uncertainties to these depths based on the typical range within each

region, and propagated this uncertainty through the calculations via Monte Carlo simulations.
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Therefore, a representative reef flat depth would be /4. =2+1 m, while the depths of the southern and
northern channels were assigned /#, =5+2 mand 12+3 m, respectively. A forereef slope (~1:60) was

taken from Lowe et al. (2005) (see Figure 15 in that paper). The overall widths of the twoeirculation

cells W

total

were defined as the distances from Kapapa Island to the northern and southern,extent of the
channels (Table 5). Apportioning W, ,, between channels and reef can be done byscalculating the slope
from a linear regression of U, versus U, for each cell (Figure 9), to estimate‘the fraction of the total

cell W /W,

tota.

, required to account for the observed flow exiting the.¢hannels via (8). This gave

W.IW

o = 0.71£0.16 and 0.73+0.13 for the southern and northern ¢ells, respectively (Table 5).
Both (10) and (12) assume a quadratic drag law hglds; hOwever, for cases where U,>>U", a

linear drag model may be more suitable (e.g., Mei }989). Choosing an appropriate drag law is
important, since this will directly control how the reef circulation scales with incident wave forcing,

i.e.: U will scale according to H,_ (or R, )if drag is quadratic, and to H,  (or f,) if drag is

linear. On the reef flat (A2-A3) where wave heights were mostly time-invariant (Figure 4a), a typical
rms near-bed wave velocity wasyU, ~0.4m s, making U, comparable to U” and thus ambiguous as
to which drag form should be’applied. Therefore, a quadratic drag law was considered; however, for
the sake of completeness. the influence of a linear formulation on the model results was investigated. A
linear regressiom.beétween the setup and current data was then used to compute quadratic drag

coefficients assuthing an estimated cross-reef length L =1500+ 200 m and lagoon-channel return path
L, 50002000 m for both cells (Figure 10). Reef C,,, and lagoon-channel C,  drag coefficients

(estimated from (6) and (11), respectively) were generally comparable and also similar for both the
southern and northern cells, ranging between 0.01 and 0.03 (Table 5). A similar analysis was also

conducted to calculate linear drag coefficients (not shown); however, this required estimating U
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which spatially decayed across the reef flat. Given that U typically ranged from 0.4 m s" on the
leading edge of the reef flat (A2-A3) to zero on the back reef, for simplicity a spatially-averaged 0.2'm
s was assumed for the system. This gave values of C¢,. and C¢,_ for the reef and lagoor-channel
regions, respectively, ranging between 0.01 and 0.02 (Table 5), thus similar to the quadratic
coefficients.

To illustrate the predicted cross-shore variation in H, , A, and U “eyerthe reef for the

rms >

southern cell, we first considered a ‘typical” wave condition as an example (4, , =2 m, 7, =7). The

rms,0

TG83 wave model was applied both with friction present [i.e., gsing the energy dissipation factor

f., =0.24 measured on the Kaneohe reef by Lowe et al. (2008)] and with friction turned off. We
assumed a spatially-uniform C, ~0.02, given the sifnilarity between measured C,, and C, . (see

above). In addition, we assumed an initial offshore Wave height that reproduced the same H,_ _ on the

forereef (i.e., as directly measured at site W.1) after the effects of shoaling and friction had been

assessed. Thus, including friction required a'slightly larger initial H, , =2.4m to produce the same

rms,0

forereef H,_ (Figure 11b), implying that frictional damping offshore of W1 reduced the wave height

by ~20%, which is comparableso the difference observed between the forereef and offshore wave buoy
(Table 2). When compared to the no-friction case, the inclusion of friction also significantly reduced

H,, . on the reef flat,'which gradually decayed shoreward.

Althouglrthe model slightly overpredicted observed A, and f, by ~20%, it did predict that /1,
wilLbe ~60% of f_, a ratio consistent with observations (Figure 11¢). Furthermore the model also
matched observed U’ when setup in the lagoon was accounted for (Figure 11d). However, because the

height of waves incident to the surfzone was fixed for comparison purposes, there were no appreciable

differences in both i and U* between the runs with and without wave friction. In simulations of the
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winter experiment period, the model based on the default quadratic drag law reproduced U well, but
tended to slightly underestimate the variability in current fluctuations that result from variation in
H,,., (Figure 12). The model with linear drag tended to better reproduce this wave-driven variability
in U”, but overpredicted the amplitude of the current fluctuations some of the time. (Finally, the model

also indicated that Stokes drift should be the dominant transport mechanism onfthesforereef and also in

the vicinity of the reef crest (Figure 11e).

In contrast, it is clear that H99 [via (5)] significantly overpredicts 1Y (by a factor ~3) (Figure
11c). While the H,  distribution from H99 [via (4)] correctly predieted the total reduction in H, by
breaking (not surprising since the observed g, =0.3 wasased), the decrease in H,  through the

surfzone occurs much more rapidly than predicted by"I G83 (Figure 11b), which led to much stronger

radiation stress gradients that enhanced Ai,. Combined with the fact that H99 neglects lagoon setup, it
overpredicted U! by a factor of ~2. GCO03,do ot attempt to predict the particular H,, distribution
and instead relate A1, to the total dissipation in the surfzone, which increases proportionally to an
empirical “reef profile shape faCtor” K, that they find increases with reef slope from ~0.2 to 0.8 [see
(17) in their paper for details}. While GCO5 with K, =0.8 overpredicted f1, by a factor of ~4 (not
shown), predictions bsing- K , =0.2 were in good agreement with observations (Figure 11c¢).

Nonetheless,£GC03 still overpredicted U’ by ~20%, due to the model’s neglect of A, .

6 Discussion and conclusions

6.4, ‘Wave-driven circulation of Kaneohe Bay

Results from the study revealed that wave breaking was the dominant mechanism driving flow over the
reef flat and out the reef channels. Comparison of the reef flat (A2 and A3) and channel (A1 and AS)

current speeds, showed that the effective reef width . of each circulation cell was ~3 times larger
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than the corresponding channel width /¥, indicating that the bulk of the total alongshore reef length

supported an onshore wave-driven flow.
In contrast, the weaker subtidal currents in the lagoon (A6 and A7) suggested that swave forcing

may play a much smaller role in the overall lagoon circulation. To some degree this is"expected, since

the cross-sectional area of the deep lagoon (4, L, ~ 16,000 m’) is much greater than‘the cross-sectional
area of each reef cell (£ W ~4000 m’). Consequently, an average reef curfent-speed U, ~ 0.1 m s

(Table 3) would only induce a lagoon current U; ~ 0.02 m s™', if it is aSsumied that mass is conserved

across the reef to lagoon (i.e., U hW =U, h,L,). As aresult, anyswave-driven current signal measured

in the lagoon should indeed be very weak, and may be comparable or dominated by subtidal currents
induced by winds and buoyancy (Bathen 1968). The cenceptual model did assume that flow
originating near the reef crest (A2 and A3) crosse$, the entire reef flat before entering the channels;
however, it is impossible to precisely quantifyhow,/much of the total flow crossing the reef directly
penetrated into the lagoon from limited pointsmieasurements of these very weak lagoon currents. It is
possible that only some fraction of'the volume of water initially crossing the reef (A2 and A3) actually
entered the lagoon, and for exaimple, fed the channels along the back edge of the reef. This would

serve to reduce the return flow*path length L ; however, we note that in the calculations we assigned
L, to have a large (40%)uncertainty for this very reason. A reduced L, would ultimately increase our
estimates of Cpysince both ¢, and A, in (12) are fixed by the measurements (Figure 10). Regardless,

any uncertdinty’in L should not alter the dominant momentum balances governing setup and

cir¢ulation in this system.
Further support for the robustness of using 1D cross-shore mass and momentum equations in
this inherently 2D system, is that it appears to provide accurate estimates of both setup and wave-

driven transport. However, this is not entirely surprising given that many beach studies have also
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found that the application of these same 1D equations along a sequence of transects alongshore can
often be sufficient for estimating flows that may be ultimately 2D in terms of their spatial structure.
For example, for topographic rip currents, Bellotti (2004) used data from Haller et al. (2002) to show
that consideration of two 1D cross-shore momentum transects across a bar and through.a'rip channel
could accurately predict the alongshore setup variability responsible for driving these flews when

W.IW,

" . Was small, a reasonable assumption for Kaneohe Bay (Table 5). Other,-more general studies
of topographic-driven alongshore flows, have shown that when the ratio of cross-shore to alongshore

length scales of the bottom topography (~L, /W,

total

) is small, a cross-shore momentum balance
governed by (2) that neglects gradients in the alongshore compontent of the radiation stresses (S, )

should accurately predict the alongshore setup gradients$ that dominate the momentum balances of these
flows (e.g. Putrevu et al. 1995; Apotsos et al. 2008b).. For the circulation cells in Kaneohe Bay,

LIW

o ~ 0.4-0.7, which is not very small but still less than unity. In general, the detailed spatial
structure of wave-driven flows on reefs can ‘eertainly be most accurately captured through direct
application of sophisticated 2D coupled wave-circulation numerical models. Nevertheless, this simple
model based on a pair of 1D ¢foss-shore momentum balances appears to be a particularly useful tool
for illustrating how the morphology and bottom roughness of reefs fundamentally controls setup and

circulation in coastally=bounded reef systems.

6.2 Role ofxeef morphology and roughness on setup and circulation of reefs

Maximum setup, /7. on the Kaneohe reef increased proportional to the incident wave energy flux (i.e.,

IV 5

rms,,0

T},), consistent with the scaling proposed by GCO05 and also predictions from the TG83

model(Figure 12). However, for the range of incident wave heights encountered during the

experiment, the magnitude of /1 itself (<10 cm) was much smaller than previous observations on

steeper atolls and barrier reefs (>50 cm, see Gourlay 1996 for a review). This is apparently due to the
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mild slope of the Kaneohe reef (~1:60), which serves to reduce A, in at least two ways: 1) it allows for
significant frictional wave dissipation on the forereef prior to breaking and 2) it alters the dynamics of
breaking and distributes the overall rate of dissipation over a wider surfzone. The former effect was
apparent in Figure 11b, where it was necessary to initialize the wave model with frictiomusing a ~20%

larger H,, , (or ~40% larger offshore wave energy flux) to generate the same f;. assthe case without

friction. The latter effect has been studied in detail on reefs by, e.g., Gourldy (1996) and Nielsen et al.

(2008), who showed that for a given incident wave condition, . can‘increase by a factor of ~4 as

forereef bottom slopes increase from order ~1:100 to ~1:1. Combined with the fact that the Kaneohe

reef is deep (4. ~2 m), compared to many other reefs with«rests ficar mean sea level, the Kaneohe
reef also has a much larger threshold breaking height A, , making setup generation extremely

inefficient in this system.

Once h, is generated, the strength of théwwdve-driven flow will ultimately be controlled by the

morphology and bottom roughness of the*reef-lagoon region shoreward of the surfzone. In a classic
view of coral reefs, the mean water level in the lagoon is generally assumed to be approximately equal
to the open ocean, i.e., it is assagted that the lagoon and channels are sufficiently deep and/or wide such
that friction on the returh.flow is negligible. Conversely, on beaches setup is traditionally assumed to
progressively increase,past the break point as wave energy is dissipated gradually shoreward (Bowen
1968). Even intopographic rip systems, where a shoreward flow is present over a bar, frictional
resistancein the rip current cell is strong enough, in many cases, to maintain a dominant momentum
balance aeross the bar between setup and radiation stress gradients alone (i.e., Reniers and Battjes

1997; Haller et al. 2002). Reef-lagoon systems such as Kaneohe Bay generally sit somewhere between

these two extremes, since f1, is not negligible yet is still much less than fi,. With the flow across the

reef U’ specifically controlled by A - A, , the momentum balance on the return flow that controls f,
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must be carefully considered, with particular attention being given to the lagoon-channel geometry.

For a given reef geometry (fixed W., L, , h and forereef slope) and incident wave forcing, i, should
increase either when: 1) L_ /A, increases due to an increase in the return flow path length and/or a
reduction of the lagoon-channel depth; or 2) W_ /W, , decreases due to a relative reductign’in channel

width. As an example, the former effect can be investigated using the simple ndfodel of Kaneohe Bay

by holding the reef geometry and channel width constant, and hypotheticallywatying L /#4_, i.e., by
increasing the lagoon and channel depths (Figure 13). For this system, the predicted A, /f, varies
from ~1 for L /h ~0.005 to ~0 for L /h, ~0.01. The variation i /1, between these two limits
causes U’ to vary by a factor of ~5.

Finally, bottom roughness and its spatial variability is clearly a key factor controlling U”. On
the reef flat, estimates of C,,, » 0.02 were very similar to values measured on other reefs
(Cp, »0.01- 0.05; Lugo-Fernandez et al.,"k998; Jones et al., 2008; Hench et al., 2008). Although Cp,
is greater than the C, ~ 0(0.001) typically observed on relatively smooth sandy beaches (e.g.,
Feddersen et al. 2003), this vdlug=s-still much smaller than the C,,, = 0.1 assumed by H99 for
Kaneohe Bay. Evidently~H99 required such an abnormally high C,,, to produce reasonable currents at
this site, given thefmodel’s over prediction of A and its neglect of setup inside the lagoon. Estimated
lagoon-channéhdrag coefficients C;, . » 0.01- 0.02 were comparable to C,, , , suggesting that C,, may

be surprisingly uniform across this system. This may be due to the fact that the lagoon and channels
are mtetsSpersed by numerous ‘patch reefs’ (biogenic carbonate structures formed by coral that extend
over most of the water column; see Figure 1). These patch reefs may locally serve to increase effective

C,, ’s to order 1 or larger (Reidenbach et al. 2006; Monismith 2007) thus augmenting the spatially-
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integrated C), ’s that were measured. Lastly, both the measurements and model predictions indicate

that wave-current interactions on coral reef flats can potentially have a major influence on the response

of the system-wide circulation to incident wave forcing, by controlling the scaling of bed stresses with
U’ . For systems such as Kaneohe, the importance of these wave-current interactior@r ary

considerably across the system, due to the high degree of spatial variability in aXergy, current

speeds, and physical bed roughness. /Q%’
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Appendix A: Wave setup analysis

Subtidal mean water level variability i was evaluated by decomposing the burst-averaged pressure
data as P=Pu,+n+h, where P, is atmospheric pressure, 4 is the still-water depth, and # is the water
level associated with tides and wave setup. We assume that # on the forereef sites (WA=and W2) only
varied with tides, i.e. set-down was negligible here (this was justified a posteriori; See Figure 11c).
This defines a reference pressure Py, such that for each site, we obtain DP Z1% h="h, , where

DP° P- F,. We note that possible flow noise effects on DP, due to the ‘dynamic pressure field of the

waves (see Raubenheimer et al. 2001), were estimated to be negligible based on observed and modeled
(via section 5) near-bed wave velocities evaluated between gach pair of sites.

Subtidal variability was obtained by applying a®PIs4 filter (Beardsley et al. 1985) such that
DP=H+h-f,, (14)
where the overbars denote low-pass filtered vasiables. To evaluate how A scales with incident wave

conditions, note that existing analyticalynod€lS of reef wave setup A (see section 1) scale by

R =aH"

0,rms

T'-b, (15)
where a and b are empirical constants and m and » are coefficients describing the scaling of i with

respect to the offshoreawave forcing. (14) can then be rewritten as DP = aH msoly = €, where

c® b- h +h, is a constant for each site. Through a nonlinear least-squares regression of DP versus
H,s,0 and T, th&ycoefficients (a, ¢, m and n) and their uncertainty were evaluated. However, to
evaluateghe)magnitude of i1 via (15), the coefficient b must first be calculated given that the pressure

s€hsors were not leveled. This coefficient can be obtained from the current measurements by

evaluating the threshold wave height . below which the wave-driven circulation turns off (see Figure

6). At this threshold where H = H , setup /1 on the reef is zero such that b = aH'T) .
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Table 1. Instrument locations, configurations and deployment information. Two sampling
strategies were employed: 1) a long-term (~10-month) deployment at representative sites on the
forereef, reef flat, and in the lagoon; and 2) a shorter (~2 month) deployment in winter 2006 where

several additional instruments were added to the base array.

Site Instrument Depth Bin size Conditions Deployment Duration
(m) (m) measured

Al ADCP 6.3 0.15 currents =7 January 2006 — 64
(channel) (1200kHz) 22 March 2006

A2 ADCP 2.0 0.05 curreuts, 07 June 2005 — 272
(reef flat) (1200kHz) waves 24 March 2006

A3 ADCP 2.0 0.05 currents, 07 June 2005 — 240
(reef flat) (1200kHz) waves 22 March 2006

A4 ADCP 5.1 0.10 curtents, 17 January 2006 — 65
(reef flat) (1200kHz) waves 23 March 2006

AS ADCP 11.4 0.30 currents 17 January 2006 — 64
(channel) (1200kHz) 22 March 2006

A6 ADCP 15.3 0.50 currents 18 January 2006 — 65
(lagoon)  (600kHz) 24 March 2006

A7 ADCP 15.8 0.50 currents 18 January 2006 — 64
(lagoon)  (600kHz) 23 March 2006

Wi SBE 26 8.1 - waves 07 June 2005 — 282
(forereef) 22 March 2006

w2 SBE 26 7.9 - waves 15 January 2006 — 66
(forereef) 22 March 2006

W3 SBE26 2.7 - waves 21 January 2006 — 57
(reef flat) 19 March 2006

W4 SBE 26 2.5 - waves 21 January 2006 — 57
(recfflat) 19 March 2006

W5 SBE 26 23 - water 29 Sept 2005 — 167
(Tagoon) level 22 March 2006
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Table 2. Root-mean-squared wave heights (H __, mean and standard deviation), correlation

rms >

coefficients R, between H,,

\

and the local tidal depth, as well as R between H,_ and the

wave \

offshore wave height H Stokes drift estimates (U*°, mean and standard deviation)pand-the

rms,0 2
median fraction of the local mass flux due to Stokes drift. Italicized correlations(are,significant to

95%; bold correlations to 99%. *’s denote results based on the entire 10-month record.

Hyps [m] U [ems,] |US|/ |UE +US|
Site mean (SD) Rige Rwave mean (SD) .
median
WO 1.62(0.40) -0.08 1.00 o -
WO* 1.41(0.38) 0.12 1.00 - -
W1 1.29 (0.34) -0.08 0.90 ,=3.7%2.0) -
W2 1.16 (0.28) -0.07 0.89 3.0 (1.5) -
w2* 1.01(0.32) 0.16 092> ,2.3(1.7) -
Al - - - - -
A2 0.40 (0.06) 0.76.%0.24 2.9(0.5) 0.27
A2* 0.36(0.08) 0.68 0.30 2.4(0.8) 0.36
A3 0.43 (0.05) ,0.89="0.16 3.3(0.4) 0.17
A3* 0.40(0.07) 072 032 3.0(0.7) 0.21
A4 0.64 (0.11) 033 0.67 1.7 (0.5) 0.25
A5 -

W3 03270.07) 047 058 1.0(0.4) ;
W4 0.45%Q.08) 0.41 0.80 2.1(0.7) _
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Table 3. Depth-averaged Eulerian current statistics, expressed in cm s™'. Time-averaged current

vectors and current ellipse axes, with the axes values representing one standard deviation of the

variability. Magnitude of the tidal current amplitude for the M2 component inferred via‘harmonic

analysis. R, defined as the square-root of the total current variability explained by the harmonic

analysis. Correlation coefficient R

into the bay) with the offshore rms wave height H

wave

rms,0 *

of the subtidal (38-hour low pass filtefed)scutrent (positive

Threshold rms wavesheight H . inferred

from subtidal currents. Italicized correlations are significant to 98%; bold-italicized correlations to

99%. *’s denote results based on the entire 10-month records

Average Eulerian current Principal compgnent axes M2 current

Site Magnitude  Direction  Major Minor ,Orientation amplitude Rige Ruwame H,[m]
Al 11.5 40 10.0 16 39 7.1 0.61 -0.93 0.8+0.1
A2 9.0 230 6.4 3.5 246 1.9 0.26 0.85 0.7+0.1
A2* 5.4 231 6.0 33 245 2.0 0.28 0.84 0.7+0.1
A3 17.1 275 8.9 V.8 264 1.9 0.26 091 0.6£0.1
A3* 12.6 280 8.7 1.9 267 2.1 0.29 094 0.6+0.1
A4 5.6 343 4.1 2.3 336 2.0 0.48 0.88 0.7+0.1
A5 8.7 44 9.5 1.1 43 4.2 0.56 -0.81 0.8+0.1
A6 0.7 147 4.5 0.7 146 3.8 0.81 0.22 -

A7 1.5 9 6.6 0.8 357 4.1 0.71 -0.31 -
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Table 4. Wave setup scaling. Nonlinear regression coefficients m and n based on a fit governed by

A =aH"

rms 0

T; - b [(15)], and the coefficient of determination for the best fit (R?). Setup estimated

from the regression coefficients for H,, , =2 mwith 7, =7 s. Uncertainties represent.the,95%

rms,0
confidence intervals for the nonlinear least squares parameter estimates. *’s denoteresults based on

the entire 10-month record.

Site m n R4\ [cm]
A2 (reef flat) 1.840.4 0.8+0.2 096 7.7+3.8
A2* (reefflat)  2.3+0.2 1.0+0.2 £0.90, 7.9+£3.5
A3 (reefflat) 2.0£0.4 0.7£0,2° 096 5.6+2.3
A3* (reefflat) 2.4+0.3 0.9+0.2{ 0:93 5.9+2.0
A4 (reefflat) 2.9+0.7 0J7%0.4 "0.88 4.0+2.2
W3  (back reef) 2.8+0.8 (07+04 0.87 3.9+2.1
W4  (back reef) 2.3+0.7~ 0%+0.4 0.86 3.64+2.0
W5 (lagoon) 2.3+0.6 0:7+0.4 0.86 4.3£1.9
W5* (lagoon) 24404, 70.8¢0.3 0.85 4.4+1.7
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Table 5. Reef geometry parameters, and estimated quadratic (C,,, ,C,, . ) and linear (C§, ,C$.)

drag coefficients derived for the reef and lagoon-channel regions, respectively. Values are shown
for each of the two dominant circulation cells (southern and northern). Uncertainties denote the

95% confidence intervals of the parameter estimates.

VVtotal (m) Wr / VVtotal CD ” CD,c CS: 5 Cg c

South cell 2300+400 0.71+0.16 0.031+0.019 0.015+0.009 0.023ib.013 0.014+0.009
North cell 3800+400 0.73+0.13 0.0114+0.006 0.009+0.006,,_0.013+0.007 0.008+0.005
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Figure captions

Figure 1. a) An idealized cross-shore reef transect having the following distinctive features: a
sloping forereef, a shallow reef flat and a relatively deep lagoon. The dominant momentumuterms
(equations) are shown, with the surfzone represented as a transition zone. Wave bteaking on the
forereef causes wave setup (dashed line) that drives a cross-reef flow towardssasdeeper lagoon. For
lagoons bounded by a coastline (not shown), the flow returns to the ocean via reef channels (also
not shown). Note that the vertical scales of the bathymetry and wave\setup are both highly
exaggerated. b) Plan view of an idealized reef-lagoon-channel™System bounded by a shoreline,
denoting the distinct reef (below the dashed line) and chafnel regions (above the dashed line).

Flow moves from points A through D.

Figure 2. Kaneohe Bay, Oahu, Hawaii. a) Quickbird aerial photograph (© Digitalglobe) with the
instrument locations superimposed. The offshere wave buoy (not shown) is located ~8 km
southeast of Mokapu peninsula bounding,the southern end of the bay. b) The bathymetry,

highlighting its dominant morphological features.

Figure 3. Physical forcing conditions during the winter experiment. a) Tidal elevation. b) Offshore

rms wave height H,  “measured by the offshore wave buoy (WO). ¢) Offshore peak wave period

T, . d) Offshore teamywave direction g, (note that 45° is the shore-normal direction).

Figure 4. a) Time-series of rms wave height H,,,, measured on the forereef (site W1) and reef flat
(site“A2) during the winter experiment, based on raw (non-subtidally filtered) data. b) Local wave
hetght versus local water depth on the forereef at site W1. c) Local wave height versus local water
depth on the reef flat at site A2. The dashed line represents the depth-limited maximum wave

height H =g.h, with g =0.3, above which waves were not observed.

rms,max
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Figure 5. a) Time-averaged Eulerian current vectors, b) principle component ellipses (radii
represent one current velocity standard deviation), ¢) time-averaged Stokes drift vectors, and d) M2
tidal ellipses. All data is from the winter (~ 2 month) deployment and based on the total flow
variability (i.e., non-subtidally filtered). Note the differences in the velocity scales’between the

figures.

Figure 6. Subtidal Eulerian current speeds U” along the principal major axis; Teasured at the a)
reef flat (site A2), b) channel (site A1), and c) lagoon (site A7), as a function of the rms offshore

wave height H

rms,0 *

Figure 7. a) Time series of subtidal Eulerian velocity Z* and/subtidal Stokes drift velocity U* ,

along the principal major axis at A2.

Figure 8. a) Time-series of subtidal variabilify in wave setup I measured on the reef flat (A2) and

in the lagoon (W5), during the winter deployment. Wave setup versus H> T, ', plotted for the

rms,0

entire 10-month experiment, as measured on b) the reef flat (A2) and c) inside the lagoon (W5).

Figure 9. Linear regressiony( y==.Ax ) used to estimate an effective reef width W for the two
circulation cells. Note‘that'a zero y-intercept was assumed in order to satisfy (7). a) South
(Sampan channel)eell'ysing the depth-averaged transport (Eulerian plus Stokes drift) at reef A2 and
channel A1 sites«(R’=0.78). b) North (Ship channel) cell using the depth-averaged transport at reef
A3 and4hannel A5 sites (R’=0.56). Solid gray lines represent the best linear fit to the data; dashed

lines bound the 95% confidence limits of the line of best fit.

Figure 10. Linear regression ( y = Ax ) of subtidal water level differences versus Eulerian current

speeds squared, used to infer quadratic drag coefficients. a) Water level difference between A2

and W5 versus the reef current squared at A2 (R’=0.57). b) Water level difference between A3 and
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W5 versus the reef current squared at A3 (R’=0.34). ¢) Water level difference between W5 and the

channel exit (where A is assumed to be zero), versus the channel current squared at A1 (R’=0.70).

d) Water level difference between W5 and the channel exit, versus the channel current squared at
A5 (R?=0.63). Solid gray lines represent the best linear fits to the data; dashed lings bound the 95%

confidence limits of the lines of best fit.

Figure 11. Model results across the reef obtained using TG83 (with and without wave friction),

applied to the southern circulation cell for H,, , =2 m, T, =7 snote the lagoon-channel region

is not shown). Squares are derived from field data, based ondeprésentative values when H, =2

rms,0
m (i.e., based on the regression coefficient in Table 4 fof setap). Error bars are derived from

uncertainties in the regression coefficients. For comparison, predictions from H99 and GCO05

(K, =0.2) are also included. a) Assumed cross-shore depth profile; b) wave height distribution

H_ ; c) setup distribution /1 ; d) depth-ayerage Eulerian current speed U” ; and e) depth-averaged

rms %

Stokes drift speed U* . Note that the H99 model is applied using the same parameters

recommended in that paper (ie., usifig different g’s on the forereef and reef flat), except we use a
slightly smaller g. =0.3 to'reflect the observed reef flat wave heights (see Figure 4). The TG83

model is applied with-the identical parameter values used in Lowe et al. (2005).

Figure 12. Timesseries of field observations and model predictions using TG83 (including wave

friction)nduring the winter experiment period, of: a) reef-top setup /1, (at A2), b) lagoon setup f,
(at'W5)%nd ¢) Eulerian current speed U’ (at A2). Model predictions are shown for both quadratic
feiction (C,, =0.02) and linear friction (C}, =0.02), based on a representative near-bed wave

orbital velocity U, =0.2 ms™. Model skill values (i.e., calculated via Warner et al. 2005) were:

0.94 (quadratic) and 0.94 (linear) for A, ; 0.90 (quadratic) and 0.86 (linear) for A, ; and 0.84
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(quadratic) and 0.90 (linear) for U”. Perfect agreement will yield a skill of one, whereas complete
disagreement will yield a skill of zero. Corresponding R’ values were: 0.94 (quadratic) and 0.94

(linear) for A_; 0.82 (quadratic) and 0.81 (linear) for 7, ; and 0.80 (quadratic) and 0.78 (linear) for

UE

Figure 13. Effect of varying lagoon-channel dimensions on a) setup distribation1 , and b) cross-

reef Eulerian current U” speed for H, _, =2 m, 7=7 s. The model is applied using the same reef

rms,0
dimensions for Kaneohe Bay used in Figure 11 (L, , /4., W, forereef slope) and a fixed channel
width W, with C, =0.02. The return path length L is.dlso-held fixed and the lagoon-channel

depth £ _is varied. Note that for small & /L , U" omghe forereef (x<0) is directed offshore to

offset the relatively strong Stokes drift in this xegién,ji.e. to conserve the total mass flux g across the

reef.
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Figure 1. a) An idealized-cross-shore reef transect having the following distinctive features: a
sloping forereef, a Shallow reef flat and a relatively deep lagoon. The dominant momentum terms
(equations) are shown, with the surfzone represented as a transition zone. Wave breaking on the
forereef causesswave setup (dashed line) that drives a cross-reef flow towards a deeper lagoon. For
lagoons bounded by a coastline (not shown), the flow returns to the ocean via reef channels (also
not shown),/Note that the vertical scales of the bathymetry and wave setup are both highly
exaggetated. b) Plan view of an idealized reef-lagoon-channel system bounded by a shoreline,
denoting the distinct reef (below the dashed line) and channel regions (above the dashed line).

Blow moves from points A through D.
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igure 2. Kaneohe Bay, Oahu, Hawaii. a) Quickbird aerial photograph (© Digitalglobe) with the
instrument locations superimposed. The offshore wave buoy (not shown) is located ~8 km
southeast of Mokapu peninsula bounding the southern end of the bay. b) The bathymetry,
highlighting its dominant morphological features.
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Figure 35Physical forcing conditions during the winter experiment. a) Tidal elevation. b) Offshore
rms ‘Wave height H

measured by the offshore wave buoy (WO). ¢) Offshore peak wave period
Ty d)yOffshore mean wave direction g, (note that 45° is the shore-normal direction).
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Figure 4. a) Time-series of rms wave height’H,,,, measured on the forereef (site W1) and reef flat
(site A2) during the winter experimentybased on raw (non-subtidally filtered) data. b) Local wave
height versus local water depth on\the forereef at site W1. c) Local wave height versus local water
depth on the reef flat at site A2. The dashed line represents the depth-limited maximum wave

height H =g.h, with'ghn="073, above which waves were not observed.

rms,max
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represent one.cu velocity standard deviation), ¢) time-averaged Stokes drift vectors, and d) M2
tidal ellips ata is from the winter (~ 2 month) deployment and based on the total flow
Variabiljwip. non-subtidally filtered). Note the differences in the velocity scales between the
figures.
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Figure 5. a) Tig%;aged Eulerian current vectors, b) principle component ellipses (radii
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Figure 6. Subtidal Eulerian current speeds U” along the principal major axis, measured at the a)
reef flat (site A2), b) channel (site A1), and c¢) lagoon (site A7), as a function of the rms offshore

wave height H
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Figure 7. a) Time series of subtidal Eulerian velocity, U” and subtidal Stokes drift velocity U* ,
along the principal major axis at A2.
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Figure 8. a@series of subtidal variability in wave setup 1 measured on the reef flat (A2) and

rms,0" p

in the MWS), during the winter deployment. Wave setup versus /4> T  plotted for the

entire *k0-month experiment, as measured on b) the reef flat (A2) and c) inside the lagoon (W5).
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Figure 9. Linear regression (y = Ax ) used to estimate an effective reef width W_ for the two

circulation cells. Note that a zero y-intercept was assumed,in order to satisfy (7). a) South
(Sampan channel) cell using the depth-averaged transport (Eulerian plus Stokes drift) at reef A2 and
channel A1 sites (R*=0.78). b) North (Ship charinel) ¢ell using the depth-averaged transport at reef
A3 and channel A5 sites (R°=0.56). Solid gifay line§ represent the best linear fit to the data; dashed

lines bound the 95% confidence limits of/the line of best fit.
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Figure 10. Linear regression ( y = Ax ) of subtidal water level differences versus Eulerian current

speeds squared, isedhto infer quadratic drag coefficients. a) Water level difference between A2
and W5 versus,the feef current squared at A2 (R’=0.57). b) Water level difference between A3 and
W5 versus-the teef current squared at A3 (R’=0.34). ¢) Water level difference between W5 and the
channeléxit (where A is assumed to be zero), versus the channel current squared at A1 (R’=0.70).
d) Water level difference between W5 and the channel exit, versus the channel current squared at
A5(R20763). Solid gray lines represent the best linear fits to the data; dashed lines bound the 95%
conifidence limits of the lines of best fit.
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Figure 11. Model results\actoss the reef obtained using TG83 (with and without wave friction),
applied to the southern circtilation cell for H,, ;=2 m, T, =7 s (note the lagoon-channel region
is not shown). Squagesrare derived from field data, based on representative values when H, =2

rms,0

m (i.e., basedson the'regression coefficient in Table 4 for setup). Error bars are derived from
uncertainti€$iin the regression coefficients. For comparison, predictions from H99 and GCO05

(K, =0%) arg’also included. a) Assumed cross-shore depth profile; b) wave height distribution
H, ") setup distribution A1; d) depth-average Eulerian current speed U”; and ¢) depth-averaged

Stekes-drift speed U* . Note that the H99 model is applied using the same parameters
recommended in that paper (i.e., using different g’s on the forereef and reef flat), except we use a

slightly smaller g. =0.3 to reflect the observed reef flat wave heights (see Figure 4). The TG83

model is applied with the identical parameter values used in Lowe et al. (2005).
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Figure 12. Timg-series-of field observations and model predictions using TG83 (including wave
friction), during theywinter experiment period, of: a) reef-top setup /1, (at A2), b) lagoon setup f,

(at W5) and%e) Bulerian current speed U’ (at A2). Model predictions are shown for both quadratic
friction (€, #0.02) and linear friction (C}, =0.02), based on a representative near-bed wave
orbital¥yelocity U, =0.2 ms™. Model skill values (i.e., calculated via Warner et al. 2005) were:
0.94 (quadratic) and 0.94 (linear) for A, ; 0.90 (quadratic) and 0.86 (linear) for A, ; and 0.84

nadratic) and 0.90 (linear) for U” . Perfect agreement will yield a skill of one, whereas complete
q - g

disagreement will yield a skill of zero. Corresponding R’ values were: 0.94 (quadratic) and 0.94
(linear) for A ; 0.82 (quadratic) and 0.81 (linear) for f1, ; and 0.80 (quadratic) and 0.78 (linear) for

UE
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Figure 13. Effect of varying lagoon-channel dimensions on a) setup distribution /1, and b) cross-

reef Eulerian current U” speed for H'

rmss0

=2 m, 7=7 s. The model is applied using the same reef
dimensions for Kaneohe Bay used in Figure 11 (L, , 4., W, forereef slope) and a fixed channel
width W, with C, =0.02. The t€turn path length L is also held fixed and the lagoon-channel

depth h_is varied. Note that¥orsmall 4 /L , U on the forereef (x<0) is directed offshore to

offset the relatively strong"Stekes drift in this region, i.e. to conserve the total mass flux g across the
reef.
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