Coastal Dynamics 2013

WAVE BREAKING EFFECTS ON MEAN SURF ZONE HYDRODYNAMICS
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Abstract

In this paper we analyze the wave flume data of 8(005) to better understand the mean (wave-agdyayrf zone
hydrodynamics. We compare the data to analyticatessions from literature and use the data to &eithe phase-
averaged modeling system Delft3D. Our analysis shthat the radiation stress and wave force arby faiiformly
distributed over the vertical below the wave trolg¥el, and best predicted by the Mellor (2008yrfala suggesting
that part of the radiation stress under non-brepiiaves is contained between the wave trough ave waest level.
The validation shows that the mean velocity profieenputed by Delft3D agrees fairly well with the asared data,
despite an overprediction of the turbulent kinetieergy and an underprediction of the roller fordpplying the
adjusted Mellor (2008) model and a vertically-dimited instead of a surface roller force might ioya the Delft3D
modeling results.
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1. Introduction

Wave breaking has a strong effect on surf zoneddydramics. Under breaking waves, the wave-driven
radiation stress gradient is not uniform over teptt, but highest near the surface from wheredteteses

to the bed. The opposing pressure gradient dueate \set-up has a (nearly) uniform vertical disthitu
This tends to result into a seaward wave-averagecrmt near the seabed and an onshore flow higher i
the water column. This vertical undertow profile asfected by wave-breaking induced turbulence,
especially near the surface, which enhances thenghof momentum.

The undertow is important for the current-relatedpended load under breaking waves. The balance
between this typically offshore-directed sand tpams and the typically onshore-directed bedload and
wave-related suspended load determines to a laggeed the cross-shore morphological evolution of
natural bed features (e.g. breaker bars) and humtenventions (e.g. shoreface sand nourishments).

In this paper we analyze the wave flume data ofr8d2005) to better understand mean surf zone
hydrodynamics and validate analytical and numerioaldels. In particular, we focus on the vertical
distribution of the radiation stress, wave for¢aghulence and undertow.

2. Analysislaboratory data Boers (2005)
2.1. Description experiments

Boers (2005) carried out very detailed velocity meaments in the 40 m long, 0.8 m wide and 1.05 m
deep wave flume of Delft University of Technologye uniqueness of this data set lies in the higttiaip
resolution, and the small measurement volume amplgag frequency such that turbulent motions were
accurately measured. The fixed bed profile was dasea natural beach and included two breaker bars
with a trough in between (see Figure 1). The stdter level was at 0.75 above the flume bottonthis
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paper we study data from two irregular wave (JON®Vgfiectrum) conditions: 1B and 1C. Table 1 shows
the experimental conditions, including the surfianty parametek. Figure 1 shows the significant wave
heights based on the measured spectrum and thestioee locations on which we focus our analyses.

Table 1. Wave conditions Boers (2005) experiments.

Case H o (M) T, (9 €(-) Breaker type
1B 0.206 2.03 0.31 Spilling
1C 0.103 3.33 0.71 Weakly plunging
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Figure 1. Measured wave heights (upper panel) addpbofile (lower panel). The dashed blue linehia lower panel
represents the still water level; the red linesrtteasurement locations on which we focus our dadysis (solid:
radiation stresses, turbulence and undertow; dasted: forces).

2.2. Radiation stresses

We start our analysis of conditions 1B and 1C wlith computation of the radiation stress. The raitiat
stress is the wave-averaged horizontal flux ofZzwrial momentum due to the wave motion. It is Ugual
defined in the context of the depth-integrated matoe equation (see Svendsen, 2006):

i J
j u’dz +— -pgD—-T,, (1)

-h

where p is the water densityx the horizontal directionu the velocity inx-direction, z the vertical
coordinatez = -h the bed levelz = { the water surface elevatio8, the radiation stress idirection that
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works on the plane normal to tiRelirection, D = (Z + h) the mean water depth arfgl , the bed shear
stress; the overbar denotes wave-averaging. In(BEgwe have omitted the mass flux term (steady
situation), the convective acceleration associatigd the mass flux in the wave, the surface stresswl
the viscosity term. The radiation stress is defibgdsee Stive & Wind, 1982):

{
DR
S. _jh(pu2+pu *+p)dz-= pgD?

jh(pﬁz + U= i’ - pw'?) dz-%pgi_z
¢

_J'h(pu + pu'? = P2 — pw' ) z+j:(pa2+pu'2—pv~\/2—,ow'Z)dz—%pgi_2
(2)

with {; the wave trough levely the vertical velocityp the pressure, and in which we have decomposed the
velocities in a wave-averaged, oscillatory and ulgbt component, i.eu=U+U+U'. Note that
turbulence is not always included in formulas fadiation stress, but we do consider turbulenceetpdrt

of radiation stress following Stive & Wind (1982 eessen (2012) showed that the contribution of the
turbulence terms to radiation stress is minor g Bwers experiments, except for at the breakewhare

the turbulence contributions reach 10-30% at thamsirface level compared to the dommﬁm term.

Since the pressure due to set-up is nearly unifover the depth (Nielsen, 1992), the depth-dependent
radiation stress below the wave trough level foldvom Eq. (2):

JR— —_— _— —_— 1 —_—
—_ ~2 12 ~ 2 12 2
Sgq = PU0° +pu"™ — pW* - pw —Epgi 3)
where we now use a lower case to indicate deptlesemt radiation stress in contrast with the uppse
for the depth-integration radiation stress (Eqg. 2)
Figure 2 shows the radiation stresses computed &sin (3), interpolated both along the bed prdditel in
the vertical direction. The figure shows that thdiation stress peaks at the two breaker barstheatdhe

stresses are higher for the more energetic 1B ddse.radiation stress appears to be fairly unifgrml
distributed over the water depth, except for cdatlthe most offshore-located breaker bar.
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Figure 2. Radiation stress based on measured vekir Boers cases 1B (upper panel) and 1C (loweelpa

Next, we compare the radiation stress as computed the measured velocities with expressions from
literature. Based on linear wave theory and assgirsimall wave amplitude, Longuet-Higgins & Stewart
(1964) (LHS64) derived the following expression floe depth-integrated radiation stress:

S.=(2n-0.9E ©)

for normal incident waves and withthe wave energy) = cj/c, ¢y the wave group celerity arathe wave
phase celerity. More recently, Mellor (2008) (M@8dpose for the depth-dependent radiation stress:

Sy = KE(FF —F Fy )+ FyE, (4)

with Fe, Fee, Fs Fss Shape functions depending on water depth and wawaberk. This expression is
based on linear wave theory tdy.represents the radiation stress between waveamdsivave trough and
equals 0.5E such that depth-integrated radiation stress edhalt HS64 expression. Mellor appligd at
the mean water surface. However, here we follow &uet al. (2011) and vertically distribute with thg
function:
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FB
e
[ FBdz
-h
2
FB:cos{H—(z+ h)} (5)

with a length that scales with the root-mean-squaase heightH,,.. Kumar et al. showed that this
updated vertical distribution reduced significantthe spurious flows that were created when
implementation the original M08 radiation stressiiog in Regional Ocean Modeling System (ROMS).

As discussed by e.g. Boers (2005) the breakingeieduoller between the wave crest and trough also
induces a mean horizontal momentum flux with a kieptegrated value of & with E, the wave roller
energy. The latter is estimated by Boers (2005¢dham1 the wave roller mass flux that follows frome t
measured wave-averaged velocities, the compute@ waass flux (Stokes drift) and the measured wave
phase celerity. In line with Kumar et al. (2011) wid distribute the roller contribution verticallysing Eq.

(5).

It should be noted that both the LHS64 and M08 risode not include the effect of turbulence. Althbug
the contribution of turbulence to radiation striss general minor (as discussed above), thisccexplain
differences between observations and computatespgcially near the water surface at the breaker ba

Figures 4 and 5 compare measured and computed-depémndent radiation stresses at four cross-shore
locations with

_z-{
D

g

(6)

the dimensionless vertical level. The LHS64 radiatstress is made “depth-dependent” by dividinigyit
the water depth.

These figures show that measured radiation stresseguite uniformly distributed over the waterwuh,
except inside the wave boundary layer. The strem®ebest reproduced by the M08 formula. Unfortelyat
we have no data to verify the presence and vertitstitibution of theEy and roller contributions, as we
discarded the measurement data above the wavehtiginge these were unreliable. Further comparison
shows that the LHS64 expression overpredicts riadiatresses in all cases, supporting the presaihae
stress between wave trough and crest for non-brgakaves. The radiations stresses are well pretifgye
the MO8 formula for the 1B case and slightly overjcted for the 1C case. According to the predistjo
the roller contribution becomes increasingly impattwhen approaching the shore.
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Figure 3. Depth-dependent radiation stresses atcfogs-shore locations for case 1B. Circles: medsitack solid
lines: LHS64, black dashed lines: LHS64 + rolldnebsolid lines: M08, blue dashed lines: M08 +ell
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Figure 4. Depth-dependent radiation stresses atcfogs-shore locations for case 1C. Circles: medsbtack solid
lines: LHS64, black dashed lines: LHS64 + rolldugbsolid lines: M08, blue dashed lines: M08 +enll
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2.3. Wave forces

Next we study the horizontal radiation stress grafjithe wave force that actually affects the nféam:

0

fo = ~ % )
0X

Note that we use a lower case to indicate deptlemgnt wave force. We only consider the area around
the breaker bar where measurement density wasdtigheh that reliable wave forces could be detexchin
This is also the location where wave forces arédsty The interpolated radiation stress field (FégR)
was used as basis to compute the wave forces. ahaed wave force is assigned to the horizontaitioos
in between two measurement locations (Figure urei 5 show the resulting wave force. Figuresd@an
compare the measured and computed wave forcesratross-shore locations.
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Figure 5. Wave forces based on measured velotitiedBoers cases 1B (upper panel) and 1C (lower panel).

Figure 5 shows that wave forces are negative dffshore-directed) at the offshore flanks of theaker
bars. As Eq. (1) shows, this is (mainly) compersdtg onshore-directed pressure force as the adreecti
and bed shear stress term are generally small §Seen 2006). This means the pressure gradient is
negative and thus set down occurs, in line witlothend the water level measurements of Boers (2005
At aroundx = 20.7 m (just before the crest of the breake),lihe wave forces switch sign and become
positive, leading to setup in accordance with tleasured water levels. The maximum wave forces occur
aroundx = 21.3 m, after which wave forces decrease in fihadg in through between the breaker bars.
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Figure 6. Depth-dependent wave forces at four esbsse locations for case 1B. Black lines: measurke, solid
lines: LHS64, blue dashed lines: LHS64 + rolled selid lines: M08, red dashed lines: M08 + roller.
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Figure 7. Depth-dependent wave forces at four eshsse locations for case 1C. Black lines: measunie@, solid
lines: LHS64, blue dashed lines: LHS64 + rolled selid lines: M08, red dashed lines: M08 + roller.
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Figures 6 and 7 also show the wave forces as caufuvm the M08 and LHS64 formulas. The figures
show that the difference between these two exmesss not as large as for the radiations stresgaish

is due to the fact that wave force results fromttbgzontal gradient of the radiations stress. Hmwgethe
agreement with the measured data is still besti®iM08 method. Both methods reproduce the offshore
directed (negative) wave forceat 20.46 m, followed by onshore-directed (positivgve forces at the
three more onshore locations. Including the rodlentribution gives higher negative wave forceshat t
most offshore location (as roller energy is incieg)s and higher positive wave at the most onshore
location (as roller energy is decreasing). In betwae see that the roller contribution changes sighe
vertical direction, which is mainly related to tekape function according to Eq. (5) with verticedle
related to the wave height. Furthermore, it app#dsasthe models perform worst close to the bed¢hvh
could be of significance for sand transport, aslsamcentrations are highest near the bed.

3. Delft3D modeling

3.1 Delft3D model set-up

Finally, we compare the data of Boers to computatiovith the numerical model Delft3D. Delft3D is a
phase-averaged 3D modeling system solving cougledt®mns for waves, currents, sediment transpalt an
bed level evolution (Lesser et al, 2004). The wanaelule supplies the wave forces, which containllarro
contribution imposed at the water surface:

F = ®)
’ C
and a depth-invariant part:
xw = _aai;x ~F )
with
Sy =(2n-0.5E+ X (10)

and whereD, the dissipation of roller energy. This is a sanilo Egs. (4) and (7) with the main difference
that the roller force is by definition positive Delft3D and applied at the surface only. The deptariant
wave force is mainly balanced by the pressure gradiwater level set-down and set-up), whereas the
roller force drives an onshore mean velocity in dipger part of the water column resulting in arslodire
mean velocity in the lower part of the water colutire so-called undertow).

The turbulence model includes source terms in twtequations for turbulent kinetic energy and uieht
kinetic energy dissipation to account for wave kieg and bed friction in the wave boundary layeneT
contribution due to wave breaking is linearly dmtted over half a wave height below the mean water
surface (Walstra et al.,, 2000). The (Eulerian) enirr velocities include offshore return currents
compensating for the onshore-directed Stokdg and roller mass fluxM,), with Mg = E/c and M, =
2*E,/c based on linear wave theory.

We have set up a 2DV Delft3D model to simulate Buers cases with a 0.2 m grid resolution in the
horizontal direction and 16-layers with the highest resolution near the waterface and the bed. The
time step was 0.6 s. Standard model settings wsed.uMore information on the model set-up can be
found in Neessen (2012).
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Delft3D was calibrated against the measured waighteand mean water levels, separately for Case 1B
and 1C. The top panel of Figure 8 shows that iregdrthe measured wave heights are well reprodoged
Delft3D. Some differences occur for the 1B case:rniodeled energy dissipation between4 and 14 m
and near the breaker bary21-22 m) is too low leading to a slight wave heigberprediction.
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Figure 8. Comparison between measured (crossed)alft8D simulated (solid lines) wave heights (uppanel),
roller energy (middle panel) and roller force (lovpanel) for 1B (red crosses, lines) and 1C (blesses and lines).

The figure also show the roller force accordindetp (8) withD, = 2K,gE,/c? (K, = 0.044) fitted by Boers
(2005) to the turbulent shear stress at the meaer\hevel that followed from an linear extrapolatiof the
measured turbulent stresses. These will be disdusgbe next section.

3.2 Turbulent kinetic energy and mean current

Figure 9 compares measured and predicted vertiofilgs of the mean turbulent kinetic energie]. This
figure shows that Delf3D tends to overpredit for both cases, especially at the two locatiorfereethe
first breaker bar= 19.7 and 20.7 m). The agreement is somewhagrbattthe two locations onshore of
the breaker bax(= 21.4 and 22.4 m). The increaskd in the wave boundary layer (both the magnitude
and the vertical extent) computed by Delft3D is verty apparent in the measured values.

Figure 10 compares measured and computed profilélseomean (wave-averaged) current. At all four
locations the mean current profile is offshore-ctieel due to the return flow (undertow) compensatarg
the onshore mass flux between the wave trough awe wrest. Delft3D tends to overpredict the underto
except for the two locations onshore from the beeddar k = 21.4 and 22.4 m) where the agreement is
good for Case 1B. The overprediction points to aerprediction of the mass flux, which could be
attributed to the wave height overprediction aswshin Figure 8 (mainly the 1B case). The measured
curvature in the mean current profiles is largantbomputed. This is mainly due to the underpramiabf
roller forces (Figure 8) and an overpredictionhaftke (Figure 9) at the considered locations.
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Figure 9. Comparison against measured (crosseSyianudiated (solid lines) vertical profiles of theeam turbulent
kinetic energy at four cross-shore locations foreCH3 (red crosses and lines) and 1C (blue crosselinasil
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Figure 10. Comparison against measured (crossesjigmthted (solid lines) vertical profiles of theam current at
four cross-shore locations for Case 1B (red crossadirges) and 1C (blue crosses and lines).
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4, Conclusions and recommendations

The main conclusions from the analysis of the wHume data of Boers (2005), and the comparison
between this data-set and analytical expressiotnOatft3D are:

1. Below the wave trough level, the radiation stresd #he associated wave forces are fairly
uniformly distributed over the water column.

2. The formula of Mellor (2008) better reproduces nuees depth-dependent radiation stresses and
wave forces below the wave trough level than thptldéntegrated Longuet-Higgins (1964)
approach, suggesting that part of the radiatioesstunder non-breaking waves takes place in
between the wave crest and wave trough. Largesatitevs occur in the lower part in the water
column, which could be of great importance for saadsport, as sand concentrations are highest
near the bed.

3. The Delft3D model generally overpredicts the tuenmtl kinetic energy and underpredicts the
roller forces, resulting in an underprediction loé¢ tturvature of the mean current profile. Despite,
it reproduces the measured mean current profilely faell. Agreement between measurements
and observations is best onshore from the firskeebar.

Based on this, we recommend testing the Mellor §008odel as adjusted by Kumar et al (2011) for the
vertical distribution of the radiation stress andreatically-distributed instead of a surface rolferce
within Delft3D, as this might improve the compute@an velocity profiles. Furthermore, we recommend
investigating how the vertical gradient of the méanizontal velocity depends on the (vertical dlsttion

of) wave forces, turbulent viscosity, pressure &mdl shear stress to better understand the physical
processes driving the undertow, and to assess windctiel components need further improvement.
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