LABORATORY EXPERIMENTS OF BICHROMATIC WAVE GROUPS PROPAGA TION ON A
GENTLE SLOPE BEACH PROFILE AND ENERGY TRANSFER TO LOW AND HIG H
FREQUENCY COMPONENTS

Enrique M. Padilldand José M. Alsina

This work presents a first analysis of experimental dataystgdthe influence of the frequency bandwidth on the
propagation of bichromatic wave groups over a constantOlbBach slope. The use of a large spatial cross-shore reso-
lution and Bi-Spectral analysis techniques allows thetifleation of nonlinear energy transfers along the propagat

of wave groups. During wave-group shoaling, nonlinear dogpbetween the primary wave frequencies results in a
larger growth of superharmonics for narrow-banded wavelitions, increasing the skewness of the wave and leading
to eventual instabilities and earlier high frequency (héver breaking compared to the broad-banded wave condition.
Regarding the growth of low frequency (If) component, theadanalysis has shown a larger growth of the incident
bound long wave (IBLW) for broad-banded wave conditionss tienerally assumed that the transferred energy from
the primary wave components to subharmonics does fiiettahe short wave energy budget. Here, the opposite is
hypothesised, and a larger growth of the IBLW for broad-leahdave conditions is accompanied of a larger reduction
of the primary wave components, a reduced growth of hf coraptsnand, consequently, a reduction in the growth
of hf wave asymmetry during wave group shoaling. Convert@iyarrow-banded wave conditions, a reduced IBLW
growth is associated with a larger growth of hf wave asymyneifter hf wave breaking, within the low frequency
domain (If), the IBLW decays slightly for narrow-banded ddions, consistent with a reduction in radiation stress
forcing. This involves a nonlinear energy transfer fromwhee group frequency back to hf components. The remain-
ing If energy, Outgoing Free Long Wave (OFLW), reflects backha shoreline. However, for broad-banded wave
conditions, strong dissipation and minimal reflection afdmponents occurs close to the shoreline, which might be
caused by If wave breaking.
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INTRODUCTION

The grouping of hf waves and the presence of associated lbngare characteristic features of ran-
dom segswell wave conditions propagating to the coastline. Durirage group shoaling, nonlinear cou-
pling between primary frequency components causes a negyetransfer to those being subharmonics
and superharmonic of the primary incident components. Tbel of low and high frequency compo-
nents during wave group shoaling has been traditionalbtédk separately in the literature although both
mechanisms interplay.

Focusing on the wave grouping, a random sea state may beegtiua bichromatic wave condition
where the group modulation is performed by the combinatfamty two frequencies (primary components
{f1, f2}). Essentially, the physical processes are all maintainddfze nonlinear interactions between pairs
of components cause energy transfers within the wave gpedtr the same way as it does in random sea
states Phillips, 1960; Hasselmann et 31.1963). As wave groups shoal, resulting energy transfemseco
from the varying phase-coupling between the primary fregies Herbers et al. 2000;De Bakker et al.
2014, 2015). Higher Order Spectra (HOS), bispectral amalpsparticular, may account for that phase
coupling that eventually promotes the enhancement of ihde¢bmponentin the triad. This third one might
be above (hf) or below (If) the primary interacting frequiescdepending on the nature of the interaction
(sum, diference and self interactions). These are higher order wawk&nown for not evolving as free
waves. For instance, the incoming bound long wave (IBLWhatdrouping frequencfy comes from the
difference-interaction betweé¢fy, f,} and results in a group-bound long wave antiphase-lockeld thvi
envelope of the primary wavekdnguet-Higgins and Stewart962).

The growth of this incident low frequency components bouhidethe wave groups during shoaling
has been reportedéldock et al. 2000; Battjes et al. 2004;Van Dongeren et al.2007). In the shoaling
process, the IBLW gains energy at the expense of the shor wagrgy. Usually, the resulting loss of
energy from the short waves is assumed to be small in conguatis the total short wave energy and
not considered. The process of bound wave growth during kevgroup shoaling is associated to an
additional phase shift over the 18phase lag between the wave group envelope and the IBLt, (
1992;Van Dongeren and Svendse®97;Baldock et al. 2000;Janssen et al.2003; Battjes et al. 2004).
Battjes et al.(2004), empirically computed the energy transfer from thgroup envelope to the IBLW
during wave groups shoaling. Two scenarios are illustrdiguending of the value of the dimensionless
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normalized bed slope paramefe(Battjes et al. 2004): a “mild-slope” regime where the beach slope is
gentle compared to the group frequency and the IBLW amm@igrdwth is well approximated to be pro-
portional toh=>2 (being h the water depth); and a “steep-slope” regime wierdeach slope is relatively
steep compared to the bound wave frequency and the energpfadranechanism is lesshieient. In this
case, the growth of the IBLW is shown to be proportionditd* (Greens’s law).

A number of experimental and field data sets suggest that Bfdow strong near-shore dissipa-
tion after wave group breakin@&ldock et al. 2000;Battjes et al. 2004;Henderson et a].2006;Baldock
2012). The aforementioned dimensionless paramgtexiso controls the near-shore behaviour of If—
motions. For some If components and beach sISpsombinations resulting in small values gf the
dissipation of If waves close to the shoreline is attributedong wave breakingBRattjes et al. 2004;
Van Dongeren et g1.2007; De Bakker et al.2014), which suggests If energy saturation at the sharelin
Battjes et al.(2004) found that If reflection at the shoreline was small léw values ofB (mild-slope
regime). Hence, they also suggested that the observed ifelwsses are due to long wave breaking.
Laboratory data have confirmed that with decreasing deptiif thave self-self interaction may dominate
energy transfer causing the If wave front to steepen up aadteslly break Yan Dongeren et al.2007).
This seems consistent with field measurements of run-ukdev{Ruessink et a1.1998;Sénéchal et a|.
2011) showing run-up energy saturation at If domain duriigilly dissipative energetic storms. However,
near-shore If wave dissipation has been also suggestecttw tiwough nonlinear interaction that trans-
fer energy from the If waves back to hf components and it isgaosterally attributed to frictional losses
(Henderson et al.2006).

The growth of high frequency components during shoalinguérfting wave skewness and asym-
metry has been also studied in several workyér and Guza 1985, 1986;Doering and Bowen1986;

De Bakker et al.2015). It is well known that the enhancement of the high omemponents results in

a change of the waves forming the wave groups. From a quasnsyrical profile in deep waters, the
surface elevation evolves to more skewed waves in shallowwre/g@haracterized by sharp crests and flat
broad troughs. The pitching forward of the individual wawasrelative steepening of the wave face, repre-
sents a forward phase-shifting of the harmonics relatitbegrimary component&(gar and Guzal986;
Doering and Bowenl986, 1995). These nonlinearities of hf waves propagatimgss a natural beach are
important to sediment transpoRessink et al2009) or to the design of coastal structures and wave loads
computation. Ignoring any other forcing, the depth-indlsmave-asymmetry itself may be eventually re-
sponsible for the hf wave breaking although evidences ofsioaship between nonlinear energy transfer
and wave breaking has been establish to our best knowledtgr.hi wave breaking, the remaining hf en-
ergy still drives water oscillations to the shoreline. Hoere due to hf energy dissipation during breaking,
the wave energy close to the shoreline may be dominated bgMéwmnotions, specially in dissipative beach
conditions. The presence of this If energy is particulamyportant at the operability and safety of coastal
infrastructures such as harbouBo(vers 1977) and erosion of beachBs(ssell 1993).

The main aim of this work is to study the wave group propageiiohighly dissipative beach con-
ditions, i.e. a beach slope of 1:100, and the energy traffisier primary waves to superharmonics and
subharmonics due to nonlinear frequency coupling (triddractions). Bichromatic wave groups cases
have been generated in laboratory conditions, and the gtramgsfer between frequency components dur-
ing wave group propagation studied using Bispectral teqpes.

MATERIAL AND METHODS
Experimental set-up
The experiments presented in this study have been carrtéd the Wave-Evolution Flume at Imperial
College London. This is a glass-made wave flume with a lenf®@on whose distance from the paddles
to the emerged end is of nearly 52 m. The flume width.8r@ with a working water depth ofBm. A
near-shore area under dissipative conditions is availdibéeto the existence of a beach profile, made of
solid glass, with a gentle slope (1:100). The water surfémeton measuring system is composed by a set
of resistance-type gauges (RTG) and acoustic-type se(&b8). The setup of both systems allow us to
obtain a surface elevation data set with a spatial resaiditam 0.3 m in the shoaling zone taDm in the
surf zone. The acoustic-type sensors are used in the d@ansend of the flume within the swash zone.
The designed spatial resolution provided by those instnisis presented in Figure 1 over a flume sketch.
The waves are generated using a flat-backed, bottom-himge®, paddle which is numerically con-
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Figure 1: Cross-shore bottom profile, still water level and nstrument locations deployed from the wave
paddles. The presented positions perform the overall locains of the resistive-type (dots) and acoustic-type
gauges (triangles) across the repetitive runs.

trolled with active force feedback. This guarantees theegtion of the desired waves and the absorption
of any unwanted reflected wave. Wave generation is perfoused) a Force Control technique that has
been shown to befkective suppressing high frequency spurio8piineken and Swa@011). This tech-
nigue is included in the commercial software that controkswave paddle. The software does not allow
for second order wave generation. However, for this studyjmroduced an active suppression system
of spurious subharmonics in the form of unwanted energyess ificident long waves. The suppression
technique proceeds as follows and it is based on the sepa@tcedure explained below. After an initial
generation, any incident free If wave motion (spurious)epasated using measured time series of water
surface elevation at flerent cross-shore locations. After back propagation tevéne paddle, a correction

is introduced to suppress the unwanted free incident coemtaturing generation. This methodology pro-
vides in practice the same result than theoretical secoter dransfer functions with the inconvenient of
having measured andfectively computed the correction each time.

Dataset description

In this work, we show 2 bichromatic wave cases with the saneeggrcontent and energy flux, whose
main diference is the bandwidth. These are fully-modulated cagé¢ay(= 1) with the same initial ampli-
tude for the primary frequencieay(= a; = 0.015 m). The mean primary frequendy,= (f; + f2)/2, is in-
tentionally kept the same and the wave group frequency isdvay modifying the bandwidthfg = f; - f,).
The selection of the specific bandwidths presented in talslsdch that the hf waves synchronise the phase
exactly at every group period, in other words, the groupsdeetical each other. Consequently, based on
this specific conditionfy is computed in terms of the number of short wamésrming the group:

fy = fo
9" h+1/2

1)

The highest bandwidth (0.171 Hz) corresponds to the shodse, composed by 3 wave-crests. In
contrast, the longest wave group, with 12 wave-crestsdyial bandwidth of 0.048 Hz. The designed
experiments are characterized by 12 minutes time-lengthsaies with a sampling frequency of 100 Hz.

IBLW separation technique for field data
Assuming a second-order theory description of the freeaserélevationys, represents the If compo-
nent at the group frequency. It is described by:

ni,(x.1) = %{[(leLw e ilkisuw x)) + (Z* e—i(kx)) + (Z‘ dlk x))] ei(angt)}’ )

where the superscripts-Y and ) refer to the incoming or outgoing nature of the free waves Afs a
complex amplitude that includes the amplitude and initishge asZ = Aé%. Therefore, separation is
properly achieved oncg® andz'B"W are computed.

For this purpose, the separating methodology follows thr@gch proposed bBattjes et al(2004),
extended to the existence of an ingoing free wave. It cansisseparating those 3 waves at any locatjon

Table 1: Bichromatic wave-group series

Case fy(Hz) fi(Hz) f.(Hz) fy(Hz) n N(a/ay) a;(m)
n03 0.6 0.686 0.514 0.171 3 1 0.015
nl2 0.6 0.624  0.576 0.048 12 1 0.015
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(reference location) by solving a system that involvesllagve data from adjacent positiors. Working
in the frequency domain, that system is defined as:

Zp=Qp P+ QLT + QL 7 3)

whereQrp = Kp-€P» and represents the propagationftieéent fromx, to every single locatios,. K and
@ are factors that perform the evolution of the amplitude dredahase, respectively, based on the nature of
the wave.

For free waves, the amplitude evolves following the Greémw and the phase includes the depth-
induced variations in the wave celerity

Krip = (hr/hp)lm’ (4)
. % 1
szziﬁaﬁ,ﬂx ()

However, the IBLW requires particular considerations.gitswth is assumed to follow a function of
the local depth raised to a powey whose initial guess value is the corresponding one to tkefliever
the whole wave-height dt. Otherwise, the phase evolves following the linear thesoug velocity at the
mean frequency of the primary wavegy:

(e (he/hp)?, (6)

Xp 1
—&@f —dx )
X

gp

IBLW
O
Considering a solving array composed Byocations, the overdetermined version of the system pre-

sented in Equation (3) is:

R U Zp

Bw s ZBW Z '
D? :pz Q:Dz Zr+ - :Dz . (8)
oY oQh Q) 7 Zy

The separation implemented in this work uses a local arrayposed by 21 gauges whose mean sep-
aration is 30 cms. Specific configurations of the local arragtbe considered in order to avoid problems
with singularities or numerical instabilities. The sepinatechnique is computed twice using the system
(8). In the first computation, the value @fin Equation (6) is obtained from the best fit over the wave hieig
at fy along the whole cross-shore domain. The separated IBLWifirst computation is immediately used
to re-computer and a proper separation of the IBLW is achieved after thersbcomputation.

Nonlinear energy transfers based on HOS analysis

During wave propagation, the energy content associategytéraguency may either increase-decrease
due to energy transfers among components or, just beingeddy dissipative processes. As a result, there
is a net exchange of energy associated to a frequén@yis is presented as a balance between the cross-
shore gradient of the energy flux spectriiy:, a nonlinear sourc8y ¢ computed by bispectral analysis
and a dissipation teri8ys; that includes energy loses such as wave breaking:

OF:(X)
0X

= Sni,#(X) + Sas(X). 9

In this work, we will just focus on the nonlinear source tewhjch may be studied on the basis of high
order spectral (HOS) to perform the nonlinear wave intésast(Hasselmann et gl1963;Elgar and Guza
1985; Herbers et al. 2000; De Bakker et a].2015, among others). Within the HOS techniques, the Bis-
pectrum decomposes the third-order moment of a signal aalyses the interaction between frequency
components in a triadff, f;, fi + f;], accounting for their phases coupling:

B(F. 1)) = EIA; A} Ar]. (10)
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Figure 2: Imaginary part of the bispectrum of the incoming wave signal for the casen03 at the location

x = 1460 m. The shaded area represents the symmetric half of the integtion area that accounts for the
energy balance based on Equation (11) for the componerit= f,.

whereA refers to their complex Fourier cfiwients. In the existing literature about HOS, there is agoth
definition for the Bispectrum (both commentedQollis et al. (1998)) depending on which of the dtie
cients the complex conjugatior)(is afecting to. This later one iB(f;, f;) = E[Af, Ay A’;i”j] and itis clear
that the diference between those is tH&B) = —J(B), whereJ represents the imaginary part. Thus, in
contrast to the definition presented by Bakker et al(2015), we will use the above one (Equation (10))
which is consistent with the usual sign criterion used fampating energy transfers based on bispectral
analysis.

Physically, the energy transfer among a triad is assumeack tgaverned by the phase-relationship
between these three interacting component, that is, theettimim. The linking equation between the
energy transfer and triad interactions is

f f
Snit :37#%"3{2 B(f', f—f)-2 B(f, f)}, (11)
f'=0

f'=0

whereh is the water depth an8,,  is the nonlinear source term that accounts for the energgfiees

to (+) and from (-) a frequency. This solution proposed bierbers and Burtor{1997) is based on the
Boussinesq approach valid in shallow water during both lsigpand breaking short wave conditions. Since
the sum terms in Equation (11) includes all possible int&mas between triad constituent components, a
representation in the symmetrical plafi¢; (Figure 2) provides a graphical meaning and where non-zero
combinations are expected. For a certain frequendts energy balance (Equation (11)) may be seen as
proportional to the integration of the imaginary part of thispectrum along the shaded area in Figure 2,
turning over the sign for eithef = f or f; = f (the vertical and horizontal segments, associated to the
termZI,zo B(f’, f)). Actually, this change of the sign comes from its physio&trpretation: Assuming
n(t) composed by an energetic triafl [fo, f; + 2], if I{B(fy, f2)} > O, f; and f, export energy td; + f2.

In reverse, if3{B(f1, f2)} < 0, f; and f, receive energy fron; + f5.

RESULTS AND DISCUSSION

Figures 3 and 4 gather the spatial evolution of the high andffequency components for a broad-
and narrow-banded bichromatic wave train, respectivelyr &general view, pane (Figure 3 and 4)
shows a cross-shore evolution of the frequency spectrailiifon. Close to the generation boundary,
most of the spectral energy is concentrated on the targetapyi frequenciesf¢ and f,), aroundf, =
0.6 Hz. During shoreward wave propagation, higher order camapts progressively arise in high and
low frequency domains. Whereas super-harmonics grow tudiking short waves shoaling, they also
dissipate faster during hf wave breaking (from the dashadkbline and forward). After breaking, the
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Figure 3: Panela shows the cross-shore distribution of power spectra densitat different frequency com-
ponents for the casen03. Panelb gathers the cross-shore amplitude evolution of componentselonging to
the high and low frequency domain and panet presents the energy fluxes te)/from(-) the primary waves
to the rest of their triads; and to(+)/from(-) the IBLW to the rest of the frequency domain F.

remaining energy is mainly driven by theff¢irence term at the group frequendy € f1 — f,), which is the
dominant among the sub-harmonic components.

Panelb presents the cross-shore amplitude evolution for the higH@w frequency components com-
pared to the evolution of the primary componetfifsand f,. The primary components initially concentrate
more than 98 % of the spectral energy content and progrégdigerease as they travel and transmit energy
to higher and lower frequency components. For the broadidshoondition (Figure 3) and within the hf do-
main, the higher growth is in general observed by the sdffirseraction component of;, ({f2, fo} — 2f,),
whose maximum is reached just before the outer breakinditocaAt the same time, the energy budget
associated to 8 remains remarkably low compared tdé,2whereas the sum termf2reaches it maxi-
mum growth far outside the surf zone. Likewise, in the If domthe IBLW grows significantly during hf
groups shoaling, reaching a maximum energy content at ttee breaking location, far outside the shallow
water limit. After hf wave breaking, the If energy is progse®ly reduced until being almost completely
dissipated at the shoreline.

The narrow-banded conditiom12) illustrated in Figure 4 shows some similarities compare#ig-
ure 3. There are small fierences in the growth offg component which presents a maximum close to
the surf zone, a slightly less growth of;2and also slightly larger growth off2 for the narrow-banded
case. However, the most distinguishing feature is a sigmiflg smaller decay of; component {, also
shows a slightly smaller decay), which has been alreadyreedén previous worksRaldock et al. 2000;
Alsina et al, 2016). In the low frequency domain, a smaller growth of tBBEW compared to the broad-
banded case is observed. Furthermore, the IBLW does ndt eealear maximum in the surf zone as the
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Figure 4: Panela shows the cross-shore distribution of power spectra densitat different frequency com-
ponents for the casen12. Panelb gathers the cross-shore amplitude evolution of componentselonging to
the high and low frequency domain and panet presents the energy fluxes tef)/from(-) the primary waves
to the rest of their triads; and to(+)/from(-) the IBLW to the rest of the frequency domain F.

broad-banded wave condition does and a high percentageafeis reflected back at the shoreline.

Panelc shows the nonlinear energy balance over the components inidlal [fy, f2, f1]. These energy
exchanges spatially vary during wave propagation and dépgrof the frequency components involved.
Positives fluxes mean th#, f, and f, receive energy, whereas negative ones imply a transfertinose
to the rest of the triad. Particularly, the balance ofgeaccounts for the resultant balance throughout all
the triad interactions wherg, is involved (the whole frequency domalf). Regardless the bandwidth,
it may be seen that; component (blue line) is always the main energy supplierrasgonsible for the
IBLW enhancement for both cases, but not in the same ratd~{geee 3-€ and 4-€). For the casel2, f;
and f, contribute similarly (slightly more fronf;) to the IBLW growth. The maximum combin€d,, f,)
contribution is reached at the outer breaking location ffiatr ahat, they still supply energy with a lower
rate which explains a gentle IBLW growth along the surf zdimereverse, Figure 3 shows how the IBLW
growth is almost entirely assumed by the comporfenficcording to this, the maximum IBLW amplitude
is reached at the same place whérsufers the highest transference for the broad-banded wavéticond
Moreover, The dierential transfer of energy from the primary frequencigb&df domain seems to explain
the selective loss of energy fdi compared tof, as previously reported bBaldock et al.(2000) and
Alsina et al.(2016).

The nonlinear coupling and energy transfer between compsileiring wave groups shoaling and the
bandwith influence explained above is reflected in the graftine group frequency componeritsand
high frequency components (harmonics and superharmori@gire 5 illustrates the bandwith influence
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Figure 5: Cross-shore distributions of both the IBLW height growth (panel a) and the hf wave skewness
(panelb), for the casesn03 and n12.

on the IBLW growth during wave group shoaling (Fig. &§-and on the hf wave horizontal asymmetry
(Skewness) growth (Fig. B} during wave group propagation. The Skewne3g,is computed as the
normalized third moment of the hf water surface elevatipn

ELRQ)]
Sk= EnpaR/z

where the normalizing factdg[7?(t)]*? = o3 and the third moment is computed through bispectrum
B (Hasselmann et 811963) as

(12)

E[ ()] = fm fm R {B(f. fj)} dfid ;. (13)

The growth of the IBLW height during shoaling is computedtss diference between the measured
IBLW at any cross-shore location with respect to the IBLWditiat generation (Fig. %y. It is observed
a larger IBLW energy increase for broad band wave conditaena result of the dierences in non-linear
energy transfer and a larger contribution frdinfor the broad band wave conditions. Conversely, the
cross-shore distribution of the hf wave skewness shows dieregrowth of Skewness for narrow-banded
conditions associated with an earlier hf wave breaking.

CONCLUSION

In this work, 2 diferent wave-group conditions have been generated, andptagagation over a
gentle beach profile (1:100) have been studied experinignidlese are fully modulated bichromatic wave
groups with the same energetic content and same primary fregpeency. The wave group frequenty
was modified by varying the bichromatic bandwidth. Moreothex high cross-shore wave-gauge resolution
enabled a detailed analysis of nonlinear energy transfevdes frequency components over a very long
shoaling region. Hence, a first approach of the influencesb#ndwidth over the hf and If wave dynamics
under dissipative conditions has been presented.

Preliminary results have shown a larger growth of high fegry components for narrow-banded wave
conditions, increasing the skewness of the hf waves andnigdad eventual instabilities and earlier high
frequency (hf) wave breaking compared to the broad-bandee wondition. The presented data suggest
a close relationship between the breaking events and tH:eanenergy transfers from the primary wave
components to superharmonics. Hence, future work will $amuthe implications of the grouping structure
over the breaking event.

On the low frequency domain, the data analysis has showmgerlgrowth of the incident bound long
wave (IBLW) for broad band wave conditions. In addition,d®nces on the reduction in If amplitudes
close to the shoreline are shown. This preliminary analysggest an important influence of the wave
group frequency and the beach slope. For the larger wavepdrequency, the experimental data seems to
support the If breaking mechanism proposedlaytjes et al(2004) andvan Dongeren et al2007), since
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it might not be explained by nonlinear frequency interatsioHowever, the lower wave group frequency
suggest nonlinear energy transfers to high frequency caemis and full reflection of the remaining low
frequency energy at the shoreline as suggestaddnderson et al2006).
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