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Abstract

Accurate estimations for the bed shear stressssenéal to predict the erosion and
deposition processes in estuaries and coasts. sibdy used high-frequency in situ
measurements of water depths and near-bed vebutitiestimate bed shear stress on an
open intertidal flat in the Yangtze Delta, China determine the current-induced bed
shear stressr) the in situ near-bed velocities were first decosgal from the turbulent
velocity into separate wave orbital velocities gstwo approaches: a moving average
(MA) and energy spectrum analysis (ESA&).was then calculated and evaluated using
the log-profile (LP), turbulent kinetic energy (TKEmodified TKE (TKEw), Reynolds
stress (RS), and inertial dissipation (ID) method&ve-induced bed shear stresy) (
was estimated using classic linear wave theory. {bb@ bed shear stresg.f was
determined based on the Grant—-Madsen wave—cumégrtaction model (WCI). The
results demonstrate that when the ratio of sigaifiavave height to water deptH¢(h) is
greater than 0.25r, is significantly overestimated because the vdrtiealocity
fluctuations are contaminated by the surface waeeerated by high winds. In addition,
wind enhances the total bed shear stress as a ofdtlile increases in both, and 7.
generated by the greater wave height and reinfgrofrvertical turbulence, respectively.
From a comparison of these various methods, thew Kitethod associated with ESA
decomposition was found to be the best approachusec (1) this method generates the
highest mean index of agreement; (2) it uses \&ntielocities that are less affected by
Doppler noise; and (3) it is less sensitive to tiear-bed stratification structure and
uncertainty in bed location and roughness.
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1. Introduction

Intertidal flats are ubiquitous in estuarine andistal areas worldwide. These
landforms have been, and still are, used as asafiland that can be reclaimed from the
sea. However, it is becoming increasingly appatiesit healthy tidal flats provide many
other important benefits for both the local popolatand the natural environment. For
example, they protect coastal areas by forming feebbetween land and sea that can
attenuate wave energy. Furthermore, these areagidprcessential environmental
functions, such as habitats and nursery groundsafaide range of wildlife, and as
natural sewage purification systems. However, timpaict of natural and human
interference, such as sea level rise and the daghafirivers, can result in a reduction in
the area covered by tidal flats, and the Yanga& flats in China are one such example
(Yang et al., 2011). The precise processes redpenfsir the degeneration of tidal flats
are still not fully understood, and various aspédatsors that affect such environments
make it difficult to predict the future of tidalafls. One of these key factors is the
definition of bed shear stress.

Bed shear stress is a critical parameter in sedirdgnamics on tidal flats,
especially in the calculation of erosion rates dérichs et al., 2000; Friedrichs and
Wright, 2004; Wang et al., 2013), and the total Iskgbar stress is the combined
contributions from waves and currents. Numerouslistuhave estimated the total bed
shear stress by means of a wave—current interaatiotel (Grant and Madsen, 1979;
Fredsge, 1984; Christoffersen and Jonsson, 1985omdbr and Yoo, 1988; Huyng-
Thanh and Temperville, 1990; Myrhaug and Slaattdl@90; van Rijn, 1993; Davies and
Gerritsen, 1994; Shi et al., 2015), and an ovenigwiven by Soulsby (2005). These
wave—current interaction models have been widelgliag in numerical models of
estuarine and coastal areas (Villaret and Latt#992; Lesser et al., 2004; Warner et al.,
2008; Shi et al., 2016). The waves and currengsaet in a non-linear way, leading to a
total bed shear stress that is not a simple liagaition of wave-induced and current-
induced bed shear stress.

The wave—current interaction model (WCI) is an bhitge equation that combines
the pure wave-induced and pure current-inducedshedr stresses to obtain the total bed
shear stress that accounts for the direction ofsérees and currents. The determination
of the wave-induced bed shear stress and the ¢unduced bed shear stress is based on
bulk parameters. The wave-induced bed shear sisegenerally obtained by using a
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linear wave theory (Green and Coco, 2007) for &miwave height, wave period, and
water depth. The bed shear stresses associatedcwitbnts are generally estimated
based on the assumption of stationary uniform o using the log law; however, this
assumption is often violated.

The direct measurement of bed shear stresses [wesene difficulties (Grant and
Madsen, 1979; Soulsby, 2005). Further advancesaunstic instruments have allowed
systematic velocity measurements to be made ovegeloperiods, at higher sampling
rates and with greater accuracy (Wang et al., 20062). The ADV (Acoustic Doppler
Velocimeter) makes high-frequency measurementbeBD velocities at a single point,
whereas the ADCP (Acoustic Doppler Current Profileeasures velocities over a profile.
Despite these improvements, the difficulty remadfisselecting the most appropriate
theory to obtain the current-induced bed sheasstiBhe most widely used theories are:
(1) the LP (log-profile) method; (2) the TKE (tutbat kinetic energy) method; (3) the
TKEw (modified TKE) method; (4) the Reynolds stré&S) method; and (5) the ID
(inertial dissipation) method. The LP method udes tean component of a velocity
profile series, whereas the other methods useuteilent velocity. Kim et al. (2000)
systematically compared the current-induced bedrskgesses obtained using the LP,
TKE, RS, and ID methods, and found differencesptai19% between the TKE and LP
methods. No significant wave events were recordéety suggested that all methods
should be applied simultaneously to help bettamedé bed shear stress. On many tidal
flats, the conditions are generally more compleantin their study. As the water depth
changes significantly, the relative locations cé fixed measurement positions change.
Due to the shallow water depth, wind-driven flowyreave a significant influence and
disturb the logarithmic flow profile.

Having recognised this inaccuracy, several studige® been conducted to compare
some of the above methods of obtaining the bedr stesss (Kim et al., 2000; Andersen
et al., 2007). One of the assumptions is that #mical component of velocity is not
contaminated by waves (see also Stapleton and &rit995). Wave motion is expected
to have a great impact on the velocity distributi@ar the bed on tidal flats, especially in
wavy conditions; e.g., during storms or typhoons.

In this paper, we compare the methods used tordeterthe bed shear stress on
intertidal flats. In such areas, the assumptionsvbith the methods used to determine
current-induced bed shear stress are based, as#hlyogiolated. We conducted high-
frequency, in situ measurements of water depthresad-bed velocities, as well as near-
bed current profiles, on an intertidal flat in tNangtze Estuary, China. Our specific
goals were to: (1) investigate how, and by how mulee wind influences the near-bed
velocity distribution; (2) compare and summarize tbalculation methods used to
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determine the total bed shear stress; and (3) oeal optimum solution for estimating
the total bed shear stress in intertidal areas.

2. Study area and instrumentation

In situ observations were conducted on an expogtd flat on the Eastern
Chongming mudflat, located on the Yangtze Rivert®€Figure 1A). The tides in the
Yangtze Estuary are mixed semidiurnal, and theameetidal range, based on records
from the Sheshan gauging station, which is 20 kst @& the study site, is 2.5 m,
reaching 3.5—-4.0 m during spring tides. The monstroren winds are southeasterly in
summer and northwesterly in winter. The wind spieeithis area is highly variable, with
multi-year averages of 3.5-4.5 m/s, and a maximaoev of 36 m/s recorded at the
Sheshan gauging stations (GSCI, 1988; Yang €2@03).

Figure 1

The southern part of the Eastern Chongming ti@alidl interrupted by a secondary
channel that runs in an east—northeast directitve. dbservation site, which is close to
mean sea level, is 1.65 km seaward of the sea WMadl. bed sediment on the present
mudflat is mainly silt (median grain size < 63 pmjth a coarse silt (32—64 pm) fraction
that exceeds 50% (Yang et al., 2008).

Our observations were carried out from July 23 t@dst 3, 2011. Wave heights,
wave periods, and water depths were measured asswjf-logging sensor, the SBE-
26plus Seagauge (Sea-Bird Electronics, Washindtt84), which was developed for
wave monitoring using a data collection system cwsiy a 45-psia Paroscientific
Digiquartze connected to an oil-filled tube via fessure port (Sea-Bird Electronics,
2007). The instrument was horizontally placed anddiment surface with the pressure
probe located 8 cm above the sediment surface ig-iy@). The measuring burst interval
was 10 minutes. Pressure data were collected ratgagncy of 4 Hz over a duration of
256 seconds, yielding 1024 measurements per burst.

An ADCP (1.0 MHz high-resolution profiler, NortekSA Norway) was used to
measure 3D current velocity profiles. The burseinél was 5 minutes. Each velocity
profile is the mean value collected at a frequenficy Hz over a duration of 60 seconds.
The ADCP was attached to the tripod with the trattens facing downwards and located
85 cm above the sediment surface. The blankingumtist was 40 cm, and the cell size
was setto 2 cm.

An ADV (6.0 MHz vector current meter, Nortek AS, M@y) was used to measure
the 3D velocity at a high sampling frequency immeal measurement volume (2.65 9m
The sampling volume was located 9.3 cm above tlde Dee ADV recorded velocities
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and pressure with a burst interval of 5 minuteg] &r a period of 90 seconds at a
frequency of 8 Hz. The water pressure in a highpsiaugn rate, measured by a silicone
piezoresistive pressure sensor (Nortek AS, 2009s wiso used to analyse wave
characteristics. Finally, wind data at 122.25°E53 were obtained from the European
Centre for Medium-Range Forecasts (ECMWF) at agrwal of three hours.

3. Bed shear stressformulations

3.1 Bed shear stress caused by combined wave—taaoton

To determine the bed shear stress caused by combus&e—current action
(referred to as total bed shear stress hereaftgy)Ra), we used the method of Grant and
Madsen (1979), which introduces a combined waveenurfriction factor and is
expressed as

o= \(ru+ 7.Jcosp, ) + (2 sing )’ 1)

wherer, (Pa) andr; (Pa) are the wave- and current-induced bed shesssstrespectively,
and @, (°) is the angle between the current directipn(®°) and the wave propagation
direction @, (°). In this equation, four parameters are reguice calculate the total bed
shear stressy, ., @, andg,.

3.2 Wave-induced bed shear stress

Wave-induced bed shear stresy) (s usually obtained from the significant/peak
bottom orbital velocityd ; (m/s) and wave friction coefficient, (van Rijn, 1993):

1
Tw:prwaOZ' (2)

where p,, is the water density (kgfth At the edge of the wave boundary layer, the peak

orbital excursion A;) and peak orbital velocity);) can be respectively expressed as

H

A(,:m 3)
_ _ H
Ué—CUAJ—Wh(kh) (4)

whereH is the wave height (mk (= 2t/L where L = (@T?/2r)tanhkh) and is the wave
length) is the wave number {fy h is water depth (m) is angular velocity (8), andT
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is the wave period (s). The wave friction coeffidief, depends on the hydraulic regime
(Soulsby, 1997):

2Re,%® , Re< T0 (laminar)
f,=10.0521Rg***" |, Rg> 10 (smooth turbulent (5)
0.237r°% , (rough turbulent)
whereRe, _Yshs andr -5 are the wave Reynolds number and relative roughnes
vV

respectivelyks is the Nikuradse roughness given lky= 2.5d,, wheredsg is the median
grain size of the bed sediment, anig the kinematic viscosity of water {fs).

In practice, the significant wave heigHt, and significant wave periot, are used

in the equations mentioned above. The wave parasetere obtained using the
‘SEASOFT for Waves’ software package for the SBB@s, and by analysing high-
frequency water level elevation data obtained byWAWa zero-crossing and spectral
estimates (Table A.1).

3.3 Current-induced bed shear stress

The instantaneous velocity in a 3D orthogonal coaté system can be expressed
asuU :UiA+V]+WR, whereu, v, andw are the instantaneous magnitudes in the three

orthogonal directions, |, andKk, respectively. The flow across tidal flats is sabjto

bed friction, resulting in a turbulent boundarydayhat can extend to the water surface in
the typically shallow conditions (Whitehouse et @D00). In this layer, current velocity
is composed of a mean component) (and a fluctuating component. The fluctuating
component can be further decomposed into two ptréswave orbital motion () and
turbulence (), resulting in the following:

U=U,+U,+ 4
VU Y,y ®)

W= U+, + W

For the present study, each measurement periaetllést 90 s. Over such a short
sampling duration, we assumed that the velocityieserfollows a linear
increasing/decreasing trend. Five methods wereigppbd estimate the current-induced
bed shear stress in this paper: the LP method mees velocities, whereas the TKE,
TKEw, RS, and ID methods use fluctuating velocities
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The LP method is based on the assumption that uhst-mean horizontal current
speed U _=,/u? +V2) profile in the boundary layer follows a logaritlindistribution:

U.(2) = U/;c In (ij @)

z,

whereU_(z) (m/s) is the current speed at the height aboveb#iez (m); U,, (m/s) is
the friction velocity;x is Von Karman’s dimensionless constant (= 0.4%f an(m) is the
roughness length, which is the distance from tleedievhich the flow reaches zero if the
flow profile strictly follows the logarithmic lawBy regressing the current spedd(z)
against Inf) using the least-squares methat, and z, can be calculated from the
gradientA and intercepB as follows:

U..=kA
_B (8)
z,=e *

We used internal consistency analysis (Collind.et1898) to examine whether the
results derived from th¥ (z) —In(2) relationship can be used to characterize boundary

layer conditions. A linear relationship must existween the shear velocity., derived
from Equation (7), and the current speed within hbendary layer{,, here taken as

U,,, which is the current speed at 40 cm above thg bedten as:
U..,=au, +b 9)

To pass the internal consistency analysis, foudirements must be met: 1) the
linear correlation betweed., andU, must exceed the appropriate significance level; 2)
the regressed intercept should be smhlkQ); 3) z, obtained from the slope of the

regression line should be similar to that derivehg theU _(z)—In(2) regression:
K
In [ZJ
z,

and 4) the value o€, (Z), which is the drag coefficient at a heightzb{40 cm in the
present study), derived on the basis of skpEhould be consistent with

a= (20)

C,(2)= (11)

U

7'
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The current-induced bed shear stregsRa) is subsequently calculated according
as follows:

I, = PCo(2) (12)

The second momentum methods are listed in Table /& TKE method and the
TKEw method are based on the assumption that tteslear stress scales linearly with
the intensity of velocity fluctuations. To minimizbe noise from the orbital motion of
waves in the horizontal components, only the valtiictuations are used in the TKEw
method. Minimizing the effects of waves has alserbachieved using band-pass filtering
(see below). In the RS method, it is assumed thatnbeasured covariance between
horizontal and vertical fluctuations is close te thalue near the bed. Soulsby and
Humphery (1990) argued that it is not necessarydparate out the wave orbital
velocities, as the vertical wave-induced veloc#tyoth small and in quadrature with the
horizontal component.

In the ID method, the friction velocity is deriveg assuming a first-order balance
between shear production and energy dissipatioh déployment of the 1D spectrum
applicable to the inertial dissipation range (Hewtl1988; Kim et al., 2000), giving

U, =(k2)"® (%ﬁlj (13)

wherea, (i =1, 2,3) are 1D Kolmogorov constants, withl andi=2 denoting directions

parallel and transverse to the main flow, respebttivandi=3 denoting the vertical
direction. In locally isotropic turbulencey, =0.51, anda, = a, =4/ 3a, = 0.6€ (Green,

1992). The frozen turbulence hypothesis, which @mesuS(K k= § § f with
k=2mf /U_, is then applied to transfer Equation (13) from Wave numberkf domain
to the frequencyf( domain (Huntley, 1988). In the inertial subrangg( f) f** is
constant. In practice, the average value aroundm&e@mum value is used to represent

S.(f) 1.
3.4 Current and wave directions

The current directiorp, is derived from the mean value of the two horiabnt

velocity componentsi,, andv,,:

¢, = arctar{v—mJ (14)
u

m
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The wave directiong, is defined similarly, but based on the wave-induagbital
velocitiesu,, andv,,. Given a series of,, in a measurement burst, the wave direction is
defined as the direction with the maximum numbecaints. Two peaks in the direction
counts, which are theoretically in a difference 180°, can be found (Figure 2). As
|cosg,,| and|sing,,| are used in the WCI model, only one of the twokpgiaections is

required. Accordingly, the counts between 180° 860° are superimposed on those
between 0° and 180°. A count every 5° was uselldrptesent study.

Figure 2

3.5 Wave-turbulence decomposition

The second momentum methods (TKE, TKEw, and ID)thedurbulent velocities
only, so turbulent velocities are separated froenrttixed wave—turbulent velocities. Two
approaches were used to decompose the wave vesofritim the turbulent velocities: a
moving average (MA) (Williams et al., 2003) and mgye spectrum analysis (ESA)
(Soulsby and Humphery, 1990). The band-pass filtethod of Meirelles et al. (2015) is
similar to the ESA method and gives similar results

Williams et al. (2003) applied a simple MA filtdrat uses the mean of the previous
N values to forecast the value at titnas follows:

_13
Ft - N ;A—Hl (15)

whereF; is the forecast value at timieN is the number of previous data points to be
included in the MA, and\ is the actual value at tinteWilliams et al. (2003) used a 1-
second MA to resample the original signal and extifze bulk wave-induced velocities.

The ESA technique was developed by Soulsby and Hamp(1990) to split the
variance without separating the instantaneous serees (Figure 3). The burst velocity
series is first detrended to get combined wavedtertt velocitiesu,+u.. The area under

the energy spectru(f) equals the total variande,, + u)*. A log—log plot (Figure 3C)

reveals that the spectrum is a wave velocity spetctiwith a peak near 0.3 Hz and a
characteristid ~> power law decaying at higher wave frequenciesesmposed on a

conventional turbulence spectrum, with a charastiefi " slope in the inertial subrange.
This spectrum is further separated by a straightieted line in Figure 3C, and the area

above this line contributes to the wave varia@é whereas the area below the line

contributes to the turbulence variana;_é.

Figure 3
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In the separated turbulent velocity spectrum, podenmsities of low frequency
indicate the turbulent kinetic energy contributgctirbulence in energy containing range,
while power densities in high frequency domaimigiertial range.

3.6 Index of agreement

Intercomparisons among the bed shear stressesaestimasing these approaches
was carried out using the index of agreenieitthis index is introduced to quantitatively
determine the similarity between two methods ofesting the same variable (Willmott,
1981):

Y Y
R i (b i (16)
2 (x=¥+y=W
wherex andy are the two datasets being compared) <1. The larger the valukis, the
higher level of similarity the two datasetandy is.| = 1 indicates perfect agreement.

4. Reaults

4.1 Spectra and Decomposition

Water level and velocity spectra were determinedefh burst interval, and these
spectral results are combined with contour plot§igure 4B—E. As the measurement
location falls dry at low water, no data were ool during these periods. Over the neap
tides in the first part of the sampling period, sotides did not inundate the monitoring
site. Three periods can be identified based omwihd conditions (Figure 4A): Period |
(July 23—-July 31); Period Il (July 31-August 02)daPeriod Il (August 02—August 03).

Figure 4B shows the contours of the energy dersigctra of the water level
fluctuations above the datum of the original baetleln Period I, before July 31, a single
peak is evident at a frequency around 0.32 Hz. lMarqeaks are seen over Period II,
indicating that wave heights were low. During Péridl, two peaks occur around a
frequency at 0.32 and at 0.1 Hz, and this indicHtas the wave regime was dominated
by locally generated waves over Period |, wherdéshore winds and swell dominated
wave activity during Period Il1.

Figure 4

Figure 4C—E shows the energy spectra derived franvelocity fluctuations in the
three orthogonal directions. Similar to the watarel spectra, a double-peaked spectrum
is seen in Period Il for the northward velocit{@}, and this is more clearly highlighted
in the averaged spectra (Figure 5C). The velogigcsa for the northward direction have
a similar shape to the spectra of the water ldvetdations, which implies that the near-

10
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bed velocities in the wave propagation directioe aignificantly affected by wave
motion. Based on the ‘wind wave’ and ‘wind wave wefl’ conditions, two
corresponding pass-bands were applied to the ESwe-viarbulence decomposition
methods (Figure 5).

Figure 5

For the spectrum of the vertical velocity componenpeak occurs in the velocity
spectrum at the same frequency as for the watet pectrum during Period | (Figure
5A). No clear peak is seen in the vertical velo@pectrum for the calmer Period II
(Figure 5B). Furthermore, on average the wavesribmteé 64% to the spectral density of
the vertical wave-turbulence energy spectrum, withaximum contribution of 95%.

Our results suggest that the near-bed velocitytdlteons were caused in part by
waves. Even the vertical fluctuations, which aréemfassumed to be free of wave
influence, are highly contaminated by the wavesaggquently, a decomposition of the
velocity fluctuations is needed to separate wawvestarbulent motion. Figure 4B shows
the velocity spectrum smoothed using an MA with iadew of one second and the
spectrum obtained after BP filtering with the phasids indicated in Figure 5.

A peak in the wave frequency band remains in therggnspectra of turbulent
velocities obtained using the MA method. This iadés an incomplete separation of
wave—turbulence decomposition. Moreover, in the -feguency domain, the MA
provides a low estimation of the turbulence spédeasity.

4.2 Bed shear stresses

4.2.1 Wave-induced bed shear stress

The wave-induced bed shear stresses obtained tendjfferent approaches were
in good agreement with each other. The index oé@ment I) of each comparison was
above 0.94 (Table 1). The ‘SEASOFT for Waves’ safevpackage for the SBE-26plus
obtained wave characteristicels and Ts using zero-crossing method (Sea-Bird
Electronics, 2007). Theoretically, wave parametdrtained using pressure dataset from
ADV and SBE-26plus using the zero-crossing methalikl be in accordance with each
other. The instrument-dependent differences weobglly caused by differences in the
probe type and deployment settings (sampling frequeand duration). For the same
ADV pressure dataset, zero-crossing and specttiiatason provide close, values, with
| reaching 0.98. Zero-crossing counts the waterllgeeng to equilibrium positions,
while spectral estimation uses Fourier transformeylare expected to gain the similar
values of wave parameters by signal processingoappr As the three approaches
provide similar estimates af,, the results obtained from the spectral estimatioased
on the ADV pressure data are used in the follovainglysis.
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Table 1

During windy conditions, the orbital velocity digtution indicates that waves
propagate in a north-westnorth direction, whiclthis same direction as the prevailing
wind. During the calm conditions around Augud} the wave direction over one tidal
cycle became divergent when the wind direction rdasféshore (Figure 2G).

4.2.2 Current-induced bed shear stress

The average value of the current-induced bed sttesss,z., was 2.3 times larger
than the wave-induced bed shear strggdndicating that currents and waves acted in
competition in the present study area, whereasentiinduced forces have a greater
effect on the bed than do waves (Figure 2I).

Figure 6

Figure 6 demonstrates that the time serieg.afbtained using different methods
show similar variation patterns during a tidal eyclHowever, agreement in the
magnitude ofr; is weaker under windy conditions than under calmativer. According to
our intercomparison analysis, indices of agreenvamy around 0.86 (from 0.5 to 1)
during calm conditions, but around 0.58 (from 0t250.86) during windy conditions
(Table 2).

Table 2

4.2.3 Total bed shear stress

The total bed shear stress under combined wavesatuaction obtained using the
methods outlined above, varied from 0 to 3 Pa ithaverage of 0.65 Pa. The largest
estimated value of averageg, was two times higher than the lowest estimate lErah
As with r;, values ofz, calculated using the different methods show maresistency
under calm conditions (Figure 6B and 6D). Regardittge wave—turbulence
decomposition methods, the MA method provides tighdr estimates, and the ESA
method provides the lower estimates.

The TKEw method, which uses ESA decomposition (TKESA), provided a
moderate mear,, value and generated the highest mean index otagmet, which is
the average of the agreement leugialues of this method with all the other methods.
The mean value af,, obtained from the TKEw-ESA method was 2.5 timesatgr under
windy conditions than under calm conditions. Overcam tidal cycle, .,y values
decreased to the minimum value around high tidenvdugrent speeds are at their lowest
(Figure 6D); howeverr, remained high over the course of a windy tidalleyeven
during slack water (Figure 6C).
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5. Discussion

Several studies have compared the various appredachestimating bed shear
stress and have pointed out that each method iaslvntages and disadvantages (Kim
et al., 2000; Verney et al., 2006; Andersen et2)Q7; Salehi and Strom, 2012). They
also concluded that in current-dominated envirorntsehe different methods all tend to
provide similar estimates, although the often-us€tl method is better than other
methods because it requires less data-set filtrgdmdersen et al., 2007) and produces
less scatter (Salehi and Strom, 2012). Howevdherpresence of waves it is difficult to
identify the best method without knowing the truglue of the bed shear stress. By
focusing on the trends in time series, the mageitoidthe estimation, degree of scatter,
and the correlation with the SNR (signal-noiseojatihe TKE, TKEw, and RS methods
have been identified as the most appropriate egimaf bed shear stress (Kim et al.,
2000; Salehi and Strom, 2012). In the followingcdssion, we focus mainly on the
limitations of each method in an attempt to idgntiie most appropriate method of
estimating bed shear stress in combined wave—dwgretironments.

We used internal consistency analysis to examinettven the results derived from
the U_(2) —In(2) relationship can be used to characterize boundygr conditions.

Estimations ofr; by different approaches bring uncertainty in tledéirdtion of r,. The
LP method is a first moment method. This methoduireg a logarithmic velocity
distribution, which may not be the case in realitiie present study shows a pass rate of
90% after internal consistency analysis, and mb#teunpassed profiles were recorded
at slack water, when the tidal current starts tatey this is in agreement with previous
studies (Collins et al., 1998; Wang et al., 201Bu £t al., 2014; Liu and Wu, 2015).
Another limitation of the LP method is that it reqs a fixed bed level that cannot vary
with time. In reality, however, the bed level varim the intertidal area. In energetic
regions, where bed level change might be on therasticentimetres over a single tidal
cycle, the error is caused by a vertical shifthe turrent velocity profile. For longer-
duration measurements that incorporate extremetgvtdre error could be even larger
when bed level variations may be on the order ofrdetres.

Other mechanisms that violated the assumption ofogarithmic velocity
distribution in shallow water include: unsteadywlde.g., acceleration/deceleration of
flow), stratification in the water column and trpost of material as bed load, wind
influencing the velocity profile by adding wave exfs and producing variable velocity
close to the water surface, and topography-indesswndary flows (Wilkinson, 1985;
Gross et al., 1992; Friedrichs and Wright, 1997tlicoet al., 1998). For these reasons,
the pass rate of internal consistency analysis bejower, even reaching 0% at some
locations (Collins et al., 1998). Note that a ladjmnic velocity profile only guarantees
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the estimation of tidal-induced bed shear strebs. OP method would not detect the bed
shear stress caused by wind-induced turbulent mistre

All estimates made using second momentum (TKE, TKHW and RS) are
sensitive to probe height. These techniques regheeADV sampling volume to be
within the log layer, but high enough to avoid damgpeffects and near-bed stratification.
Andersen et al. (2007) pointed out that placingstapling volume at 1-4 cm above the
bed might be too close to the bed and that fluminatin vertical velocities would be
dampened. This might be the reason why LP methadpneferred rather than the second
momentum methods. Among the second momentum metltloeldD method assumes
that shear production and energy dissipation areivatpnt. This means that an
incomplete separation may lead to errors in thienesion of 7. Following the correction
expression proposed by Huntley (1988), Kim et2000) proposed a critical height of 35
cm, below which the full production—dissipation aegiion may not be ensured. In the
present study, the ADV sampling volume height & &n seems to be too low for ID
estimation.

One of the key assumptions in the second momentuthads is that the
fluctuating velocities measured in the vertical divsion are not contaminated by wave
orbital motion, and this assumption has been usedany other studies (Kim et al., 2000;
Andersen et al., 2007; Wang, 2007). This assumtaanthe largest impact on the TKEw
method, which only uses the vertical turbulent eiles. Without wave-turbulence
decomposition, i, could be overestimated by a factor of four (Figut&). The
overestimation increases with enhanced wave stigngtich is indicated by théld/h
ratio, and 50% of the,, values are overestimated by 1.6 times. WHgh > 0.25, the
possibility of 7, being overestimated by 1.6 times is greater ti@#0;5vhenHJ/h > 0.5,
the possibility increases to 90% (Figure 7B). Tihdicates that under low-energy wave
conditions, wherHdh is low, the assumption is still valid. The TKEw tined offers the
easiest approach to estimatig by applyingw, =w-w, . It also implies that it is
reasonable for Kim et al. (2000) using the assumnpdis their measurement were carried
out in the deeper site wherk/h ratio is very small.

Figure 7

Studies of the wind effect on bed shear stress toelmprove our understanding of
sedimentary processes in intertidal areas. It le@s lvidely observed and accepted that
high winds increase wave heights significantly assult in an increase in wave orbital
velocity, and thus,, (Gross et al., 1992; Janssen-Stelder, 2000; Ddéraet al., 2013).

In a field study on a mudflat in the Dutch Waddea SJanssen-Stelder (2000) found that
high bed shear stress occurs around high watem wbeent velocity is low, and this
enhanced bed shear stress is dominated by the iwdweed component. Our study
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shows that the meam, contributed 40% to the meag, in windy conditions, while 15%
in calm condition.

In shallow-water environments, breaking wave ismaportant cause of bed erosion.
However, , is estimated under non-breaking conditions. Featd laboratory studies
have shown that when depth-limit wave-breaking o&cwave-breaking generates
turbulence and setup flow that can agitate sulistammounts of bed sediment, which
leads to increase in suspended sediment concenti@ivoy et al., 2000; de Vries et al.,
2008; Callaghan and Wainwright, 2013). Howevenmeinains difficult to quantify the
effect of breaking waves on bed erosion. In ouegcése ratio of the height of largest
10% of waves to the water depth varies from 0.04.65; i.e., less than 0.73, and so
indicates local non-breaking conditions (Battjed &tive, 1985).

However, in addition to increasing the wave orbitation, wind may affect the
bed shear stress in another way because high wailug#/ere also found to occur around
high water, when current velocities are low (Figb#g. Using a regional-scale numerical
modelling study of the Middle Atlantic Bight (USARalyander et al. (2013) examined
wind-driven currents by considering the correlatimtween non-tidal-induced stress and
wind stress. This non-tidal term is usually caubgdwind-driven flow. In our study,
current speeds are still scaled with the water sures gradient (Figure 2F and 2G).
Therefore, in this case the wind-driven flow reféwsturbulent flow rather than mean
flow. The wind-driven turbulence cannot be captubgdthe LP method, which uses
mean velocities, but it can be detected using #mred momentum methods (TKE,
TKEw, ID, and RS). These methods use the bulk tertiwelocities without separating
the tidal-current-driven turbulence from the winawdn turbulence. Therefore: (a) during
slack water, the LP method results in laywestimation, whereas the second momentum
methods provide a. of around 1 Pa (Figure 2I); and (b) under low-ggewave
conditions, all methods are consistent, as the ahnken motion is absent. This
inference is supported by a recent wind-flume expent, in which Su et al. (2015)
pointed out that wind enhances the total bed sk&ass by increasing the original
vertical turbulence.

According to the acoustic principle, ADV measuretsesuffer from Doppler noise
(Lohrmann et al., 1995). The Doppler noise levetéases as the height closer to the bed
because of the random scatter and velocity sheidueisampling volume (Voulgaris and
Trowbridge, 1998). Moreover, the noise error wigspect to vertical velocity variance is
smaller than that for the horizontal velocity vaa, by at least an order of magnitude
(Kim et al., 2000). From this point of view, the Ei& method is less sensitive to errors
caused by Doppler noise.
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Finally, attention should be given to sampling disraand frequency, regardless of
which second momentum method is selected. Highd@ndrequency losses are caused
by inappropriate sampling rates and sampling domatirespectively (Soulsby, 1980). A
sampling duration of 90 s provides about 30 waVvée. spectrum analysed here (Figures
3B and 4) is complete in the low-frequency domairow limit of 5 Hz was estimated
for the sampling rate by Kim et al. (2000). In fresent study, a sampling rate of 8 Hz
was sufficient to avoid high-frequency losses.

By considering the intercomparison results andtétions mentioned above, we
suggest a protocol to estimate the total bed sttesss .\, from ADV measurement data
following Figure 8. Although the TKEw method assded with the ESA wave-
turbulence decomposition technique is ideal foinesting r.,, we still suggest that
several approaches should be applied to obtainmibet reliable estimate of bed shear
stress.

Figure 8

6. Conclusions

This paper presents a multi-approach method ahastig the total bed shear stress
under combined wave and current actigg,)(based on in situ measurements of wave
and current data. Using velocity spectrum analysesfound that:

- The frequently used assumption that near-bed \tedecin the vertical direction
are not contaminated by waves is invalid duringdyirconditions. Our results
demonstrate that when the ratio of significant wagmght to water depttHg/h) is
greater than 0.25,, is likely to be overestimated unless decomposisarmsed.

- During windy/stormy weather, winds enhance theltb&d shear stress by: (1)
levelling up 1, by increasing the wave height; and (2) increasmgby
superimposing wind-driven turbulent velocities ontbe original vertical
velocities. This has significant effects on the eledused to estimate total bed
shear under combined wave—current action.

- ESA wave—-turbulence decomposition method perforrateb than the MA
method in terms of predicting turbulence energycspen which is used to obtain
current-induced bed shear stress. On the other, tla@dA method can separate
wave orbital velocities and turbulent velocities, that it can provide the wave
directions.

- The determination of the wave-induced bed sheasstf,), which is dependent
on probe type and deployment settings, is lessrarii In comparison, estimation
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of the current-induced bed shear streg} i6 dependent on the approach. All
methods require measurements in the turbulent oyrdyer. The LP method is

the only approach that uses the mean componentst B dependent on the

velocity profile obeying a logarithmic law. Amondeé second momentum
approaches, the ID method may give biased estinetesuse of the incomplete
separation of shear production and energy dissipatis well as the near-bed
sediment concentration stratification. The TKE dBdmethods are affected by
Doppler noise in the horizontal direction, but wensider them to be the most
consistent methods. The results of our intercorsparstudy, based on the index
of agreement, indicate that the TKEw method, whicborporates the ESA

decomposition technique, provides the best estenatg,,.

We believe that the protocol proposed in the preserdy demonstrates that the
ADV-approach has considerable potential to obtaiialble estimates of the total bed
shear stress under combined wave—current actiy) (n regions with complex
hydrodynamics, such as intertidal flats. Howevke probe height, sampling duration,
and sampling frequency should be carefully chosen.
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Table 1. Statistics and inter-comparison (index of agredrgof wave-induced bed shear stress,
Ty

SBE ADV: 0-crossing ADV: spectral

Mean 0.28 0.25 0.22
eu (P) Std. 0.16 0.22 0.18
SBE 1 0.94 0.94
ADV: O-crossing 0.94 1 0.98
ADV: spectral 0.94 0.98 1




Table 2. Inter-comparison (index of agreemeltpf . in calm and windy conditions, armg, in

the whole measurement duration. In the WCI modglwas obtained from spectral estimation
using ADV measured pressure data. The followinghoddt were used to estimatg TKE:
turbulent kinetic energy; TKEw: modified TKE usingrtical turbulent velocity only; ID: Inertial
dissipation; and RS: Reynolds shear stress. Theevtasbulence decomposition methods used
were moving averages (MA) and energy spectrum aisaffzSA).

Method LP TKE TKEwW D 2s  Mean
MA ESA MA ESA MA
LP 1 050 085 086 097 088 089 085
TKE MA 057 1 082 083 064 078 062 075
ESA 085 082 1 095 080 094 090 089

TKEw MA 0.86 0.82 0.95 1 0.89 098 0.81 0.90

cal ESA 097 058 0.80 0.89 1 0.88 0.73 0.84
ID MA 088 0.77 094 098 0.88 1 0.81 0.89

RS 089 061 090 081 074 0.80 1 0.82

LP 1 051 036 054 054 033 061 0.56

TKE MA 051 1 067 071 058 066 038 0.64

Iz ESA 0.38 0.68 1 081 082 0.72 0.36 0.68
Windy TKEw MA 055 0.72 0.81 1 086 0.79 039 0.73
ESA 056 058 0.82 0.86 1 0.77 049 0.73

ID MA 036 065 0.72 079 0.77 1 0.37 0.67

RS 062 035 034 037 046 0.35 1 0.50

LP 1 072 064 073 075 058 076 0.74

TKE MA 0.72 1 085 087 071 083 0.70 0.81

Iz, ESA 0.65 0.86 1 091 087 085 065 0.83
Al TKEw MA 0.74 0.87 091 1 090 089 065 0.85
ESA 0.76 0.73 0.87 0.90 1 084 063 0.82

ID MA 060 083 085 089 0.83 1 0.60 0.80

RS 0.76 070 064 064 062 0.59 1 0.71

Tew Mean 063 090 068 069 065 072 079 074
(Pa) Std. 050 056 041 041 039 049 059 048

a. Results from the LP method are excluded asedladed instrument ADCP covered less time
measurement periods than ADV.



Appendix A: Tables
TableA.1. Approaches employed to obtain the wave paramesed im Equations (3)—(5).

ADV
SBE-26plus Zero-crossing method Spectral method
(Tucker and Pitt, 2001) (Wiberg and Sherwood, 2008)
i Hs mean wave height H =4 S.(f)Af
Wave heightH of highest 33% s Z W\ GiJB
SEASOFT for Waves AT
(Sea-Bird Electronics ) Z{ f; T2 2 Sh,iAf}
Wave periodT  1nc.) Ts mean wave period of 1T = f =_ T.2sinh® (k h)
P ’ highest 33% br br z 477 A
—~| T.?sinh® ( h)s"i t

Bottom orbital _ _ _ a4
velocity, Uy o Faaon (9 a 2\/Z {m S«,N}




TableA.2. Second momentum methods used to estimate thencimokiced bed shear stress,

Method Formula

Parameters and coefficients

1 JR— —_
TKE TKE=20,(( + ¥ + W)
Turbulent kinetic energy
Totke =C,O0KE

TKEW I
Vertical turbulent kinetic energy e rkew = G2l W

RS _ 2 2
Reynolds stress Tors = PafU Wy +V W)
ID u, = (Zmz)l,g(SN.( f
Inertial dissipation U a,

— 2
z-c,ID - pWU*

C,=0.19 (Stapleton and Huntley,
1995)

C,=0.9 (Kim et al., 2000)

u; V¢ W, : total fluctuating velocities,

ie, U =u,+y

x=0.4
a, =0.68(Green, 1992)
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Figure 1. (A) Map of the Yangtze River Delta showing the @bstion site. (B)
Cross-shore bathymetric profile of the observasde. The elevation datum is the
lowest astronomic tide (LAT). (C) Schematic repregagon of instrument deployment
and location with respect to the seabed. The SBHJI86was used to obtain water
depth and wave parameters, the ADCP to measureityefofiles, and the ADV for
the high-frequency sampling of both pressure arndcity data at 8 Hz. Lighter parts
of the rectangles, which represent the locationghef instruments, indicate the
locations of sensors. Arrows indicate the direcganh sensor faced.
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Figure 2. (A) Vector series of near-bottom wave orbital vélpdiltered from the
ADV in a burst, and (B) its direction (in Cartesiemordinates) count.




S (mzs")

Frequency (Hz)

100 1 1 lllllll 1 1 Illllll 1 1 Illllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 11 111l
—S
u
— S
v
107 S -
107 4 Example spectrum ~ 53 L
in (B) and (C) /
Windy (Jul. 28, 23:05) Calm (Aug. 1, 01:45) A
10_6 T T llllll] T T |||l||] T T ||ll|l| T T llllll] T T Illllll T T lllllll T T llll;l
1072 107" 10° 10’ 1072 107" 10° 10’
Frequency (Hz)
10" +— : ' 0.24 ' '
(B) ©) Area_ =u?
1w
_ Area_=u®
1071 : 0.18 2t
-5/3 .
o f T
107 \4 - g 0.12- :
Separation line e
107°4 : 0.06 - 1 :
w+t spectrum /4 :
t spectrum (ESA) 2
t spectrum (MA) < f™
107° : : 0 . ;
107 107" 10° 10' 0 0.5 1 1.5

Frequency (Hz)

Figure 3. (A) Examples of energy spectra of combined wausgtar and turbulent
velocities of three directions in windy and calmndiions, respectively. (B) An
example of ESA and MA methods decomposed turbwelacity spectra. The energy
spectrum of combined wave orbital and turbulenbeiies comprises a conventional
turbulence spectrum (withfa>* power law behaviour in the inertial subrange) and
wave velocity spectrum (with > power law behaviour at higher wave bands). (C)

The same spectra as in (B) plotted on linear akes.wave varianceu_vzv is given by
the area between the dividing line, the red dofiteslin (B), and the spectrum, with

the remaining area being the turbulent variaruEe
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Figure 4. Time series of (A) wind vectors, (B) the energgedpum of water depth,
and (C-E) energy spectra of combined wave orbitdl @mrbulent velocities in the
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Figure 5. (A) and (B) show water depth and vertical velogpectra in typical bursts
of windy conditions and calm conditions, resped$iv¥,, h, andU. are wind speed,
water depth, and horizontal current speed, respeygti(C) shows mean wave spectra
showing that local waves are driven by wind dunvigdy weathers (before July 31),
but by both wind and swells during calm weathefte(aluly 31). Two corresponding
pass-bands were used to carry out velocity spélttedion.
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Figure 6. Expanded sections of the time serieszgfand 7, obtained using the various
approaches. The two tidal cycles are representhtieause tidal-averagg, in the cycle in July
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Legends in panels (A), (C) and (D) are the santaatsn panel (B).
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Highlights
1. The most widely used theories are tested to obtain total bed shear stresses.
2. Wind enhances both the wave and current induced bed shear stresses.

3. Near-bed vertical velocity fluctuations are contaminated by surface waves.

4. A solution is proposed to obtain current bed shear stressfrom in situ ADV data



