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Abstract

Wave parameters, e.g., wave height, near-bed wave orbital velocity, and wave-induced shear stresses, are impor-
tant hydrodynamic parameters for sediment processes in coastal oceans. Wave orbital velocity is particularly critical
in sediment resuspension. Several algorithms to calculate wave orbital velocity have been proposed, including lin-
ear wave theory, spectrum, and Joint North Sea Wave Project methods, but the validity of these algorithms in rela-
tively shallow waters is not well understood. In this study, we compared the wave parameters obtained by different
instruments and algorithms at four sites, one within the intertidal zone with a mean depth of 1 m and the remain-
der three in deeper offshore water with mean depths of 15-30 m. We found a high consistency of the estimated
wave height, peak wave period, and wave orbital velocity among different datasets and different algorithms at the
offshore sites, while there were significant discrepancies at the shoreline site. Using Ursell number, our study sug-
gests that it is reliable to apply any of the three algorithms and different instruments (acoustic Doppler velocimeter
and buoy) in deeper water. However, for very shallow water, it is recommended to use the measured high-
frequency velocity and spectrum method to calculate wave orbital velocity, and use wave gauge instrument or
zero-crossing algorithm to obtain wave height and period information. Finally, the effect of turbulence and bed-
form morphology on wave-induced shear stress is discussed: without removing the turbulence or taking onto

account bedforms (e.g., ripples), the orbital velocity will be remarkably over-estimated or under-estimated.

Wave orbital velocity (Uy) and wave-induced shear stress
(zw) are important parameters for coastal engineering projects
(e.g., port development and beach nourishment) as they
greatly regulate sediment transport in coastal waters (Wiberg
and Sherwood, 2008). Sediment erosion, transport, and depo-
sition are largely controlled by bottom shear stress. Unlike the
current-induced shear stress, which can be calculated in rela-
tively simple ways (e.g., inertial dissipation, Reynolds stress,
and turbulence kinetic energy) (Kim et al., 2000; Biron et al.,
2004), the wave-induced shear stress is difficult to obtain
directly from flow measurements within the thin wave bound-
ary layer. It is usually determined by the bottom wave orbital
velocity (U,) and wave friction factor (f,,) (Soulsby, 1997).
However, it is still a challenge to estimate accurately the wave
orbital velocity and friction factor.

Several algorithms to calculate U;, have been summarized
in Wiberg and Sherwood (2008), but their validity has not yet
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been well understood for different water depths, especially in
very shallow waters. The most widely used algorithm to calcu-
late wave orbital velocity is based on the simple linear wave
theory (Soulsby and Smallman, 1986; Soulsby, 1987; Zhu
et al., 2016; Yu et al., 2017). Errors arise when only particular
statistical parameters such as significant wave height (H;) and
peak period (Tp) rather than the full wave spectrum are utilized.
Another way to calculate U,, is to integrate the contributions of
each frequency component of near-bed high-frequency velocity
(i.e., the spectrum method). Even without the near-bed velocity
measurement, U, can still be estimated by approximating a
generic surface-wave spectrum using known values of wave
height and period (Wiberg and Sherwood, 2008). Compared
with other semi-empirical wave spectra forms, Joint North Sea
Wave Project (JONSWAP) (Hasselmann et al., 1973; Donelan
et al., 1985) is most appropriate for sediment transport in the
shallow waters, as it includes the impact of wave interaction
with bottom sediment (Soulsby, 1997).
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In addition to the impact of wave orbital velocity, influence
from bedforms on shear stress calculation should be carefully
considered. The presence of bedforms is very important in
modulating the bottom stress, near-bed turbulence, and sedi-
ment entrainment (Bolaifios et al., 2012). Such bedforms cover
a broad range of scales (e.g., ripples, mega-ripple, sand waves,
and tidal ridges), but only those whose length scales are on
the same order of magnitude of the wave orbital diameter near
the bed contribute to bottom shear stress (Van Rijn, 2007).
The presence of ripples modifies bottom roughness height and
wave friction factor, and exerts significant influence on wave-
induced shear stress (Soulsby, 1997). According to Gao (2009)
and Zhao et al. (2012), ripples with a wavelength of several
centimeters and a wave height <1 cm are ubiquitous on
Jiangsu tidal flats. Their influences on bottom shear stress and
sediment transport have not been reported yet. On a rippled
bed, the total wave-induced bed shear stress (z) is composed
of a skin-friction component (r,s) and a ripple component
(zwr) (Soulsby, 1997). In terms of sediment transport, z.,s is
responsible for bedload transport and threshold of sediment
motion from the bed, and 7, contributes to upward turbulence
diffusion of near-bed suspended sediment (Soulsby, 1997). Due
to their importance in hydrodynamic and sediment processes,
many studies have been conducted to measure and predict the
dimension, formation and type of ripples through laboratory
experiments and field measurements (Grant and Madsen, 1982;
Li and Amos, 1998; Davis et al., 2004; Soulsby and Whitehouse,
2005; Bolafios et al., 2012). Li and Amos (2001) proposed an
empirical formula to estimate the ripple wavelength and wave
height, and to calculate z,,, based on ripple-enhanced roughness
height k.

In this paper, we calculated and compared wave orbital
velocities on the basis of in situ measurements using different
methods. The purposes of this contribution are to (1) examine
the validity of each algorithm (i.e., linear wave theory, spec-
trum, and JONSWAP methods) for both shallow and deep
water areas; (2) investigate the effects of turbulence on wave
orbital velocity estimation; and (3) examine the impact of bed-
forms on the wave-induced shear stress, proposing suggestions
for accurate estimation of bottom shear stress.

Study area

We conducted a systematic and high-frequency in situ mea-
surements in both shallow and deep waters off the Jiangsu
Coast and Zhejiang Coast (Fig. 1). The Jiangsu Coast is adjacent
to the Yellow Sea (YS), while the Zhejiang Coast is close to the
East China Sea (ECS). YS and ECS are part of the western Pacific
marginal sea, with the former being a semi-enclosed sea with
a mean depth of 44 m and the latter being connected to YS
in the north, representing a broad continental shelf and a
mean depth of 72 m (Dong et al., 2011). One-year buoy
measurements in the southern part of YS show that the
local significant wave height ranges from 0.15 to 2.22 m,
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with an average of 0.59 m. The average wave period is in
the range of 2.06-6.82 s (Yang et al., 2014). The dominant
wind direction is from the north in winter and from the
south in summer, with an average speed of 2.8-4.4 m s™!
(He et al., 2010). Cold outbreaks in winter and typhoons in
summer are major natural hazards to the coastal engineer-
ing (Yang et al., 2014). In ECS, waves are stronger in winter,
with a monthly mean wave height of 1.1-1.3 m; waves from
April to June are weaker, with a mean wave height of 0.9 m
(Dong et al., 2011).

Methods

Data collection

Multiple datasets for several tidal cycles were collected at
four stations (Fig. 1), with one in the intertidal zone (T1, on
the upper-middle part of the intertidal flat on the Jiangsu
Coast) and three in deeper water areas (W1, X1, and S1). A tri-
pod observation system was deployed at station T1 to continu-
ously measure waves and tides. A SBE 26plus Wave and Tide
Recorder were deployed at 0.1 m above bed, monitoring pres-
sure for 256 s at 4 Hz at a 10 min burst interval. Three-
dimensional and high-frequency (8 Hz) velocities at 0.2 m
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Fig. 1. Map showing the study area and observational sites along Jiangsu
coast and Zhejiang coast of China.
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Table 1. Summary of instrumentation and deployment period of observation stations.

Instrumentation

Buoy

SBE 26plus

ADV

Sampling frequency/

Sampling frequency/

Sampling frequency/

burst interval / Deployment burst interval / Deployment
samples per burst

samples per burst
4 Hz/10 min/1024

Velocity

sampling height

burst interval/
samples per burst

Deployment time

height

height
0.1 mab

Location

Stations

T1

27 Apr-

2 May 2013
17 Feb-13 Mar 2014

0.20 mab

8 Hz/1 min/240

33°09.288'N
120°50.752'E
27°47.670'N

Sea surface

4 Hz/1 h/1200

0.30 mab

16 Hz/30 min/8192

W1

121°29.007'E
33°38.613'N

29 Dec 2014-

Sea surface

4 Hz/1 h/1200

0.35 mab

16 Hz/10 min/4096

X1

10 Jan 2015
20 Dec 2015-

120°46.623'E
31°51.586'N

Sea surface

4 Hz/30 min/1200

0.30 mab

16 Hz/20 min/8192

S1

19 Jan 2016

122°11.104’E

mab: meter above bottom
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above bed were measured by a 6 MHz Nortek Acoustic Doppler
Velocimeter (ADV) for 30 s in each burst interval of 1 min. At
the offshore stations W1, X1, and S1, the WatchKeeper buoy
from AXYS Technologies, Canada, was deployed to measure
wave parameters. The buoy is equipped with AXYS TRIAXYS
OEM wave measurement modules and wave information
(mean, maximum, and significant wave height; mean wave
direction; mean wave period; and wave direction spread) was
evaluated by the TRIAXYS processing system with three accel-
erometers (TRIAXYS™ OEM Directional Wave Sensor user’s
manual, 2009; Wilson and Siegel, 2011; Maclsaac and Naeth,
2013). The wave surface elevations were recorded by buoy for
duration of 10 min in every 1 h. We also deployed a near-bed
tripod observation system at each offshore station, with ADV
recording at 16 Hz at 0.30 m (stations W1 and S1) or 0.35 m
(station X1) above the bed. The quality of the collected
data by ADV was examined by vector correlations and
signal-to-noise ratio, then by properly despiking to exclude
outliers. The outliers were replaced by the values from cubic
interpolation (Goring and Nikora, 2002; Lu et al.,, 2012).
Using the PUV algorithm (P: pressure; U: east-velocity; V:
north-velocity, referred to as ADV-PUV in the subsequent
text) (Wu et al., 1996; Sobey and Hughes, 1999; Gordon and
Lohrmann, 2002), we extracted wave parameters (e.g., peak
period and significant wave height) from water pressure and
current velocity data recorded by ADV. Subsequently, the esti-
mated wave height and peak wave period by ADV-PUV algo-
rithm were cross-checked with a SBE 26plus data for the
intertidal station and buoy data for the offshore stations,
respectively. Further, sediment samples were collected near
the tripod deployment sites. Grain size parameters were
analyzed using a Malvern Mastersizer 2000 laser granulometer
(requiring sediment samples in the size range of 0.02-2000
pm). The median grain sizes of bottom sediment were
70.4 and 14.3 pym for stations T1 and S1, respectively. Details
of the stations, including longitude/latitude, sampling fre-
quency, sensor elevations, and deployment time, are listed in
Table 1.

Wave orbital velocity Uy,

Estimation of U,, by linear wave theory

Simple linear wave theory is most frequently used to esti-
mate wave orbital velocity because of its simplicity in mathe-
matical derivation. For small-amplitude, monochromatic
(single frequency) waves, linear wave theory defines the
amplitude of the wave orbital velocity Uy rinear a$

U B =H _ ”Hs/\/i (1)
w_Linear = Tsinh(kh) - Tp sinh(kh)

where & is water depth, k (=4z%/[¢T*tanh(kh)]) is the wave
number solved through an iterative process, H is wave height
and T is wave period. To calculate wave-induced shear stress, a
representative monochromatic wave is chosen. A good choice
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Fig. 2. Wave orbital velocity U,, as a function of water depth for period
ranging from 4 to 18 s. H; is assumed as 0.5 m.

for this is the wave of significant height H, (=v/2 H) and peak
period T}, (=T) (Soulsby, 1997). Hy and T}, are deduced using
ADV-PUV algorithm.

According to Wiberg and Sherwood (2008), wave orbital
velocity calculated using linear wave theory was in good agree-
ment with observed oscillatory flows under monochromatic
wave except within the wave boundary, where the frictional
effects cannot be ignored and velocities increase with height
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above the bottom from 0 to U,,. However, waves in the sea are
usually not monochromatic and they often consist of different
heights, periods, and directions, limiting the capability of the
linear wave theory. As shown in Fig. 2, the increase in U,, with
increasing T is unapparent in shallow water (water depth
<1 m), but the differences become more pronounced as water
depth increases. That means longer period waves affect water
column to much greater depths than those with shorter
periods. With increasing water depth, low-frequency (long
period) components of the wave spectrum contribute dispro-
portionately to the bottom orbital wave motions while higher-
frequency (short period) wave motion may be completely
attenuated before reaching the bottom. Therefore, only when
the water is shallow with respect to the wavelength of the
waves can the single measure of wave height and period used
in Eq. 1 capture the contribution of full wave spectrum to bot-
tom orbital velocity. Otherwise, we recommend using every
wave height and wave period of each burst to obtain wave
orbital velocity.

Estimation of U,, by spectrum method

Wave motions dominate bottom velocity spectrum over
periods ranging from a few to tens of seconds. By deploying
high-frequency sampling instruments (e.g., ADV), near-
bottom velocity in both low-frequency (e.g., tides and wind-
driven currents) and high-frequency (turbulence) can be
obtained. Relating bottom orbital velocity directly to the
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Fig. 3. Water depth and significant wave height obtained by PUV algorithm and SBE 26plus at intertidal station T1, by PUV algorithm and buoy at off-

shore stations W1, X1 and S1.
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Table 2. Water depth (m), significant wave height H, (m), peak wave period T, (s), wave orbital velocity U, (m s™") and wave-induced shear stress z,, (N m™2).

Values included in the brackets are the average value of each parameter.

Tw

Tws_GM
~0-0.68 0.03-2.49 0.04-1.56

Tws_van

Tws

Linear JONSWAP

Spectrum

ADV (PUV) Buoy

Buoy

Water depth ADV (PUV) SBE 26plus

Stations

/

~0-0.31
(0.07)
0.01-0.38

0.02-0.50 / 1.07-10.03 / 0.02-0.38

0.03-0.44

0-1.62
(0.77)
17.60-22.37

T

(0.39)
~0-0.54

(0.52)

~0-0.80

(0.07)
~0-0.43

(0.09)
0.01-0.33

(3.33)
5.09-9.09

(0.10)

(0.12)
0.10-3.00

~0-0.35
(0.07)

~0-0.22
(0.09)

1.80-11.1

0.14-2.78

/

S1

(0.07) (0.06) (0.03) (0.07) 0.11)
0.02-0.25

0.04-

(5.94)
3.80-11.10

(6.25)

5.86-1

(0.86)
0.60-2.10

(0.67)
0.50-2.50

(19.82)
24.62-30.31

/

/

W1

(0.10)

1.37 (7.56) 0.23
(0.10)
~0-0.51

(8.00)
5.17-13.50

(1.30)

(1.14)

(27.59)

~0-0.44
(0.08)

~0-0.54
(0.08)

1.60-13.30

0.08-2.61

12.59-16.39 0.03-2.82 /

X1

(7.12) (5.78) (0.09)

(0.68)

(0.50)

(14.62)
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variance of wave-induced near bed velocity (Wiberg and
Sherwood, 2008), U,, was calculated by integrating the con-
tributions of each frequency component of Sy ;

UwﬁSpectrum =,/ 2 Z Suv, iAf (2)
i

where S,y = Syy + Syv is the combined horizontal spectrum of
eastern and northern velocity. In addition, turbulence influ-
ence shall be removed (Soulsby and Humphery, 1990; Zhu
et al., 2016), or the orbital velocity would be highly overesti-
mated. Since the frequency of turbulence and wave interact
with each other (Bricker and Monismith, 2007), the influence
of turbulence cannot be totally removed due to the limitation
of the method.

Estimation of U,, by JONSWAP method

If measurements of high-frequency near-bed velocity and
pressure data are not available, then a solution to the estimation
of wave orbital velocity is to approximate the surface-wave spec-
trum with a generic surface-wave spectrum using known values
of wave height and period, then use this estimated spectrum to
calculate bottom orbital velocity (Wiberg and Sherwood, 2008).
A number of general forms for wind-generated wave spectra have
been proposed, including Pierson and Moskowitz (1964) spec-
trum, the JONSWAP spectrum (Hasselmann et al., 1973), and
modified JONSWAP (Donelan et al., 1985). Among these spectra
forms, JONSWAP is the most appropriate algorithm to calculate
wave orbital velocity for sediment transport studies, because it
can be applied to shallow water environments:

4 ¢ -4 2 262
S.(F) :m;sz (g) exp {—ﬁ(l’;) }ye"PHf-fP) o] )

472
Su i : S i
" T?sinh?(kih) ™"

Uw jonswar = /2 Su,idfi (5)
i

fo=1/Tp (6)

H =4y =4 [s,(F)af 7)

where my, is the variance of water surface elevation, f, is peak
frequency, ¢, B, o, v, and y are parameters that adjust the mag-
nitude and shape of JONSWAP spectrum. Interpretations
about these parameters used in Eqgs. 3-7 can be found in
Wiberg and Sherwood (2008).

Wave friction factor

Wave-induced shear stress, obtained from wave orbital
velocity and wave friction factor (zw =1pf,,UZ;Soulsby, 1997),
is the most important hydrodynamic property of waves for
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sediment transport. The presence of ripples modifies bottom
roughness height and wave friction factor f,,, which in
turn influence wave-induced shear stress (Soulsby, 1997; van
Rijn, 2007). Wave friction factor was calculated according to
Jonsson (1967), as modified by Nielsen (1979):

f e [5.213(kb/Ab)°'194—5.977 Ay k> 1.7
-
0.28, Ap/kp<1.7

where Ay, (=U,,T/2r) is the near-bed wave orbital amplitude, ky,
is the bottom roughness height. Usually, k;, is expressed as
grain size roughness height or Nikuradse roughness height kg
(=2.5ds50) (Nielsen, 1992; Soulsby, 1997; Zhu et al.,, 2016),
which was introduced by Nikuradse (1932) to simulate the
hydraulic roughness of arbitrary roughness elements of the
bottom boundary. To investigate the effect of ripples on wave-
induced shear stress, the ripple-related roughness height
(kbr_van) is calculated as (van Rijn, 2007)

Estimation of wave parameters and shear stresses

Kor om=27.71% /1 (12)

Accordingly, the grain size roughness height k; was used to
calculate skin-friction wave shear stress s, while the form-
related bed shear stress (twr van and zw; gm) Was defined from
ripple-related roughness height (kp; van and kp; gm). To assess
whether or not ripples exist under strong hydrodynamic con-
ditions, the skin-friction shear velocity 75 was used to com-
pare with the critical shear stress 7., for sheet-flow transports.
If 7ws > 7up, then upper-plane bed sheet-flow occurs and rip-
ples are completely washed out. The 7, value was calculated
by (Li and Amos, 2001)

Tup = Oup (s —Pw)§d50 (13)
Oup = 0.172d5737° (14)

where 6, is the critical Shields parameter for sheet flow. The
parameter dso in Eq. 14 has a dimension of cm.

150f¢sdso, w<50 (lower wave—current regime,small—scale ripples)

20fcsds0,

kbrﬁvan =

where v (=Uy2/[(5-1)gds0], (Uew)? = (Un)? + (Uo)?) is current-
wave mobility parameter; s = ps/pw, ps is the density of primary
particle (=2650 kg m™); dye = 32 pmy; fos = (0.25dgraver/dso) "
fes = 1 for ds50<0.25dgraver; and dgraver = 0.002 m. The low limit
iS Kpr van = 20dg, for particles <32 pym.

A number of formulae have been proposed to predict ripple
morphology, based on laboratory experiments and field measure-
ments (Allen, 1970; Grant and Madsen, 1982; Boyd et al., 1988§;
Williams et al., 2005; Soulsby and Whitehouse, 2005). However,
there is still a high degree of scatter in these predictions, particu-
larly when associated with field observations (Bolafios et al.,
2012). According to Soulsby (1997), the ripple length 1 is typi-
cally between 1.0 and 2.0 times of the orbital amplitude of the
wave motion at the bed, and their height 5 is typically between
0.1 and 0.2 times of their length, the ripple length 1 associated
with waves is given according to Boyd et al. (1988)

A ="557Ap(UyAp/v) "8 (10)
The ripple height n was predicted by Allen (1970)

n=0.07411 (11)

The predicted ripple dimensions are used to obtain the rip-
ple roughness height ky,; gum (Grant and Madsen, 1982)

(182.5-0.652)fcsdsp, SO<y <250 (transitional regime;linear approach)

y>250 (upper wave—current regime;sheet flow)

20d¢ dso < dgit

Results

Wave parameters measured by different instruments

Water depth and significant wave height over the entire
observation period of all stations are presented in Fig. 3. The
average water depth was 0.8 m at T1, 27.6 m at W1, 14.6 m at
X1 and 18.9 m at S1. The pattern of the varied tidal range
indicates the characteristics of mixed semidiurnal tides on the
Jiangsu and Zhejiang coasts. The tides were approximately
symmetrical in the study area (Fig. 3).

Significant wave height Hs and peak period T, obtained by
ADV-PUV algorithm, SBE 26plus and buoy were listed in
Table 2. The peak periods obtained from SBE 26plus at T1 were
below 1 s, which was erroneous for waves on the tidal flat,
where the typical wave period was 1-10 s; thus, T, by SBE
26plus was not considered for further analysis.

Waves were mainly caused by local winds in our study
area. The average wave period was 3.33 s (by ADV-PUV algo-
rithm) at station T1, and the estimated wave periods by
ADV-PUV algorithm and by buoy at offshore stations were
close to each other. The similarity between H; obtained
from ADV-PUV algorithm and buoy indicates that ADV-PUV
algorithm is robust to obtain wave parameters at all offshore
stations. At T1, however, the values of H estimated by ADV-
PUV algorithm were greater than those measured by SBE
26plus, particularly when maximum water depth<l m
(Fig. 3). This is mainly due to the nonlinear properties of
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Fig. 4. Peak period (To) and comparison among wave orbital velocity calculated by linear wave theory (Uy,_Linear), spectrum method (Uy_spectrum), and

JONSWAP method (U, jonswap) at four stations.

waves in very shallow water environments, which is not
included in ADV-PUV algorithm. The estimated spectrum
by ADV-PUV is different from real wave spectrum (Wu,
1994), and this discrepancy further influences the result of
wave orbital velocity.
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Fig. 5. Skin wave-induced shear stress (z,s), ripple-enhanced wave-
induced shear stress (twr van, Twr van), and wave height of ripples at station
T1 and S1.
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Wave orbital velocity and wave-induced shear stress

Wave orbital velocity calculated by different algorithms
(Uw_spectrums Uw_tinears Uw_jonswap) and wave-induced shear
stress (skin-friction and ripple-related) are shown in Figs. 4
and 5 and Table 2. The Uy yinear Values were generally larger
than U, spectrum at station T1 (e.g., the tidal cycles from
30 April to 1 May when maximum water level <1 m), mainly
due to the nonlinear properties of waves associated with very
shallow water. The deviation between Uy, _rinear and Usy_spectrum
at station T1 can reach 60.3% on average. At station W1, the
estimated values of U,, by different algorithms at the offshore
stations were similar, despite some discrepancies between
Uw_jonswap and the values based on the other two algorithms.

In order to evaluate the influence of ripples on hydrody-
namic process, we took the intertidal station T1 and the off-
shore station S1 as examples to calculate ripple-related bottom
shear stress. Due to the presence of ripples, the values of skin-
fiction wave shear stress 7,,, were smaller than ripple-related
wave shear stress (rw: van and 7w gm) at both stations (Fig. 5).
On average, 7, is eight times as large as 7, at T1, and four
times as large as 7, at S1. Compared with the offshore station,
ripples resulted in a greater increase of bottom shear stress at
the intertidal station. The reason is that in the very shallow
water area (i.e., intertidal flat), it is much easier for the surface
wave energy to penetrate to the bottom, interact with bottom
sediments, and be influenced by bedforms. The differences
between 7y van and 7., g may be due to the different
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Table 3. Inter-comparison index of agreement (slope, correlation coefficient (R), root-mean-square error (RMSE), | (Willmott model)
and brier skill scores (BSS) between Uy, _spectrum and Uy,_tinear, Uw_spectrum and Uy,_jonswap-

T1 w1 S1 X1
Uw,Spectrum & Uw,Spectrum & Uw,Spectrum & Uw,Spectrum & Uw,Spectrum & Uw,Spectrum & Uw,Spectrum &
Stations Uwainear Uwainear UwJONSWAP- Uwainear UwJONSWAP- Uwainear UwJONSWAP
Slope 1.45 1.01 0.95 1.03 1.06 1.04 1.04
R 0.77 0.80 0.70 0.97 0.95 0.98 0.96
RMSE 0.06 0.02 0.04 0.02 0.02 0.02 0.03
I* 0.54 0.59 0.66 0.71 0.70 0.71 0.72
BSS' -1.1 -0.28 0.42 0.92 0.85 0.90 0.95
2
=1~ Z(UW)pmrum_UWJther) Uw_other means Uw_Linear or Uw_JONSWAP

Z ( | Uw_other = Uw_spectrum | + | Uw_spectrum = Uw_spectrum ‘ )2,

2
TBSS—1— >~ (Un_spectrum = Un_other ) i,
Z (Uw,Specuum — Uw_spectrum )

empirical formulae in use and will be further discussed in
“The influence of ripples on wave-induced shear stress”
section.

Discussions

Comparison among different algorithms for wave orbital
velocity

To evaluate the validity of different algorithms for wave
orbital velocity, especially the linear wave theory method and
JONSWAP method, we introduced several indices including
slope, correlation coefficient (R), root-mean-square error
(RMSE), index of agreement (I), (Willmott et al.,1981; Zhu
et al., 2016) and Brier skill scores (BSS) (Brier, 1950, Table 3).
The index I varies between 0 and 1, with I = 0 indicating no
agreement and [ =1 indicating perfect agreement. BSS > 0
indicates that the values of Uy Linear OF Uy jonswap Ie€present a
better predictor of Uy spectrum than the average value of
Usw_spectrum; BSS = 1 if the agreement is perfect.

There is high agreement among the calculated U, using dif-
ferent algorithms at the offshore stations. The scatter plots of
UwapeCtrum againSt UwﬁLinearr and UwﬁSpectrum agaiHSt UWJONSWAP
are shown in Fig. 6. The correlation coefficients between
UwﬁSpectrum and UwﬁLinear (as well as UW?Spectrum and UWJONSWAP)
were 0.80 (0.70), 0.98 (0.96), and 0.97 (0.95), for stations W1,
X1, and S1, respectively. The slopes for the linear relationship
between U, specrum and Uy pinear (and between Uy spectrum and
Uy jonswar) were 1.01 (0.95), 1.04 (1.04), and 1.03 (1.06) at sta-
tions W1, X1, and S1, respectively. These stations were also
associated with low values of RMSE and high values of I and
BSS (except for the low BSS values at W1). The agreement is
good in these cases even though the buoy and the tripod are
not located at the same depth. Some minor differences (e.g., at
W1) existed in the relationship between U, spectrum and
Usw_tinear when T, < 6 s (Fig. 4), which is the deep-water wave
threshold for a water depth of ~30 m (Tgeep = +/47h/g) (Wiberg
and Sherwood, 2008). As shown in Fig. 2, the differences in
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orbital velocity among different wave periods are small in
shallow water because orbital velocity becomes dominantly a
function of depth (U, = 0.5H(g/h)°*° for shallow water) and is
not influenced by wave period. When the water becomes dee-
per with respect to the wavelength of the waves, any single
measurement of wave height or period used in Eq. 1 cannot
capture the contribution of full wave spectrum to bottom
orbital velocity. Thus, the values of Uy pinear are somewhat
underestimated, i.e., lower than Uy spectrum When T, < 6 s.
Generally, wave orbital velocity calculated by linear wave the-
ory is reasonable at the offshore stations since the waves
belonged to a shallow water category for most of the time. In
addition, the estimated U, values using JONSWAP spectral
forms (Us,_jonswap) also agreed well with U, spectrum at W1, X1,
and S1, except that some low-energy conditions were presented
when U, jonswap approached zero whereas Uy spectrum
remained high (Fig. 4). As suggested by Wiberg and Sher-
wood (2008), assuming a unimodal spectrum, large errors
are likely to occur when JONSWAP method is applied to the
wave conditions that are not unimodal in reality. The larg-
est discrepancies between U spectrum and Uy jonswar
existed when the measured spectra were bimodal, with the
larger peak being associated with higher frequencies. The
simple unimodal spectrum may also not well present small
wave orbital velocity under low sea-state conditions. Further-
more, JONSAWP formulations assume that waves are traveling
in one dominant direction; in this case the wave fields with mul-
tiple significant directions will not be well described using the
JONSWAP technique. Nevertheless, this technique is particularly
useful for defining the U, spatial field from significant wave
height and peak periods (Wiberg and Sherwood, 2008).

In contrast, a low agreement between linear wave theory
and spectrum method was present at the very shallow water
station T1, which is mainly due to the nonlinear properties of
waves that deviate from the linear wave theory. At T1, the cor-
relation coefficient (R = 0.77) and agreement index (I = 0.54)
between Uy spectrum and Uy Linear are smaller than those for
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Fig. 6. Scatter between wave orbital velocity estimated by spectrum
method and linear wave theory, spectrum method and JONSWAP method
at all stations.

offshore stations. BSS < 0 means Uy rinear iS @ poor predicator
of Uy_spectrum than the average value of Uy, spectrum- The values
of Uy_Linear Were greater than Uy spectrum fOr most of the time.
Figures 3 and 4 show that the major differences between
Uw_spectrum and Uy _pinear OCcurred when maximum water level
during a tidal cycle was below 1 m. The H values estimated by
ADV-PUV algorithm were greater than those obtained from
SBE 26plus for these tidal cycles, resulting in the over-estimation
of Uy, Linear ON the intertidal flat. ADV-PUV algorithm uses linear
wave theory to convert velocity and pressure spectra to surface
elevation spectra (Gordan and Lohrmann, 2002) and it does not
include any nonlinear property (Wu, 1994). The estimated
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Fig. 7. Relationship among Ursell number, water depth, and RMSE. The
color denotes the RMSE (root-mean-square error) between spectrum method
and linear wave theory (left panel), spectrum method and JONSWAP method
(right panel).

spectra by ADV-PUV are little different from field wave spectrum,
particularly in shallow water areas (Wu, 1994). The recom-
mended depth of PUV algorithm application is below 50 m
(Wu et al., 1996). Moreover, according to the Nortek PUV algo-
rithm application manual, this method is limited to the areas
shallower than 10-15 m with a wave period being longer than
4 s. In our results, the ADV-PUV algorithm is suitable for the
water depths of 15-30 m, but not for very shallow water condi-
tions (e.g., station T1).

From the viewpoint of Ursell number, defined as Uy = HL?/
h?, linear wave theory is valid only for relatively small Ursell
number (U < <1 for small wave steepness (H/L), cf. SBE 26plus
user manual; Ursell, 1953; Kobayashi et al., 1987; Hedges and
Ursell, 1995). The average Uy values were 0.36, 0.59, 0.32, and
24 for W1, X1, S1, and T1, respectively. The relationship
among Ug, water depth, and RMSE were plotted in Fig. 7.
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Fig. 8. Influence of turbulence on the calculation of wave orbital velocity
(Un) when using spectrum method. Black dot (line) denotes U,, with turbu-
lence removed. Red dot (line) means U, influenced by turbulence.
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Fig. 9. A Fourier analysis of wave orbital velocity (U,) before and after
removing turbulence when using spectrum method to obtain U,. The
red line represents U,, with turbulence removed (Uy_spectrum)- The blue
line denotes U, under the influence of turbulence (U,_spectrum_turbulence)-
The obvious gap between the red line and the blue line happens at the
frequency of 4.5 x 107> s™! (~6.18 h), which denotes a M4 component

of Uw,Spectrum,turbulence

Clearly, linear wave theory was not suitable for the very shallow
intertidal station T1 where Uy >> 1. Thus, it is recommended to
obtain wave orbital velocity directly from high-frequency veloc-
ity measurement (e.g., ADV) and wave parameters (e.g., wave
height, wave period) from wave gauge instruments (e.g., SBE
26plus) or zero-crossing algorithm from high-frequency pressure
measurement of ADV for very shallow water environments such
as intertidal flats. When Ui < 1 (which was the case for the off-
shore stations), both ADV and buoy instruments can be used to
measure wave parameters, and linear wave theory, spectrum and
JONSWAP methods are all applicable to estimate wave orbital
velocity.

The influence of turbulence on the estimation of wave
orbital velocity

The frequency overlapping between wave and turbulence
will unavoidably result in over-estimation of wave orbital
velocity estimation by spectrum method. According to Wiberg
and Sherwood (2008), U, _spectrum €an also be expressed as
Uw_spectrum = \/2(Var(u’) +var(v')), where u'=u -<u >, v'=v
- <v> (“< >"” denotes average value) are components of instan-
taneous velocity. Since u’ = tyave + Ururbulence, the term var (1)
(=var (Uwave) + Var (Uturbulence)) includes variations of both
waves and turbulence. When turbulence is included, the
results of Uy, spectrum_turbutence ar€ oOverestimated and present
salient tidal signal in phase with the current (M4 variation),
especially for station S1 (deployed for a whole month from
20 Dec 2015 to 19 Jan 2016) (Fig. 8). In present study, values
of Us_spectrum_turbulence Were obtained for every 1 min (station
T1), 30 min (station W1), 10 min (station X1), and 20 min
(station S1). Though turbulence is also associated with the
wave boundary itself, the period of wave is usually 1-10 s and
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Fig. 10. Ripple scales of field measurements in May 2017 at Dafeng tidal
flat, which is close to station T1.

the influence of wave on the variation of Uy,_spectrum_turbulence
could be filtered by burst-averaging. Therefore, the M4 varia-
tion of Uy _spectrum_turbulence 18 Mainly due to turbulence levels
increasing/decreasing with tidal current strength.

To remove the influence of turbulence, the turbulence spec-
trum is first calculated by energy spectrum analysis (Soulsby
and Humphery, 1990; Zhu et al., 2016) and then subtracted
from the whole spectrum (Uyave + Uturbulence)- The frequency of
turbulence and wave interact with each other during certain
range (Bricker and Monismith, 2007), so the influence of tur-
bulence cannot be totally removed due to the limitation of
the method. The results of present study turn out to be satis-
factory and in good agreement with Uy, pinear and Uy jonsawp
(Fig. 4). Taking station S1 as an example, the Fast Fourier
Transform analysis result of U, time series before and after
removing turbulence (Fig. 9) shows an obvious gap between
Uw_Spectrum and Uw_Spectrum_turbulence at the frequenCY of
45%x 107 s7!' (~6.18 h), denoting M4 components of
Uw_spectrum_turbulence- The Fourier result also demonstrates
that the influence of turbulence on bottom wave orbital
velocity has been almost cleared.

The influence of ripples on wave-induced shear stress
Bottom roughness is an important parameter in many
hydrodynamic and morphodynamic models for lakes, estuar-
ies, and coastal waters (Wiberg and Sherwood, 2008). Wave
motion induced shear stress can lead to mobilization of bed
sediment, which can further alter the bottom roughness,
e.g., through formation or elimination of small-scale ripples.
Such ripples in turn modify wave energy dissipation and bot-
tom drag for bottom boundary layer flows. Ripples in coastal
areas reach a particular height or length dependent on the par-
ticle size (dso), wave period (Tp), and peak near bed orbital
velocity (Uy,) (van Rijn, 2007). At station T1, the calculated
wave height of ripples based on Egs. 10 and 11 is in the range
of 0.27-1.16 cm (with an average of 0.48 cm). These scales are
comparable to our field measurements in May 2017 on the
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Dafeng tidal flat (Fig. 10) and the results of Zhao et al., (2012)
at Dongtai and Gao (2009) at Wanggang, adjacent to station
T1. The calculated wave height of ripples at station S1 ranged
between 0.40 and 2.17 cm (with an average of 1.08 cm, Fig. 5).
Since it was difficult to observe the ripple dimension at the
seabed, especially within the turbid water at high water
periods, these calculated wave heights of ripples were only
used as a preliminary index to investigate the ripple influence
on the bottom wave-induced shear stress.

The ripple-related bottom shear stress (tw: van, Twr M) 1S
much larger than the skin-friction shear stress 7,5 (Fig. 5). At
station T1, values of 7y van and 7w, gm Were close to each
other except for tide 5; maximum 7, van reached up to
2.17 N m~2. However, at station S1, Twr.gMm Was larger than
Twr van fOr almost the entire measurement period. Primary
analysis concerned with these two models shows that: (1) the
GM model relates the ripple-related roughness height (k)
directly with the ripple height/length, while the van Rijn
model combines kp, with median grain size of silt and gravel
(here we propose that the former would be more reasonable
for estimating kp,, by directly linking with the ripple dimen-
sion); and (2) the ripple dimension was merely calculated by
empirical formulae, which may not be applicable to the off-
shore stations. Here we recommend that in situ measurements,
such as Acoustic Ripple Profiler (Bolafios et al., 2012), should be
carried out to obtain the ripple information and compare with
empirical formulae. In addition, the distance from the ADV
probe to the seabed, which was registered at the beginning or
end of every burst, can also be used to estimate ripple or mor-
phology evolution at a fixed point (Pratolongo et al., 2010).
According to our field-work experience, however, the ADV
probes should be deployed close to the bed (i.e., within 0.3 m)
in order to record such data sets, which maybe a risk for the
probe safety, especially in offshore areas.

Conclusion

Bottom wave orbital velocity has been calculated by differ-
ent algorithms depending on the datasets available at four sta-
tions, with one in intertidal flat with depth being around 1 m
and the remainder three in offshore deeper waters with depths
of 15-30 m. The spectrum method and linear wave theory are
in good agreement for the offshore sites, despite a minor gap
between these two algorithms when T, < 6 s (the deep-water
wave threshold for a water depth of ~30 m). In the absence of
near-bed high-frequency velocity measurements, bottom
orbital velocity can be estimated using significant wave height
and peak period to parameterize a general spectral form
(e.g., JONSWAP spectral forms), thereby producing an approx-
imate surface-wave height spectrum. Estimated U, using
JONSWAP spectral forms also agrees well with bottom wave
orbital velocity by spectrum method. Thus, it is reasonable to
use any of the three algorithms and to use different instru-
ments measuring at different water depths to calculate wave
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orbital velocity in offshore waters. However, significant discrep-
ancies exist among different datasets and different algorithms
for the intertidal site. The correlation between spectrum
method and linear wave theory is weaker at the very shallow
intertidal area, due to the deviation from the nonlinear prop-
erty assumption. Thus, it is recommended to use measured
high-frequency velocity to calculate wave orbital velocity and
to use wave gauge instrumentation or zero-crossing algorithm,
rather than PUV algorithm, to obtain wave height/period. In
addition, to avoid the tide modulated orbital velocity tendency,
the impact of turbulence should be removed for the spectrum
method. Where ripples are present, the ripple-related wave
shear stress tends to be much larger than the skin-friction shear
stress. Ripples on the intertidal flat can cause a significant
increase in near-bed shear stress than in offshore areas.
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