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A B S T R A C T   

Wave height, pressure and orbital velocity statistics, as influenced by the factor of water depth, are analyzed on 
the basis of five data sets collected in situ from two intertidal sites with a mean water depth of 0.8–2.7 m and 
three inner shelf sites (water depths 14.6–27.6 m). Acoustic Doppler Velocimeters (ADVs) were used to measure 
instantaneous wave pressure and current velocity at 0.20–0.35 m above sea bed. The zero-crossing wave analysis 
method was applied to analyze the wave data to determine the wave pressure amplitude P and orbital velocity 
amplitude U of individual waves, together with the frequency of occurrence distributions of P and U, which are 
compared with the three commonly-used, classic Rayleigh, modified Rayleigh and Weibull distributions. It is 
found that the distribution of P is almost identical to that of U for each of the five study sites. The distributions of 
P and U for the intertidal flat sites fit the Weibull distribution better than the classic or modified Rayleigh ones, 
indicating a shallowness effect which is associated with finite-banded wind-wave spectra and possible wave 
breaking or near-bed turbulence. On the other hand, the distributions of P and U measured at the three inner 
shelf sites agree almost equally with the three distributions. With increasing water depth, the distributions of P 
and U are shown to reduce from the two-parameter Weibull distribution at the shallow intertidal sites to the 
classic Rayleigh at the deep-water sites. For coastal engineering applications, an empirical formula is proposed to 
estimate more accurately the significant wave height in intermediate coastal waters based on the surface water 
elevation data.   

1. Introduction 

Statistics of wave parameters such as wave height, period, dynamic 
pressure and orbital velocity are useful in designing coastal structures 
and assessing offshore platform safety (Battjes and Groenendijk, 2000; 
Silva et al., 2015). Field, laboratory and theoretical studies have been 
carried out to obtain such information for coastal waters with varied 
water depths (van Vledder, 1991; Elfrink et al., 2006; Wu et al., 2016). 
For these environmental settings, a “deep water” environment is defined 
by the criterion of kh � π, where h is the local water depth and k is the 
wave number; likewise, “intermediate water” is defined by 0.1π＜kh＜π 
and “shallow water” by kh � 0.1π (You, 2008). 

The Rayleigh distribution is a widely-adopted parametric descriptor 
of oceanic waves, as a classical theory to define the probability density 
function (pdf) of deep-water wave height in a narrow-banded sea, based 
on a Gaussian distribution of sea surface elevation (Longuet-Higgins, 
1952; Battjes, 1974; Power et al., 2016). This theory was modified to the 
one-parameter Rayleigh distribution function, to account for finite wave 
spectral bandwidth, by introducing a scale parameter, which was found 
to agree nicely with field observations (Cartwright and Longuet-Higgins, 
1956; Longuet-Higgins, 1952; Massel and Sobey, 2000). Subsequently, a 
more general scheme, i.e., the two-parameter Weibull distribution, was 
suggested to define the distribution of oceanic wave heights (Forristall, 
1978). The transition from Rayleigh’s distribution to Weibull’s was first 
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established in Baquerizo and Losada (1999) for the condition of sloping 
beaches. The wave height probability distribution is often reported to 
deviate from the Rayleigh distribution in shallow water environments 
due to wave shoaling and breaking (Dally, 1990, 1992; Goda, 2010). 
Although additional parameterizations of the distributional forms were 
proposed for the situations that waves propagate from deep to shallow 
waters (Glukhovskiy, 1966; Elfrink et al., 2006; Mai et al., 2011; Jadhav 
and Chen, 2013), the Rayleigh, modified Rayleigh and Weibull distri-
butions have remained as the most commonly-used ones (You, 2009). 

In contrast, the statistical distribution in terms of wave orbital ve-
locity has been studied by few investigators, especially for shallow water 
conditions (Sultan, 1992; Wiberg and Sherwood, 2008). This distribu-
tion is often assumed to be the same as that for wave height, implying 
that the Rayleigh distribution can also be used here. However, such an 
assumption needs to be verified with extensive field data. Furthermore, 
studies are rare to investigate statistical characteristics of combined 
wind-wave and swell for different water depths, e.g., intertidal flats 
where the water depth is extremely shallow, with probable wave 
breaking due to the shallowness, and with enhanced bottom friction 
over the gentle bed slopes of tanθ ¼ 10� 3–10� 4 (Wang et al., 2013). 

The main purpose of this study is, by analyzing extensive field data 
for instantaneous wave pressure and orbital velocity measured in 
intertidal and inner shelf environments, to investigate the effects of 
water depth h, together with the associated wave breaking and bottom 
turbulence, on the statistical distributions of both wave height and 
orbital velocity amplitudes. On such a basis, a semi-empirical formula is 
proposed to improve the calculations of the significant wave height for 
coastal and inner shelf waters. 

2. Field data collection 

2.1. Study sites 

Field measurements of waves and currents were carried out at two 
intertidal sites (T1 and R2) and three inner shelf sites (X1, S1 and W1) 
(for location, see Fig. 1). The sites T1 and R2 are located at the upper- 
middle and lower part of the intertidal flat on the Jiangsu Coast, 
respectively, which were periodically inundated by semi-diurnal tides. 

The cross-shore tidalflat profile has a convex-up shape with a mean bed 
slope, tanθ, of 1/600, while the local bed slope at T1 is around 1/1600 
(Yu et al., 2017). The sites X1, S1 and W1 are located in inner shelf areas, 
with water depths of 14.6–27.6 m. 

In terms of the regional settings, the Yellow Sea is an epi-continental 
sea with an average water depth of 44 m (Liu, 1982), while the East 
China Sea is an open marginal sea, separated from the Pacific Ocean by 
the Ryukyu Islands and Taiwan Island, with a mean water depth of 72 m 
(Dong et al., 2011). Tides over the region are dominantly semidiurnal. A 
maximum tidal range on springs of 9.39 m has been recorded on the 
central Jiangsu Coast (Ding et al., 2014) and 9.0 m in the coastal region 
of Hangzhou Bay (Du et al., 2007). In the Yellow Sea, the tide is char-
acterized by a progressive Poincare wave transmitted from the East 
China Sea, where the tidal wave mainly consists of a northwestward 
progressive wave (Xing et al., 2012). 

The annual mean significant wave height Hs in the Yellow Sea is 
around 0.6 m, with wave periods ranging from 2.1 to 6.8 s (Yang et al., 
2014). Extreme storm waves are generated by storms in winter and ty-
phoons in summer in this region causing serious damage to coastal in-
frastructures and properties by inundating coastal land and degrading 
coastal ecosystems (You and Chen, 2018). In the East China Sea, the 
monthly mean wave height is 1.2 m in winter, and 0.9 m from April to 
June (Dong et al., 2011); the prevailing winds are mostly 
southerly-southeasterly in July to mid-September and become 
northerly-northeasterly until April of the following year. The monsoon 
winds generally weaken from the East China Sea towards the Yellow Sea 
(Lee and Liu, 2013). 

2.2. Instrumentation and setup 

The field data of instantaneous current velocities and wave pressures 
were collected for each of the study sites using an ADV, which was 
mounted on an instrumented tripod and located at a height of 0.20–0.35 
m above sea bed (for the deployment detail, see Table 1). Both the high 
frequency current velocities and wave pressures data were averaged 
over a constant period of 0.5 s (which is large compared with turbulence 
scale, but small with regard to wave periods). 

The sites T1 and R2, with mean water depths of 0.8 m and 2.7 m, 

Fig. 1. The five study sites (X1, T1, R2, S1, W1) located in the coastal and inner shelf waters of mean depth h ¼ 0.8–27.6 m, with the tidal water levels measured for 
the study sites. 

J. Xiong et al.                                                                                                                                                                                                                                    



Coastal Engineering 159 (2020) 103714

3

respectively, during the measurement period, were periodically inun-
dated by tides, whilst the other three sites (X1, S1, W1) had relatively 
large water depths (i.e., 14.6–27.6 m). The quality of the collected ve-
locity data was first assessed by examining the velocity vector correla-
tions being larger than 0.7 and signal-to-noise ratio being higher than 
20 dB, and the outliers were replaced using the cubic interpolation 
method (Goring and Nikora, 2002; Lu et al., 2012). The wind speed and 
direction data at site T1 were obtained from the weather gauge stations 
at Sheyang City about 80 km to the northwest of the site (Yu et al., 
2017). 

An AXYS wave buoy, made in Canada by AXYS Technologies, was 
deployed at each of the inner shelf sites (X1, S1, and W1) to measure 
surface wave parameters and wind speeds/directions. The wave buoy 
recorded water surface elevations for 10 min in every hour (Xiong et al., 
2018), and the surface buoy measurements were used to compare with 
the wave heights estimated from the ADV wave pressure data. 

3. Wave data analyses 

3.1. Wave pressure and amplitude 

The zero-crossing wave analysis method in the time domain is used 
to analyze the collected instantaneous water pressure data to derive 
wave pressure amplitude P and wave period for individual waves. 
Instantaneous wave pressure ~p is analyzed directly from the time series 
of instantaneous water pressure data as 

~pðtÞ¼ pðtÞ � p (1)  

where p(t) is the instantaneous water pressure recorded by ADV, and p is 
the mean water pressure averaged over one bust of sampling interval 
(Table 1). With the zero-crossing method, wave pressure amplitude P of 
individual wave is estimated as 

P¼ 0:5� ðPmax � PminÞ (2)  

where Pmax and Pmin are maximum and minimum wave pressures, 
respectively, between two zero-up or -down crossing points. An example 
is shown in Fig. 2, where the P values are estimated from the field data 
collected at the site X1, with both the zero-up and -down crossing 
methods. The values of P estimated with the zero-up and -down crossing 
methods are shown to be close to each other; thus, the zero-up crossing 
method was then adopted in this study. Some other wave pressure 
characteristic parameters, i.e., significant wave pressure Ps, root-mean- 
squares wave pressure Prms and maximum wave pressure Pmax, are 
then derived from each burst of the wave pressure amplitudes analyzed. 
The wave height H was calculated from the wave pressure data collected 
in this study, based on the linear wave theory (Karimpour and Chen, 
2017), the validity of which will be further discussed in section 5.2. 

3.2. Wave orbital velocity and amplitude 

Instantaneous wave orbital velocity componentsð~u; ~vÞ were deter-
mined from the measured instantaneous velocity components (u, v) 

~u ¼ u � u and ~v ¼ v � v (3)  

where ðu; vÞ denote the mean eastern and northern velocity components 
averaged over each sampling duration, which varied from 30 to 512 s 
(Table 1), being much longer than the wave period. Thus, the tidal 
component was removed by using Eq (3) (Kim et al., 2000; MacVean and 
Lacy, 2014; Bian et al., 2018). However, the instantaneous wave orbital 
velocity components ð~u; ~vÞ , which were measured close to sea bed, may 
contain the turbulent velocity component, though the measured high 
frequency current velocities were averaged over a constant period of 0.5 
s before the zero-crossing analysis. The influence of turbulence on the 
wave parameter statistics will be discussed in section 4.2. According to 
You and Yin (2001), the resultant wave orbital velocity ~UðtÞ in the mean 
direction θ of wave propagation over one burst of sampling interval, 
during which the sea state is stationary, is expressed in terms of ~u and ~v 
as 

~UðtÞ ¼ ~usin θ þ ~vcos θ and tan θ ¼ �
�

~urms

~vrms

�

(4)  

where ~urms and ~vrms are the root-mean-squares wave orbital velocity 
components that are directly calculated from one burst of instantaneous 
wave orbital velocities analyzed from Eq. (3). The histogram of ~u=~urms 
and ~v=~vrms are found to be almost identical and perfectly follow the 
Gaussian distribution as commonly assumed, resulting from a stationary 
situation of ~u=~urms and ~v=~vrms over the period of the deployment. 

The wave orbital velocity amplitude U of individual waves can be 
analyzed from the time series of wave orbital velocity ~UðtÞ, with the 
zero-up crossing method. Similar to the definition of wave pressure 
amplitude in Eq. (2), U is estimated by 

U¼ 0:5� ðumax � uminÞ (5)  

where umax and umin are the maximum and minimum orbital velocity 
components of an arbitrary wave, respectively. Similar to the definition 
of irregular wave height, the wave orbital velocity parameters including 

Table 1 
Deployment details and ADV setup.  

Site Mean Water Depth (m) Sampling Rate (Hz) Sampling Duration (s) Sampling Interval (min) Acoustic Sensor Elevation (m asba) Deployment Duration (Day) 

T1 0.8 8 30 1 0.20 7 
R2 2.7 16 256 50 0.25 6 
X1 14.6 16 512 10 0.35 13 
S1 19.8 16 256 20 0.30 31 
W1 27.6 16 512 30 0.30 16  

a Note: asb ¼ above sea bed. 

Fig. 2. Comparison of wave pressures Prms calculated by the zero-up (Prms_up) 
and zero-down (Prms_down) crossing methods from 1758 bursts of wave pressure 
data collected at the site X1. 
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significant wave orbital velocity Us, root-mean-squares wave orbital 
velocity Urms and maximum wave orbital velocity amplitude Umax were 
then calculated from each burst record. 

3.3. Wave period 

In this study, wave period of an individual wave was analyzed from 
the time series of wave pressure data. The zero-up crossing period Tz is 
defined from the wave pressure data as the temporal interval between 
two consecutive zero-up crossing points on the x-axis of time. The mean 
wave period Tz for one burst of n waves is calculated by averaging n 
zero-up crossing periods analyzed from that data burst. The mean wave 
period is also estimated as Tm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0=m2

p
from the wave spectrum, as 

calculated from each burst of wave pressure data (Jadhav and Chen, 
2013; Karimpour and Chen, 2017), where m0 and m2 are the 0-th and 
second moments of the wave pressure spectrum, respectively. 

The mean wave periods of Tz and Tm in Fig. 3, which were analyzed 
from the wave pressure data at the site X1, are shown to be close to each 
other, but quite different from those of peak wave period Tp corre-
sponding to peak wave energy density. Since Tp is less stable than Tm, 
only the Tz and Tm data were used in this study. 

3.4. Wave characteristics with different water depths 

The data on wind speed, mean wave period, significant wave pres-
sure and significant orbital velocity, as analyzed from the field data 
collected at the study sites, are shown in Fig. 4. The probability density 
distribution of wave period Tz (Fig. 5), which is calculated from each of 
the study sites, was used to distinguish wind-waves of Tz<5 s from swell 
of Tz�5 s. 

At the site T1 (water depth <1.5 m), the waves (measured at 0.2 m 
above the sea bed) are generally wind-waves of 1:5  s  � Tz <4 s 
(Fig. 5). The wave periods were clearly shown to increase or decrease 
during the rising or falling of the tides, respectively. Wave breaking took 
place during the strong wind period in April 29–30, under the condition 
of h < 0.2 m (Fig. 4). Some of the waves measured at this site belonged to 
shallow-water waves (kh < 0.1π), and the remainder belonged to tran-
sitional waves (0.1π < kh < π). 

The waves at X1 (measured at 0.35 m above sea bed, h ¼ 14.6 m) 
represented a mixture of wind-waves (3 s Tz < 5 s) and swells (5 �
Tz 9 s), but were generally dominated by 65% of swells (Fig. 5). Even 
though the wind-waves with short periods of Tz < 4 s are generally 
classified as deep-water waves at this site (kh > π), the small wind-wave 
orbital velocities of Us < 8.3 cm/s were still detected by the ADV at 0.35 
m above sea bed. Two storm events, which are marked in the shaded 
boxes in Fig. 4, generated the storm waves at this site. A small portion of 
the wind-waves measured at this site were deep-water waves (kh � π), 
and most of them are transitional waves (0.1π < kh < π). 

At the sites S1 and W1 (h ¼ 19.8 m and 27.6 m, respectively), the 
waves measured at 0.3 m above sea bed were all swells (Tz > 5 s). The 
wave periods at S1 were shorter than those at the site W1. All waves 
measured at the two sites belonged to transitional waves. It should be 
noted that the waves measured at 0.3 m above sea bed represented only 
the swells with a wave length that was sufficiently large to influence the 
bed, whilst the surface wind-waves were too short to reach the bed, 
during the measurements. 

4. Statistical distributions of wave parameters 

4.1. Probability distribution functions 

Three commonly-used probability distribution functions, i.e., the 
Rayleigh, modified Rayleigh and Weibull distributions, were used here 
to evaluate the probability distributions of wave height and orbital ve-
locity for different water depths. The Rayleigh function is expressed as 

f ðxÞ¼ 2x exp
�
� x2� (6)  

where x is the non-dimensional variable, e.g., x ¼ P/Prms or x ¼ U/Urms. 
In order to make the Rayleigh function flexible, a parameter was 
introduced in Eq. (6) to modify the Rayleigh as a one-parameter distri-
bution (Longuet-Higgins, 1952; Massel and Sobey, 2000), 

f
�

x
�
¼ 2x

.
C2 exp

�
� ðx=CÞ2

�
(7) 

The introduction of this parameter may be also understood as 
replacing Prms with a new parameter Pnew ¼ C� Prms. The parameter C 
was introduced to take into account the effects of finite spectral band-
width and wave nonlinearities on the distribution of wave height 
(Longuet-Higgins, 1952). The value of C was determined based on the 
best fitting between the measured and the estimated average of n largest 
wave pressures obtained by modified Rayleigh distribution in section 
4.3. 

The two-parameter Weibull function, which is much more flexible 
than Eq. (7), was also applied in this study 

f
�

x
�
¼

a
λ
ðx=λÞa� 1exp � ðx=λÞa (8)  

where a is the shape parameter and λ is the scaling parameter. The 

values of a and λ were obtained by x ¼ λΓ
�

1þ1
a

�

(where Γ is the 

Gamma Function) by the maximum likelihood method (Saleh et al., 
2012). The Weibull distribution reduces to the Rayleigh one in Eq. (6) 
when λ ¼ 1 and a ¼ 2, and it becomes the modified Rayleigh in Eq. (8) 
when a ¼ 2. Thus, the classic or modified Rayleigh represents a special 
case of the two-parameter Weibull distribution. 

4.2. Distributions of wave parameters 

The field data of wave pressure P were compared with the Rayleigh, 
modified Rayleigh and Weibull distribution functions, respectively. The 
empirical probability density distribution of P is defined as 

fi ¼
Ci

N⋅Wi
(9)  

where Ci is the number of P/Prms falling into the ith bin, N is the total 
number of waves recorded at each of the study sites, Wi is the width of 
the ith bin, which was set as a constant of 0.08 to divide the P/Prms range 
into 32 bins. Eq. (9) was also applied to calculate the empirical distri-
bution of wave orbital velocity by replacing P/Prms with U/Urms. The 
normalized P and U by using the respective root-mean-square Prms and 
Urms would eliminate the influence of dramatic variations in the sea state 
during the field observations. 

The probability density distributions of P/Prms, and U/Urms, obtained 

Fig. 3. Comparison of wave periods (Tz, Tm, Tp), as analyzed from wave 
pressure data collected at the site X1 with the zero-crossing and wave spec-
tral methods. 
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by the measured data, are compared against the three commonly-used 
distribution functions in Fig. 6 and Fig. 7, respectively. Since the dis-
tributions of P and U measured at each site have similar patterns, only 
the distributions of P measured at the study sites (Fig. 6) were used to 
discuss how the distribution varies with water depth and other related 
variables. 

The distribution of P at the shallow site T1 of h ¼ 0.8 m is quite 
different from those at the other three inner shelf sites of h ¼ 14.6–27.6 
m (Fig. 6): it does not follow the classic or modified Rayleigh distribu-
tion. This discrepancy may be due to the observation that the Rayleigh 
distribution, which is derived based on the assumption of narrow- 
banded waves, is no longer valid for wind-waves at this very shallow 
site (Kumar et al., 2011). Further, the depth-induced wave breaking can 
also cause wave height distribution to differ significantly from the 
Rayleigh (Battjes and Groenendijk, 2000; Power et al., 2016), which will 
be further discussed below. In contrast, the two-parameter flexible 
Weibull distribution agrees well with the field data collected at all other 
study sites, where there were wind-waves only at T1, mixed wind-waves 
and swells at X1, and swells only at S1 and W1. 

Although the Weibull distribution agreed well with all the field data 
(Figs. 6 and 7), the Weibull parameters (λ, a) varied significantly with 
different water depths (Fig. 8). For any of the sites, the parameters λ and 
a in terms of the Weibull distribution were estimated from the field data 
at 0.1 m intervals of the local water depth change at the site T1 (h ¼ 0.8 

m), and at 1.0 m intervals at the other three sites (h ¼ 14.6–27.6 m). The 
Weibull parameters estimated from the U data were also compared with 
those from the data on the perpendicular wave orbital velocity ampli-
tudes (u, v) to verify Eqs. (3)–(5). Fig. 8 shows that the use of u, v or U is 
almost equally good for the estimate of the Weibull parameters; the 
parameters (λ, a) estimated from the U data are generally close to those 
from the P data, and are shown to increase with decreasing water depth, 
approaching to a � 2 and λ ¼ 1 of the Rayleigh distribution at the site 
W1 where h ¼ 27.6 m. Elsewhere, the transition from the Rayleigh to 
Weibull distribution was reported also by Baquerizo and Losada (1999) 
under the influence of shoreward beach profile and the local relative 
water depth. 

Due to the lack of storm event records at T1, the field observations of 
instantaneous wave pressure and current velocities recorded at another 
tidal flat site R2 (Fig. 1), which experienced strong winds with a 
maximum wind speed over 17 m/s, were analyzed to further study the 
possible effects of wave breaking and water column turbulence on the 
distribution of wave pressure. The probability density distribution of 
wave pressure was also obtained from Eqs. 1-2, and 6-9. According to 
Cheng and Wang (2015), turbulence kinetic energy (TKE) within the 
active wave breaking zone is larger than that within the non-breaking 
zone. The TKE was calculated by TKE ¼ 1

2 ðu’2 þ v’2 þ w’2Þ, where u’, 
v’ and w’ are turbulent components in alongshore, cross-shore and 
vertical direction, respectively. The turbulent velocities were separated 

Fig. 4. In situ data of wind, wave period, significant wave pressure, and significant wave orbital velocity from the sites T1, X1, S1 and W1.  
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Fig. 5. Distributions of wave period Tz measured at the study sites: wind-waves with  Tz<5 s at the site T1 of h ¼ 0.8 m, swell with Tz>5 s at the sites S1 and W1 of h 
¼ 19.8–27.6 m, and wind-waves mixed with swell at the site X1 of h ¼ 14.6 m. 

Fig. 6. Probability density distributions (PDF) of P/Prms measured at the study sites of h ¼ 0.8 m (T1), h ¼ 14.6 m (X1), h ¼ 19.8 m (S1)and h ¼ 27.6 m (W1), as 
compared with those of the Rayleigh, modified Rayleigh and Weibull distributions. 
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from the mixed wave-turbulent velocities through the “phase method” 
of Bricker and Monismith (2007) (MacVean and Lacy, 2014). 

Fig. 9 shows that TKE increased greatly corresponding to those three 
tidal cycles with strong waves, with the average value of Hs being 0.49 
m. The distribution of large waves (Hs > 0.50 m) with possible wave 
breaking was compared with that of small waves (Hs < 0.15 m) without 
wave breaking in Fig. 10, with the strong wave signal being shown 
apparently as the peak signal in the spectral density of horizontal ve-
locity. The threshold “0.15” and “0.5” were chosen mainly based on the 
overall distribution of waves at site R2 (Fig. 9), such that the large and 
small wave groups had a comparable number of waves. In Fig. 10 the 
distribution of the large waves (Hs > 0.50 m) with possible wave 
breaking was almost identical to that of the small waves (Hs < 0.15 m) 
without wave breaking; the distribution of wave pressure still deviated 
from the Rayleigh distribution, but agreed well with the Weibull dis-
tribution. This was similar to the patterns of the site T1. 

Furthermore, the influence of turbulence on wave pressure distri-
bution was investigated (Fig. 11), based on the results of turbulence 

dissipation parameter G ¼
�

ε
v

�1=2
, where v is the molecular viscocity and 

ε ¼ u3
*

κz is the turbulence dissipation rate. In the equation for ε, κ (¼0.4) is 
the von Karman constant, z is the elevation of the measurement sample 
volume above sea bed and u* is the bottom shear velocity (Wang et al., 

2013). The calculation of u* is u* ¼

�
2πκz

u

�1=3
 

∅wwðfÞf5=3

α3

!1=2 

, where ∅ww 

is the spectral density of vertical velocity component at the frequency f, 
and α3 � 0:69 (Kim et al., 2000). The strong and weak turbulence pe-
riods were defined as G < 4 s� 1, and G > 10 s� 1, respectively. Maximum 
G values during the storm event (during 15–17th October) were slightly 
smaller than those before the storm event (Fig. 9). Once again, the 
Weibull distribution was shown to agree with the measured data better 

Fig. 7. Probability density distributions of U/Urms measured at the study sites of h ¼ 0.8 m (T1), h ¼ 14.6 m (X1), h ¼ 19.8 m (S1) and h ¼ 27.6 m (W1), as compared 
with those of the Rayleigh, modified Rayleigh and Weibull distributions. 

Fig. 8. Variations of the Weibull parameters (λ, a) with water depth, based on the measurements.  
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Fig. 9. Time series of (a) water depth, (b) significant wave height Hs, (c) turbulence kinetic energy TKE, and (d) turbulence dissipation parameter G, measured at the 
site R2. 

Fig. 10. Probability density distributions of P/Prms measured under strong (a) and weak (c) winds at site R2, N being the number of waves in consideration, with the 
respective spectra of horizontal velocity (b and d). The red box denotes the wave-induced peak signal. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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than the classic or modified Rayleigh distribution. 
We further remove turbulence velocity components (ut ; vt) from the 

instantaneous wave orbital velocity ð~u¼ uwþut ; ~v¼ vwþvtÞ by 
applying the Synchrosqueezed Wavelet Transform algorithm (SWT, Bian 
et al., 2018). Fig. 12 shows the resultant power spectra of the 
wave-turbulence decompositions. Part of the turbulence signals at the 
wave frequencies was removed with an artificial “energy trough” in the 
turbulence spectrum (Bian et al., 2018). The probability density distri-
butions of u/urms from the inner shelf to the intertidal sites before and 
after removing turbulence are shown in Fig. 13. Minor variations were 
detected on the wave orbital velocity distribution at the inner shelf sites 
(W1, X1, and S1), while the distribution at the site R2 matched well with 
both Rayleigh and Weibull distributions after the removal of turbulence. 
Yet, at the shallowest site T1, the improvement was moderate, with the 
wave orbital velocity still deviating from the Rayleigh distribution; 
nevertheless, it followed the Weibull distribution. These observations 
indicate that the effect of bottom turbulence on the distribution of wave 
height became significant in very shallow water environments, espe-
cially when waves breaking occurred, which generated strong 

turbulence. 

4.3. Average of n largest wave pressures 

The three commonly-used probability distribution functions were 
used to calculate the average of n largest wave pressures or n largest 
wave orbital velocities measured at the study sites. Let XQ be the average 
of n largest wave pressures or wave orbital velocities from the total 
number of m waves in a sampling burst, and Q ¼ n/m be the exceeding 
probability. XQ was calculated from the Rayleigh distribution as 

XQ

Xrms
¼

R∞
X Xf ðXÞdX

XrmsQ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
� ln Q

p
þ

ffiffiffi
π
p

2Q
erfc
� ffiffiffiffiffiffiffiffiffiffiffiffiffi
� ln Q

p �
(10)  

where f (X) is the probability density function, and erfc (x) is the com-
plementary error function. Using the modified Rayleigh distribution 
function, XQ became 

XQ

Xrms
¼C �

�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
� ln Q

p
þ

ffiffiffi
π
p

2Q
erfc
� ffiffiffiffiffiffiffiffiffiffiffiffiffi
� ln Q

p ��

(11) 

Fig. 11. Probability density distributions of P/Prms measured under strong (a) and weak (b) turbulence conditions at site R2, N being the number of 
waves considered. 

Fig. 12. Power spectra of wave orbital velocity with turbulence (blue line) and without turbulence (red line), and turbulence (black line) (a), and the time series of 
instantaneous wave orbital velocity with turbulence and time series of wave orbital velocity without turbulence (b). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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For the Weibull distribution, XQ was expressed as 

XQ

Xrms
¼ð � ln QÞ1=α

þ
1

αQ
Γð1 = α; � ln QÞ (12)  

where Γð1 =α; � ln QÞ is the upper incomplete Gamma Function. The 
measured values of PQ/Prms at the sites were compared with those 
calculated from Eqs. (10-12) (Fig. 14). The UQ distributions measured 
(not plotted here) were almost identical to those of PQ as mentioned 
previously. The Rayleigh distribution function did not agree with the 
field data at the site T1, and generally overestimated the measured 
values at the other three sites, while the modified Rayleigh and Weibull 
distributions both fit well to the observations. 

4.4. Expected value of wave pressure maxima 

Wave pressure maxima Pmax in different bursts or segments, with the 
same sample size of N waves, are expected to be different, but may 
follow some statistical distributions such as the Rayleigh or Weibull 
distribution. The expected largest value, E(Xmax), in the wave burst can 
be estimated from the Rayleigh distribution function 

EðXmaxÞ

Xrms
¼ χ0 þ

γ
2χ0
�

γ2 þ π2=6
8χ3

0
(13)  

where χ0 ¼
ffiffiffiffiffiffiffiffiffi
ln N
p

and γ (¼0.5772) is Euler’s constant. If the modified 
Rayleigh distribution function is used, then it becomes 

EðXmaxÞ

Xrms
¼C �

�

χ0þ
γ

2χ0
�

γ2 þ π2=6
8χ3

0

�

(14) 

Fig. 13. Probability density distributions of wave orbital velocity amplitude with (upper panel) and without (lower panel) turbulence, from the inner shelf to 
intertidal sites. 

Fig. 14. PQ/Prms distributions measured in comparison with those calculated from the Rayleigh, modified Rayleigh and Weibull distributions.  
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Finally, according to the Weibull distribution function, we have 

EðXmaxÞ

Xrms
¼ χ0 þ

γ
αχα� 1

0
�
ðγ2 þ π2=6Þðα � 1Þ

2α2χ2α� 1
0

(15) 

Comparison between the measured and predicted values of Pmax is 
shown in Fig. 15. Since the measured and predicted values matched well 
at all study sites, only the field data collected from the intertidal sites T1 
and the inner shelf site X1 are selected to make the representative 
comparison. The expected values of Pmax, which are calculated from the 
classic Rayleigh, modified Rayleigh and Weibull distributions, are close 
to each other and agree well with the measured values. 

5. Engineering applications 

5.1. Estimation of significant wave height 

For coastal engineering applications, significant wave height Hs is 
often estimated from the standard deviation of surface water wave 
profile as 

Hs � 4
ffiffiffiffiffiffi
m0
p

(16) 

The validity of Eq. (16) relies on the precondition of a stationary, 
Gaussian and narrow-banded deep-water wave spectrum. Based on the 
field observations at the study sites, the ratios of significant wave 
pressure Ps to 

ffiffiffiffiffiffi
m0
p

(m0 denotes the 0-th moment of the wave pressure 
spectrum) were shown to increase with water depth, approaching to the 
theoretical value of 4 as shown in Fig. 16. At T1 with very shallow water, 
however, the measured ratio is smaller than the theoretical value by 
12.5%. This significant reduction is mainly due to the shallow water 
effect, with the presence of possible breaking waves on the tidal flat, 
which make the wave spectrum relatively broad banded (Kumar et al., 
2011). The empirical formula, as a function of relative water depth kh, is 
proposed as 

Ps
ffiffiffiffiffiffim0
p ¼ 3:93�

�
1 � e� 3:59kh� (17)  

5.2. Applicability of the linear wave theory 

In this study, the linear wave theory was used to calculate surface 
wave height from the wave pressure data collected in situ. The obtained 
wave heights were then compared with those measured by surface wave 
buoys to test the applicability of the theory in different water depths. 
The comparison of the significant wave heights calculated and measured 
at the three inner shelf sites are given in Fig. 17. It shows that the linear 
wave theory worked quite well in the inner shelf areas where h ¼
14.6–27.6 m. The wave heights calculated from the wave pressure data 
collected near the sea bed were close to those directly measured by the 
surface wave rider buoy, with some minor differences due to the error 
generated in the wave attenuation correction (Wang and Stone, 2005; 
Karimpour and Chen, 2017). 

Additional tests were carried out for the intertidal site T1. With the 
known instantaneous wave pressure, the wave orbital velocity can be 
calculated from linear wave theory for monochromatic waves 

Fig. 15. Expected values calculated from the Rayleigh and Weibull distribution functions, against the measurement derived values at the sites T1 and X1.  

Fig. 16. The Ps  to 
ffiffiffiffiffiffi
m0
p

ratio, calculated for different water depths (Squares at 
the site T1, Triangular shapes at the site X1, Diamonds at the site S1, and Dots 
at the site W1). 
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U¼
ωP

tanhðkhÞ
(18) 

for which Umax, Pmax and Tz of individual waves were used, obtained 
from the time series of wave orbital velocity and wave pressure with the 
zero-up crossing method. The calculations using Eq. (18) were compared 
with those measured in situ (Fig. 18). Once again, the linear wave theory 
worked well at the sites of S1, X1 and W1, but the calculations were less 
accurate at the site T1. Since the mean value of Ursell number UR ¼ H�
L2=h3, where H, L and h are the averaged wave height, wave length and 
water depth of each sampling burst, respectively, had the values of 0.36, 
0.59, 0.32 and 24 for the sites W1, X1, S1 and T1, respectively (Xiong 
et al., 2018), the applicability of the linear wave theory was reduced at 
T1; this situation is associated with the large Ursell number at this 
particular site (i.e. UR≫1, Ursell, 1953; Hedges and Ursell, 1995). 

6. Conclusion 

The effect of water depth, in association with finite-banded wave 
spectra, wave breaking and turbulence intensity, on the statistical dis-
tributions of wave pressure and orbital velocity amplitudes is identified 
in the present study, based on the in situ measurements carried out at 
two intertidal sites and three inner shelf sites. The statistical distribu-
tions obtained indicate that the two-parameter flexible Weibull distri-
bution agrees better with the field data, than the classic or modified 
Rayleigh distribution does. The influences of wave breaking and the 
resultant turbulence on the distributions of the wave pressure and 
orbital velocity become important at the intertidal flat with very shallow 
water. Furthermore, the relationship between significant wave pressure 
and the 0-th moment of the wave pressure spectrum is a function of 
water depth within the coastal and inner shelf areas, beyond which the 
influence of water depth vanishes. 
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Fig. 17. Significant wave heights calculated from the wave pressure data 
collected at the study sites with the linear wave theory, in comparison with 
those on the basis of measurements by surface wave rider buoy. 

Fig. 18. Maximum wave orbital velocities of individual waves calculated from Eq. (18) based on the linear wave theory, in comparison with near-bed measurements.  
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