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Abstract

On the basis of the measurement data pertaining to waves, current, and sediment in February 2012 in the
mouth bar of the Modaomen Estuary, the Soulsby formulae with an iterative method are applied to calculat-
ing bottom shear stresses (BSS) and their effect on a sediment re-suspension. Swell- induced BSS have been
found to be the most important part of the BSS. In this study, the correlation coefficient between a wave-
current shear stress and SSC is 0.86, and that between current shear stresses and SSC is only 0.40. The peaks
of the SSC are consistent with the height and the BSS of the swell. The swell is the main mechanism for the
sediment re-suspension, and the tidal current effect on sediment re-suspension is small. The peaks of the
SSC are centered on the high tidal level, and the flood tide enhances the wave shear stresses and the SSC
near the bottom. The critical shear stress for sediment re-suspension at the observation station is between
0.20 and 0.30 N/m?. Tidal currents are too weak to stir up the bottom sediment into the flow, but a WCI
(wave-current interaction) is strong enough to re-suspend the coarse sediment.
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1 Introduction

In shallow coastal waters, both wave and current movements
are significant and important to a sediment transport. Surface
waves interacting with the seafloor can create turbulent bound-
ary layers that make significant contributions to wave energy
dynamics, dissipation rates, and fluid sediment interactions
(Trowbridge and Madsen, 1984a, b; Mathisen and Madsen,
1996a,b; Styles and Glenn, 2002). It has been shown (Grant and
Madsen, 1979) that when the wave and the current exist jointly
in a region, shear stresses are altered because the turbulence
generated by the wave-current interaction (WCI) near the bed
is different from the stresses expected in the case of pure wave
or pure current. There is a nonlinear interaction between the
two flows, and the fluid dynamics are changed. So, the method
to calculate the bed shear stress for combined wave and current
conditions is somewhat more uncertain due to the possibility
of the nonlinear interaction as the flow becomes more energet-
ic (Soulsby et al., 1993; Soulsby, 1997). A number of models to
describe the WCI within the bottom boundary layer have been
proposed. They can be classified into time-invariant eddy-vis-
cosity models and mixing-length models (Malarkey and Davies,
1998). The most representative of the time-invariant eddy-vis-
cosity models are those proposed by Grant and Madsen (1979)
and Christoffersen and Jonsson (1985). Based on the concept
of Grant and Madsen (1979), the nonlinear wave-current com-
bination shear stress formulae have been proposed by Soulsby
et al. (1993) with an iterative method, now widely used in the

calculation of the BSS under the WCI.

The BSS under the WCI have been investigated through the
direct measurements (Jago et al., 1992; Hambling, 1989; Lavelle
et al,, 1984; Lou and Ridd, 1996; Rodolfo et al., 2012) as well
as the modeling in various coastal environments in the world
(Soulsby et al., 1993; Holmedal et al., 2003; Rosales et al., 2008;
Shi and Wang, 2008). Lou and Ridd (1996) calculated the BSS us-
ing an iterative method based on the concept of Grant and Mad-
sen (1979), employing the measurement data in Cleveland Bay;,
North Australia. Rosales et al. (2008) evaluated the effect of con-
sidering the WCI on the BSS calculations with a wave and cur-
rent coupled model, and their study shows that when the WCI
is taken into account, the calculated maximum bottom stress
is usually doubled. The sediment transport under the WCI is
closely related to the BSS, and some findings have also been un-
covered in this area. On the basis of the critical condition for the
initiation of sediment movement, according to a wide array of
test data for a wave-current coexistent system, Cao et al. (2003)
established the formulas of the sediment initial movement for
both laminar and turbulent conditions. Kong et al. (2003) set
up a theoretical formula of BSS for a wave-current coexisting
system and obtained the condition of incipient movement of
sand particles, the sediment carrying capacity, by means of the
theory of boundary layers. In general, exceptional progress has
been made in the wave-current BSS and the sediment transport
research, but the field observations in various coastal environ-
ments and experiments are still insufficient. Owing to their
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complicated nature, much more work is still needed in this area.

As a particular example, the Modaomen Estuary (ME), lo-
cated at the landward margin of the South China Sea shelf
(Fig. 1), has evolved under coactions of various forcings such as
the runoff, tide, wave, storm, and littoral current; this is a typi-
cal runoff and wave-dominant estuary in China. The sediment
re-suspension under combined wave-current conditions is an
important mechanism for the sediment transport and morpho-
logical evolution of the ME.

The role of the wave on the morphological evolution of the
ME has been realized (Luo et al., 1983; Li, 1983; Li et al., 1993;
Jia et al., 2009), but no research findings on the WCI are avail-
able. Owing to its potential economical importance, especially
the navigation demand, much attention has been paid to the
ME; the research on the WCI is also very necessary. In this pa-
per, based on the measurement data in February 2012, The BSS
were calculated, and their effects on the sediment re-suspen-
sion were analyzed using the Soulsby formulae with an iterative
method. This study provides a quantitative understanding of
the role of the WCI in the ME and may provide a good case for
similar estuaries throughout the world.

2 Study area

The Modaomen Estuary (ME), located on the west wing of
the Zhujiang River Delta (ZRD) (Fig. 1), is the main outlet of the
Xijiang River. The runoffis strong, and the tide is relatively weak.
The ratio of the multi annual mean runoff to the tidal prism is
5.77. The multi annual (1959-2010) mean runoff at the Makou
Gauging Station (Fig. 1), where the Xijiang River enters the ZRD,
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is 7400 m3/s. The monthly mean discharge varies from 11400
m?3/s during the wet season (April to September) to 3420 m3/s
during the dry season (October to March). The water discharge
flowing into the ME accounts for 37.86% of that measured at the
Sta. Makou. The tides at the ME are of irregular semi diurnal/
mixed type. The annual mean tidal ranges at the tidal gauge sta-
tions Sanzao and Denglongshan are 1.11 and 0.86 m respective-
ly. On the basis of the Dawanshan wave station at the south of
the ME, the dominant wave direction is southeasterly with the
occurrence of 71%. The monthly mean wave height ranges from
1.01 to 1.32 m with the average wave period from 5.15 to 5.70 s.

3 Data and methodology

The data for the calculation and analysis of the BSS in this
paper were measured by the Center for Coastal Ocean Science
and Technology Research, Sun Yat-sen University on February
18 to 23, 2012 (details below). The tidal elevation was collected
from the Foshan Hydrology Bureau, Guangdong Province. The
raw wave data were separated into a wind wave and swell wave
based on the band separation frequency, 0.2 employed in this
study. The nonlinear wave-current combination shear stress
formulae proposed by Soulsby et al. (1993) with an iterative
method are applied to calculating the BSS.

4 Field observation

The field observation was carried out from February 18 to
23, 2012. The measurements in all campaigns consist of install-
ing five mooring stations in the estuary, among which the ob-
servation period at Stations M2 and M4 was from February 18
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Fig.2. Locations of the measurement stations.

to 19. The stations were carefully designed to cover important
morphological units. The locations of the stations are shown in
Fig. 2. A Current, a salinity, a turbidity, and a wind were mea-
sured at each station. The ADPs (Acoustic Doppler Profiler)
were mounted on fishery boats, and the downward-looking
transducers were placed 0.5 m below the water surface. The
ADPs were configured with 0.1 m bins and pinged at 2 Hz. They
were programmed to sample 2 min bursts for every 5 min. OBSs
(Optical Back Scatter) (Model 3A) were used for measuring wa-
ter turbidity, temperature and salinity. The OBSs were lowered
by winches from the water surface to the bottom within 1 min
for obtaining the vertical profiles of the temperature, the salini-
ty, and the turbidity every hour. In the meantime, water samples
were collected and then taken to the laboratory for analysis. The
water samples were filtered using 0.45 um membrane filters. The
membrane filters were then oven-dried, weighted, and calibrat-
ed. The thus-obtained SSC was contrasted to the turbidity data
from the OBSs, and a conversion relationship was established
for converting turbidity to SSC. The wave and bottom boundary
layer were observed at Sta. M3, located in the inner slope of the
mouth bar. The tripod with the two ADVs and one OBS-3A was
installed, and one ADV was placed at 0.25 m above bottom and
sampled at an interval of 900 s; another was placed at 1.35 m
above bottom and sampled at an interval of 180 s to ensure the
current data in the bottom boundary layer. The Nortek AWAC
was placed at 0.6 m above bottom in the self-made steel support
to measure the wave, and it was pinged at 2 Hz and sampled at

Table 1. Parameters of the devices at the Sta. M3

an interval of 1800 s. The parameters of the ADV, the OBS and
the AWAC are shown in Table 1.

5 Wind, current and sediment during the measurement pe-
riod

5.1 Wind

During the measurement period, a cold wave from the north
hit the ZRD. At Sta. M3, the maximum wind speed measured
was about 8 m/s, and the wind direction was mainly north or
northeast (Fig. 3).

5.2 Wave
The significant height of the wind waves was between 0.2
and 0.6 m with a typical period of 2-3 s, while the significant
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Fig.3. Wind vector during the measurement period.

Station Period Devices sampling frequency/Hz Distance from bottom/m Measurement interval/s
Feb. 18 11:00 to ADV 32 0.25/1.35 180/900
M3 Feb. 23 11:00 OBS 1 0.8 300
(49 h) AWAC 2 0.6 1800
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height of the swell was between 0.2 and 1.0 m with a typical
period of 8-9 s. The wind wave and the swell came from the
southeast with angles of 120°-160°. The swell wave height and
the wind wave height were nearly the same, but their peaks dif-
fered (Fig. 4). There was a significant difference between the
directions of wind and wave due to the wave refraction in the
mouth bar.
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5.3 Current

The direction of the ebb current was mainly southeast, and
the velocity near the bottom could reach more than 0.60 m/s at
Sta. M3 (Fig. 5). The direction of the flood current was mainly
northeast, northwest, and north; and the maximum velocity
near bottom was less than 0.34 m/s. The ebb tidal current dura-
tion was longer than the flood tidal current duration, and the
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velocity of the ebb tidal current was larger than that of the flood
tidal current, so the ebb tidal current was dominant.

5.4 SSC

The average SSC near the bottom at Sta. M3 was above 0.10
kg/m? with a maximum of 0.45 kg/m?3 (Fig. 6). The peaks of the
SSC were consistent with those of the swell height. The maxi-
mum peak of the SSC occurred between 16:50-23:30 on Febru-
ary 20 with SSC being more than 0.23 kg/m3 and the maximum
being 0.44 kg/m? at 21:00, correspondent with the peak of the
swell height.

6 Wave-current BSS

6.1 Calculation method

The effect of the WCI on the BSS is calculated based on the
theory of Grant and Madsen (1979). In this theory, the current
at the outer edge of boundary layer feels an enhanced drag that
is a function of: (1) the near bottom wave orbital velocity U , (2)
the mean current U, (3) the wave frequency o, (4) the physi-
cal bottom roughness z,, and (5) the angle between the wave
propagation direction and the current ¢,. The reference level
.., where the BSS are calculated is taken as the wave-current
boundary layer thickness which is assumed to be 5% of the
mean water depth. The mean water depth of the Sta. M3 is 4
m; J,, approximates to 0.2 m, consistent with the depth of the
installed ADV.

The maximum bottom stress 7, . for the wave-current
combination is given by

Toma = Tw T 70 1)

where, the wave bed stress based on wave-induced u., (shear
velocity/friction velocity) is given by

2

1
fo=pil, =3PfUL @)

where p is the water density; 7, is the current shear stress. 7,
05Hw
sinh(kh)
tom wave orbital velocity, which can be determined by the lin-
ear wave theory; and the wave friction factor f, can be calcu-
lated as proposed by Jonsson (1966):

is the maximum wave bed stress; U, = is the near bot-
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or calculated as proposed by Swart (1974):
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s

in which £ is the bottom physical roughness, 4 is the near
bottom excursion amplitude, and 4; =U T /2n,T is the wave
period.

An initial current friction factor f; , not considering the wave
effect, can be obtained by:

2
K
] P 4
2 Ln(30§cw/ks)} @

where « is von Karman’s constant (0.4); and k, is the bottom
physical roughness (which is usually used to determine the bot-
tom roughness height), and z, =4 /30 in the turbulent con-
dition. k is composed of three physical roughness measure-
ments: (1) the particle roughness k£, =2.5D; (2) the bed form
roughness k, =27.7H*/ 1, where H and A are the height and the
length of the sand wave respectively; (3) the bed load rough-

ness, k, =1.1424D— 1 for Ty >T
7, +0.27,

c sf

in which z_ is the criti-

cr?

cal stress of sediment movement (shields parameter related to
particle size of D).

The shear friction velocity can be obtained when consider-
ing the current only, as follows:

oy =,/% fu, ®)

1 .
by the shear stressz, = pu,.’ = 2P f.u.’, whereu, is the current
. 1. .
at the reference height J,. w.,, = /E f,U, can be obtained by
Eqg. (2). The combined wave-current friction velocities can be

computed by

12
(.2 2
Usgy, —(u o T UL, + 2u, U, COS goc) . (6)
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Fig.6. SSC near the bottom during the measurement period.
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The apparent bottom roughness &, (Signell et al., 1990),
which indicates the turbulence level due to the combination
of the wave-current boundary layer and the physical bottom
roughness, can be calculated by

s
k, :k{24?}”2{’1 : )
where
p=1-tee 8)
u*cw

The obtained value of %, is then used in Eq. (4) to substitute the
physical roughness #, to determine a new estimate of the wave-
current friction coefficient f, at the next time step by:

2
K
=2 — . 9
Jon [ln(305cw/kb)} ©

One may proceed by substituting f, for f,in Eq. (5) and re-
peating the process from Egs (5) to (9) until the successive esti-
mates of £, differ by less than a preset error value (10 in this
work). Having obtained the stable f, , the current shear stress,

| .
n=5P f..u.°, can be calculated in the presence of the wave.

Not considering the effect of the wave and current propaga-
tion directions on the wave-current combination shear stress,
the maximum bottom stress 7, . for the wave-current combi-
nation is given by Eq. (1). The nonlinear wave-current combina-
tion shear stress proposed by Soulsby et al. (1993) can also be
taken into consideration.

2 . 0.5
T, = [(1“\ +7, \coswc\) +(z, sm(pc)z} ,

32
ro=r | 1+1.2) —2 )
Tw +Tc

where 7z is the mean shear stress in the current direction; and

7, is the maximum shear stress within a wave period. Appar-
ently, the effect of the wave and current propagation directions
has been considered in the Soulsby et al. (1993) formulae.
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6.2 Analysis

6.2.1 Composition of shear stresses

Both the wave height and the orbital velocity of the mea-
sured swell were much bigger than those of the wind waves. The
maximum orbital velocity of the swell reached 0.75 m/s while
that of the wind wave was less than 0.2 m/s (Fig. 7). The swell-,
wind- and tidal-induced BSS are shown in Fig. 8. Obviously, the
wave-current bottom stress is significantly greater than the bot-
tom stress considering wave-induced 7, only or tidal-induced
7, only. The swell-induced bottom stress is between 1 and 2 N/
m? with the maximum of 2.8 N/m?, accounting for more than
73% of the total; the wind-induced bottom stress is generally
less than 0.5 N/m?, accounting for 16% of the total; the tidal-
induced bottom stress fluctuates with the tide, reaching a maxi-
mum of 0.8 N/m? during the peak ebb and less than 0.2 N/m?
during the flood tide, accounting for 11% of the total.

6.2.2 Correlation between BSS and SSC

In the ME, the highest SSC usually occurs in the mouth bar
area. During the measurement period at Sta.M1, the landward
mouth bar, the vertical mean SSC and the bottom SSC were 0.05
and 0.08 kg/m3 respectively; at Sta.M5, at the seaward mouth
bar, the vertical mean SSC and bottom SSC were 0.012 and 0.07
kg/m3 respectively. However at Sta. M3, the mean bottom SSC
was above 0.10 kg/m3. Therefore, the water bodies from the ebb
tidal current and flood tidal current could not remarkably in-
crease the SSC at Sta. M3. It is also possible that the flocculation
increased the SSC near the bottom in the estuarine salty envi-
ronment. During the high peak of the wave height, the strong
disturbance was not conducive to flocculation, but during the
low wave height, when there was greater flocculation, the mea-
sured SSC near the bottom was always low, and so it is supposed
that the flocculation had little effect on the SSC near the bot-
tom. In addition, there were no human activities such as dredg-
ing and reclamation to suddenly increase the SSC during the
measurement; therefore, the SSC at Sta. M3 was mainly induced
by the sediment re-suspension under the action of the BSS.

The correlation coefficients between stresses induced by
the tidal currents, the wind, the swell, the wave-current, and
the SSC are listed in Table 2. It shows that the correlation be-
tween the wave-current shear stresses and the SSC is highest;
the correlation between the swell-induced shear stresses and
SSC is very high; the current stress is poorly correlated with the
SSC. The bottom orbital velocity increases with increasing the
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Fig.7. Maximum orbital bottom velocity of the swell and wind wave.
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Fig.8. BSS at Sta. M3.

wave amplitude and the wave period. Since the wave-induced
maximum BSS are proportional to the square of the maximum
bottom orbital velocity, the swell with long periods is more
important to the sediment re-suspension than the wind. So,
the correlation between the SSC and the swell-induced shear
stresses is stronger than that between the SSC and the wind-
induced shear stresses.

Table 2. Correlation coefficient between BSS and SSC
Shear stress

Correlation coefficient

Wave-current 0.86
Swell 0.84
Wind 0.71
Tide 0.40

The peaks of the SSC appeared during 16:50-23:30 on Febru-
ary 20, exceeding 0.23 kg/m? on average, in correspondce with
the peaks of the swell with the wave height being over 1 m. How-
ever, it was the neap tide during this period, and the tidal ve-
locities were weak, only 0.2-0.4 m/s; the tidal-induced stresses
were generally less than 0.1 N/m?. Therefore, the high SSC was
mainly caused by the swell-induced shear stresses.

—SSC

0.50

——welocity

6.2.3 Effect of tidal current on SSC

The tide at Sta. M3 is basically a progressive wave: the peak
flood and the peak ebb appear 2 h ahead of the higher high tidal
level and lower low tidal level respectively. The peaks of the SSC
appeared around the high tidal level, and the low SSC appeared
around the low tidal level, in right corresponce with the peaks of
the tide-induced BSS, demonstrating that the effect of the tidal
current on SSC is insignificant on the SSC (Fig. 9). The maxi-
mum SSC occurred at the highest wave height during the neap
tide in the early days of the observation. In the later days of the
observation, the spring tide was coming and the ebb velocity
reached the maximum at 04:00 on February 23, but the SSC
near the bottom was still low and less than 0.10 kg/m? due to
the decrease of the wave height, further demonstrating that the
effect of the tidal current on the SSC is insignificant.

The wave has been broken when it arrives at Sta. M3, at
the inner slope of the mouth bar, so the wave height is consis-
tent with the tide. When the tide is ebbing, the wave height is
reduced due to the fall of the water depth: therefore, the wave
shear stress is decreased; the direction of the tide is opposing
the wave, which weakens the wave-current shear stresses. The
opposite occurs when the tide is flooding. Generally, the flood

——tidal level
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Fig.9. Bottom SSC, velocity and tidal level at Sta. M3.
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tide enhances the wave shear stresses and increases the SSC
near the bottom.

7 BSS effect on sediment re-suspension

During the measurement period, the surface sediment sam-
ples were obtained in the mouth bar area; four samples near
Sta. M3 are selected to calculate the critical shear stresses in dif-
ferent grain sizes based on the formula by Cao et al. (2003).

Samples 28, 29 and 31 are mainly composed of the silt, rep-
resenting the fine sediment, and Sample 30 is mainly composed
of the sand, representing the coarse sediment in the mouth
bar. As shown in Table 3, the critical shear stress for the fine
sediment re-suspension is about 0.20 N/m?, while that for the
coarse sediment is about 0.30 N/m?. The tidal currents are too
weak to stir up the bottom sediment into the flow in most time
except in the peak ebb and the peak flood, while the WCI is
strong enough to re-suspend the coarse sediment (Fig. 10).

8 Discussion

The main findings in the BSS under the WCI in the ME are in
agreement with those in the other coastal environments, such
as the Cleveland Bay, North Australia ( Lou and Ridd, 1996); the
southern North Sea (Rosales et al., 2008); the Huanghe River
Delta (Liang and Li, 2008). In the present study, the tidal con-
tributions to the nonlinear WCI are higher than those in the
Cleveland Bay. The tidal current contributions to the total BSS
in ME are more than 11% and less than 10% in the Cleveland
Bay, which shows that the tidal motion is more important in the
ME environments.

Based on the field observations herein, the wave height fluc-
tuates with the tidal level at the measurement site, which is in
agreement with the model results by Wang et al. (2006) and sim-
ilar to the Altamaha River (KiRyong and Daniela, 2006). Accord-
ing to Wang et al. (2006), the downstream of the estuary in the
ZRD, the wave heights increase during the ebbing current and

Table 3. Critical shear stresses for the sediment near the Sta. M3
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decrease during the flooding current. At the station near the
river outlets, the high and low wave heights appear before the
high tidal slack and low tidal slack respectively, by about 2-3 h.
In the Altamaha River, after interacting with the shoaling re-
gion, the wave energy within the estuary becomes periodic in
time with the greater wave energy during the flood to the high
water phase of the tide and very low wave energy during the ebb
to the low water (KiRyong and Daniela, 2006).

When waves break at a certain depth, there is a wave energy
transformation. According to KiRyong and Daniela (2006), in
the shallow water domain, the wave energy transformations are
periodic with the tidal flow as waves propagate from the mid-
shelf to the estuarine environment and interact with the current
and the sea level height, which is consistent with our findings in
the ME. From the outer slope to the top and inner slope of the
mouth bar, crossing the shoaling region of the mouth bar, the
wave energy transformations are periodic with the tidal flow, so
the flood enhances the wave shear stresses.

The hydrodynamics in the ME during the dry season are
wave and tide dominant while the runoff is weak. This study
shows that the wave could dominate even at the inner slope
of the mouth bar and become a main factor for the sediment
transport, and the flood tide could help strengthen the BSS un-
der the WCI. As a typical case in the ME, our study may provide
a good reference for the similar estuaries in the world.

9 Conclusions

(1) The swell-induced BSS have been found to be the most
important part of the BSS, accounting for 73% of the total BSS.
The wind-induced BSS comes next, accounting for 16% of the
total, and the tidal induced stress accounts for only 11% of the
total.

(2) The correlation coefficient between the wave-current
stress and the SSC is 0.86, and that between the current stresses
and the SSC is only 0.40. The peaks of the SSC are strongly cor-
related to the height and BSS of the swell. The swell is the main

Samples median particle diameter/pm critical shear stresses/N-m2
28 10.98 0.21
29 18.77 0.20
30 370.3 0.30
31 35.79 0.19
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Fig.10. Critical shear stresses and BSS.
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mechanism for the sediment re-suspension, and the tidal cur-
rent effect on the sediment re-suspension is small.

(3) The peaks of the SSC are centered on the high tidal level,
and the flood tide enhances the wave shear stresses and the SSC
near the bottom.

(4) The critical shear stress for the fine sediment re-suspen-
sion is about 0.20 N/m?, while that for the coarse sediment is
about 0.30 N/m?. Tidal currents are too weak to stir up the bot-
tom sediment into the flow in most cases, but the WCI is strong
enough to re-suspend the coarse sediment.
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