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A B S T R A C T   

A calibrated, coupled model (COAWST) of the Bohai and Yellow Seas was employed to examine the contributions 
of waves and tides to the sediment transport, and to understand the dynamic factors controlling bottom sediment 
resuspension around the Shandong Peninsula. The numerical results, which were consistent with the in-situ 
observations, illustrated two events with large values of suspended sediment concentration (SSC). The two 
events had similar wave heights, but SSC during the second event was more than twice that of the first one. 
Numerical experiments indicated that the large values of SSC east of the Shandong Peninsula were mainly 
ascribed to local resuspension, and that waves played a primary role in sediment resuspension for both high SSC 
events. The differences in SSC and bottom shear stress between the two events were mainly due to differences in 
wave period, representing about 65% of the total difference, and the non-linear interactions of wave and currents 
played a secondary role. Therefore, wave period is an important factor along with wave amplitude in the 
contribution of waves to sediment resuspension in this region. The combined actions of waves and currents 
dynamics dominate the sediment resuspension rather than either factor in isolation. Due to sheltering effect by 
the Shandong Peninsula, the wave effect on sediment resuspension was less to the south of the Peninsula than 
that to the north and east. In addition, the Shandong Coastal Current was enhanced by the northerly wind leading 
to more sediment transport southward along the coast of Shandong Peninsula, but this has small effect on the 
difference of suspended sediment concentration between two storm events.   

1. Introduction 

The coastal ocean plays an important role in global material cycling, 
acting as a sink by receiving terrestrial sediment, organic matters and 
other natural elements from rivers and as a source for the material 
delivered to the deep ocean (Martin et al., 1993; Holligan and Boois, 
1993; Ramesh et al., 2015). Beside the terrestrial input from rivers, 
sediment resuspension by tides and waves affects sediment availability 
in coastal regions (Jiang et al., 2000, 2004; Wang et al., 2014b; Zeng 
et al., 2015; Luo et al., 2017). Sediment transport and accumulation in 
coastal regions are crucial to coastal sedimentation at various scales and 
to marine biogeochemical cycling and ecosystems through the 

redistribution of particulate nutrients and pollutants (Schoellhamer, 
1995; Brand et al., 2010; Dong et al., 2011). Understanding the driving 
forces for sediment resuspension, as well as potential interactions among 
the different factors affecting resuspension, is critical to interpreting the 
sediment transport in energetic coastal environments. 

It has long been recognized that waves, currents and their nonlinear 
interactions are significant to resuspension and transport of sediment in 
coastal areas and the continental shelf (Sanford, 1994; Schoellhamer, 
1995; Jing and Ridd, 1996; Jiang et al., 2000; Jiang et al., 2004; Shi 
et al., 2008; Brand et al., 2010; Miles et al., 2013; Bian et al., 2013a; Li 
et al., 2017; Fan et al., 2019). Previous studies have estimated that 
sediment mobilization is dominated by waves on about 80% of the 
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world’s shelves, compared with 17% by tidal currents and 3% by ocean- 
current interactions (Walker, 1984; Swift et al., 1986). For example, 
Styles and Glenn (2005) found in observations off the coast of New 
Jersey that 63% of total sediment transport over a 2-year period was due 
to 32 winter storm events. Similarly, Miles et al. (2013) used glider- 
based observations to show that storm-driven sediment resuspension is 
an episodic process that dominates sediment transport on the Mid- 
Atlantic Bight. Numerical modeling has also highlighted the impor
tance of waves for sediment resuspension in coastal regions such as the 
Bohai Sea, Yellow Sea and East China Seas (Yanagi and Inoue, 1995; 
Jiang et al., 2004; Bian et al., 2010; Zeng et al., 2015), Southern Cali
fornian shelf (Blaas et al., 2007), Adriatic Sea (Harris et al., 2008) and 
Hangzhou Bay (Shi et al., 2008). Li et al. (2017) presented that bed shear 
velocity was enhanced by storm-induced waves and currents by 5 times 
more than the normal conditions, and responsible for 3–4 orders of 
magnitude increase in sediment transport over the Grand Banks. 

Waves are efficient in entraining significant amounts of sediment 
from the sea bed; however, there is almost no net sediment transport 
associated with the wave motion over a wave period, the length scale 
and direction of sediment transport are mainly controlled by the tidal 
currents and the wind-driven currents generated by the storm winds 
(Grant and Madsen, 1979; Harris et al., 2008; Warner et al., 2008; 
Guillou and Chapalain, 2011). The factors affecting the contribution of 
waves to sediment resuspension are various, including the wave 
amplitude, wave period, water depth (Schoellhamer, 1995; Jing and 
Ridd, 1996; Brand et al., 2010). For example, Schoellhamer (1995) 
estimated that bottom orbital velocity, which greatly influences the 
bottom shear stress, increased by 10% with a 10% increase in wave 
amplitude, 29% with a 10% increase in wave period, and 25% with a 
10% decrease in water depth. Wang and Pinardi (2002) concluded that 
the longer-period waves generated by Sirocco winds were more capable 
of suspending sediment and created the potential for higher fluxes than 
waves associated with Bora winds in the northwestern Adriatic Sea. In 
regions with tides, variations in water depth can affect the strength of 
sediment resuspension by waves in resuspension. For example, in the 
South San Francisco Bay, seven out of nine wave-induced resuspension 
events were observed after low tides, indicating greater wave-induced 
sediment resuspension for shallower tidal depths (Brand et al., 2010). 
For locally generated waves, wind direction can affect the wind fetch 
and therefore alter wave amplitude (Schoellhamer, 1995). Remotely 
forced swell tends to have longer wave periods than local wind waves, 
potentially resulting in greater wave-induced bottom shear stress, as was 

found for sediment resuspension in Cleveland Bay, North Australia (Jing 
and Ridd, 1996). Similarly, Fan et al. (2019) reported based on high- 
frequency acoustic observations that swell caused strong sediment 
resuspension in the Heini Bay, Yellow Sea. 

The coast off the Shandong Peninsula, in the Yellow Sea is a region 
characterized by abundant sediment supply and strong waves and tidal 
dynamics, together with a prominent muddy deposit developed at high- 
stand sea level since the mid-Holocene (Milliman et al., 1987; Liu et al., 
2002, 2004; Yang and Liu, 2007). Geophysical and geochemical evi
dences from various investigations consistently confirmed that this mud 
deposit was a distal sink of the Yellow River-derived sediment in the 
South Yellow Sea (Alexander et al., 1991; Bian et al., 2013a; Qiao et al., 
2016; Xu et al., 2016). Both field observations and numerical modeling 
revealed high SSC around the cape of Shandong Peninsula in winter 
(Bian et al., 2013a, 2013b; Zeng et al., 2015; Zang et al., 2017; Wang 
et al., 2019), particularly during storm periods with large waves (e.g., 
Zhao et al., 2019). While it is acknowledged that waves contribute to the 
sediment resuspension in this region, the relative roles and interactions 
of waves and currents for sediment resuspension and transport remain 
poorly understood. For example, a mooring station east off the Cheng
shantou Cape recorded similar wave heights during two storm events 
with similar wind speed, however observed the bottom suspended 
sediment concentrations differing largely from each other (Zhao et al., 
2019). It could not be reasonably interpreted by change of wave power. 
Here we used a calibrated model that coupled tide, wave and sediment 
modules in the Bohai and Yellow Seas, along with the observational 
data, to investigate the mechanisms of the sediment resuspension and 
transport in a highly energetic environment. 

2. Regional setting 

The Yellow Sea is a shallow and semi-enclosed marginal sea bordered 
by the mainland China and the Korean Peninsula, and it is connected 
with the Bohai Sea to the north and the East China Sea to the south 
(Fig. 1). The water depth of the Yellow Sea is 44 m in average, with a 
shallow region along the western coast, a NW-SE trough (Yellow Sea 
Trough) defined by the ~80 m isobath in the middle, and a steep, nar
row shelf along the eastern coast. 

Due to huge amounts of terrestrial sediment supply from the Yellow 
River (Huanghe) and the Yangtze River (Changjiang) and complex shelf 
circulation, several muddy depositional areas, known as “muddy 
patches”, have developed to the northeast of Shandong Peninsula, in the 
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Fig. 2. Moon phases (a), and time series of water level 
(b), current velocity (c) (u for east-west component, v for 
north-south component), wind speed and wind vector at 
10 m above the sea surface (d), significant wave height 
(Hs) (e), wave period (Tp) (f), bottom turbidity and sus
pended sediment concentration (SSC) (g) from observa
tion and modeling at mooring station S3. The wind data 
was obtained from European Center for Medium-Range 
Weather Forecasts (ECMWF, http://www.ecmwf.int) 
with 3-h time resolution. The observed data collected at 
mooring station S3 were obtained from Zhao et al. (2019).   
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Yellow Sea trough, at the Old Yellow River Delta, southeast of the 
Yangtze Estuary and southwest of Cheju Island (Zhao et al., 1991; Saito 
and Yang, 1994; Liu et al., 2002, 2006, 2007, 2009; Li et al., 2005). A 
prominent mud deposit east off Shandong Peninsula is composed by 
fine-grained sediment (clayey-silty-sand and clayey silt) with median 
size of 5.5–6.5 Φ (~11–22 μm). Fine-grained sediment (silty clay) with 
median size <6 Φ (~16 μm) covers the other aforementioned muddy 
patches. 

Tides in the Yellow Sea are mixed diurnal/semidiurnal (Naimie et al., 
2001). M2 is the dominant constituent, followed by S2 and K1 (Teague 
et al., 1998). The tidal range is greatest along the west coast of Korea 
(~3.5 m) and Chinese coast (~3.0 m) (Choi et al., 2003). The M2 tidal 
currents along the western coast of Korea are about 60–80 cm s− 1, 
generally decrease to 20–40 cm s− 1 along the east coast of China except 
for those near the Yangtze River Estuary, which are as high as 100 cm 
s− 1 (Bao et al., 2001; Fang, 1986). 

The modern circulation system in the Yellow Sea was established 
after the last high-stand sea level (Zong, 2004; Liu et al., 2010; Li et al., 
2010, 2014) and it is strongly affected by the monsoonal climate. The 
winter circulation in the Yellow Sea is primarily composed by the Yellow 
Sea Coastal Current (YSCC) and the Yellow Sea Warm Current (YSWC). 
The former is a lower-temperature water mass that flows southward due 
to the northerly winds, whereas the latter carries warm and salty water 
northward along the western side of the Yellow Sea trough (Lie et al., 
2009; Lin and Yang, 2011; Qu et al., 2018). The YSWC as a compensative 
current to the YSCC, is correspondingly enhanced in winter when the 
YSCC is strengthened by the northerly winds (Hsueh, 1988; Riedlinger 
and Jacobs, 2000; Teague and Jacobs, 2000). In summer, the Yellow Sea 
Cold Water Mass (YSCWM) is developed, with low temperature and high 
salinity, in the central Yellow Sea with stable thermocline (Li and Yuan, 
1992; Park, 1986; Moon et al., 2009; Wang et al., 2014a; Xu et al., 2003; 
Zhang et al., 2008; Pang et al., 2004). Along the boundary of YSCWM, a 
cyclonic basin-scale current develops (Beardsley et al., 1992; Pang et al., 
2004; Xia et al., 2006). 

Wind waves play an important role in sediment distribution and 
transport patterns (Bi et al., 2011; Zang et al., 2017). Due to the domi
nance of the East Asian Monsoon, the southward-propagating waves 
with average significant wave heights of 0.9–1.9 m produced by the 
strong northerly winds are dominant in winter, whereas in summer the 
northward-propagating waves are weaker with significant wave heights 
of 0.5–1.0 m (Su and Yuan, 2005; Chen et al., 2016). 

Due to variations in physical processes (e.g., wind, current, wave, 
hydrographic structure) (Choi et al., 2003; Chu et al., 1997; Naimie 
et al., 2001), the patterns of SSC, sediment transport and deposition in 
the Yellow Sea have strong seasonal and spatial variations. Studies have 
found greater sediment flux in winter than in summer, and large values 
of SSC have been identified to the east of the Shandong Peninsula, off the 
Old Yellow River Delta and outside the Yangtze River Estuary (Zang 
et al., 2017; Bian et al., 2013b; Lee and Chough, 1989; Luo et al., 2017; 
Wang et al., 2019). This study mainly focused on the sediment resus
pension and transport process in winter in the vicinity of the Shandong 
Peninsula. 

3. Methods 

3.1. Model description 

The model used in this study is the Coupled Ocean-Atmosphere- 
Wave-Sediment Transport (COAWST, Warner et al., 2008, 2010) 
Modeling System that combines several state-of-the-art modeling com
ponents, including the Regional Ocean Modeling System (ROMS, 
Shchepetkin and Mcwilliams, 2005) for ocean circulation, Simulating 
Waves Nearshore (SWAN, Booij et al., 1999) for waves, and the Com
munity Sediment Transport Modeling System (CSTMS, Warner et al., 
2008) for sediment transport. The models are coupled via the Modeling 
Coupling Toolkit (MCT, Jacob et al., 2005; Larson et al., 2005). ROMS 
and SWAN are two-way coupled, with SWAN sending wave information 
to ROMS including spectral wave heights, wavelengths, average wave 
periods at the surface and near the bottom, wave-propagation direction, 
near bottom orbital velocity, and wave energy dissipation rate. ROMS 
passes the water depth, sea-surface elevation, and current velocity to 
SWAN. In order to reduce the influence of open boundary conditions, the 
model domain covers the Bohai, the Yellow and the East China Seas. The 
model has a horizontal resolution of 1.5′ with 30 uniform layers in the 
vertical dimension. The atmospheric forcing data are interpolated from 
European Centre for Medium Range Weather Forecasts (ECMWF, 
http://www.ecmwf.int). Eight major tidal constituents (M2, S2, N2, K2, 
K1, O1, P1, and Q1) derived from the OSU TOPEX/Poseidon Global In
verse Solution (Egbert et al., 1994; Egbert and Erofeeva, 2002) are used 
as tidal forcing at the open boundary. HYCOM+NCODA Global 1/12 
Analysis (GLBa0.08/expt_91.2) data are used to define sea-level, tem
perature, salinity and currents at the two open boundaries (south and 
east) and to create the initial conditions. The SWAN model uses the same 
horizontal grid and bathymetry as ROMS. The wave model is driven by 
the 3-h wind from ECMWF. Coupled model variables are exchanged 
between SWAN and ROMS every hour. In the sediment module, three 
particle classes are defined (clay, silt, and fine sand), and the initial 
condition for seabed composition is established using four characteristic 
bottom types composed of different fractions for the particle classes 
(sand, clayey silty sand, clayey silt, silty clay). More details of model set- 
up can be found in Wang et al. (2019). This simulation was run from 
February 1 to March 3, 2018, covering the time of field observations off 
the Shandong Peninsula. 

Bed shear stress depended upon the relative magnitudes of the wave 
and current component as well as the bottom roughness, which were all 
related in a complex nonlinear fashion (Grant and Madsen, 1979). In this 
model, the bottom roughness is constant with z0=10− 5 m. Wave-current 
BBL model (ssw_bbl) of Madsen (1994) was implemented to calculate 
the bottom shear stress. The wave-current-induced shear velocity (ur) 
was calculated from formulas as folows: 

u2
r = Cmuu2

wm =
(
u4

wm + 2u2
cu2

wm|cos∅cw| + u4
c

)1
2 (1)  

u2
wm = τwm

/
ρ (2)  

Cmu =
(
1 + 2μ|cos∅cw| + μ2 )1/2 (3)  

μ =
τc

τwm
=

(
uc

uwm

)2

(4)  

where uwm is the shear velocity based on the maximum representative 
wave-associated shear stress, uc is the current shear velocity, Cmu is a 
factor as controlled by μ and ∅cw, while ∅cw expresses the angle between 
current direction and the direction of wave propagation, and μ is the 
ratio of current and wave bottom shear stress. 

The wave-induced bottom shear stress (τwm) is related to the wave 
frictional coefficient (fw) and wave orbital velocity (ubr). 

τwm = 0.5fwu2
br (5) 

Table 1 
Settings of numerical experiments.   

Control 
run 

Experiment 
1 

Experiment 
2 

Experiment 
3 

Experiment 
4 

Tides √ √ √ √ ×

Winds √ √ × √* √ 
Waves √ × × √ √ 

1 * u component of wind direction was reversed but the velocity in Experiment 3 
was the same to that of control run. 
2 Symbols √ and × denote the experiments with and without the corresponding 
forces, respectively. 
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According to Madsen (1994), fw is calculated from:  

where wr represents wave radian frequency and kN is the Nikuradse 
roughness. 

The current-induced bottom shear stress (τc) is obtained from: 

1
ρτc = u2

c (7)  

uc =
ur

2
ln(zr/δwc)

ln(δwc/z0)

(

− 1+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
4kln(δwc/z0)

(ln(zr/δwc) )
2

√
ucr

ur

)

(8) 

k is von Karman’s constant (k = 0.4), ucr is current velocity, zr is a 
reference elevation, z0 is roughness lengths. δwc is the wave boundary 
layer thickness, which can be obtained from: 

δwc =

⎧
⎪⎪⎨

⎪⎪⎩

2kur

ωr
, Cmu

ubr

kNwr
> 8

kN , Cmu
ubr

kNwr
≤ 8

(9)  

3.2. Model performance 

The model used here has been validated for tides, water level, cur
rents, waves, temperature and SSC with the coefficient of determination 
(R2), the root-mean-square error (RMSE), and the skill score (SS) in a 
previous study that investigated the sediment transport and deposition 
by a seasonal thermal front at the eastern tip of Shandong Peninsula 
(Wang et al., 2019). Here, the model performance was further evaluated 
using time-series datasets including water level, bottom current 

Fig. 3. Modeling results from the control run. Horizontal distribution of Hs (m, contour), Tp (s, color), and wind rose diagrams (upper left) (a, b), depth-averaged 
current (arrows) and wave-current-induced bottom shear stress (τw− c, color) (c, d), current-induced bottom shear stress (τc, N m− 2, contour) and wave-induced 
bottom shear stress (τw, color) (e, f), changing rate of near-bottom SSC (×10− 5 kg m-3 s-1, contour) and bottom horizontal advection (Hadv, color)(g, h), and 
depth-averaged sediment flux (contour) and bottom SSC (color) (i, j) at 22:00, February 23 (Event I) and 3:00, March 1, 2018 (Event II) when the turbidity was 
highest at Station S3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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velocity, significant wave heights, wave period and the bottom SSC that 
were collected by a mooring system deployed at station S3 in Februar
y–March 2018 (Zhao et al., 2019; Fig. 1). The mooring station S3 was 
located at the east tip of Shandong Peninsula (36.86◦N, 122.87◦ E), with 
an average water depth of ~27 m (Fig. 1). The mooring observations 
were collected from February 23 to March 2, 2018. A tripod deployed at 
the seabed was equipped with a Nortek 6 MHz ADV, a RDI WorkHorse 
600 kHz ADCP and a RBR Turbidity Meter (RBR-Tu). Near-bottom ve
locity (with eastward, northward and vertical components denoted by u, 
v, and w) were recorded by the downward-looking ADV, mounted at 
0.71 m above the bottom. The ADV measurements were taken in burst 
mode with a sampling frequency of 32 Hz. Each burst lasted for 10 min 
with a bursting interval of 1 h. The RBR-Tu was positioned at 1.16 m 
above the bottom and was operated in a continuous mode to collect 
near-bottom turbidity every 10 s. The significant wave heights, wave 
period and water depth were measured every 20 min by the upward- 
looking ADCP. 

Comparisons indicate that model results generally agree with the 
observations at station S3. Quantitative skill assessments presented a 
determination coefficient (R2) of 0.90 for water level, and slightly lower 
values for bottom current speed (R2 = 0.87). The wave model was run 
using default input parameters. The model reproduced the time series of 
waves with significant wave heights during two storm events that were 
30% less than the observations (Fig. 2), and the maximum wave period 
was about 1–2 s less than in the observations. The lower wave amplitude 
in the model may be due to the uncertainty in the model bathymetry and 
an underestimate of the wind speed used to force the wave model 
(Komen et al., 1994). Moreover, the ECMWF model results that are used 

to force the wave model may underrepresent the wind magnitude, as has 
been found in coastal regions including the Bohai Sea (Lv et al., 2014), 
the Adriatic Sea (Signell et al., 2005), the Agulhas Current region 
(Nkwinkwa et al., 2019). 

The modeled time series of bottom SSC were generally consistent 
with the observed turbidity. Both the observed turbidity and the 
modeled SSC increased significantly during the two storm events 
together with increasing significant wave heights, with two-fold in
creases of both SSC and turbidity during the second event (Fig. 2). The 
model generally captured the dominant features of the currents, wave 
conditions, and the corresponding SSC variations, which provides a 
basis for investigating the sediment resuspension and transport 
processes. 

To examine the mechanisms of sediment transport and to interpret 
the differences in SSC over the two storm events, five numerical ex
periments were conducted (Table 1). The control run included all the 
driving forces (winds, waves and tides). Experiment 1 eliminated the 
waves but kept the other forces (tides and winds) to test the wave effect 
on the sediment resuspension. In Experiment 2, waves and wind were 
eliminated and only tides were taken into account to compare with re
sults in the control run and Experiment 1 to test the contribution of 
winds and waves to sediment resuspension. In Experiment 3, all the 
forcing factors (winds, waves and tides) were considered, but the east- 
west wind direction was reversed and the north-south wind direction 
was kept as the control run in order to test the wind direction effect on 
the discrepancy of SSC between the two storm events. Experiment 4 
eliminated the tides but kept the other forcing factors (winds and waves) 
to test the contribution of waves to the discrepancy of SSC between the 

Time (UTC)

0

10

20

30

40

50

Bo
tto

m
 S

SC
 (m

g 
L-1
）

Control
Exp.1 (no waves)
Exp.2 (no wind, no waves)

2018/02/21 10:00

        
  02/23 10:00

        
  02/25 10:00

        
  02/27 10:00

        
  03/01 10:00

        
  03/03 10:00

(c)

(b)

(a) 

0

0.2

0.4

0.6

0.8

1

� w-
c (N

 m
-2
�

0

0.5

1

D
ep

th
-a

ve
ra

ge
d 

cu
rre

nt
 

ve
lo

ci
ty

 (m
 s

-1
)

Control
Exp.1 (no waves)
Exp.2 (no wind, no waves)

Control
Exp.1 (no waves)
Exp.2 (no wind, no waves)

Fig. 6. Comparison of numerical results from the Control run, Experiment 1 (no waves) and Experiment 2 (no wind, no waves): bottom SSC (a), wave-current- 
induced bottom shear stress (τw− c) (b) and depth averaged current velocity (c)) at station S3. 

A. Wang et al.                                                                                                                                                                                                                                   



Marine Geology 452 (2022) 106892

9

119 120 121 122 123 124 125 E
35

36

37

38

39

119 120 121 122 123 124 125

35

36

37

38

39
 N

35

36

37

38

39

35

36

37

38

39

0.00

2.00

4.00

6.00

8.00

10.00

12.00

0.00

0.20

0.40

0.60

0.80

1.00

-0.10

-0.05

0.00

0.05

0.10

0

20

40

60

80

100
SSC (mg L-1)

Event I Event II

H
S a

nd
 T

P
SS

C
 a

nd
 � w

-c
� c

 a
n
d

 � w

H
ad

v a
nd

 c
ha

ng
in

g 
ra

te
 o

f S
SC

 

TP (s)

Hadv
(10-5kg m-3 s-1)

�
w 
(N m-2）

Fig. 7. Numerical results from Experiment 3 (reversed wind direction). Horizontal distributions of significant wave height (Hs, m, contour), wave period (Tp, s, 
color), and wind rose diagrams (upper left) (a, b), current-induced bottom shear stress (τc, N m− 2, contour) and wave-induced bottom shear stress (τw, color) (e, f), 
changing rate of near-bottom SSC (×10− 5 kg m− 3 s− 1, contour) and bottom horizontal advection (Hadv, color)(g, h), and wave-current-induced bottom shear stress 
(τw− c, N m− 2, contour) and bottom SSC (color) (i, j) at 22:00, February 23 (Event I) and 3:00, March 1, 2018 (Event II), respectively. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

A. Wang et al.                                                                                                                                                                                                                                   



Marine Geology 452 (2022) 106892

10

two storm events. The diagnostic momentum terms like the changing 
rate with time and horizontal advection of SSC were derived directly 
from the numerical results. The momentum equations can be found in 
Warner et al. (2008). 

4. Results 

4.1. Sediment resuspension and transport patterns due to winds, waves, 
and tides 

The two storm events with significant bursts of both observed 
turbidity and modeled SSC in bottom layer are marked as event I and 
event II (Fig. 2g). The turbidity of event II (peak turbidity of 109 NTU) 
was more than twice that of the event I (peak turbidity of 40 NTU), even 
though they were under similar waves conditions. The turbidity of the 
event II also decreased more slowly than the event I. For both events, the 
SSC increase started at the beginning of flood tide when the water level 
was the lowest. The observations spanned a neap-to-spring tidal cycle 
from February 23 to March 2, 2018, with event I during neap tides on 
February 24 and event II during spring tides on March 1 (Fig. 2a). While 
the difference in current between the two events was <0.1 m s− 1 

(Fig. 2c), the tidal range increased from 0.5 m at neap tide to 1.9 m at 
spring tide (Fig. 2a, b). Wind data obtained from European Center for 

Medium-Range Weather Forecasts (ECMWF, http://www.ecmwf.int) 
with 3-h resolution indicated that the peak wind speeds during those 
two events were similar to each other. As a result, the peak significant 
wave heights were similar (Fig. 2e, f) with 3.0 m and 3.2 m during those 
two events, respectively. Wave periods were slightly greater during the 
second event when turbidity was largest, with peak periods of about 7.6 
s and 8.5 s in events I and II, respectively. The wind directions during the 
two storm events were different, with northeasterly winds prevailing in 
event I and northwesterly winds in event II. 

Model results illustrate the horizontal distribution of sediment and 
hydrodynamics features at 22:00, February 23 and 3:00, March 1, 2018 
when the turbidity was the highest in the control run (Fig. 3). In both 
events, strong northerly winds intensified the waves-induced bottom 
shear stress east of the Shandong Peninsula, which lead to rapid in
creases in near-bottom SSC (Fig. 3g, h) and large values of near-bottom 
SSC (Fig. 3i, j). The SSC and its changing rate of near-bottom SSC 
decreased offshore along with the decrease in bottom shear stress 
(Fig. 3). Similar to the bottom shear stress induced by the nonlinear 
wave-current interactions, wave-induced bottom shear stress and 
current-induced bottom shear evidently increased at the east of Shan
dong Peninsula and decreased offshore (Fig. 3e, f). The northwesterly 
winds during event II reinforced the coastal current around the Shan
dong Peninsula and enhanced the southward sediment transport. In 
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contrast, the northeasterly winds during event I forced the coastal cur
rent flowing westward on the northern side of Shandong Peninsula and 
southward on the southern side, producing an evident divergence of 
sediment transport around the Chengshantou Cape (Fig. 3c, d, i, j). 

It was notable that the SSC during the event II was about twice that 
during the event I (Fig. 3i, j). High SSC generally represents the con
tributions by both horizontal advection by currents and stress-induced 
local resuspension (Yu et al., 2012; Xiong et al., 2017). To diagnose 
the contribution of horizontal advection and local resuspension to the 
SSC change, the changing rate of near-bottom SSC with time and the 
bottom horizontal advection term at station S3 were analyzed based on 

the numerical results from control run (Fig. 4b). The bursts of bottom 
SSC during the two storm events well corresponded with increase in 
bottom shear stress induced by wave-current interactions (Fig. 4), 
whereas the horizontal advection of SSC seemed to be varying periodi
cally with the tidal oscillations, one order in magnitude lower than the 
changing rate of SSC with time particularly during the storm events 
(Fig. 4b). Therefore, the active sediment resuspension by wave-current 
interactions was primarily dominant over the significant increases in 
near-bottom SSC during storm events. 
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4.2. Differences in SSC between the two storm events 

Bottom shear stresses greatly enhanced sediment resuspension dur
ing the two events, but the bottom turbidity during event II was more 
than twice that during event I even though the two storm events had 
similar wave heights. Thus, we examine the contributions of wave and 
current to the differences in bed shear stress and SSC between the two 
events. 

Bottom shear stress evidently increased during the storm events 
along with increasing wave heights and enhanced currents, much higher 
than those during calm weather (Figs. 3 and 4). The wave-current- 
induced bottom shear stress during event II was found to be more 
than twice of that during event I (Fig. 3). However, when the effects of 
waves were removed in Experiment 1 and waves and wind were both 
removed in Experiment 2, the resultant bottom shear stress and near- 
bottom SSC decreased significantly (Figs. 5 and 6). In Experiment 1 
the deactivation of wave model decreased the bottom shear stress by 
20–30% compared with the control run, resulting in ~40% of decreases 
in bottom SSC during the storm events. However, the presence of storm 
winds evidently enhanced the bottom shear stress as the N-S component 
of current velocity was enhanced. When the tides became the only 
driving force, the bursts of bottom SSC and shear stress disappeared 
during the time of storm events. It seemed that the wind and waves 
should play a dominant role in the local sediment resuspension. 

Given the similar wind speeds during the two storm events, the dif
ference in wind direction might be responsible for different responses of 
wave-current interactions and sediment resuspension to the storms. To 
identify the contribution of wind direction to the differences in SSC 
between the two events, wind directions during the two events were 
altered with wind speeds unchanged in Experiment 3 as the northeast
erly wind during event I was switched to be northwesterly, and the 
northwesterly wind during event II was changed to be northeasterly. The 
numerical results from Experiment 3 indicate that the wind reversal 

produced overall similar horizontal distribution pattern of bottom SSC 
with larger values at east tip of Shandong Peninsula and decreasing 
offshore as in the control run (Fig. 7). The bottom SSC decreased in 
Experiment 3, whereas the changing rate of bottom SSC with time was 
comparable to the results of control run (Figs. 7 and 8). The similar 
changing rates of bottom SSC between Experiment 3 and the control run 
were possibly ascribed to the joint effect of bottom sediment resus
pension and horizontal advection. Wave propagation direction changes 
with the wind direction, whereas the wave periods and |cos∅cw| (in Eq. 
(3)) were similar at station S3 during the two events between two ex
periments (Figs. 7a, b and 9). Thus, the small changes in wind direction 
had little effect on wave period variation. The discrepancy of wave pe
riods between the two storm events might be ascribed to the waves 
propagation from other areas, such as the Bohai Sea, where wind fields 
were largely different from each other; nevertheless the wind speeds and 
direction recorded at station S3 were almost unchanged. The numerical 
results from Experiment 3 indicated that increase of Hs under north
easterly winds led to slightly greater wave-induced and wave-current- 
induced bottom shear stress, which resulted in more sediment resus
pension (Fig. 8). However, northwesterly winds were conducive to 
sediment transport by strengthening the non-tidal currents and led to a 
slight increase of sediment horizontal advection (Figs. 7, 8). Overall, the 
SSC difference between those two storm events and the changing rate of 
near-bottom SSC with time during the two events presented similarity to 
those from the control run (Fig. 8c). That suggested the reversal of wind 
direction should not be the primary factor that induced the large 
discrepancy of bottom SSC between the two storm events without wave 
period change. 

To examine contributions of the wave component to the differences 
in SSC between the two storm events, Experiment 4 was set without 
considering tidal current. In Experiment 4, there was almost no sediment 
horizontal advection, whereas the two burst of sediment resuspension 
still appeared (Fig. 8a). Due to the lower bottom shear stress without the 
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tidal currents (Fig. 8b), the bottom SSC (Fig. 8a) and changing rate of 
near-bottom SSC (Fig. 8c) were much less than those in the control run. 
Removal of tidal forcing also reduced the difference in bottom SSC be
tween the two events (Fig. 8a). Model results shown that the maximum 
wave-induced bottom shear stress of event II increased 65% (Fig. 11b) 
than that of event I due to 30% increase of near-bottom wave orbital 
velocity (Fig. 10a) in Experiment 4. The near-bottom wave orbital ve
locity was calculated using JONSWAP spectrum based on the model- 
output parameters including significant wave height (Hs), peak period 
(Tp) and water depth (h) (Wiberg and Sherwood, 2008), which presented 
similar distribution patterns to the model results (Fig. 10c). The near- 
bottom wave orbital velocity of event II increased to >30% than that 
of event I with all varying parameters output from the control run. To 
examine the individual contributions of the significant wave height, 
peak period and water depth to wave orbital velocity, a group of tests 
were conducted. When the water depth varied with tides, and the sig
nificant wave height and peak period were kept constant (Hs = 1.94 m, 
Tp = 6.54 s), the wave orbital velocity varied around 0.12 m s− 1 with the 
water depth. Thus, the variation of water level has little effect on the 
wave orbital velocity and wave-induced bottom shear stress. When the 
wave period was kept constant (h = 24 m, Tp = 6.54 s), the wave orbital 
velocity varied with Hs, as slight difference between the two storm 
events was identified. When the water depth and the wave height were 
kept constant (h = 24 m, Hs = 1.94 m), the wave orbital velocity varying 
with the wave peak period (Tp) presented evident discrepancy between 

the two storm events. As a result, the 65% difference of maximum wave- 
induced bottom shear stress between the two events was mainly ascribed 
to the variation of wave period. 

To examine the contributions of the nonlinear wave-current in
teractions to the differences in SSC between the two storm events, model 
results from Experiment 2 (no wind, no waves) and Experiment 4 
(without considering tidal current) were compared with the control run. 
As aforementioned, the significant increases of SSC at east of Shandong 
Peninsula were dominantly ascribed to local sediment resuspension 
induced by bottom shear stress. Thus, only the contribution of nonlinear 
wave-current interactions to the bottom shear stress was considered 
here. Comparison of the current-induced bottom shear stress between 
the control run and the Experiment 2 indicated that current-induced 
bottom shear stress has been greatly enhanced by the waves 
(Fig. 11a). Correspondingly, the wave-induced bottom shear stress was 
enhanced by the current, though the significant wave height and wave- 
induced bottom orbital velocity were similar between the Experiment 4 
and control run (Fig. 10). That increase is ascribed to the wave-current 
interaction by the factor Cmu (Eq. (1)), which is controlled by the ratio of 
current and wave bottom shear stress (μ) and the angle between current 
direction and the direction of wave propagation (∅cw) (Eq. (3)). The 
factor Cmu is about 17% larger in event II than that in event I, resulting in 
higher wave-induced shear stresses during event II, as well as the 
discrepancy in SSC between the two events at station S3 (Fig. 11c). 
Comparison of results from Experiment 4 and the control run indicated 
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the wave frictional coefficient (fw) has been increased with the presence 
of tidal current leading to larger wave-induced bottom shear stress 
(Fig. 11d, Eq. (5)). However, comparison of two high storm events in the 
control run, the wave frictional coefficient (fw) was similar. Thus, the 
contributions of the current to the wave-induced bottom shear stress 
were similar between the two events (Eqs. (5) and (6)). The non-linear 
interactions between waves and currents contributed to the evident 
difference between those two events at location S3 by the increased 
factor Cmu. 

Therefore, despite of similar wave heights during the two storm 
events, the waves with longer period in event II produced higher wave 
orbital velocity and associated higher bottom shear stress than during 
event I, which eventually explained 65% of the difference of bottom SSC 
between the two events. The nonlinear wave-current interactions played 
a secondary role in producing the abnormal highs of SSC during event II. 

5. Discussion 

East Asian Monsoon plays an important role in sediment resus
pension in a shallow marginal sea with distinct spatial variability. In 
winter, the prevailing strong northerly winds led to large wave height in 
the Yellow Sea (Fig. 3a, b). Due to the sheltering effect of the Shandong 
Peninsula, the wave-induced bottom orbital velocity was larger at the 
north and east sides of the Shandong Peninsula, whereas it became 
smaller to the south (Fig. 12). In combination with large current-induced 
bottom shear stress, bottom shear stress induced by wave and current 
was high at the east tip of Shandong Peninsula (Fig. 3). As a result, high 
SSC induced by local resuspension was found around the east tip of 
Shandong Peninsula (Fig. 3) and it decreased seaward, which was 
consistent with the monthly distribution patterns from the previous 
works (Bian et al., 2013a, 2013b; Zeng et al., 2015; Zang et al., 2017; 
Wang et al., 2019). 

The circulation pattern in the Yellow Sea was also strongly affected 

by the winds in winter. Under the circumstance of strong northerly 
winds, the coastal current was enhanced as it flowed southward, espe
cially during event II. The surface residual current can reach >30 cm s− 1 

in the north-south component at station S3 (Figs. 3 and 13). During the 
northerly wind relaxations or reversals, the coastal current flowed 
northward, which were consistent with recent investigations (Yuan 
et al., 2008; Hu et al., 2017; Ding et al., 2019; Wu et al., 2019; Wang 
et al., 2020). In winter, when strong northerly winds prevailed, inten
sified coastal current and strong resuspension led to a large amount of 
suspended sediment being transported southward from the east of 
Shandong Peninsula (Figs. 2 and 13) and more sediment was transported 
southward during event II. Nevertheless, high sediment flux was 
confined within a very limited area around the east tip of Shandong 
Peninsula, rather than a long belt with high-concentrated sediment 
wrapping the whole Shandong Peninsula from the Bohai Sea to the 
Yellow Sea. This result implied that the high SSC at the east tip of 
Shandong Peninsula was primarily ascribed to local resuspension under 
stormy conditions, rather than the horizontal advection from the Yellow 
River. 

Recent studies also illustrated that the modern sediment accumula
tion rate was low east of the Shandong Peninsula (Fig. 14a, Zhao et al., 
1991; Li et al., 2002; Zhang et al., 2009; Hu et al., 2011). The vertical 
distributions of radioisotope 210Pb at sediment cores HS-4, YZ-21 and 
KC-10 (locations were shown in Fig. 15) showed strong vertical mixing 
with a uniform distribution of total 210Pb from surface to bottom, which 
implied there might be less sediment accumulation over the past 100 
years (Li et al., 2002; Zhang et al., 2009; Hu et al., 2011). The grain-size 
distribution of surface sediment indicated coarser surface sediment at 
the seabed around the east tip of Shandong Peninsula (Fig. 14b), 
possibly related to the decreasing supply of Yellow River-derived sedi
ment (Wang et al., 2017) and the physical sorting by strong wave- 
current interactions. Therefore, the mud deposit at east tip of Shan
dong Peninsula would become a potential sediment source in winter for 
shelf sedimentation. 

Even though the features of the dynamics and bottom SSC variations 
has been captured well, only non-cohesive sediments were considered in 
this model. The median size of sediment distributed along the Shandong 
Peninsula was 5.5–6.5 Ф (~11–22 μm) (Li et al., 2005), including both 
non-cohesive and fine-grained sediment. Strong waves could fluidize the 
cohesive mud bed in the shallow coastal environment, as confirmed by 
both the laboratory and the model experiments (Maa and Mehta, 1987; 
Wolanski et al., 1988; Foda et al., 1993; De Wit and Kranenburg, 1997; 
Sherwood et al., 2018), which can reduce the critical shear stress and 
produce a highly turbid layer on the seabed. Depending upon the time 
for consolidation, this bottom sediment may be more easily resuspended 
during subsequent storm events. To elucidate the effects of wave-current 
interactions on cohesive mud bed, more data from time-series obser
vation together with numerical approaches are still needed in the future. 

6. Conclusions 

In this paper, a high-resolution, coupled model of the Bohai and 
Yellow Seas was used to investigate the contributions of waves and tides 
to sediment resuspension and transport around Shandong Peninsula, in 
the Yellow Sea. Two events with strong northerly wind and increased 
values of SSC were modeled and compared with mooring observations. 
The second storm event had SSC more than twice that of the first storm 
event, despite similar significant wave heights. Numerical experiments 
indicated that the large values of SSC were ascribed to local resus
pension, and wave actions played a primary role in the rapid increase of 
turbidity during the two storm events. Even though the wind direction 
was different between two storm events, which may affect the wave 
fetch and propagation, it was not the primary factor that induced the 
large discrepancy of the bottom SSC between the two storm events. The 
turbidity difference between the two storm events was mainly ascribed 
to the changes of wave period by influencing bottom sediment 
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resuspension. The difference of wave period between the two storm 
events interpreted 65% of the abnormal increase in wave-induced bot
tom shear stress during event II, while the remainder was ascribed to the 
enhancement of nonlinear wave-current interactions. The factor Cmu 
which related to the wave-current-induced bottom shear stress was 
increased by the increased current velocity when the northerly wind 
prevailed. Waves induced by northerly winds were mainly responsible 
for the sediment resuspension to the north and east side of Shandong 
Peninsula in shallow water in winter. In addition to increasing sediment 
resuspension, the northerly wind strengthened the residual currents and 
increased sediment transport southward along the coast of the Shandong 
Peninsula. 

Data availability 

In the numerical model, atmospheric forcing data are freely available 

from European Center for Medium-Range Weather Forecasts (ECMWF, 
http://www.ecmwf.int), including dataset of wind, mean sea-level 
pressure, air temperature, relative humidity, precipitation and net 
solar shortwave radiation. Initial conditions and two open boundaries 
(south and east) data are freely obtained from HYCOM (https://www. 
hycom.org/) and the tidal forcing at the open boundary are derived 
from the OSU TOPEX/Poseidon Global Inverse Solution (https://www. 
tpxo.net/). The observed data, including dataset of water level, cur
rent, significant wave height, wave period and SSC, in Fig. 2 at station S3 
are extracted from Zhao et al. (2019). All the data that support the 
findings of this study are given in supporting information and are also 
deposited in Mendeley data set: https://doi.org/10.17632/pc44 
z8kdvm.1. 
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