
Introduction

The Bohai Sea, a semi-enclosed sea, is located from

37°N to 41°N and from 117°E to 121°E. It is connected to

the Yellow Sea through the narrow Bohai Strait. With a maxi-

mum depth of 70 m, the Bohai Sea contains three main bays,

Liaodong Bay in the northeast, Bohai Bay in the west and

Laizhou Bay in the south (Fig. 1). It extends 300 km from

west to east and 550 km from south to north with a total area

of 80,000 km2. The Yellow River is famous for its sediments

load into the Bohai Sea. The average river discharge was

4.1�109 m3 per year and the sediment load was

0.54�108 tons per year in 2002 (MINISTRY OF WATER

RESOURCE OF THE CHINA, 2002). The Yellow River en-

ters into the Bohai Sea between Bohai Bay and Laizhou Bay.

The plume of suspended matter near the river mouth often

visualizes the injection of Yellow River sediments into the

Bohai Sea.

There have been many studies on the tide and tidal cur-

rent (Choi, 1980; Fang, 1986; Xie et al., 1990, Wan et al.,

1998, Yanagi and Inoue, 1994; Bao et al., 2000, 2001), the

residual current (Sun et al., 1989; Zheng, 1992; Hainbucher

et al., 2004, Wei et al., 2004), and the Yellow River plume

(Yanagi and Inoue, 1995; Jiang et al., 2000; Wu et al., 2002,

Yanagi and Hino, 2005) in the Bohai Sea.

However, there has been no study which explains the

dispersion processes of the suspended sediment originated

from the Yellow River in the Bohai Sea.

In this study, we develop a numerical model of tide, tidal

current and residual current in the Bohai Sea. Then, we in-

vestigate the transport processes of suspended sediment orig-

inated from the Yellow River using a three-dimensional sus-

pended sediment transport model of the Bohai Sea. The ob-

jective of this study is to explain the spreading pattern of the

suspended sediment originated from the Yellow River in the

Bohai Sea.

Materials and Methods

Current field
The tide, tidal current and residual current in the Bohai

Sea are simulated by the Princeton Ocean Model (Blumberg

and Mellor, 1987).

Short-term, seasonal and spring-neap tidal variations of
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the Yellow River plume in the Bohai Sea were investigated

using NOAA AVHRR visible band images in 2002 (Yanagi

and Hino, 2005). From this study, there was no distinct sea-

sonal variation in the Yellow River plume spreading in the

Bohai Sea. Thus, the wind-driven current is neglected in this

numerical experiment, because the seasonal variation in the

wind-driven current is very large in the Bohai Sea (Jiang and

Sun, 2001).

Tide and tidal current
The three-dimensional continuity and momentum equa-

tions for the tide and tidal current under the sigma coordinate

are as follows,

(1)

(2)

(3)

where x, y, s are the coordinates. s�(z�h)/D and it ranges

from s�0 at the surface (z�h) to s��1 at the bottom

(z��H). h is the surface elevation, H is the bottom topogra-

phy, and D�H�h . u, v, w are the velocities in (x, y, s), re-

spectively.

w is the transformed velocity which is normal to sigma

surface:

(4)

Here, AH and AV are the horizontal and vertical kinematic

viscosities. We are generally using the Smagorinsky scheme

(Smagorinsky, 1963) for the horizontal viscosity. Vertical

viscosity is calculated from the turbulence closure sub-model

by Mellor and Yamada (1982).

The topography of the model’s domain is shown in Fig.

1. The time step was 120 seconds. The calculations were

made in grids with 48�72 nodes in each level and a grid

space of 5��5� on latitude and longitude. Twelve vertical

levels are taken inside the water column. The zero initial con-

ditions for elevation and current were used.

Boundary conditions for the tidal model are no flow to

the coast and specified elevations along the open boundary.

On the eastern side of the Bohai Sea, we set open boundary

(see Fig. 1) along which the harmonic constants were deter-

mined using available tidal data, existing model results, em-

pirical charts, and an interpolation procedure.

(5)

where Ai and q i are the harmonic constants for the amplitude

and phase-lag, respectively, for ith tidal constituent, w i is the

angular speed, fi is the nodal factor, Ui is the nodal angle, and

Voi is the initial phase angle.
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Fig. 1. Bohai Sea is located in the northeast of China (upper
panel). The modeled region is enlarged in the lower panel. Solid
circles in the lower panel show the locations of 13 tide gauge sta-
tions. An open circle in the lower panel shows the grid location of
the particle source (i.e. the Yellow River mouth).



Dynamic boundary conditions at the free surface (s�0)

are:

(6)

At the bottom (s��1),

(7)

where r0 is the water density (�1.025 kg/m3). Cb (bed drag

coefficient) was calculated by the empirical formulation as

follows,

(8)

The kinetic boundary conditions at the surface and bottom,

(9)

At lateral boundary,

(10)

where Vn→ is the normal direction velocity at lateral boundary.

After 15 days from the beginning of the calculation, the

tidal waves have been already stabilized. The processing of

the calculated elevation and current were carried out in two

stages. First, the calculated data of elevation and current were

recorded in each grid during 30 M2 tidal cycles after 15 days

from the beginning of the calculation. Then, these time series

were used for the harmonic analysis, and the harmonic con-

stants of elevation and current for major four tidal con-

stituents (M2, S2, K1, O1) were calculated.

Eulerian and Lagrangian residual current
Based on the tidal model, a scheme was used to calcu-

late the Eulerian and Lagrangian tide-induced residual cur-

rents at the same time. The definition of the time-mean oper-

ator is as follows,

(11)

where T is the tidal period and n is the number of tidal cy-

cles.

The Eulerian tide-induced residual current can be calcu-

lated from

(12)

Stokes drift can also be derived from the instantaneous

current by using the following formula,

(13)

where ∇ represents the horizontal gradient.

The Lagrangian tide-induced residual current is formu-

lated as

(14)

Equation (13) is Longuet–Higgins’ original formula

(Longuet–Higgins, 1969). The Stokes drift is applicable to

all kinds of oscillations. The relationship between the La-

grangian residual current and the Eulerian residual current is

outlined by Longuet–Higgins (1969). In order to calculate

the Lagrangian tide-induced residual current, a tidal move-

ment should be solved first. The Eulerian tide-induced resid-

ual current and the Stokes drift can be calculated easily. Ac-

cording to Eq. (14), the Lagrangian tide-induced residual

current can be deduced.

Density-driven current
Advection and diffusion equation for salinity transport

is added as follows,

,

(15)

where S is salinity, KH and KV are the horizontal and vertical

turbulent mixing coefficients for salinity. They are given by

Smagorinsky scheme and the turbulence closure sub-model,

respectively.

The configuration of the model is the same as that in the

tide and tidal current model. In addition, the river flow rate

was 130 m3/s, which was the averaged river discharge in

2002 (MINISTRY OF WATER RESOURCE OF THE

CHINA, 2002), and the river salinity was 0 psu. The model

was initialized by salinity�32 psu at all grid points. The

boundary condition for salinity was 32 psu along the open

boundary. Temperature was fixed to be 15°C in space and

time.

The model was spun up from rest for 3 years forced by

tidal waves from the Yellow Sea and the Yellow River fresh-
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water flux as discussed above. Then the residual flow was ob-

tained by averaging the calculated currents during 30 M2 tidal

cycles. The density-driven current by the Yellow River dis-

charge was calculated by subtracting the Eulerian tide-in-

duced residual current from the averaged residual flow.

Dispersion of suspended sediment originated from the
Yellow River

In order to investigate the behavior of the suspended

sediment originated from the Yellow River in the Bohai Sea,

other experiments were conducted using the transport model

with the Euler-Lagrange method.

Description of transport model
The transport model is a 3D random walk model, which

consists of two parts: 1) the movement of the suspended mat-

ter in the water body; 2) the deposition and re-suspension

processes at the seabed. We can track the movement of mate-

rial in a numerical model using the Euler-Lagrange method

(Yanagi and Inoue, 1995) where the movement of a particle

is tracked in the Lagrangian sense under the Eulerian current

field,

(16)

where V denotes the three-dimensional velocity of tidal cur-

rent and density-driven current, and D t is the time step. ∇
represents the horizontal gradient, and wS is the sinking ve-

locity of suspended matter by the Stokes law which is de-

rived as follows,

(17)

where g (�980 cm/s2) denotes the gravitational acceleration,

rp is the density of suspended matter, rw is the density of sea

water, v (�0.00115 cm2/s) is the viscosity of sea water, and r

is the diameter of suspended matter. R is the dispersion due

to the turbulence and is given by the following equation,

, (18)

where g is the random number with the mean of 0 and the

standard deviation of 1.0. Dh and Dv are the horizontal and

vertical dispersion coefficients and they depend on the tidal

current amplitude as follows,

(19)

where Vamp denotes the amplitude of tidal currents (Yanagi

and Inoue, 1995).

When the suspended matter reaches the sea bottom, we

judge whether it stops or not by applying the critical tractive

force theory (Tsubaki, 1974),

, (20)

where F denotes the tractive force, R the resistance force, Ct

(�0.4) the drag coefficient of suspended matter, CS (�1.0)

the static friction coefficient of suspended matter, and Ub the

velocity of current just above the seabed.

We assume that the velocity just above the sea bottom is

0.1 times of the calculated velocity in the lowest layer by the

numerical model. It is calculated by the following formula,

(21)

where Ut is the calculated tidal current; Ur the calculated

density-driven current, and B the angle between the main

axis of tidal current and the direction of density-driven cur-

rent.

In the case of F�R, the suspended matter stops moving

and deposits at the position where the suspended matter

reaches the sea bottom; In the case of F�R, the suspended

matter removes.

Application of the transport model
From the sediment composition in the Yellow River at

Lijin station (see Fig. 1), silt (particles with the diameter of

4–64 mm) makes up about 75% of suspended sediments (LI

et al., 1998). In addition, the yearly averaged sediment diam-

eter was 28 mm at Lijin station (MINISTRY OF WATER RE-

SOURCE OF THE CHINA, 2002). Hence, we injected dif-

ferent sized particles (small, middle and large) with the same

density of 2.5 g/cm3, which are shown in Table 1, from the

Yellow River mouth.

We conducted two experiments which correspond to the

spring tide and the neap tide, because Yanagi and Hino
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Table 1. Particles used in the suspended sediment transport
model.

Small Middle Large

Diameter (mm) 4 30 50
Density (g/cm3) 2.5 2.5 2.5



(2005) showed that the spreading pattern during the spring

tide was different from that during the neap tide as shown in

the yearly averaged satellite images (Fig. 8), where the aver-

age spreading pattern during the spring tide was obtained by

averaging satellite images during moon ages from 12.0 to

18.0 or from 27.0 to 2.0 in 2002 and that during the neap tide

from 5.0 to 9.0 or from 20.0 to 24.0 in 2002. In the first ex-

periment, total 5,040 particles (30 particles/hour) were in-

jected from the river mouth during the spring tide, i.e. during

the moon age from 12.0 to 18.0, for each particle size. In the

second experiment, also 5,040 particles (30 particles /hour)

were injected from the river mouth during the neap tide, i.e.

during the moon age from 19.0 to 25.0, for each particle size

as shown in Fig. 9.

Results and Discussion

Current field
The tidal wave from the Yellow Sea propagates through

the Bohai Strait into the Bohai Sea where the M2 tide is most

dominant. Figure 2 shows the calculated co-amplitude and

co-phase maps of the major four tidal constituents (M2, S2,

K1, O1) by this model. For the semidiurnal tidal waves, M2

and S2, there exist two amphidromic points. One is located in

the coastal sea near Qinghuangdao City (Stn. 6 in Fig. 1), the

other near the Yellow River mouth. For the diurnal tidal

waves, K1 and O1, there exists an amphidromic point located

in the Bohai Strait (Fig. 2(c) and (d)). The model was vali-

dated by comparison with observations at thirteen tide gauge

stations. The positions of tide gauge stations and the corre-

sponding station number are shown in Fig. 1. The harmonic

constants of the major four tidal constituents were selected to

validate the model results. Comparisons of the calculated

harmonic constants of amplitude and phase-lag with the ob-

served ones at thirteen tide gauge stations are shown in Figs.

3 and 4. The calculated results are in good agreement with

the observed ones.

The calculated tidal current ellipses at the surface for

four major tidal constituents are shown in Fig. 5. The semidi-

urnal tidal currents are most dominant. The strong current re-

gion of M2 constituent is located in Bohai Bay and the strong

current region of S2 constituent is located in the Bohai Strait.

M2 and S2 tidal current amplitudes at the Bohai Strait are

about 50 cm/s and 25 cm/s, respectively. The strong diurnal

tidal current region is located in the Bohai Strait. K1 and O1

tidal current amplitudes at the Bohai Strait are about 10 cm/s.

It is regrettable that there is no good data set of observed

tidal current ellipses for the verification of our calculated re-

sults.

Based on these calculated tidal currents, we obtained the

Eulerian and Lagrangian tide-induced residual currents. The

maximum Eulerian tide-induced residual current by M2, S2,

K1 and O1 tidal constituents, which was obtained by averag-

ing the calculated results during 30 M2 tidal cycles, is about 7

cm/s and it produces an anticlockwise flow along the coast of

Cui, G et al.: Suspended sediment dispersion originated from the Yellow River in the Bohai Sea
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Fig. 2. Distribution of co-amplitude and co-phase lag lines of M2(a), S2(b), K1(c) and O1(d) constituent ( amplitude line, 
phase-lag line).



northern Bohai Bay and a clockwise flow along the coast of

western Laizhou Bay at the surface as shown in Fig. 6(a).

Above the bottom, the Eulerian tide-induced residual current

is moderate or weak as opposed to the surface one as shown

in Fig. 6(b). The Lagrangian tide-induced residual current is

shown in Fig. 6(c) and (d). At the surface, the current speed

is about 5 cm/s. However, in the central region of the Bohai

Sea, the velocity is less than 1 cm/s. The Lagrangian tide-in-

Coastal Marine Science 31
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Fig. 3. Comparison between calculated tidal amplitudes and
observed ones at 13 stations in the Bohai Sea. M2(a), S2(b), K1(c)
and O1(d).

Fig. 4. Comparison between calculated tidal phase-lags and ob-
served ones at 13 stations in the Bohai Sea. M2(a), S2(b), K1(c)
and O1(d).

Fig. 5. Distributions of M2(a), S2(b), K1(c) and O1(d). tidal current ellipses at the sea surface.



duced residual circulation forms a clockwise flow from

Laizhou Bay to Bohai Bay along the coast. It is completely

different from the Eulerian tide-induced residual current

shown in Fig. 6(a). Above the bottom, the Lagrangian tide-

induced residual current is weak as opposed to the surface

one. The big difference between the Eulerian and Lagrangian

tide-induced residual currents near the Yellow River mouth is

due to the large Stokes drift by the strong semi-diurnal tidal

current there and was already pointed out by Feng and Cheng

(1987).

Cui, G et al.: Suspended sediment dispersion originated from the Yellow River in the Bohai Sea
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Fig. 6. (a) Eulerian tide-induced residual current at the surface of the Bohai Sea, (b) Eulerian tide-induced residual current above the
bottom, (c) Lagrangian tide-induced residual current at the surface of the Bohai Sea, and (d) Lagrangian tide-induced residual current
above the bottom by M2, S2, K1 and O1. tidal constituents.

Fig. 7. (a) Density-driven current at the surface of the Bohai Sea and (b) density-driven current above the bottom by the Yellow River
discharge.



Because of the Coriolis effect, it is expected that the Yel-

low River fresh water spreads with the coast on the right

hand side. The calculated result of the density-driven current

shows that the southeasterly current exists at the surface

around the Yellow River mouth (Fig. 7(a)). Above the bot-

tom, the density-driven current is in the opposite direction to

the surface one (Fig. 7(b)).

Dispersion of suspended sediment originated from the
Yellow River

The calculated patterns of suspended sediments distribu-

tion injected from the Yellow River mouth in the Bohai Sea

are shown in Fig. 10(a) and (b).

Coastal Marine Science 31
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Fig. 8. The Yellow river suspended sediments spreading from
satellite images averaged in spring tide (a) and in neap tide (b)
during 2002 (Yanagi and Hino, 2005).

Fig. 9. Calculated tidal level at Qinghuangdao City (Stn. 6 in Fig. 1).

Fig. 10(a). Results of the calculation including only the tidal
current effect. Left panel show the results during the spring tide
shown in Fig. 9 and right panel those during the neap tide. Upper
number shows the total number of moving particles and lower
number the total number of particles injected from the Yellow
River mouth.

Fig. 10(b). Results of the calculation including the tidal current
and density-driven current effects. Left panel show the results
during the spring tide shown in Fig. 9 and right panel those during
the neap tide. Upper number shows the total number of moving
particles and lower number the total number of particles injected
from the Yellow River mouth.



The suspended sediments injected from the Yellow

River mouth mainly spread with the coast on the left hand

side in both the spring and neap tides. Such spreading pat-

terns well coincide with the Lagrangian tide-induced residual

circulation which forms a clockwise flow from Laizhou Bay

to Bohai Bay as shown in Fig. 6(c) and (d). This means that

the Lagrangian tide-induced residual current plays the most

important role in the spreading of suspended sediments from

the Yellow River mouth.

In the case of only considering the tidal current effect,

the results show that most of small and middle sized particles

from the Yellow River mouth were transported mainly from

Laizhou Bay to Bohai Bay with the coast on the left hand

side as shown in Fig. 10(a). In the case of considering the

tidal current and density-driven current effects, the results

show that most of small and middle sized particles from the

Yellow River mouth were transported mainly from Laizhou

Bay to Bohai Bay with the coast on the left hand side, and a

part of small and middle sized particles from the river mouth

were transported with the coast on the right hand side in

Laizhou Bay as shown in Fig. 10(b). This is due to that the

Yellow River fresh water produces a clockwise density-

driven current in the surface layer near the Yellow River

mouth as shown in Fig. 7(a). However, most of large sized

particles were deposited within one day near the Yellow

River mouth and they did not move again in both cases of

spring tide and neap tide as shown in Fig. 10(a) and (b).

Large sized particles have large sinking velocity and resist-

ance force, and are easy to settle to the sea bottom. However,

small and middle sized particles have small sinking velocity

and small resistance force, and are easy to be re-suspended

by strong tidal current and continue moving in the sea water.

Furthermore, the spreading area of suspended particles

during the spring tide is wider than that during the neap tide

due to the re-suspension by the strong tidal current as shown

in Fig. 10(a) and (b). The number of moving particles during

the spring tide (2,146 in small size and 1,315 in middle size)

is larger than that during the neap tide (1,685 in small size

and 995 in middle size). The number of moving particles is

larger and the spreading area is wider during the spring tide

than during the neap tide due to the stronger tidal current

during the spring tide. This is in agreement with the results

from satellite images shown in Fig. 8 (Yanagi and Hino,

2005). The difference of spreading patterns between small

sized particles and middle sized particles is small because the

critical velocities of re-suspension in Eq. (20) for small sized

particle and middle sized particle (4.4 cm/s and 11.7 cm/s, re-

spectively) are smaller than 1/10 of the maximum current ve-

locity above the bottom (Eq. 21) that is about 15.0 cm/s near

the Yellow River mouth as shown in Fig. 5. On the other

hand, the critical velocity of re-suspension for large sized

particle is 15.5 cm/s and it is larger than 1/10 of the maxi-

mum current velocity of about 15.0 cm/s above the bottom

there.

Summary

The used transport model is a 3D random walk model,

which consists of two parts: 1) the movement of the sus-

pended sediments in the water body and 2) the deposition

and re-suspension processes of suspended sediments at the

seabed. The results from the numerical simulation by the

transport model could explain the spreading pattern of the

suspended sediments observed from satellite.

The important findings in this study are: 1) the spread-

ing area of the suspended sediments during the spring tide is

wider than that during the neap tide due to the re-suspension

by the strong tidal current, and 2) the spreading pattern of the

suspended sediments from the Yellow River mouth in the

Bohai Sea is determined mainly by the Lagrangian tide-in-

duced residual current and partly by the density-driven cur-

rent.

The suspended sediments transport in the sea is deter-

mined by a large number of complicated processes. The pres-

ent results show that the numerical transport model can re-

produce the general pattern of the suspended sediments dis-

tribution in the Bohai Sea. However, the efforts should still

be made to improve the model results by including beach

erosion, flocculation and so on.
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