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SUMMARY

A numerical model of pollutant transport acted by water waves on a shallow-water mild-slope beach is
established in this study. The numerical model is combined with a wave propagation model, a multiple
wave-breaking model, a wave-induced current model and a pollutant convection–dispersion model. The
wave propagation model is based on the higher-order approximation of parabolic mild-slope equation
which can be used to simulate the wave refraction, di�raction and breaking in a large area of near-shore
zone combined with the wave-breaking model. The wave-induced current model is established using
the concept of the radiation stress and considering the e�ect of bottom resistance caused by waves. The
numerical model is veri�ed by laboratory experiment results of regular and irregular waves over two
mild beaches with di�erent slopes. The numerical results agree well with experimental results.
The numerical model has been applied in the near-shore zone of Bohai bay in China. It is concluded

that pollutant transport parallel to the shoreline due to the action of waves, which will induce serious
pollution on the beach. Copyright ? 2005 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Pollutant transport in the coastal zone is related closely to dynamic factors. Tide current had
been taken as the main dynamic factor in studying pollutant transport in coastal zone for many
years [1, 2]. With the development of the study on pollutant and sediment transport, the e�ect
of wave-induced near-shore current for mild-slope beaches has gained attention gradually [3].
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The vertical distribution of velocities may be in�uenced by wave propagation, especially
in the area around wave breaking. Distribution of velocities will also be modi�ed by the
existence of the wave-induced current in near-shore zone, and the pollutant transport will be
thus modi�ed correspondingly. The e�ect of waves is signi�cant for a mild-slope beach with
shallow water, resulting in pollutant transport di�erent from the results for a steep beach.
Rodriguez et al. [4] conducted an investigation on pollutant transport in�uenced by near-

shore current induced by waves in coast. The e�ect of waves on pollutant transport was studied
for an ideal plane sea bay [5]. The results indicated that the e�ect of waves is signi�cant for
the near-shore zone with mild slope. The pollutant transport can be simulated correctly only
if the combined action of tide current and waves is considered.
A numerical model will be e�ective in studying the e�ect of waves in a large area of

near-shore zone compared to an experimental model. A wave propagation model, a wave-
induced current model and a pollutant convection–dispersion model should be included in the
numerical model in order to simulate the pollutant transport caused by waves.
The basic requirement for the numerical model is the ability to simulate the wave propaga-

tion in a large area in studying the e�ect of waves on pollutant transport. There are two kinds
of combined refraction–di�raction wave propagation models, which are Boussinesq model [6]
and mild-slope equation [7]. The strong point in favour of the parabolic approximation of
the mild-slope equation, proposed by Radder [8], is the speed of computation. The limita-
tion of the parabolic model equation is the assumption of wave propagation within a limited
range of angles about an assumed propagation direction in the earlier study. This limitation
was relaxed by further research for increasing the range of allowed angles [9, 10]. Chawla
et al. [11] simulated the evolution of wave spectra over a gently sloping bottom using the
parabolic mild-slope equation and the model predicts dissipation due to wave breaking using
a statistical breaking model.
When the waves propagate obliquely to the shoreline and break, the near-shore currents

such as long-shore currents and rip-currents are generated. Longuet-Higgins [12] established
the relationship between wave propagation and the resulting current using the concept of
radiation stress, which is de�ned as the excess of momentum �ux due to wave propagation.
The wave-induced near-shore current is usually considered to be the reason of sediment

suspension in the near-shore zone. In this study, the distribution of wave-induced long-shore
current and pollutant transport for a plane beach is studied based on numerical and experi-
mental models. Validity of the numerical model is proved by the comparison with the results
of the experimental model. The numerical model is also applied in the near-shore zone of
Bohai Bay in China. The e�ect of waves on pollutant transport near the main outfall is studied
based on the analysis of the distributions of velocities and the pollutant transport under the
action of pure wave, and combined action of wave and tide.

2. MATHEMATICAL MODEL

2.1. Wave model

2.1.1. Regular wave model. The wave model is based on the higher-order approximate para-
bolic mild-slope equation given by Chawla et al. [11]. Choosing a coordinate system such
that the x-axis is coincident to the incident wave propagation direction, the water surface
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elevation is written as

�=Re{A(x; y)ei( �kx−!t)} (1)

where Re(Z) denotes the real part of a complex number Z ; A(x; y) denotes the slowly vary-
ing complex wave amplitude; �k is representative value of the wave number and de�ned as
�k(x)= 1

B

∫ B
0 k(x; y) dy; ! is angular frequency; B is width of the domain; k is wave number.

The governing equation in the model for the complex wave amplitude is given as
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where p=CCg, C is phase velocity, i is imaginary unit, Cg is group velocity, U and V are
currents in the x and y directions, respectively, and R is the factor of nonlinear in�uence.

R=
cosh 4kd+ 8− 2 tanh2 kd

8 sinh4 kd
(3)

where d is water depth. Also

�=!− kU; �=
kx
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+
(k(p−U 2))x
2k2(p−U 2)

(4a)

�1 = a1 − b1; �2 =1 + 2a1 − 2b1; �′= a1 − b1
�k
k

(4b)

The coe�cients a0, a1 and b1 could be chosen by a minimax approach in order to �nd the
best approximation for wave propagation at large angles from the x direction [10]. W is the
factor for energy dissipation.
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The complex amplitudes for wave components at the o�shore row is given as

A(0; y)= aeik sin �y (5)

where a is the wave amplitude for an o�shore row, � is the angle from the principal direc-
tion of wave propagation. Crank–Nicolson di�erence scheme is used to solve Equation (2)
and the evaluation of all wave components as they travel towards shore can be computed
simultaneously at each row.

2.1.2. Irregular wave model. Irregular wave �elds are simulated using a spectral calculation
method based on the discretization of the o�shore wave spectrum S(!; �), which indicates
the distribution of wave energy over frequency and direction

S(!; �)= S(!)G(!; �) (6)

where ! is angular frequency and � is the angle from the principal direction of wave propa-
gation. S(!) is the frequency spectrum which indicates the distribution of wave energy over
the frequency. The directional spreading function G(!; �) indicates the distribution of wave
energy over the direction.
Based on the o�shore wave spectrum, the wave amplitude ajl for an o�shore row is written as

ajl=
√
2S(!; �)�!�� (7)

Indices j and l are used to represent frequency and direction, respectively. The water surface
elevation can be represented by

�=
∑
j

∑
l
�jl=Re

{
Nf∑
j=1

N�∑
l=1
Ajl(x; y)ei(

�kjx−!jt)
}

(8)

Nf and N� are number of discretizations in frequency and direction, respectively, kj(x; y) is
the wave number, !j is the angular frequency at the jth component.

Ajl= ajle[i(kj cos �jl−
�kj)x+ikj sin �jly]

The transformation of each component is calculated by using the monochromatic mild-slope
parabolic model. The statistical characteristics at the grid point are obtained by assembling the
wave components by linear superposition. The signi�cant wave height can be computed as

Hs(x; y)=

(
8
Nf∑
j=1

N�∑
l=1

|Ajl(x; y)|2
)1=2

(9)

2.2. Multiple-wave-breaking model

The factor W in Equation (2) is related to energy dissipation. W is determined by the ratio
of the dissipation rate �B to the wave energy E

W =
�B
E

(10)

where E, for small amplitude wave, is de�ned as E= 1
8 �gH

2, where H is wave height.
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Dally et al. [13] assumed that the rate of loss of wave energy �ux is dependent on the
excess of energy �ux over a stable value:

�B=
Kd
d
[ECg − EsCg]

Kd is dissipation coe�cient, ECg is local wave energy �ow, EsCg is stable wave energy �ow,
d is local water depth.

Es = 1
8 �gH

2
st =

1
8 �g(�d)

2

in which Hst is stable wave height, � is stable factor. Then the dissipation due to wave
breaking could be written as

W =
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(11)

in general, Kd = 0:15, �=0:4. The model is suitable for simulating multiple-wave breaking.
Irregular wave breaking is more complex than that of regular waves. Setting an assumption

similar to that of regular wave model and incorporating the fraction of breaking, Qb, the
average rate of energy dissipation in irregular wave breaking [14] can be expressed as

�B=
K1QbCp
d

[Em − Es] (12)

where
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2
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2

K1 is the proportional constant, Cp is the phase velocity related to the peak spectral wave
period Tp; Em is the local mean energy density, Es is the stable energy density, Hrms is the
root-mean-square wave height and �i is the stable wave factor of irregular wave.
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K1QbCp�g
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The stable wave factor, �i, is determined by

�i = exp

[
K2

(
−0:36− 1:25 d√

LpHrms

)]
(15)

where Lp is the wavelength related to the peak spectral wave period, K2 is the coe�cient
(0:1). Rattanapitikon and Shibayama [14] gave the explicit form of Qb.
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The breaking point is determined using the criterion proposed by Goda, which is written as(
H
d

)
max

=
�{1− exp[−1:5�db(1 + 15n4=3)=L0]}

db=L0
(16)

where � is a constant which is equal to 0:17 for regular wave and 0:15 for irregular wave [15];
L0 is the deep-water wavelength, n is the bottom slope.

2.3. Wave-induced current model

The wave-induced current model is based on the concept of radiation stress, which indicates
the excess of momentum �ux due to wave propagation.
The depth-integrated equations of motion and water conservation can be written as
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where x and y are the horizontal coordinates normal and parallel to the shoreline, respectively;
u and v are currents in the x and y directions, respectively; 	 is the mean surface elevation,
Tx and Ty represent the forcing terms, with D= 	+ d, there are
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caused by the radiation stresses Sij and Rij due to rollers in breaking wave [16–18],
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where 
 is the wave angle, Er is the roller energy per unit area:

Er = 4�r
C
gT
QbE (21)
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where �r ∼=0:9. The cross-shore exchange of momentum is modelled as a dispersion term as
follows:
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where � is dispersion or mixing coe�cient,
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�bw is related to wave action, �br is related to wave breaking, and �bf is related to bottom �ction
dissipation. Parameters C1, C2, C3 could be settled as 0:5; 0:1 and 0:025, respectively [19], and
then the in�uence of wave propagation, wave breaking and bottom friction could be included
in cross-shore exchange of momentum.
Bottom stress on the combined action of wave and current is calculated as
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where uw, vw are particle velocities at bottom in the x and y directions, respectively. FB is
factor of wave–current interaction in�uence, which is 0:917 when the directions of wave and
tide are parallel, −0:1983 for the directions of wave and tide are vertical and 0:352 for other
conditions. fw is wave bottom friction factor.
The �nite di�erence scheme is used for calculating the equation. At the beginning of the

calculation, the initial velocities are set to zero,

	=0; u=0; v=0 (25)

All velocities parallel to the boundary are set to zero in the calculation for the closed boundary.
The velocities outside the boundary are set to the same value as the corresponding velocity
inside the domain, but obtain a negative sign.

vi=0; ui=−ui+1 (26)
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A free slip boundary condition is used by assuming zero gradient of a variable perpendicular
to the open boundary,

@u
@n
=0;

@v
@n
=0 (27)

A space-staggered grid system is used, with the water depth being located at the grid centre,
with u and v at the centre of the grid sides and the water elevation at the node of the grid. The
scheme is basically second-order accurate both in time and space with no stability constraints
due to the time centred implicit character of the ADI technique. With the initial and boundary
conditions included, the resulting �nite di�erence equations for each half time step are solved
using the method of Gauss elimination and back substitution.

2.4. Pollutant convection–di�usion model

The two-dimensional convection–di�usion equation integrated along depth is written as
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where D= 	 + d is total water depth, S is concentration, u and v are velocities along x, y
directions, respectively, Sm is source term, Kij is depth average dispersion–di�usion coe�cient
(m2=s), which are calculated as

Kxx =
(
u2 + �v2)D

√
g

C
√
u2 + v2

(29a)

Kxy =Kyx=
(
− �)uvD√

g
C

√
u2 + v2

(29b)

Kyy =
(
v2 + �u2)D

√
g

C
√
u2 + v2

(29c)

where 
, � are the depth-averaged longitudinal dispersion and lateral turbulent di�usion
coe�cients, respectively, which are settled as 5.93 and 0.23 [20].
The �nite di�erence scheme used in this model is based on the ADI and modi�ed by Chen

and Falconer [25], which involves the sub-division of each time step into two half-time steps.
In the �rst half-time step, the water elevation, u and the solute concentration are implicitly in
the x direction. Similarly, for the second half-time step, the water elevation, v and the solute
concentration are implicitly in the y direction. The upwind scheme is applied to convection
to reduce the e�ect of numerical viscosity.
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The closed boundary condition for the solute is

@S
@n
=0 and

@2S
@n2

= 0 (30)

which means that the concentration does change parallel to the close boundary and there is no
solute �ux across the solid boundary. n is the direction perpendicular to the closed boundary.
As for the open boundary, there is

S= S0 (31)

which describe the condition that the boundary values S0 are known. The methods of inter-
polation used for the case of S0 are unknown.
The third-order accuracy di�erence for the convection term and second-order accuracy dif-

ference for di�usion term are used to solve Equation (28).
In order to validate the numerical model, the models results are �rst compared with ana-

lytical solutions.
Equation (32) indicates an analytical solution for solving the two-dimensional convection–

di�usion equation in a rectangular region the concentration C(x; y; t) at a given time t for a
point source pollutant placed at the centre of the domain (x0; y0) [22]

C(x; y; t) =
K√

4�Kxt
√
4�Kyt

exp
[
− (x − x0 −Ut)2

4Kxt
− (y − y0 − Vt)2

4Kyt

]
(32)

where (x0; y0) is the location of the point source, K is a scaling factor, which is taken to be
1:0× 1012 for the test case. t is the time for pollution transport, U and V are the velocities
in the x and y directions, respectively, Kx, Ky are the di�usion coe�cient in the x and y
directions. Uniform horizontal velocities of U =V =0:5m=s, Kx=Ky=1× 104m2=s, time step
�t=50 s and grid spacing �x=�y=5000 m are used in the calculation.
Figure 1 gives the comparison between numerical and analytical solution in the section of

direction after t=36000 s and 72 000 s. The agreement with each other is quite good.
Wave propagation model, wave-breaking model, wave-induced current model and pollutant

convection–di�usion model constitute the numerical model for the study of the e�ect of waves
on pollutant transport in the near-shore zone.
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Figure 1. Concentration distribution for convection and di�usion by analytical and numerical
solutions after: (a) 36 000 s; and (b) 72 000 s.
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3. NUMERICAL MODEL TEST

In order to validate the numerical model, the distribution of long-shore current and pollutant
transport acted by the regular and irregular waves with di�erent wave factors are investigated
over two mild beaches with di�erent slopes by physical experiment and numerical simulation.
The experiment is performed in a wave basin, 42:6 m long, 24:0 m wide and 1:0 m deep.

The plane beach was rotated at 30◦ with respect to the wave maker in order to increase the
length of the beach and to make the wave propagate obliquely to the shoreline (Figure 2).
The beach slopes of 1

100 and
1
40 are adopted. For the

1
100 beach, the constant depth before the

slope is 0:18 m, while for 1
40 beach it is 0:45 m.

The wave heights are measured with 40 capacitance wave gauges placed in three lines
normal to the shoreline. The long-shore current velocities are measured with �ow metres
located in two lines normal to the shoreline, and one-third of the water depth from the
bottom, which is near the position of the depth-averaged long-shore current velocity. Each
line has 16 �ow metres.
The plane beach in the experiment has been painted white and the grid-lines (1 m× 1 m)

were drawn on the surface of the beach. Pollutant transport is recorded by tracking the released
dye using a video camera placed at 8 m above the sea surface.

3.1. Wave-induced long-shore current

The results shown in Figure 3 are the numerical results of wave-induced long-shore currents
on the plane beach.
Figure 4 gives the comparison between numerical and experimental results of the cross-

shore distribution of long-shore current velocities under the action of regular and irregular
waves. The x-coordinate denotes the distance seaward from the coastline. The solid lines
correspond to the results calculated by wave-induced current model, and the circles correspond
to experimental results. The discrepancies between the observed and model-predicted results,
especially at the position before wave breaking, are in�uenced by the parameters of dispersion
coe�cient in Equation (22). The spectral sea state was obtained by using Wen spectrum in
the calculation of irregular wave propagation, while the Wen spectrum was proposed based
on the �eld data in the near-shore zone of China [24].

W
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e 
m
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Slope

Figure 2. Experimental set-up [23].
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Figure 3. Numerical results of wave-induced long-shore currents in the plane beach,
beach slope 1=100: (a) acted by regular waves, incident wave period T =1:0s; incident
wave height H =0:07 m; and (b) acted by irregular waves, incident average wave

period T =1:0 s; incident average wave height H =0:05 m.
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Figure 4. Cross-shore distribution wave-induced long-shore currents, beach slope 1:100: (a) acted by
regular waves, incident wave period T =1:0 s; incident wave height H =0:07 m; and (b) acted by
irregular waves, incident average wave period T =1:0 s; incident average wave height H =0:05 m.

The distribution of long-shore current is dominated by wave breaking. Velocity is small
before wave breaking and it is increased when the wave heights are reduced abruptly near
the wave-breaking area. The peak value of current velocity is located inside of the surf-zone.
For irregular waves, the highest waves tend to break at the greatest distances from the

shoreline. There is no clear breaking point compared to regular waves. The area of energy
dissipation for irregular wave breaking is greater than that of regular waves. Cross-shore
distributions of current induced by multi-directional irregular waves are more gentle.
Figure 5 gives the cross-shore distributions of long-shore current induced by regular and

irregular waves with di�erent incident wave heights.
With the increase in incident wave height, the maximum velocity of long-shore current and

its distance o�shore will be increased accordingly. The e�ect of wave-induced currents should
be considered especially for the waves with higher incident wave height.
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Figure 5. Cross-shore distribution long-shore currents on the action of regular (a) and irregular
waves (b) with di�erent incident wave heights. Beach slope 1:100: (a) incident wave period

T =1:0 s; and (b) incident average wave period T =1:0 s.

Figure 6. Processes of dye transport under the action of waves after di�erent times of discharge.
Points A and B indicate the positions of outfalls located inside and outside of the surf-zone.

3.2. The e�ect of wave on pollutant transport

The image shown in Figure 6 recorded the process of dye transport discharged from di�erent
positions on the action wave for the plane beach (shown as Figure 2).
Images (a) and (b) in Figure 6 denote the results of dye transport after di�erent times of

discharge. Points A and B indicate the positions of outfalls located inside and outside of the
surf-zone. The dye discharge from these two positions is simultaneous in the experiment. It
is concluded that the dye discharge inside the surf-zone will transport parallel approximately
to the shoreline under the action of waves. While the dye transport outside the surf-zone is
hardly a�ected by wave action.
Figure 7 indicates numerical results of pollutant concentration acted by regular waves, which

are discharged at the di�erent positions. The distances of discharge outfalls from the shoreline
are di�erent in the calculation. Results for di�erent beaches with di�erent slopes are compared
in Figures 7(a) and (b).
Points A, B, C and D indicate the position of the outfall. With incident wave height

H =0:07 m and incident wave period T =1:0 s, points A, B, C are located in the surf-zone
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Figure 7. Contours of pollutant concentration acted by regular waves, which are discharged at
the di�erent distances from the shoreline, incident wave height H =0:07m; incident wave period

T =1:0 s. After 70:0 s of released: (a) beach slope 1:100; and (b) beach slope 1:40.

where pollutant transport is parallel to the shoreline in the beach with slope of 1=100. There is
hardly any in�uence of waves on the pollutant discharge outside of the surf-zone (D). Because
of the di�erence in wave breaking, the e�ect of waves on pollutant transport is greater for
the mild-slope beach than for the beach with 1

40 slope.
Numerical and experimental results prove that the pollutant transport in the area outside

of the surf-zone is not signi�cantly a�ected by waves, while pollutant transport will be
approximately parallel to the shoreline under the action of waves in the surf-zone, which
causes contamination of spread even far away from the discharge outfall. Therefore, it is
necessary to consider the e�ect of waves in analysing the environment of a mild-slope beach
with shallow water.

3.3. Wave-induced current in the near-shore zone

Based on the comparison with experimental and numerical results, it is proved that the nu-
merical model is suitable to simulate the pollutant transport under the action of waves for
the near-shore zone. Before the application on a natural near-shore zone, the wave-induced
current model is applied in an ideal topography, which is written as

xc = 400 cos2[�(y − 400)=2000] (33a)

h=20(2000− xc − x)=(2000− xc) (33b)

where h is water depth; x and y indicate the cross and long-shore directions, respectively.
Figure 8(a) gives the topography. Wave propagation to the shoreline is along the x direction.
When the waves approach the shoreline and break, radiation stresses will be induced with

dispersion of wave energy towards the shoreline. As for waves propagating obliquely to the
shoreline, the gradient of radiation stresses along the shoreline will be balanced by bottom
stress and then the long-shore current is induced.
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Figure 8. Wave-induced near-shore currents in an ideal topography: (a)
topography; and (b) near-shore current.

Figure 8(b) gives the wave-induced near-shore current in the topography decided by Equa-
tion (33). The direction of wave-induced near-shore current is from the convex to the concave
area. Rip-current occurs in the concave area satisfying mass balance equation. The in�uence
range of rip-current will not be con�ned to the surf-zone, but persists outside of the surf-
zone even without the forcing terms. Similar reasoning could also be applied to analysing the
shoreward current, which occurs in the convex area.
The results indicate that the long-shore current is weak outside of the surf-zone and con-

centrated in the intense area of wave breaking. The velocity is small near the shoreline.
Distribution of near-shore currents is changed greatly with the variation of direction of inci-
dent waves.

4. APPLICATION OF NUMERICAL MODEL IN A SHALLOW WATER SEA BAY

The coastal region around Bohai sea (People’s Republic of China) is the economy centre in
north of China and will become the emphasis of economy development in the new century.
Bohai bay is a typical mild-slope beach with shallow water. With the high-speed development
of economy near the coastal region, the water quality has been seriously deteriorated due to
the wastewater from Beijing, Tianjin and Hebei province and the ecological environment has
been exacerbated and red tides appear frequently.
The pollutant transport on the action of wave from directions of east (E) are studied

specially in paper. Topography used in calculation is shown as Figure 9.
The numerical model is also applied to the pollutant transport under the action of wave

in Bohai bay, which is a typical mild-slope beach with shallow water in the west of Bohai
sea in China. The pollutant transport in the near-shore zone of Bohai bay under the action of
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Figure 9. Topography for calculation (m).

waves from the directions of east (E) and east–south–east (ESE) are simulated speci�cally in
this study.
The wave �eld is calculated by the parabolic mild-slope equation, and then radiation stress

is obtained. The space step length of the calculation is �x=�y=10:0 m.
The �ooding and drying processes used are presented by Lin and Falconer [25]. ‘Wet’ and

‘dry’ cells are settled to represent the model area as potentially wet cells and land cell cells.
At the end of every half-time step, the depth at the each grid cell side is scanned. If all four
side depths for any grid cell or the average centre depth are less than a pre-determined value
L1 (the bed roughness was used in the study), the grid cell is assumed to be dry the cell is
removed from the computational domain.
If any side depth becomes less than L1, both the corresponding depth and the velocity are

set at zero. If the average depth of a wet cell is larger than L1, but less than L2 (2:0 L1),
the grid cell is considered potentially dry, and the grid cell should be removed from the com-
putational domain for the �ow direction from the potentially dry cell is towards the adjacent
wet cell.
The near-shore currents induced by the waves from the direction of E and ESE are shown

in Figure 10; the incident wave height is 2:9 m and 3:31 m, respectively, and wave period
is 7:6 s.
Wave-induced currents and tide current usually exist simultaneously in the near-

shore zone. The results shown in Figures 11(a) and (b) represent the distributions of
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Figure 10. Wave-induced near-shore currents in the near-shore zone of Bohai Bay: (a) from the
direction of E, incident wave period T =7:6 s, incident wave height H =2:9m; and (b) from the

direction of ESE, incident wave period T =7:6 s, incident wave height H =3:31 m.
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Figure 11. Distribution of currents under the combined action of waves and tide currents, incident wave
height is 2:9 m, period is 7:6 s: (a) Ebb tide; and (b) �ood tide.

velocities under the combined action of tide currents and waves. Wave-induced current has
the same order of magnitude as the tide current in the near-shore zone of mild-slope
beach.
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E�ects of waves on pollutant transport in the near-shore zone of Bohai bay are studied by
comparing the pollutant transport discharging from di�erent outfall positions under pure wave
and combined wave and tide action. Pollutant transport is expressed using the concept of
contaminated probability, which is de�ned as the percentage of cumulative time contaminated
to the total time of the study, it is calculated as

P(xi; yi)=
N∑
i=1
kj
�t
T0

(34)

where �t is the time space, T0 is the time of the study, N =T0=�t. The parameter kj equal
to 1 when the concentration exceeds a certain value, otherwise kj=0.
Figure 12 shows the contour of contaminated probability under the action of pure waves

(Figure 12(a)), combined action of waves and tide (Figure 12(b)) for di�erent outfall positions
(· · ·) after disposal in 24.0 h.
The pollutant transport is in�uenced signi�cantly by the action of waves at certain areas.

The contaminated area under the combined action of waves and tide is similar to the result
under the action of pure waves. The near-shore zone will be contaminated under the action
of waves even far away from the outfall. The e�ect of tide current extends the contaminated
area in the cross-shore direction.
The study on the pollutant transport acted by waves in a mild-slope beach with shallow

water is bene�cial to the understanding of the contamination of the near-shore zone and to
the engineering of ocean disposal of waste water.

0 5 10km 0 5 10km

(a) (b)

Figure 12. Contour of contaminated probability for continue source under the action of pure waves (a),
combined action of waves and tide currents (b). Incident wave height is 2:9 m, period is 7:6 s (24 h).
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5. CONCLUSIONS

A numerical model for simulating pollutant transport on the action of waves in the near-shore
zone with shallow water is presented in this study, which includes a wave propagation model,
a wave-breaking model, a wave-induced current model and a pollutant convection–dispersion
model.
The wave propagation model is based on the high-order approximation of mild-slope equa-

tion, which can be used to simulate the wave refraction, di�raction and breaking in a large
area of near-shore zone, combined with a multi-breaking model. The wave-induced current
model is established using the concept of the radiation stress, and the roller contribution to
wave breaking is also included in the long-shore momentum balance.
The numerical model is validated by experimental results, which prove that the numerical

model is suitable to simulate the wave-induced near-shore current and pollutant transport,
especially for a large area of mild-slope beach with shallow water.
The numerical model is also applied in the near-shore zone of Bohai bay. Comparison

is made between the distribution of velocities and the pollutant transport under pure waves
action and combined action of waves and tide. It is concluded that the pollutant transport will
be in�uenced signi�cantly by the wave action in the near-shore zone with shallow water. The
direction of the pollutant transport is approximately parallel to the shoreline and changes with
di�erent wave directions. In the design of wastewater outfall locations on a mild-slope beach
with shallow water, the position of the outfall should be 10 km away from the shoreline,
which is outside of the surf-zone.
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