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Astract. A three dimentional mathematical model is presented to compute the
water level, velocity and salinity distributions in stratified coastal waters and
tidally modulated plume of the river entrance region The model system constists
of hydrodynamic, transport and turbulence closure models. In the hydrodynamic
model component, the Navier-Stokes equations are solved with the hydrostatic
assumption and the Boussinesq approximation. The transport model consists of
the water temperature and salintty transport models. The variations in the water
temperature and salinity influence the water density, and in return the velocity
ficld The equations of momentum and continuity are solved numerically using
the mode-splitting technique. As the turbulence model, a one-equation k-epsilon
turbulence model is applied. In the transport model the three-dimentional
advective diffusion equation are solved. The model is applied to a rectangle
basin enclosed by a coastal boundary and ‘three open sea boundaries, tidal
forcing is imposed in the form of a frictionless Kelvin wave with O, frequency
cntering at the western boundary, freshwater loading was taken into account at

loc.tion of one river mouth, which reached a total of 1000m” s

1. Introduction

An estuary is an area of interaction between salt and fresh water. The mmst
common definition used that states "an estuary is a semi-enclosed coastal body of
water which has a free connection with the open sea and within which sea water s
measurably diluted with fresh water derived from land drainage”. The estuariine
influence may extend to nearshore coastal waters where seawater is diluted bwv "aind

drainage but bevond the confines of emergent land- masses.

The classic definition of an estuary includes these three characteristics.
semienclosed, free connection with the open sea, and fresh water derived from laind
drainage. These three characteristics govern the concentration of seawat:er,
therefore, salinity 1s the key to estuarine classification. The mixing of fresh waiter
and seawater produces density gradients that drive distinctive estuarine

(gravitational) circulation patterns.

These circulation and shoaling patterns differ with each estuary system
according to the depth, tidal amplitude and phase at the mouth, and the amounit of

fresh water flowing into the basin.
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The tide that approaches the mouth of the estuary is the result of all the
astronomical., meteorological, seismic, and man-made factors affecting amplitude
and frequency of the wave. As the tide enters the estuary, 1t 1s greatly influenced by

the river depth, width, and discharge.

Superimposed on this tidal action i1s the freshwater/saltwater interaction. Salt
water will advance up a system until the tidal flow can no longer overcome the
riverflow. Depending on the relationship between tidal flow and river flow, the

estuary can be classified by 1ts salimity structure and resulting circulation patterns.

2. Theoretical considerations

To simulte wind driven circulation and density currents that occur in coastal
waters especially 1n estuary stratified by salinity and temperature lavers causing
significant lateral density gradients, three-dimentional mathematical model are
necessaryv. The developed three-dimentional mathematical model 1s capable of
computing the water level and water particle velocity distribution in three principal
directions by solving the Navier-Stokes equations using the Boussinesq
approximation and the assumption of vertical hydrostatic equilibrium, the

coatinuity equation and equations of temperature and salinity.
2.1 Governing equations of the model

The basic equations in the three-dimensional cartesian coordinate system are:
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where (u,0,w) are the components of the current, T denotes the temperature, S the

salinty, f = 20 sind@ the Coriolis frequency, 2 =2n/86164 rad/s the rotation
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frequency of the Earth, g the acceleration of gravity, p the pressure, vy and iy the
vertical eddy wviscosity and diffusion coefficients, A;; the horizontal diffusion
coefficient for salinity and temperature, p the density, p, a reference density, ¢, the

specific heat of seawater at constant pressure and / (x, y, 2, t) solar irrachance.

The horizontal components of the stress tensor are defined by
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where v, is the horizontal diffusion coefficient for momentum.

The numerical solutions of the model equations are greatly simplified by
introducing a new vertical coordinate that transforms both the surface and the
bottom into coordinate of surfaces (Phillips 1957).
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Figure 1.1. The o-coordinate transfomation in the vertical

The following coordinate transformation 1s applied:

(%, x*, y*, 2*) = (¢, x, y, Lflo)), 2.10)
where
= :+i:7:+h (2.11)
C+h H

is the commonly used o-coordinate varving between O at the bottom and 1 at the
surface. Taking f{0) = 0 and /(1) = 1 the equation of the bottom takes the simple



A three-dimentional sirnulation of the... 33

form z* = () while the moving surface transforms inte z* = L. This is further

illustrated 1n Figure 1.1

The transformed versions of the equations of horizontal momentum,

hydrostatic equilibrium, temperature, salinity and continuity are given by
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2.2 Turbulence schemes

One of the most intricate problems in oceanographic modelling is an adequa tee
parameterisation of vertical exchange processes. In the present model they arce
represented through the eddy coefficients v; and A;. Values for these twrco

parameters are to be provided by a turbulence scheme.

A large variety of turbulence parameterisations with a substantial range o>f
complexity have been proposed and validated in the literature. The selection of :a
suitable scheme is often a difficult task since it depends on the type of physicail
processes specific for the simuated area (e.g.tides, thermoclines, river fronts,...).

In analogy with molecular diffusion where the eddy wviscosity and diffusiom
coefficients are proportional to the mean velocity times and the mean free path oof
the molecules, the eddy coeffcients vy and A are considered as the product of :a
turbulent velocity scale and a length scale [ usually denoted by the Kolmogorovy-

Prandtl “mixing length”. A commonly used velocity scale 1s the square root Jk of

the turbulent kinetic energy. This parameter can be obtained by solving a transporrt
equation. The most general form of this equations, as used in the program, iis

written as
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where the time derivative, the horizontal and vertical advection as the diffusioin

operators are defined by

.
T(k)=— i—(JA) (2.18:a)

Ay =L 2 rakye L2 caon) (2.181b)

" J Ox J 3y '
Ark)=L2 2.18

k)=t 2.184c

k) 7 32 ( )
1)h(A'):i§L[JA§,2’i}+l*[l,1" "‘J (2.184d)

J Ox ox) J oy oy

N¢ and M- are squared buovancy and shear frequencies given by

/,:—,} (2.119)

(2.220)




A three-dimentional simnulation of the... 35

and « denotes the dissipation rate of turbulence energy. The dissipation raie 1s

parameterised according to

where £ 1s a constant determined by ¢, = 0.188.

All turbulence transport equations are solved with the same hor.zontal
diffusion coefficient A, which 1s the same as the one used in the equaticns of

temperature and salinity.
The eddy coefficients are then expressed as
Vi = Su k'{/!; + Vi )JT = S;. k!/“ + }'hr (222)
where v, 4, are prescribed background coefficients, v, = 107 fm?/s]; 4, = 10° [m?/s]
and S,,, S, are usually reffed as the stability functions. Their explicit forms aie

0108 + 00229a,,

S =0 .
1 0471ay + 00275al _—
077 '
[+0403a,
2 D
where a, = —, N’ (2.24)
2

One-equation k-epsilon turbulence model is used for parameterisation for the
mixing length and dissipation rate. When one-equation model is chosen, the k-
equation 1s still solved with ¢ modelled according to (2.21) while [ is determined
using the formulation, initially proposed by Blackadar (1962), has the form

rt_r. .1 (2.25)
AR

a

Horizontal diffusion terms are meant to parameterize subgrid scale processes,
in practice the horizontal diffusivity v; and 4, are usually required to damp small
scale computational noise they are taken proportional to the horizontal grid
spacings and the magnitude of the velocity deformation tensor in analogy with
Smagorinsky’s (1963) parameterisation

vy = CooAt AyDy and 4y = C, Ax AyDy. (2.26)
2.3 Boundary and initial conditions

(C'oastal boundaries are considered as impregnable walls. This means hat all
currrents, advective and diffusive fluxes are set to zero
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U=0, u=0, Juy=0, A, =0 (2.277)
X

F=0. v=0. Jy=0, i,2£=0. (2.283)
(V.“

Open sea (or river) boundary condition for the 2-I) mode need to be supplied

for U at western and eastern boundaries and for I at southern and northerrn
boundanes. A selection can be made between different types of open boundar-y
conditions. They have the form of a radiation condition derived using the method mf
characteristics [Hedstrom 1979], [Roed and Cooper, 1987]. [Ruddick, 1995i].
[Randall J. LeVeque 1997]. This 1s based on the integration of the equations for thie
mcoming and outgoing Riemann variables

(R;'.R‘z‘)=((—’-_+c::.l_/tccf) : (2.2

3. Numerical simulation

The aim of the test 1s to simulate the evolution of a tidally modulated riveer
plume using the following conditions of a basin with water depth ranging from 3mm
m the shoreline to 20m in the offshore boundary. The computational domain, heais
the form of a rectangle basin enclosed by a coastal (solid) boundary and three ope:n
sea boundaries. For convenience, the coastal boundary will be denoted by thie
southern boundary, the latter by the western, eastern cross-shore boundaries amd
the northern alongshore boundary. The basin has a length of 120 km, a width of 410
km, 1 the southern boundary there is the river mouth situated in the distance of (30
km from the western boundary and discharge water to basin inside one habror
constructed by 2 groins. The horizontal resolution of grid 1s 500m and 20 levels awre
used in the vertical. The area is filled imitially with seawater having a unifor'm
saliity of 30 PSU.

Transedt

km

Rever musth

Figure 3.1 The computational domain



A three-dimentional simulation of the... 37

Tidal forcing 1s 1imposed 1n the form of a frictionless Kelvin wave with
frequency of O, entering at the western boundary and propagating along the coast
[Van Ryn, 1989 and Ruddick et. al., 1993]). The incoming Riemann variable,

specialized at the western boundary, then takes the form

R.=U +c7 =2¢F,,, = 2cAe " cosn’t, (3.

where the Coriolis frequency is evaluated at a latitude of 20, « 1s the O, tidal
frequency, A = 0.8m and U/, ¢, { are the depth-integrated alongshore current, the
barotropic wave speed and the surface elevation.The amplitude of the wave
decreases exponentiallv with distance to the coast with a decav scale given by the
barotropic Rossby radius ¢/f ~ 120 km. The amplitude Ae”  of the harmonic

function I, 1s stored for each open boundaryv node.

A zero normal gradient condition is selected at the eastern and northern

boundaries, 1.e.

—(l/ -¢£) =0
X

(3.2)

a = ;
= -(l ("..) = {)
cv ’

The later condition 1s justified by the fact that the width of the basin 1s much

smaller than the external Rossby radius ¢/f.

Since the value of [ 1s unknown at the river mouth, the open boundarv
condition at the inlet is no longer defined in terms of the incoming Riemann
variable but by specifving the cross-shore component of the depth integrated
current. This 1s given as the sum of a residual value, representing the river

discharge, and a tidal component

V= Cthr = QWJ + ArHCOS(U) t- ‘Pr) (33)

where @, = 1000 m"/s is the river discharge, W = 500m the width of the inlet and A,
= 0.6 m/s the amphtude of the tidal current at the mouth of the river. The phase ¢,
is determined by

_ Db, =
® =0 == (3.1
where D. = 26.0 km so that D, /¢ represents the time travelled by the Kelvin wave
from the werstern boundary to the river mouth. Observations in the river plume
show that the alongshore and cross-shore companent are anti-phase which explains
the use of the factor n/2 [Van Rijn, 1989].
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In addition to the previous conditions for the 2-1) mode, open boundary
conditions have to be imposed during the final run for the horizontal velocity
deviations (¢ v ) and the salimty S.

At the open sea boundaries a zero normal gradient condition is taken for all
quantities. In the case of salimty this procedure is a reasonable approximation
since the plume never intersects the western and northern boundary while the
cross-houndary gradient 1s much smaller than the along-boundary gradient at the
eastern boundary.

The default conditions are no longer applicable at the river mouth where v’
and S are specified in the form of a two-laver stratification
S =10 PSU, vi=0.6 [mst]  if 2> 8
v'=-0.2[m.s!] if -H< z<.3, (3.5)

where 8 = 5 m 1s the specified depth of the plume layer at the mouth. In this way
fresh water 1s released through the surface layer whereas saltier seawater flows
into the estuary through the bottom laver. A zero gradient condition 1s apphed for
salinity in the bottom layer.

4. Discussion

Although the developed program 1s able to examine the role of different
physical forcing mechanism (bathymetry, tides, wind, wave) on the plume structure,
the intention here s to test some of the above-mentioned forcing and the role of the
Smagorinsky formulation for horizontal diffusion and the upwind scheme for the
advection of momentum.

x0.5Km *

1m0 «(0.5Km
Figures 4.1. Surface distribution of current and salinity after 50h simulation (final run)

Figures 4.1 — 4.5 clearly show how the plume evolves during a tidal cycle. At

the time when the alongshore current reverses sign and the outflow reaches its
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maximum, a new blob of fresh water enters the basin, moving seawards (Figure
a4 1
x0.5km 0

20

10

T S I T I R ..

0 50 60 70 80 90 00 110 »().5km
Figures 4.2. Surface distribution of current and salinity after 52h simulation

As the eastward directed tidal wave becomes stronger, the fresh water patch

1s deflected to the nght (Figure 4.3 ).
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Figure 4.3: Surface distribution of current and salinity after H4h simulation

During this phase of the tide both the bulge and the coastal plume expand
seawards. When the tidal current reverses sign again and turns to the west, the
current inside the plume is first southeastwards pushing the bulge towards the

coast (Figure 4.4).
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Iigure 4.1 Surface distribution of current and salinity after 56h simulation

And finally southwestwards reducing the extent of the bulge and the coast:al
plume (Figure 4.5). The main feature here is that the bulge and the coastal plume

oscillate with the tide.

<().5km 40

10

e S x().5km

40 50 60 70 80 90 100 110

Figure 4.5 Surface distnbution of current and sahinity after 62h simulation

The ecurrent and salimity fields along the transects show the presence of an
estuarine-type circulation (Figure 4.5). In the cross-shore transect upwelling takces
place at the coast while downwelling occurs at the edge of the plume by tihe
convergence of the surface outflow current. A similar phenomenon 1s seen in tthe
coastal jet where downwelling motions are created by the convergence of the coasital
jet. In the case of a non-tidal plume the plume layer 1s shallower and the fromtal
gradients are stronger compared to the tidal case where turbulent diffusiion

increases the depth of the surface layer and reduces the vertical stratification.
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lLopo L —

x().5km

Figure 4.6: Cross-sectional distribution of current and salimity

after 66h simulation 1n the o-coordinate

5. Concluding remarks

This paper presented a three dimensional model which consists of a
circulation model, a transport model, and a one equation k-epsilon turbulence
model. The use of three-dimensional models is unavoidable in all cases where the
influence of density distribution cannot be negleed or and 1in wind driven flows,
which have typically three-dimensional character. The developed model also must
to be well calibrated and verificated with another numenrical experimental and
prototype data.

Questions about this article and source code 1n FORTRAN of program can be
addressed to Nguyen Minh Huan, Faculty of Hydro-Meteorology and Oceanography,
Gollege of Natural Sciences. (1
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KET QUA MO PHONG 3 CHIEU CHE DO DONG CHAY
VUNG CUA SONG CHIU TAC PONG CUA THUY TRIEU

Nguyén Minh Huan

Khoa Khi tuong Thuy van va Hat duang hoc,
Dai hoc Khoa hoc Tu nhién, DHQG Ha Noéi

M6 hinh thuy déng luc 3 chiéu duge sit dung trong tinh toan mé phéng muic
nudc, van téc dong chay va phan bé dé muéi d ving nude cia séng phén ting chiiu
tac dong cta thuy triéu. M6 hinh bao gém cac phuong trinh thiy déng luc, truvésn
tai va duge khép kin bing cac sd d6 réi. Hé phudng trinh thiy dong luc cuia mé himh
la hé phuong trinh Navier-Stokes si dung gia thuyét thuy tinh va x8p :xi
Boussinesq. Su bién déng ctua nhiét d6 va dé6 mudi sé anh hudng 1én mat dé ciia
nude va mat do bién d61 sé anh hudng ngude lai 1én trudng dong chay. Hé phuorng
trinh déng lugng va lién tuc dude giai bang phudng phap phan tach thanh phén, fap
dung mé hinh réi k-epsilon mdét phuong trinh. Trong mé hinh tai, cac phudng trirnh
khuyéch tan déi luu ba chi€u duge sit dung. M hinh dude 4p dung cho khu vuc biéén
ven bd ¢6 cia séng vdl mdt bién ciing va 3 bién 16ng, muc nudc bién déng & bién loong
phia tay do tac ddng cua séng triéu O,, luu ludgng nudc séng chay vao ving tinh ¢ rmé
phong khu vuc cang vdi gia tri 12 1000m®.s'. Két qua tinh toan da mo phong duge czhé
d6 dac trung cua dong chay 3 chiéu viing cia séng chiu tac ddng cua thuy triéu.



