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A T H R E E -D IM E N T IO N A L  SIMƯLATION O F  T H E  TID A L L Y  
M O D Ư LA TED  P L Ư M E  IN TH E RIVKR E N T R A N C E  R E G IO N

N guyên  Minh H uan

D e p a r tm e n t o f  H yd ro -M e teo ro lo g y  a n d  O c e a n o g r a p h y  
C ollcge o f  Sc ience , V N U

A s tr a c t .  A three dimcntionaỉ mathcmatical model ùH presented to computc the 
ivatcr levcl, velocity and salinity distributions in stratified Coastal Lvaters a n d  
t id a lly  m o d u la ted  p lu m c  o f  thc rivcr entrancc region The m odcỉ sys tcm  co n s is ts  
of hydrodynamìc, transport and turbulence closure modcls In the hydrodynamìc  
m o d el com poncnt, the N avicr-S tokcs  cquations are so lved  iv ith  the h yd ro s ta tíc  
a ssu m p tio n  (Itìd the B oussincsq  approxim ation . T kc tra n sp o r t m odcl coruĩists o f  
thc ivatcr tcm pcra tu rc  a n d  sa lin ity  transport mocleLs. The va r ia tio n s  in  th e  Lưatcr 
tem p cra tu re  a n d  s a lin ity  in fĩuence the Uỉater density , a n d  in  rc tu rn  th e  velocity  
fic ld . The equa tio n s  o f  m o m en tu m  a n d  c o n tin u ity  arc soỉvccl n u m er ica lly  u s in g  
the m o d c -sp littin g  tcchnique. As the turbulence m odel, a one-equation  k -epsiỉon  
tu rbu len ce  m odel is applied . ỉn  the transport rnodel th e  th rce -d im c n tio n a l 
tídvcctivc  d iffu8 Ìon  eq u a tio n  are solved. The m odel is a p p lied  to a rectang le  
b a sin  enclosed by a Coastal boundary a n d  'three opcn sea boundaries, tid a l  
fo rc ỉn g  is im posed  in thc form  o f  CI /ric tion less K elvin  w ave w ith  o Ị  frcq u en cy  
c n terin g  a t the ivestcrn boundarỵ, frcshw ater loa d in g  w as takcn  in to  a cco u n t a t 
locution  o f  one river m ou th , Uỉhich rcached a to ta l o f  lOOOm1 s 1

1. I n t r o d u c t i o n

An estuary  is an area of interaction betvveen sa lt  and íresh  vvater. Tho nnơ)§t 
com m on defin ition  used th a t  s ta te s  "an estuary is a sem i-en c losed  Coastal b o d y  of 
vvater vvhich has a free connection  with the open sea and vvithin vvhich sea  w a t e r  is 
m easu rab ly  d ilu ted  w ith  fresh w ater  derived from iand d ra in age”. The e s t u a r im e  
inHuence may extend to nearshore Coastal waters vvhere seavvater is diluted by Ịaind 
d ra in a g e  but beyond th e  con íìn es  o f em ergent land- m a sses .

T he c lass ic  defin ition  of an estuary includes th e s e  th ree  ch a ra cter is tu cs:  
sem ien c lo sed , free connection  vvith the open sea, and íresh  w ater  derived from laind  
dra in age . T h ese  th ree  character istics  govern th e  con cen tration  of seaw at;er ,  
therefore, sa lin ity  is th e  key to estu arin e  c lass iíìca tion . T h e  mixing o f  fresh V, a\ter  
and sea w a ter  produces density  gradients th at drive  d is t in ct iv e  e s t u a r in e  
(grav itational)  c irculation  patterns.

T h ese  c irculation  ancỉ sh oa lin g  patterns differ w ith  each e s tu a ry  systcem  
accorcỉing to th e  depth, tidal am p litud e  and ph ase  at th e  m outh, and th e  a m o u n lt  of 
fresh w ater  flowing in to  th e  basin.
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Tho tide  th a t  approaches th e  mouth of th e  e stu ary  is the resu lt  o f  all th e  
astronom ical, m eteọro log ica l, se ism ic , and m an-m ade íactors a ffectin g  amplit.ude  
and (Yequency o f  th e  vvave. A s  the tide en ters  th e  estu ary , it is greatly  in fluenced  bv 
the river depth , w idth , and discharge.

S u p erim p osed  on th is  tidal action is th e  fresh w ater /sa ltw ater  interaction . S a lt  
water will a d v a n ce  up a sy s te m  until the tidal flơw can no longer overcom e th e  
riverflow. D ep en d in g  on th e  relationsh ip  betvveen tidal flow and river flow, th e  
estuary can be c la ss if ied  by its  sa lin ity  structure  and resu lt in g  circulation  pattern s.

2. T h e o r e t i c a l  c o n s i d e r a t i o n s

To s im u lte  wind driven  circulation  and d en sity  currents th a t  occur in Coastal  

waters esp ec ia lly  in e stu ary  stratified  bv sa lin itv  and tem p erature  layers  c a u s in g  
s ign iíìcan t lateral d en sity  grad ien ts ,  th ree-d im en tional m athem atica l model are  
necessary. The developeđ  three-d im en tional m athem atica l model is cap ab le  of  
com puting th e  w ater  level and  vvater particle velocity clistribution in th ree  principal  
directions by so lv in g  th e  N avier-Stok es  equations  u s in g  th e  B ou ssin esq  
approxim ation and th e  a ssu m p tion  of vertical hydrostatic  equilibrium , th e  
continuitv  equation  and eq u ation s  of tem p erature  and salin ity .

2.1 G overn ing  eiỊuations o f  the model

The basic eq u a tio n s  in th e  three-cỉim ensional cartesian  coordinate sy stem  are:
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vvhere (u ,v tw)  are  th e  co m p o n en ts  of th e  c u r re n t ,  T  denotes  th e  te m p e ra tu re ,  s  th e  
sa l i i i ty ,  f  = 2 0  s i n 0  th e  Coriolis írequency, ũ  =271/86164 racl/s the rotation
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(Yequencv of th e  Earth, g  th e  acceleration of gravity, p  th e  pressu re , VT and ẢT the  
vertica l eddy v iscos ity  and diffusion coeffic ients , Ản th e  horizontal diffusion  
coeffic ien t for sa ỉ in ity  and tem perature, p  the d ensity , Po a referen ce  density , cft the  
sp ecií ic  h ea t  o f  s ea w a te r  at constant pressure  and 1 (x, y, z, t) so lar irracliance.

T h e  horizontal com pon cn ts  of th e  s tress  tensor  are defined  by

- 2 v
■5du

11 c x
(2.7)
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w h ere  VH is th e  horizontal diffusion coefficient for m om en tum .

T he nu m erica l so lu tion s  of th e  model eq u ation s  are grea t ly  s im pliíled  by 
in trod ucing  a new  vertica l coordinate th at transíbrm s both th e  surface and the  
bottom  into coord inate  o f  surfaces (Phillips 19Õ7).

Suríàce ơ 1

u
Bottoni o 0

Figure 1.1. The a-coorcỉinate transfom ation in th e  vertical

T h e following coord inate  transform ation is applied:

(t*. X*, y*, z*) = ự, X, y, Lf(a)), (2.10)

vvhere

ơ  =
z + h z + h

c  + h = 1 T
(2 .11)

is  th e  com m only  usecỉ a-coordinate varying b etw een  0  at th e  bottom  and 1 at the  
sur íace . T ak in g  /(0) = 0  and / ’( 1 ) = 1  th e  equation  of th e  bottom  tak es the simple
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form z*  = 0  w h ile  th e  m oving surface transíorm s into  z*  = L. This  is íurther  
i l lu stra ted  in F igure  1 . 1 .

The tr a n s ío rm ed  v ers ion s  of th e  equations o f  horizontal m om en tu m ,  
hydrostatic  eq u iỉ ib r iu m , tem p erature , sa lin ity  and contin u ity  are given by
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2.2. Turbu lence  sc h e m e s

O ne of th e  m ost in tr ica te  problem s in oceanographic  m odelling  is an  ađ eq u a  tee 
p aram eter isa tion  of vertica l exch an ge  processes. In th e  p resen t m odel they a.ree 
rep resen ted  through th e  eddy coeffic ients VT and  Ả r.  V a lu es  for th ese  tvvco 
param eters  are to be provided by a turbulence  sch em e.

A large var iety  o f  tu rb u len ce  param eter isa tion s  w ith  a su b sta n tia l  ra n g e  o:>f 
com plexity  have  been  proposed and va lid ated  in th e  literature . The selection  o f  ía  
su ita b le  sch em e is  o ften  a d ifficu lt task  since it d ep en d s on  th e  type of p h y s ic a i l  
p rocesses  specific for th e  s im u a ted  area (e.g .tides, th erm oc lin es , river íronts,...).

In analogy w ith  m olecu lar  diffusion where th e  eddy viscosity  and d if fu s io m  
coeffic ients  are proportional to th e  m ean velocity t im e s  and th e  mean free p a th  cof 
th e  m olecules, th e  eddy coeffc ien ts  VT and ẢT are considered  as  th e  product off :a 
tu rb u len t  velocity  sca le  and  a len g th  scale / u su a lly  denoted by th e  K olm ogorov/-

P randtl “m ixing le n g th ”. A com m on ly  used  velocity  sca le  is th e  square root ooĩ 

th e  turbulent k in etic  en ergy . T h is  param eter can be obta ined  by so lv ing a transporrt  
equation . T he m ost gen era l form o f th is  eq u ation s , as used  in th e  program, iis  

vvritten as

w h ere  th e  t im e  d er iv a tiv e ,  th e  horizontal and vertica l advection  as th e  diffusicon  

operators  are defined  by

1 dT ( k )  = ^ ( J k )  
J  õt

( 2 .1 8?a)

(2 .18 íb )

A J k ) = \ ~ ( J w k )  
J dz

(2 .1 8 k )

(2.18^d)

N 2 and Af2 are sq u a red  buovancv and shear frequencies g iven  by
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and /; d en o tes  the d iss ip a tio n  rate  of tu rb u len ce  energy. T he d iss ip a tio n  rate  is 
p a ram eter ised  according to

k'  2
e = e „ = - ị -  >2 .2 1 )

w here  cu is a con stan t d eterm in ed  by L\, = 0 .188 .

AU tu rb u len ce  transport equations are so lved  vvith th e  sa m e  horỉzontal
d iffusion  coeffic ient Ả f Ị  vvhich is the sam e as th e  one used  in  th e  eq u ation s  of
tem p era tu re  and sa lin ity .

The eddy coeffic ients are th en  exp ressed  as

VT = S M k 2/c + vbt >*T = s b k2/c + xb, (2 .22)

w here vht Ảh are prescribed background co eff ic ien ts f Vi = / 0 7 [ m 2!s]; Ảfj = 70 5 Ị m 2/ s j  
and s m, S), are usually  reffed as  th e  s tab ilitv  íu n ct ion s . T heir  exp lic it  íò rm s are
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O ne-equation  k-epsilon turbulence model is u sed  for p a r a m eter isa t io n  for th c
m ixing len g th  and d iss ip a tio n  rate. W hen o n e-eq u ation  m odel is  chosen , th e  k-
equation  is s t ill  so lved vvith c  m odelled according to (2 .21)  w h ile  / is d eterm ined  
using th e  íorm ulation , in it ia lly  proposed by B lack ad ar  (1962), h a s  th e  form

—  =  —  +  —  +  —  . ( 2 . 2 5 )

/ /> Ạ /a

H orizontal diffusion term s are m eant to p a ra m eter ize  subgrid  sca le  processes,  
in practice th e  horizontal d iffusiv itv  V ị ị  and Ả ị ị  are u su a lly  req u ired  to dam p sm all  
scale com putational n o ise  th ey  are tak en  proportional to  th e  horizonta l griđ
spacings and th e  m a g n itu d e  of th e  velocitv deíbrm ation  ten so r  in analogy with
Sm agorin 3 ky*s (1963) param eter isa tion

V'// = Cm0Ax Ay D T and /.,/ = c .o  Ax Ay D T. (2.26)

2.3 B o u n d a r V a n d  in i t ia l  cond i t ions

C oastal boundaries are considered  as im p reg n a b le  w alls . T h is  m ea n s  hat all 
currrents, advective and d iffusive  fluxes are set  to zero
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u  = 0, w = 0. Juiị/ = 0, ẢH —  = 0 (2.27?)
ô x

y  = Q' V = 0 ,  Jvtỵ = 0 ,  ẢH—  = 0 .  (2 .28Ỉ)
õ y

Open sea  (or river) bou ndary  condition for the 2-1) m ode need to be su p p ỉiecd  

for u  a t  western a n d  eastern boundaries a n d  for V  a t  S o u th e rn  a n d  n o r t h e r r n  

boundaries. A selection can be made between different types of open b ou n d ar-y  
conditions. T hey h a v e  the  form of a radiation  condition derived  u s in g  the  m eth o d  cof 
characteristics  [H edstrom  1979), [Roed and Cooper, 1987], [Ruddick, 1995Ị].
[Rancỉall J. LeV eque 1997]. T h is  is based on the in tegration  of the  eq u a t io n s  for th ie
incoming and ou tgo in g  R iem an n  variab les

< K . K  ) = ( Ũ ± cỉ; .  V t c C )  . (2 .2Í9)

3. N u m e r i c a l  s i m u l a t i o n

The ai 1 1 1  of the  te s t  is  to s im u la te  the evolution o f  a tid a lly  m odulated riveer 
plumc usin g  th e  fo llow ing  con d it ion s  o f a basin  with vvater depth  ranging from 3im  
in the shoreline  to 20m  in  th e  offshore boundary. T he com j)utational dom ain , h a is  
the form of a rec ta n g le  b a s in  enclosed  by a Coastal (solicỉ) boundary and three  opoĩn  
sea boundaries. For co n v en ien ce ,  the  Coastal boundary will be denoted  b y  thìe  

Southern boundary, the  la tter  by the vvestern, eastern  cross-shore b o u n d a r ie s  anul 
the nortbern a lon gsh ore  boundary. The basin  has a len g th  of 120 km, a width o f  410 
kin, in the Southern b ou n d ary  th ere  is tho river mouth s itu a ted  in the d is tan ce  o f  fí)0 
km from the vvestern bou ndary  and d ischarge vvator to basin  insido ono habíor  
constructed by 2 groins. T h e  horizontal resolution of grid is 500m  and 2 0  le v e ỉs  aire 
used in the vertica l. The area  is rillecl in it ia lly  with seavvater hav in g  a unifor*m  
sa lin ity  o f 30 PSƯ.

ỉ  ỉ iittsei I

Km
4 0

30

20

10

Hi  ve ì n u m ỉ h

F ig u r e  3. ỉ: The computational domain
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Ticlal ĩorcing is im p osed  in th e  form of a fr ic t ion less  Kelvin w ave  with  
írequencv of Oj e n te r in g  at the vvcstern boundary and prop agatin g  a long the const 
[V an Rijn, 1989 an d  Rudciick et. al., 1995]. T he in com in g  R icm ann  varial>le, 
sp ec ia l ized  at th e  vvestern boundarv, th en  takes th e  form

R. = u  +cỊ = 2 cF |Mr = 2cAe ,v/c coso)~t , ( 3 . 1 )

w h ere  the Coriolis frequency is eva lu a ted  at a la t i tu d e  of 2 0  , (0 is  the 0 .  tiđal 

írequency, A  = 0 .8m  and ư  , r, c  are th e  d ep th -in tegra ted  a lo n g sh o re  current, the  

barotropic vvave sp eed  an d  th e  su r íace  e lev a t io n .T h e  a m p ỉitu d e  of tho w ave  
d ecreases  exp o n en t ia llv  vvith d is ta n ce  to the coast vvith a decav  sca le  g iven  hy the  
barotropic R ossby rad iu s  c / f  -  120 km. T he a m p litu d e  Ae ' o f  th e  harmonic  
function Flíflr is storecỉ for each open boundary node.

A zero norm al graciient condition  is se lec ted  at th e  ea s ter n  and  northorn  
bouncỉaries, i.e.

~ ự /  - c £ )  = 0
<\x

(3.2)
4 - ( V  - c O  = 0
r y

The la ter  cond it ion  is ju stif íed  bv th e  fact th a t  th e  vviđth o f th e  basin  is much  
sm aller than th e  external Rossby radius c / f .

Since th e  v a lu e  o f Q is unknovvn at the r iver  m ou th , th e  open  boundary  
concỉition at th e  in le t  is  no longer deíìned  in term s  of th e  incom ing  R iem ann  
variable but by sp ec ify in g  th e  cross-shore  com p on en t of th e  clepth intcgrated
current. This  is g iven  as th e  sum  o f a res id u a l va lu e , rep resen tin g  th e  river
cỉischarge, and a t id a l com p on en t

V = cF hnr = %  + AtHcos(o) t - (pr) (3.3)
w

where Q,i = 1000 m Vs is  th e  r iver d ischarge, vv = 500m  th e  w id th  o f  th e  in le t  and Á, 
= 0.6 m/s th e  a m p litu d e  o f  th e  tidal current at th e  m outh  o f th e  river. T h e  phase  tp, 
is determ incd bv

(pr = <a — ~~r ,  (3.4)
c 2

where D = 26 .0  k ĨTÌ so th at D, l c  rep resen ts  th e  t im e  tr a v e lled  bv th e  Kelvin w ave  
from the w erstern  boundary to th e  river mouth. O b serv a t io n s  in tho river plume  
show that the a lon gsh ore  and  cross-shore  com p an en t are  a n t i-p h a se  vvhich explains  
the use of the factor 7t/ 2  [Van Rijn, 1989].
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III addition to thi' prev iou s  conditions for the 2-D  mode, open boundary  
condit ions have  to be im p oseđ  during the final run for th e  horizontal velocity  
d ev ia tion s  (u\ V 9 a n d  the sa l in ity  s.

At the open sea  b o u n d a r ies  a zero normal gradient condition  is taken for all 
q u a n tit ies .  In the c a se  o f  sa l in ity  this procedure is  a reason ab le  approxim ation  
s ince  the p lum e never in te r se c ts  the vvestern and northorn boundary w h ile  the  
cross-bounclary gradient is  m uch sm nller than th e  along boundary gradient a t  the  
ea s ter n  boundary.

The d e íau lt  con d it ion s  are no longer applicable a t  the river m outh w here u' 
and s  are specií ìed  in th e  form of a tvvo-layer stratification

s  = 10 P SU , v ’ = 0.6 [m.s !j i f  z > - 5
v ’ = - 0 .2  [m .s ‘] i f  - H < 2  < - 5, ( 3.5)

vvhere ổ  = 5 m is th e  sp ec ií ìed  depth of the p lum e layer at th e  m outh. In th is  vvay 
fresh w ater  is re leased  through  the surface layer vvhereas sa lt ic r  seaw ater  flows 
into th e  e stu ary  through th e  bottom  layer. A zero gradient condition  is applied for 
sa l in ity  in the bottom layer.

4. D isc u s s io n

A lthough the deve lop ed  program is able to exam in e  the role of different  
physical íorcing n iech an ism  (bathym etry , tides, wind, wave) on th e  plum e structure,  
tho in ten tion  here is  to t e s t  so m e  of the above-m entioned forcing an d  the role of the  
S m agoriỉisk y  íorm ulation  for horizontal diffusion and the upw ind schem e for the  
advort.ion o f m om en tum .

Fỉgures 4.1. Surface d istribution of current and salinity after õOh sim ulation (fmal run)

Figures 4.1 -  4 .5  c lear ly  show how the p lum e evolves  du rin g  a tidal cycle. At 
tho tim e w hen the a lo n g sh o re  current revcrses s ign  and tho outflow  roaches its
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Figure 4 .3 : Suríace distribution ofcurren t and sa lin ity  after 54h sim ulation

Figures 4.2. Surface distribution ofcurrent and sa lin ity  after Õ2h sim ulation

As th e  eastw ard  directed tidal wave becom es stronger, th e  fresh vvater patch  
is  deflected to the r ight (F igure 4 .3  ).

x0.5km

During th is  p h a se  of the tide both the bu lge  and the Coasta l  plum e expancl 
seaw ards. W hen th e  t idal current reverses s ign  ag a in  and tu rn s  to th e  w est ,  the  
current ins id e  the p lu m e  is first so u th ea s tw a rd s  p u sh in g  th e  bu lge  tow ards the  
coast (F ỉgure 4.4).
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Kigure 4.4: Surface đistribution of current and salinity after 56h sim ulation

And finally  so u th w e s tw a r đ s  reducing the e x ten t  o f  the  bulge and the  coastíal 
plum e (F igure 4.5). The m ain  feature  here is that the bulge and the C o a s ta l  plum ie  
osc il la te  vvith the  tide.
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Figure 4 .5 : Surface distribution of current and salinity after 62h simulation

Tho current and s a l in i ty  fields along tho tra n sects  show  the presenee of an 
ọstu ar in e-typ e  c ircu la iion  (P igure  4.5). In tho cross-shorè  tran sect  up w elling  tak<es 
place at the coast vvhile cỉownwelling occurs at the eđge of tlìG plume by tòhe 
convergence of tho su r fa ce  outflow  current. A s im ila r  phenom enon is seen  in Ithe 
Coastal jet whc»re d o w n w e ll in g  motions are created by th(* convorgonce of the  coasttal 
jet. III the case  of a non -tiđ a l p lum e the plum e layer is  shallovver and the  ừonital  
g r a d i e n t s  a r e  s t r o n g e r  com parcc ỉ  to th e  t ida l  (Nìse w h e ro  t u r b u l e n t  diffusrion 
incroases  tho depth of th e  surface  layer and reduces the  vertical s tratiĩication .
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Figure 4.6: Cross-sectional distribution of current and salin ity  

after 66h simulation in the a-coordinate

5. C o n c lu d i n g  r e m a r k s

This paper presented a three dimensional model which consists of a 
circulation m odel, a transport model, and a one  equation  k -ep silon  turbulence  
model. The use of th ree-d im en sion a l m odels is un avo id ab le  in all c a se s  w here the  
influence of d en s ity  d istr ibution  cannot be nogleed  or and in w ind driven flows, 
which have typ ica lly  three-d im ensional character. T h e  developed  model a lso  m u st  
to he vvell ca librated  and verificated vvith an oth er  nu m erica l ex p er im en ta l  and  
prototype data.

Questions about this article and source code in PORTRAN of prograni can be 
addressed  to N gu yen  M inh Huan, Paculty of H ydro-M eteorology and O ceanography,  

of Natural Sciences. (í
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KẾT QUẢ MỒ P H Ỏ N G  3 C H IÊ U  CH E Đ Ộ  DÒ N G  CHAY 
VÙNG CỬA S Ô N G  C H ỊU  TÁC ĐỘ N G  CỦA T HỦY T R l Ể ư

N guyển  Minh H u ân

K hoa K h i  tư ợ n g  Thủy vãn và H ả i dư ơng  học ,
Đ ạ i h ọ c  K h o a  học T ự  n h iê n , Đ H Q G  H à  N ộ i

Mô hình thủy động lực 3 chiều  dược, sử d ụ n g  trong t ín h  toán mô phỏng m ựíc  
míốc, vận tốc dòng chảy  và phân bô độ muỗi ở v ù n g  nước cửa sông phân tần g  ch ịiu  
tác  động của thủy tr iều . M ô hình bao gồm các phương trình thủy  động lực, trưvểẩn  
tải và  được khép kín b ằ n g  các sơ đồ rổì. Hệ phương trình thủy  động lực của mô h ìm h  
là  hệ phương trình N a v ier -S to k es  sử dụng giả th u y ế t  thủy  tình  và xấp xỉ 
B oussin esq . Sự b iến  động của  n h iệ t  độ và độ muối sẽ  ảnh hưởng lên m ột độ cuảa 
nước và mật độ biến đổi sẽ ảnh hưởng ngược lại lên trường dòng chảy. Hệ phươmg 
tr ình  dộng lượng và l iên  tụ c  dược giải bằng phương pháp phân tách thành phần, íáp  
dung mò hình rôì k-epsilon một phương trình. Trong mô hình tải, các phương trìm h  
khuyẽch tán đôi lưu ba ch iểu  được sử dụng. Mô hình được áp dụng cho khu vực biêển 
ven bò có của sông vối một b iên  cứng và 3 biên lỏng, mực nước biến động ở biên lỏsng 
phía tây do tác động của sóng  triều 0 ,, lưu lượng nước sông chảy vào vùng tính có rmô
phỏng khu vực cảng với giá tr ị là 1000m3.s Kết quả tính  toán đã mô phỏng được cchế
độ đặc trưng của dòng chảy 3 chiểu vùng cửa sông chịu tác động của thủy triểu.


