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CHAPTER 1

NUMERICAL MODELING OF TIDAL
CURRENT AND WATER QUALITY




1.1 Structure of the Numerical Simulation Model

A numerical simalation of water guality in the Guanabara Bay has
darried out by the procedure of the fiow-chart shown in Fig.1.1.-
1. Numerical models are composed of fhree parts., The first is
‘a ”Hydrodynamic Model" showing a water circulation by tidal
phenomena based on the result of the tidal current observation.
The following water 'quality models are founded on this

hydrodynamic model.

The second is a "Diffusion Model" for conservative substances
such as salinity. .

Generally, a diffusion model is used to estimate the water
quality of conservative substances or substances being regarded
as conservative. In the enclosed coastal seas, particularly in
the water area rich in primary production and release from bottom
sediment, an eutrophication model is better for the estimation_
of water quality. In this study, we used the diffusion model

mainly to determine a diffusion coefficient.

The last is an "Eutrophication Model" which is cone of a diffusion
model and considers a release from bottom sediment as well as a
primary production in the water and so on as described in detail
1atér, We used this model for the estimation. of water.quality

in the future and/or for the evaluation‘df measures.

These numerical simulation models were built on the basis of the

results of the field observations and laboratory experiments.
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1.2 Hydrodynamic Model

The substances discharged into the: bay move by advection and
'dispersion in the bay. On the reproduction of the flow in a
model, an annual or seasonal mean flow is treated in general and
various cases are considered with respect to the vertical
distribution. In this study, we used a two-level model which can
calculate vertical velocity component as well as two horizontal

components. We suppose the upper layer as a photic layer.

The system of motion of water such as tidal current is governed
by the mass conservation law and momentum conservation law, and
is expressed by "Continuity Equation" and "Motion Equation”,
Tidal current can be estimated by solving these equation
numerically. We start the calculation from high tide and solve
velocity and water elevation of the calculating area every moment
by giving the tidal height at the open boundary in this model.
On practice, it needs the following procedure to solve them.

1) Vertical integration of three-dimensional governing

equations '

2) Converting to finite difference Equations
1.2.1 Governing Equation of Tidal Current
Governing Equation of Tidal Current
Governing Equations of tidal current are composed of the

following three-dimensional "Continuity Equation" and "Navior-

Stokes Equation",

Qv oy dv W
. dx dy Jdz
.—g—:m%w%m% =Vf-%%+ﬁh(% g—:‘:—) A,., g;l; e (2)
BBt BT o



‘Where, . 7
Y 8 coordinate directions in the horizontal plane

b4

Z 1 coordinate direction in the vertical plane
L u, Vv, W velocity components in x,y,2z direction

p : pressure

£ : coriolis coefficient

Ah H horizontal eddy viscoéity coefficient

Az 3

vertical eddy viscosity coefficient

1.2.2 Governing Equation of Tidal Current in Two-Level Model

Before discussing two-level model, we consider vertical

integration about single layer model.

(1) IntegrétiOn of Continuity Equation
Equation integered equation (1) from the bottom (z=-h) to the
surface (z={) is below:

J‘_h(%wt-g—::)dz- (Womr=Wocup) e . 5

And U, V are defined the averéged ﬁelobity'of u, v from bottom

to surface as follows:

&+€)U=Jﬁst. m+§)V:Jthwm et : (6)

The left side of equation (5) are given. by a theorem of

integration as follows:

A 8¢ b (D)
j ~h ax I udz- u v ax _

AT i _@i_. on e
J -h (’)"y .[ vdz-v 5)" v ay ;

The kinematic boundary condition for the sea surface in the right

side of equation (5) is

dg 8z 8¢ ¢ - ] @
Ve T g M ax Y ay |




and the kinematic boundary condition for the sea bottom in the
right side of eguation (5) is '
dh dh Jh 6h_0

wzg_h:—ﬁ—"il“é; V—é—y‘ ’ _é—t‘“

S (1 [])
Continuity equation . integrated for vertical direction is
expressed as blow by substituting equation (7), (8), (9), (10)
into eqguation (5) and by using averaged velocity for a vertical

section U,V in equation (6).

gr o{e)} MOV (11
at ax 8y

(2) Integration of Motion Equation

The scale of horizontal motion is much larger than vertical one
in the flow of Long period wave such as tidal current. Therefore

equation (4) is able to approximate as follow:

9____1__5__11_g . - S - i 12)

And pressure P is given as equation (13} by integrating equation
(12) '

¢ : s
p:pm:mngdz 2pg (=01t 8L -2) . (13)_

Under the assumption the horizontal variation of pressure is very

small, EE EE are given by equation (13) as follows:
ix " dy _
1 dp l{ dp QC} ez
_— 0 - - + = -
p dx o g(&-2) gx ~e ax 8 ox _
N N (14)
I &p ,l{ ap 65} a4 &
—_— = -2 + = -
o By P ‘g(i ) oy P gy &5,

By substituting equation (14} into equation (2), (3). These

equation is converted as follows:

vg—% u%-v%mg—‘;— = vf—g%—i—ﬂh(g_}g g;l: )H\v g:‘: - - (15)
%w%w%m% =—uf-¢ %i +Ah( g:‘: + g;‘:) ' g:‘: - USSR | '
Discharge per unit width M, N are defined as follows:

Miffhudg:u(h+§) , Nﬁjﬁhvdz=v(h+§) e . e == (17)



And each term is integrated by a theorem of integration as

follows:
© Ju, 9 ¢ 8¢ o on . o 18)

I INrnar T B e T T

< 5(11) J’ uzdz-ut ==y _‘?_}1 ...................................... (19)

f—n 0% 6? J_c ax _ %
¢ 6(uv) 8¢ éh (20) ¢

e-uv——-_.. _________________

J ey 5y f vz WSy |
© Ouw) -E’S_m____a_g) (ﬁh _5’_1‘) _________ 21)

I_h 25 dz = (uw),,z;—(uw)zg_., —u( 5 +i £ +u 3y +u uax-}v 3y (

It is the same in y direction.
The term of vertical eddy viscosity is given by sea surface shear
stress T, and bottom shear stress T, as follows:

gy 9% 6’u) Ju }“ YN : L
e v{(%az B e e (22)
X gy av ) dv } t
. - —— P L o E RN 2
.;"A'VJ-I: gzt 747 Ay {( 32 [zt ( 3Z)z=-h O (T os=T0s) _ @3)

As the result, Continuity Equation and Motion Equations
integrated vertically are shown as follows: '

QL oM AN -
at dx ay .
oM ) o) af (62M 62M\+_{_ R N (25)
E{'&"—-(?T—‘*'—‘a_y"— "fN g({+h) + 0X2+ay2) ('st bX)
ON, G o) [N 6“”) 1

== - +A + t—AT sy T y) """ (26)
5"( % 3y it g(§+h) ay hk axt oy ) 5 { b




(3) Governing Equation of Two-Level Model

Layer is divided upper and lower as shown in Fig.l.2-1 to lead
the governing equation of two-level model.
M N“ M,, N, are defined the discharge per unit width in upper

and lower layer as follows:

17

I
Ll;:f—,‘“;dz:u: (h,+Z) . N :‘{ihvldzzh that &)

(28)
-4 —ht
M;=I_h zdz=uzhy , sz[_h vodzzv,h,
Where,
h;, h, : thickness of upper layer and lower layer
respectively
u,, vy, u,, v, depth averaged horizontal velocity
w : vertical wvelocity at the interface between

upper and lower layer.

Continuity Eguation are given by equation (33), (34) £from
equation (28) and the motion between upper and lower layer are

expressed by vertical velocity w in two-level model.

The advection term in both layer of =z direction in Motion

Egquation are shown as follows:

Ir a {(uw) d7= W) 5 — ¢~ (UF) 2= n1
-nt 37

_ (29)

-hl uw
J— A )~d2"(uﬁ)z——h: {(UW) 2=

-b dz

The term at z={, z=-h in'equation (21) are wiped out by other
terms, and only the term at z=-h, remain.

It is the same in y direction.

Vertical'eddy vigscogity term are expressed as follows:

et 8% {{ au (QE)' }_l _
AV“J at azg ———z=A {( az) 52 ) seen Oy (’r.e.x Tix)

I (30)

{ du

nef DY) - (24 1o

('rix—?’bx)



It is the same in y direction.

Here surface shear stress 1s not donsideréd in Tidal Current.
Bottom shear stress are given as follows:

T ox™ 7 Uay/ Uy P4V,

: : : e (31)
Tuy=7 o Ve U P4y ? _ _ ' '

and shear stress at the interface between both lavers are-defined 7
as follows:

Z =7 1 2 -0g) A Uy mug) B4 (v -vg) 2

(32)

T3 E (Vl'\’a}'\/(ui"uz) 2 (vi-vg) ®

As the result, Governing Equations of two-level mbdel are given
by equation (33) - (38).

[Continuity Egquation}
Upper Layer: _ _
gy . M N

_at =W P - _ay R S

e (33)

Lower layer:

IMe aN,
W= -

(31)

[Motion Equation]
Upper Layer:
x—directiaon
My Gy F{viMy) e &%, &%
N i - N AN ] 1
31 P + 3y (UW) z2=n1 N ~g (L #hy) 3 +Ah{§+hl)( %’ + 3y )
- (35)

=73 0/ ) 2 (v va) ?
y~-direction

aN, " d (,Ny) , a(viN,)

! —V.W =—fM, - ag d%,, 3%, é
gt oy ey W Maen= Mg (£ 4hy) ayhthhl)( 2l *‘a”;??) _

———(36)

-7 2 {v “‘\'2)'\/(‘11'112) B (vi-vy)?



Lower Layer:
x—direction
ayu,; +'6 (ugMy) . & (voMy) R
at dx ay

| 8L dMy  JPu,
(UaW) unr™ fNa-ghe Ix '}‘Ahhﬂ( N ay?

“““““““““““““ (3N
*7’12(\11“1‘2)’\/(‘11““2) 2(vy=va) T =7 Tuaaug 2y ®
y—-direction
GN; & (uaNy) @ (velNg) & ( v, 8%, )
+ Hv.W) on=THy-gh + +
It A% + 3y (VW) conr=—THa-ghy ay Anhz X’ ay?
T (38)

2 (Viva) A/ (U -ue) 21 (vi-va) B - Bvaen/ug P, ?

The parameters which contain asterrisk indicate that

Ue=U,, V.=V, for w>0,
U.=U,, V=V, for w>0,
respectively.
z
v
N T
Z surface

q it

¥y
> : upper laver
4C:,ul Iy

i

H interface
v
fj: h: tower layer
b
o
A “HE%%@\N\1¥%%§dFJ,,1%%ghﬂﬁ7%%¥
- sea hottom

Fig.1l.2-1 Definition of parameters in Two-level Model

Parameters appeared in each equation are explained as shown in
Fig.1.2-1 and as follows:

M,,N,: discharge per unit width in x, y direction of
upper layer

M,, N,: discharge per unit width in x, v direction of
lower layer



Uy, vy 8

u,, v,

e *a

. . .

e

horizontal velocity components of seawater
circulation in upper layer _

horizontal veloccity components of seawater
circulation in lower laver

vertical velocity compoﬁenfs of seawater
circulation in the interface between the upper
layer and lower layer

water surface elevation

thickness of upper layer

thickness of lower layer

acceleration due to gravity

coliolis coefficient

. horizontal eddy viscosity coefficient

inner friction c¢oefficient in the interface
between the upper layer and lower layer
bottom friction coefficient




1.2.3 Finite Difference Equation

GoVerning equation of two-level model are converted to finite
difference equation below.
This model uses a finite difference method by an explicit method

and upwind scheme for advection terms, and the calculation points

‘are shown in Fig.1.2-1,

T
j+1 =N h. upper layer
}.;. o —t L] — 0
Ni‘j+1 ) R ’
‘% i | W
. Mi.j hi,j Mi+l,j h, lover layer
] ° "'""—c i.,J —e— [ AS
? % ? TN
j"l < —15 o —f- o
i~1 i i+l
(x-y)
M, N,
At t+At t+2 At t+3 At
' ' ' : 1 ‘ ' time
0 At 3 b
. Y t+ — At t+ — At
2 At 2 2
£
(—time)
Fig. 1.2-1 Definition of Calculation Points

1-11



(1) Finite Difference HBguation of Continuity Eguation

Upper Layer}
Equation (33) is converted to equation (39).

aL Ly, (t+£_\t/2)—§ 1. 3 (t=0t/2) _ Nis.tn

at at

aM, - Mivar, oMy, :
ax As Mg

aN, Niiosai Nia,

Jy As

Therefore,

o (t0at/2) =g (t-408/2) + At{wy, -[ My i4y, i—uli. J)+(N.1 ios Ny J)]} ——— {39)

Lower layer:
Equation (34) is converted to equation (40).

I )
ax 3y : wl" N2|,141
6“2 . len.j“Mzi.j Hz .
&x AS =
qul.l
N, i} Nai. se1-Ney, g o
ay As
Naioy

Therefore, . _

Wi = ~[Mavar, s=Mai, D+ WMoy, j41-Nay 5) Vs — : (40)




(2) Finite Difference Equation of Motion Equation

Equation {35) is divided eight terms shown as follows:
au, . 9 (u ¥y) . a (viMy) ar g 8"11[“)

(0] aer= g (£ thy ){—wzm )(

at ax ay ax?  agy?
Y ¢)) @ @ ® © @
~7 ) () T (v ov,) 2
®
aM
M : _g_t'_ = My, (HAD M, (D )/t e (11
AU
@ : —‘“(u_‘—)— (M) varvn. (M) oy 0p, ;1 /8s
1
{E(M”“ s J)Un ;‘“‘(un . TP J)Un 1. }/L\S for M;>0
i
{‘2‘ My a0, M0, J)u1i+1 i (Hli. Mo, .i)u!i. j}/‘:‘-s for M, <0
M,>0 "rrm,<0 =
s Y T~
J"llf: e e =17
-1 1 i+l i+l

This term is stated with two cases as follows:
~ M l ’ - .

G_(Ff.i—]) = ——{(Myser, My, j)u] iien, - My, s Hiog 3)“: T Tl (‘12)

dx 245 :

Gvidy) & (vi (£ +h))uy)
gy dy

@ : = *”(%(thl) = {(U;Hl)i. sersa= () o2 1/8s

i
NiL seiNE i, ), J"'E(Nli- st i, ,-,}/AS for N,>0

N]v--

{
. 1
{ Vu.JH*NH—I.J+1)H|i.j+|‘E(N“.j*Nli-l.j)Un.j]/AS for N, <D



j+1 —t— j+1
x| 4 q a 4o
11 ] 35 5 .
ot j I j
an ) £ n 1
-t S
L o j_l j'-]_
i-1 i i+1 _ i~1 i Vi+t g
This term is stated with two cases as follows:
é_(}fﬁj)_ = _L[(NII.J+I+NH-I. PSS L TRRET R (. PO ﬁN“...,_;)u“_ i) —  (43)
ay 248 _ :
. i ;
@ : ~(uf) = "“‘;‘Z"(wi—;. sH¥,. j)uaj, § - (44)
l .
'_Z“(Wi—l. 2 PR LI PY for >0
1
“E(Wi—l.j*wi.J)Uln.J for W<0
>0 : ¥ <0 %g
T/ ) Uss.g
/[ /) /)
i-1 i
f
® : N, = E{Nit. NG et s Ny ) s . (45)

® : “g(§+hl)%‘§“ = ‘g‘(f -1 gt sthaaa, stheg )

gi. j—é’i—l.j

ax (16)

X

6"!}. atuy _ 62!@!] 6“!‘!1
@ stz G gyt | MGt 3y )

—
!

i4



aM Vi Myian, o~Mye, g ML, oMLy 1
—~—— ( R e )3 F(HHH.J"zﬂn.ﬁun—l.J) - (47

ax?  As As As

a M, LMy, aa-My, Miy, 5-Mai, 5= 1
W = ”A_g Ais ped o JAS“ 1 1) = E(HII;J+I"2MH.j'Hflll._iAl) (43)

R U A R LR A VTR - (49)
UU = (uyy, 502y, 5)

l .
W= I{(Vli. Vi, 0L serVaa se Vo sV o se) HV o, s Vaie )

i-1 i

S,
J'/,/’/L‘j/,/

S
YN

It is the same in y-direction of upper layer stated equation

(36).



Lower Layer: . .
Equation (37) is divided nine terms shown as follows:

My @ (uy) | AlvMy) xS (afug aﬂu;)n
+ + + 2=h1™ - Hy, ¢
gt ax a}' (llW} hi sz ghg Ix Ar hg ax? 6y2

O @ ® T ® @

o 2 ) (Umue) 2 ve) 2 -9 g/ iy Ty, ?

(€] @
O : %“T“ = (e, s (EHAD My, (D /4 . ' (50}
D ‘Q”(“U—!Ei = {(U2H2)1+1/2. j_(uzMﬂ)i-i/2. j}/AS
ax

1 1 . S
{“‘2“("‘21“. L. P J}u'.n. J—E(MQL 1L P j)“ﬁi—l. J}/AS for M, >0

1 1
{"2_(”‘”-”. L FIT 1 P J“E(Mﬂi. Moo ey, j}/és for M.<0

This term ié-stafed wi%h two cases as follows:

_{)"(U'enz) _ _l_

p {(Maiar, stMay. uuisien, o= Moy, gt¥as o, Dtaio, b e (55)
ax 248

(v, @ {vzh,u, 4 : _
@ (valz) = (vahaus) = ‘a—;(lizNz) = {(ilzNa)i. j+|/a-‘(“2N2)i.j—v2}/i§S

ay ay

(=)

1 1 :
_ {““(N-u. st o a0z, J‘“Z“(N:n. N2 o gy, J-I}/AS for Ny>»0

1 . :
(PRSP [P J+I"E(N‘Zi. iy ey, J}/AS for N, <0

03 | pee

This term is stated with two cases as follows:

5 (llzNz) l e rnin (52)

S e L CYRTSL | PYSROITS | FERINUE ( PR PRNTIY | PRy

ay 248




1
@ : (i) = ‘g(wi—x. P UL e e (53)
1 .
"Z“(Wi—:. AN e for W>0

i
?(Wi_hﬁﬁ.,j)u“,, for W<

f
% ® Ny = E(Nzi. o, e tNz o g N, Jl T e (54}
L g L Ziamgion
® -t G = gy ) BRI )
1] 2“2 62u2 ) ( d gMz a 2“2 )
T o Aghy + = +
@ : A ‘( axt  ay? " ogx? ay?
9 M, b T Maie, s Mas, le.j‘Mei—l.'j) _ 1
ax Ask is | TS = st Mzis1. 5-2Mas, Mz ) — (56)

My 1 (Mas yerMaiss  Mors-Mar, e i
ay:‘ = A—S( 2 J:;S 2 - JA:i : ‘) = E‘(MELj+l_2M‘Zi.J+MEi.j—-l) """" (57)

: ?’ig(ul"uz)'\/ (111_02)2+("|"V2)2 = 7’12UU’V PUZEVVE e e (58)
W = (uy;, 5-ug;5. J)

|
Vv = ‘4“{("“. iTVai, DO s Ve, e H VD)L gV o0 eV Ve J)}

@ @ 7oluaafu vt = i fuy,, y\/uzi. Ve Ve, jatVaa sertVe o, s tVe oL 5) B/16
(59)

It is the same in y-direction of lower layer stated equation
(38}.
As the result, the finite difference equations of two-level model

are stated by uniting equation (39) - (59) as follows:



[Continuity Equation]

Upper Layer : _ _

£, s (tat/2) = £, J(t‘ﬂt/z).+At{wi-1"[(uli¥l.J"Hll.d)+(Nll.J*l-Nli.J)]/AS} - (60)
Lower Layer |

Wi, s = ~(Maren s = Mey, 3} + (Bar,ge = Moy D 1/8s - : (61)

[Motien Equation] @
Upper Layer X-direction ' )
At . -
Hu, J(t‘}M)zuu. j(t)'—m[(ulli'l. .;*Hli. .i)Uu/l-n. J-O‘{li. J+Mli—l. j)uli—l/i. d]
LAt
- 2As

At f
+_§_(wl-l. WL UL, J+EM(N1:. g s G, aa0)

{(Nys, gortlyyoy, 1+1)Ul;. wrser=MNaa, NG o, S o)

ght

’""ﬁg(g -1, v 8 ythyog gthe (Z 0 2o )

t
+( : )Ah(ul UTTE, PEPTS . PEUFPUL. 'UTT ' ATy

457

-pty lauull\/ﬁﬁ_l'ﬂwi 2 - e e (G2}

Cpper Layer Y-direction

i

it
Nli. J(t'mt): H] i s(t)‘m[ml i+1, J+Ml i+l J—I)Vi isil, J"(Mli. J+Mli, j—l)Vl i-1/1. j}

it '
'm{m! L. J+1*N11. j)\'n. J/J+1_(NI i J+N1i. j—x)Vn. j—!/j}

at ' f
*1““‘2“"(“’1. W v, J+Idt{M!i. s st gt )

At
JE (0, 480, spthyy gthy -0 (D0, -8 500
2As

At
+(‘E-S-2-}A"(N““v A N e I )

-8t 7 2o /U,24VY, 2 (63)

Where,

U=y, ymua,

l .
VVF_"‘{(\M Ve VG g Ve e )PV e Yao e Ve, gV, ) )



. .
UUF“&'{(HH. I PR E C TR IPRRNINS £ (| R RPE | PRURTNES L T ( FRTRRIPLE PRRTSR |
- WWamvyy, Vaa, g

W=l , V.=V, for w20 ety , vo=v; for w<i

Lover Layer X-direction

At
Moy, 5 (tH01)=Ms,, J(t)"m—{(uzl+l. L1 T PR Y (' "SR PRSI [ D

At
_':ZE{(N:H, st e Uas e~ Was sWaioy, Py, sl
At f
+_2—(Wi—1. S ueg, J‘I‘EM(NN. stNason, e oy, s e, Go1)
At
“'E***‘(h-u—l. 1 TYRE R ¢ TTT QTN
2As
it
+(AS—2)A|,(M2H1. Mgy, oMy e tMay, oM )
+4t 9, AUl A/ UY, 24V, 2
+At7h2U2i,j4/Uz_i. Ve, stVe i e tVaiog, saitVeiog, ) /16— (B4)

Lower Layer Y-direction

: At
Nay, s (t440)= Nay, j(t)‘ﬂ;{m'un, Mz, o) Vaisian s~ Mee s ) Veio )

At r LY r
"E[\NQL sertNzi, 53Ves, seaermNay, g2 jo)Vai, jo1vy)

£
+—2—(Wi. St Ve, j+"4"M(H2i.' Mg s tMaey, ot )

At
__gIS"(th. .i+h21. j—l){g i, J‘gi. J‘—l)

At
+{ As? Aw(Noyas. stNaioq, st jaatNyy, I )
Fat 2V UL, 24V, 2
+M’?’b2"2i,j’\'/(uzi. FLIPRONTRS | P ;‘+1+\12i:1m._“1) 2/164vy;, ;2 o (65)

Where,

Wy=u,,, 37Uz,

1 .
WI:I[(VH. V2 DV Ve e Vo, serVaaon, g b (VoL Ve o)



{(Uli.J'“zi.3)+(U11.J—l‘Uel.J—|)+(Uli+|.j~1*uzl+1.3—1)+(ﬂ|s+}.J“uai+1.j)}'

¢k[h-.

UUz:

Wo=vii, 57Vai.

u,=uy , v.=v, for wzi u,.=y , Vv for w<D



1.3 piffusion Model
1.3.1 Governing Equation

‘Basic equation for two-level diffusion model for conservative
substances are expressed below. The concentration of water
gquality at each time can be calculated by solving these equations
using a finite difference method.

Upper Layer :

aC,p ) o Jd a aC d e
L L 2 (Cru D) - — (CrviD) + — KDy )+ (Kb —)
3t 3x : 3y ax Jx dy ay
time variation horizontal advection horizontal dispersion
twC ~KAC,~Cy)  + L e (66)
vertical advection & dispersion external load
Lower Layer :
9C,-Dy d d : aJ aCy a aC
s - —(Czuz-D2) - —(Cz-vaD2) + — (KuD: 2)"’ = KDz 2).
dt dX Jdy ax ax dy dy
time variation horizontal advection horizontal dispersion
- wC* 4K, (Ci_Cz) ““““““““““““““ (67)

vertical advection & dispersion

Parameters appeared in each equation are explained as follows:

C, salinity concentration in upper layer

C: :salinity concentration in lower layer

L :external load

Di  :thickness of upper layer

D, :thickness of lower layer

ui, vy s horizontal velocity components of seawater circulation in upper layer
calculated by Tidal Current Model

uz, vz : horizontal velocity cimponents of seawater circulation in lower layer
calculated by Tidal Current Model

% :vertical velocity components of seawater circulation in the interface



between the upper laver and lower layer calculated by Tidal Current Model
Ky :horizontal dispersion coefficient
K, :wvertical dispersion coefficient

The parameters which contain asterisk indicate that

C'3C2 for w = 0,
C*=C, forw <0,

respectively.
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1.3.2 Finite Difference Equation

Finite difference equation of two-level diffusion model converted
from equation (66) and (67) is expressed by egquation (68) and
(69) in upper and lower layer respectively.

Upper Layer
D;C; (t+At) = D C (t)
At
- '&"“(H“H Crisien 5 My G gt N jaiCras i N!i.jcli.j/j—l)
AtKh
Z(A) e A O, D10, P i,y C“ DELINY J+Dll 1o G, i Cuicn, )
+{Dy 1, jartDyy, .s) (Cry. 141~Cys, .i)"(D1 i, 3101, J-l) (Cey, 5-Cyy. J»i)}
b AtWCa e, s = Ka(Cir soCor )} (RAL) e (68)
Lower Layer
DoCa {t+41) = D,C, (1)
t .
- %‘"{Mzul JC2i/i+1 i MZI- .i(-"zi—I/i. J"’ N‘n. j+iC2i, 74230 N'Zi. .|C2i. J/J—l)
MKy
+2(A )2{(02.41 D2 ) Caven. Cavs )= Wi, #2010 3} Cais 5=Cain. )
+(D2i.i+l‘ﬂ)2i.j){cﬂi.jn'Cz\.J)“(D‘zi.J-'H}m.;t—l) (C‘zi.j—c‘li.j—\) } ) "
+ M{-wCori, 5 + Ko (Crs, y=Cay. )} i R (69)

where, the expression such as i/i+1 indicates the upwind scheme.



1.4 Eutrophication Model

On the formulation of a nutrient cycle between seawater and

sediment, we assumed the follows:

(1)

(2)

(3)

(4)

(3)

The system controlling the process of a hutrient cycle is
treated as a growth and a decomposition between PO,~-
P(Phosphate Phosphorus) and O-P(Organic Phosphorus), and
DO(Dissolved Oxygen) and organic matters increase

corresponding to the amount of primary'production.

As indices, COD(Chemical-Oxygen Demand) and BOD(Biclogical
Oxygen Demand) are used for the concentration of organic
matters, and PFO,~P, O-P and DO are also used.

The area is vertically divided into two layers of a photic
later (upper layer) and a non-photic layer{lower layer).
The growth of phytoplankton occurs only in the photic
layer.

COD, DO and nutrient salts vary through the process of
growth, decomposition, settling and release etc. as well as

inflow from rivers (Fig.1.4-1),.

COD, DO and nutrient salts vary by advection and digpersion
due to tidal current.
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1.4.1 Governing Eguation

The time variation in two-level model is expressed as the
following equations and the concentration of water quality at
each time can be calculated by solving these equations using a

_finite difference method.

exteraal - sxternal external
foad ) load ) reasration load
vl L } % L
= growth
upper , ] e W W r
fayer L X decompos|tion
P0-P =0 -v ] [ 00 | 80D (GOD) S
E e ] ] % 2 T e
advection ) Ml I
dispersien -
oo BIxing [ . ]
dispersioa - settling settling
! 7 ] A i q
advection decompaosition
dispersion | PO-P | | 0-P I | oo I BQD(CQD) }MT“_"_M i
' decomposition L
lower
layer release settling settling

seabed release

Fig.1.4-1 NutrieutrCycle Model



O-P

Upper layer:
a0Ps-D : ' acp J aop
6': 2 — (OPx up* Dl) - “““(OPl vi-Dy) + “(Kth é—l) —y(KhD — l)

_time variation horizontal advection horizontal dispersion

+ wOP* - K. (OP;-OP;)  + G:OPPy-Ds - B\P-0Py-D; '~ §,7-0Py
vertical advection & dispersion growth decomposition settling

+ Lor

external load

Lower layer .
30P;D aop ; 30P
2“'2“' - “{OPz Uz Dz) = —“(Opz Va* Dz) + — (KhDZ '“*2) _‘( wl2 —“2)
a1 ax
time variation horizontal advection horizontal dlspersmn
- ﬁ‘OP' +Kz (0?:"01’2) - sz‘opz'nz + S,"-OP, - SzP-OPz-
vertical advection & dispersion  decomposition settling

O-P(Ilaner Production)

Upper layer :

J0OPP, D 3 0pp 3 BOPP
— - —(opP, D)~ —(OPP1 ViD= (x..n.m-m‘) - (KD, )
It ay 3y

time variation horizontal advectlon . horizontal dispersion

+ w-QPP* - Kz(OPPl'Oppz) i + G-OPP,-D, - B;”-OPP.-Dl - SIP-OPPI
vertical advection & dispersion growth decomposition settling

Lower laver:

30PP, D, d ’ d 3 aopp 3 A0PP
_z___z: - (Oppz'uz‘ﬂz)" - (OPPE'VE'D2)+ - (KhDZ 2)"‘ . (KhD’Z 2)
at ax Ay 3x 3x Ay 3y
time variation horizontal advection horizontal dispersion
- w-0PP* +K., (OPP,~OPP;) - Bz*’-OPPz-Bz' + 5,7-0PP, - S."-0PP,
vertical advection & dispersion decomposition settling



PO«—P
Upper layer:

g 1Py -0y ad a a alp, g d1P,
= - — (IPyupDy) = — (Pvi+Dy )} + — KD + — (KD
o Pt - S Reed) ¢ S S S
time variation horizontal advection horizontal dispersion
4w IP* - K (1P -1P2) ~ G~OFP-Dy + B,7-QP, D, + Lap

vertical adwection & dispersion growth decomposition external load .

lower layer @

d|P2D2 a i) d a iPz
a1 =- g;(lpz'u.z‘[)z) - a_y(lpz_'vz“i)z) + a—x(KnDz — _S;h 2
time variation horizontal advection horizontal dispersion
- 5 IP* K, (IP,-IP2) + BoT-0P2eD:  # Rip

vertical advection & dispersion decomposition release

COD
Upper layer :
300D, b d 3 J a oD 7] aCob
e s EDuD) s S D VD (Kb (D)
dt ax ay dx dy b
Lime variation horizontal advection horizontal dispersion
+ wCOD* - K., (COD;—(I)Dz) + ﬁ‘G'OPP]'lh - B1C-C0D1-D1 - Slc-C()Dl
vertical advection & dispersion growth decomposition settling
+ Leop
external load
Lower lakr :
3 C0D»-D 3 Cop a a oD
2 ~~—(t:01)2 UeB) = (CODa-Va-D2) b (Kth Dt = by ——)
at ay ax dy 3y
time variation  horizontal advection horizontal dispersion



+ wC0D* - K, (C0Di-C0Ds) = BaC-C0Da-D2 + $,6-00Dy, ~ S2¢-COB,
vertical advection % dispersion decomposition settling

+ Reop

release

BOD
Upper layer :

aBoD,-D, & 3 a  aBoD, 3 350D,
= = (BODyu1+Dy)~ — (BOD,-Vy*Di}+ — (Kuby )+ = (KuDy )
o1 3x : dy . ex - 8% By dy
time variation horizontal advection horizontal dispersion

+ w-BOD* - ¥, (BOD,~BOD») + &-G-0PPy-Dy - B,®-BOD,-D, - S,"-BOD,
vertical advection & dispersion growth - decomposition settling

+ Lpon

external load

Lower lavyer :
I BODz-D 3 a a 9B0D, 9 3 ROD,
B2 Ds 2 0myuaDa) = — (BODz-VarDs) +— by Fe > (KuDs %)
_at dax ay Ix Ix dy ay
time variation horizontal advection horizontal dispersion

+ w-BOD* - Kz(BOD]"B()Dz) = BzB‘B‘ODQ‘DE + SIB°BUDL - SzB'BODz

vertical advection & dispersion decomposiiion settling
+ Rpop
telease
DO
Upper laver :
dD0,-D aJ . 3 ; a ap0 a- apo
ez e — (D0 cug D) - (D01 D) 4 — (KD ——_j)+ — (KuD ———})
at ax o dy ax 3x Jy dy
time variation horizontal advection horizontal dispersion

=
1
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+ w0t - K, (00:-D0s)  + 7+G:OPPy+Dy ~ B1°-COD, D,
vertical advection & dispersion growth decomposition

"+ A(HOWA-DO;)
reacration
Lower layer :
A [0;-D g a - 3 abo 3 ap0
2L — {D0z-uz*bz) ~ — (D02:ve-D2) + — (KuD- 2)"‘ — (KnD2 2)
It 3x dy ax dx ay dy
time variatior_l horizontal advection horizontal dispersion

- w-D0* + K, (00,-DC2) ~ B2%-C0Ds-D2 - DB
vertical advection & dispersion decomposition uptake by sediment

Paraneters appearéd in each eguation are eXplained as follows:
OP, :0-P concentration in upper layer
OPP, :0-P{lnner Production) concentration in upper layver
% . IP. :P04-P concentration in upper layer
COD, : C0b concentration in upper layer
BOD, : BOD concentration in upper layer
DO;: :D0 concentration in upper layer
OP. :0-P concentration in lower layer
OPP, :0-P(Inner Production) concentration in lower layer '
I P :P0s-P concentration in lower layer
CODy :C0D concentration in lower layer
BOD, : BOD concentration in lower layer
DO. ;D0 concentration in lower layer
D :thickness of upper layer
D: :thickness of lower layer
G :growth rate of phytoplankton

B:Y iO-P decomposition rate in upper layer

B.“ : 00D decomposition rate in upper layer

B:® :BOD decomposition rate in upper layer

B:° :D0 uptake rate by decomposition in upper layer
S.7 :0-P settling rate in upper layer

S.€ : (0D settling rate in upper layer



S," :BOD settling rate in upper layer
B:" 10-P decomposition rate in lower layer
B:¢ : 00D decomposition rate in lower layer
B." :BOD decomposition rate in lower layer
B:° :D0 uptake rate by decomposition in lower layer
S, :0-P settling rate in lower layer
S.¢ 00D settling rate in lower layer
S.® :BOD settling rate in lower layer
Rip :P0s-P release rate
Rcop : (0D release rate
Ruop : BOD release rate
Lop :0-P external load
Lip :P0s-P external load
Lcop : COD external load
Lson - BOD external load
DB : oxygen uptake rate by seabed sediment
A :reaseration constant
HOWA : salurated oxygen concentration
B :C0b conversion factor from O-P
§ 180D conﬁersion factor f_rom 0-p
¥ D0 conversion factor from O-P
Uy, vy > horizontal velocity cosponents of seawater circulation in upper layer
calculated by Tidal Current Model
uz, vz : horizontal velocity components of seawater circulation in lower layer
calculated by Tidal Current Model
® - vertical wvelocity components of seawater circulation in the interface
between the upper layer and lower layer calculated by Tidal Current Model
Kn :horizontal dispersion coefficient
Kz :vertical dispersion coefficient

The paraveters which contain asterisk indicate that

0P*=0P;, OPP°=OPPz, IP°=1Pz, COD*~(0D2, BOD°=BODz, DO*=D0. for % = 0,
OP*=0P,, OPP*=OPP,, IP*=IP\, (OD*=C0D:, BOD*=BOD;, DO°=D0; for w < 0,

respectively,
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1.4.2 Finite Difference Equation

. he method of converting to finite difference equations in the

eutrophication model is same as that in the diffusion model

mentioned above.




CHAPTER 2

 RESULTS OF VERIFICATION TESTS




2.1 Review of Field Surveys and Laboratory Tests on Water
Quality

Through this study, many field surveys and laboratory tests were
performed. Most of their results are useful for the numerical
simulation models as input data and verificafion data as follows;
(1) Pollution Sources and Runoff Ldads
River discharge - Hydrodynamic Model, Diffusion Model,
- Butrophication Model
Runoff load -~ Eutrophication Model

(2) Tidal Current and Tidal height -» Hydrodynamic Model

(3) Water Quality in the Bay - Diffusion Model,
Eutrophication Model

(4) Release Test and Oxygen Consumption Test

-+  Eutrophication Model
(5) Primary Production Test - Eutrophication Model
(6) Sedimentation Test - Eutrophication Model
In these results, the distributions of water quality in DO, T-P,

PO,~-P, O-P, COD and BOD are shown in Fig.2.1-1 to Fig.2.1-6 as

verification data of numerical simulation models.
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2.2 Calculation Indices

Oon the assumption mentioned in the previous chapter, we

calculated the following indices by the numerical simulation in

this study.
Hydrodynamic :  Two horizontal velocity components both
. in upper layer and lower layer.
Diffusion Model : Salinity for calibration of dispersion

coefficient.

Eutrophication Model: BOD and COD for the concentration of
orgénic matteré.
DO for the amount o£ dissolved oxygen.
PO%—P and 0-P as nutrient salts.

On the formulation of an eutrophication model, there are much
arguments about tracers. Phosphorus énd nitrogen compounds are
the most important nutrients which control seawater pollution by
organics. The content of phosphorus and nitrogen in organics is
generally kept in a certain ratio, but this ratio differs between
species of organisms or the stage of their growth. Therefore,
the nutrient budget 1is determined by both phosphorus and

nitrogen.

The_structﬁre of the prediction model, however, becomes more
complicated if both phosphorus and nitrogen behaviors are
formulated., Thus, the nutrient cycle treated by only phosphorus
is preferentially applied to the model for the reason that the
phosphorus would be a limiting factor to a nutrient cycle in an
aeutrophic bay from Fig.2.2-1 showing the correlation.between N
and P ratio both in water and in algae. Details can be.referred

to the chapter about Aguatic Organisms,
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2.3 cCcalculation Conditions

2.3.1 Hydrodynamic Model

The calculation of tidal currents in the Guanabara Bay was

performed for the area shown in Fig.2.3.1 using a two—level_model'

with 500 meters lattice interval on the mean spring tides.

Calculation conditicns applied in the hydrodynamic . model are

‘summarized in Table 2.3-1.

Table 2.3-1

Calculation condition for Hydrodynémic Model

Item

Target Season

Model
Lattice Interval
Calculation Area
Topography
Tidal Condition
" Mean Water Level
Thickness of Upper Layer
" Time Step
Horizontal Eddy Viscoéity
Bottom Friction Coefficient
Inner Friction Coefficient
Acceleration Due to Gravity
Coriolis Coefficient

Open Boundary Condition

Calculation time

) B s b et o e o e ey o R

Condition

Dry season, Rain season,

Annual Mean
Two-Level Model
500m
Fig.2.3-1
Fig.2.3-2
M,+5,

M.5.L

3.0m

15 sec

10% cm?/s
0.0026
0,001

9.8 m/s’
~5.64"10°3

The tidal height at all open
boundaries are 45cm and the
difference between the eastern
and western boundary is 1.38°

for 5 tidal repetition

10



.a)

b)

c)

. d)

e)

£)

Lattice Interval
Lattice Interval was determined in view of the accuracy of
reproduction of topography and the ability of computer.

Topography _
Topography of the Guanabara bay shown in fig.2.3-2 was read

by the existing chart.

Tidal Condition

In the Guanabara Bay, semi-diurnal tides such as M, and S,

constituents are predominant and it is thought tidal
current caused by them influence upon the water guality in
the bay.-

Therefbre,'we simulated tidal current under the mean spring

tide.

Thicknesé of Upper Layer

This value is based on the observed results of the vertical
profile of o, and transparency as shown in Fig.2.3.3 and
Fig.2.3-4.

Here, ﬁe supposed the thickness of the upper layer as a
photic layer. Generally, there is a correlation between
the transparency (T) and the compensation depth (C,), that
is C,=2.5 = T.

Time Step

Time interval for the hydrodynamic model by explicit finife

difference method is determined by the following equation:
dt 3 ds/f(2gh,,)

Coriolis Coefficient
Coriolis coefficient is determined by the following
equation;
£ = 2mwsing
‘w: phase velocity of rotation of the earth
¢: latitude



g}

Open Boundary Condition

The open boundary conditions are given by tidal height and
phase ' lag. The_harmdnic constants at Santa Cruz in the
mouth of the Guanabara Bay and Ilha Guaiba located 92km
west from the Guanébara Bay, as shown in Table 2.3-2, were

used to determine open boundary conditions. -

Table 2.3-2 Tidal Harmonic Constants for Simulation Model

Height (cm) Phase lag (degree)
Point w2 sz mzms2  e()
‘Ilha Guaiba 32.9  19.2 2.1 86.96
Santa Cruz 31.6 _ 17.4 49.0 83.00.

h)

i}

The difference between the phase lag of Ilha Guaiba and
Santa Cruz is 3.9°, and the distance of these twé points is
about 92km. By establishing a simulation range of 32km at
the open boundary, a phase lag difference of 1.38" was
estimated between the east and west open boundaries. The
height of the tides was established as 0.45m at all open
boundaries, thus the height of the tides at Santa Cruz is
0.49m, and the amplitude of constituents is M2 and S2.

Calculation Time

Calculation time means the time required to be sfabilized
the calculated result. _

In general this value is about from 3 to 5 tidals in the
case of tidal current calculation. In this study this
value determined 5 tidals after the confirmation in pre-

calculation.

other coefficients

We set the values using in the sea area generally.
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2.3.2 Diffusion Model

The calculation for the diffusion or dispersion of conservative

substances in the bay was performed to determine the dispersion

coefficients using a salinity as a conservative substance both

in the dry season and the rainy season.

Calculation conditions applied

summarized in Table 2.3-3.

in the diffusion model

Table 2.3-3 Calculation Condition for Diffusion Model

Condition

. P o

Target Season

Index

Tidal Condition

Thickness of Upper Layer
Computational Area

Horizontal Dispersion Coefficient
Vertical.Dispersion Coefficient
Discharge of Rivers

Initial Value

Open Boundary Concentration
Time Step
Computation Time

a) Target Season

Dry season, Rain season
Salinity

M+ S, |

3.0m

Fig.2.3-1

Fig.2.3-5

0.0 cm’-sg

Table 11.1-4

Inner of the bay 30
Outer of the bay 35

35

150 second

for 120 tidal repetition

are

Through the observation of the distribution of salinity in

-the'bay, there is the obvious difference between dry season

and rainy season.

To raise accuracy we calculated both seasons,

b) Horizontal Dispersion Coefficient

We finally set the horizontal dispersion coefficient as

shown in Fig.2.3-5.

2-17

The wvalue in the almost area is



c)

d)

e)

£)

g)

'1.0x%10% cm?/s except the eastern costal area, in which it is

smaller because of complex of topography.
Therefore, we set 1.0 x 10%cm?’/s in Jurujuba bay and
5.0x10* cm®’/s in the part of eastern area through the

cariblation tests.

Vertical Dispersion Coefficient

We usually use about 0.00lcem®/s as vertical dispersion
coefficient. But vertical velocity is overestimated
compared with observed vertical distribution of salinity.
Therefore, we set it as 0.0cm?/s.

Regarding the vertical dispersion coefficient, we set zero
on an assumption that the vertical movement is controlled.

by a vertical advection.

Discharge of Rivers
Discharge of rivers for simulation is determined by the
results of field survey as shown in Table 2,3-5 later.

Initial Value
The initial wvalues for the distribution of concentration

were given with the concentrations observed.

Moreover, we practiced a pre-calculation using the above
concentration for the period of 120 tidals and the result
of the pre-calculation was used as an initial value for the

final calculation.

Open Boundary Concentration
The concentration at the open boundaries was given with the

concentrations observed at the outside of the bay (8t.1).

Computation Time _

It takes about 120 tidals to stabilize the calculated
results because the residence time in Guanabara Bay is
thought about 60 days. |

This was confirmed by the pre-~calculation,

2-18
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2.3.3 Eutrophicatidn Model

On the calculation for the concentration of organic matters
and/or nutrient salts considering eutrdphic phenomena, it needs
to determine the values for various parameters referring to the

observation data in the field and the existing literatures.

The method and criteria for the determination of parameters are
described below and calculation conditions applied in the
eutrophication model are summarized in Table 2.3-4.

Table 2.3-4(1) Calculation Condition for Eutrbphication Model

] et 0 - —— 0 A Y i et o

_________ Item . - e SRR value —
Target season _ Dry season, Rainy season,
: : Annual mean
Index cop, BOD, O-p, PO,-P, DO
Computational area ' Fig.2.3-1
Tidal condition M,+5,
Thickness of upper _ 3.0m
growth rate (1/day) G 0.70%{1P,/0.012+1IP,)
Growth rate constant pmax  0.700
PO4-P Semi-saturation constant Kp 0.012
decomposition rate (1/day) o
‘ upper 0-P B," 0.10
COD B,° 0.10
BOD ' B,? 0.10
lower 0-P ' B,” 0.10
CoD : B," 0.10
BOD B," 0.10

DO uptake rate _
by decomposition(l/day)

upper B,° 0.60
lower B’ 0.60
settling rate {(l-day) '
upper 0-P s," 0.30
CoD 5,¢ 0.30
BOD s,"® 0.30
lower O-P S;" 0.45
COD s° 0.45
BOD s," 0.45

0 B et P s i e - e . 472 = Ly Y g




Table 2.3-4(2)

Calculation Condition for Eutrophication Model

Item sign value
release rate (mg/m?/day) Fig.2.3-8
COD Reop 167.0
BOD Rion 262.0
PO,-P R.; 11.0 - 20.0
DO uptake rate :
by sediment (mg/m’/day DB 690.0 ~ 1670
reaeration constant (1/day) A 0.8
gsaturated DO concentration HOWA 6.8
(mg/1)
conversion factor
CoD/O-P B 16.4
BOD/0O-~-P & 25.6
_ . DO/0-Pp ¥ 143
Horizontal dispersion K, Fig.2.3-5
coefficient (1.0x10* ~ 1.0x10° cm®/s)
Vertical dispersion K, 0.0 cm®/s
coefficient
external load Dcop Table 2.3-5
LBOD
. L,
initial wvalue The value based on the
observation
Open boundary condition Opén boundary
concentration is fixed
as shown below
CcoDp O.6mg/1
BOD 1.0mg/1
PO4-P 0.0Z2mg/1
0-P 0.02mg/1
. DO 7.8mg/1
time step 120 second
computation time for 120 tidal repetition
a) Thickness of the Upper Layer
This was discussed in the section of conditions for
Hydraulic Model calculation.
b) Growth Rate

The growth rate of phytoplankton is exXpressed as the

increase of O-P in the model and BOD (COD) is increased

corresponding to the amount of O0-P.



c)

Generally, the growth ‘rate ' of phytoplankton can _be
determined in relation to water temperature, light
intensity and concentration of nutrient salts such as N and
P, and the growth rate of O-P (G) can be expressed with the
concentration of PO,~P (IP) as follows if we squoSe water
temperature and light intensity as a constant;

G = p... ¥ IP / (K, ,+IP)

Hoex + maximum specific growth rate of O-P
IP : concentration of PQ,-P
K:p : semi-saturation constant of PO,-P

The value Of Meex wWas 0.70 through the calibration in._

comparison with the results of primary production
experiments and that of K,, was 0.012 according to the
experiment for Oscillatoria.

We set these values as a constant for both seasons of dry

season and rainy season because of no data for :both

seasons, though there is a possibility of change in both
seasons. _ '

Fig.2.3-6 shows the growth rate variation according to PO4-
P concentration and Fig.2.3-~7 shows the correlation between

Transparency and T-P concentration.

It is thought the amount of primary production is extremely
small comparing with external PO4-P loads in western area.
Therefore, we decreased the amount of production of 0-P in
proportion to the ratio of the transparency calculated T-P

concentration to the thickness of upper layer (3m).

Decomposition Rate
The - decomposition is considered on BOD{COD) and on the
process from O-P to PO,-P in the model. Generally, the

decomposition rate changes depending  on the water

temperature. the variation of temperature, however, does

not be considered in the model and we do not have any data
about it in Brazil. _Theréfore,-we set constant value shown
in Table 2.3-4 as decomposition rate through calibration
tests, referring to the following data obtained in Japan.
cop: 0.01 to 0.1 (1/day)
0-P: 0.01 to 0.2 (1/day)
2-22
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a)

e)

£)

g)

Settling Velocilty _
The settling_is considered on 0-P and BOD (COD) in the model.
Generally, the settling amount is in proportion to the

concentration.

We set constant value shown in Table 2.3-4 as settling velocity
in the model through calibration tests, referring to the result
of the experiment.

Release Rate

The releasé rate from sediments is determined as a function of.
water temperature, Do concentration and sediment's
characteristics itself. |
We set.the Oalue based on the results of the experiment as

shown in Fig.2.3-8. In the outside of the bay, we assumed the

release rate zero.

Conﬁersion Factor _ o
The ratio of BOD to 0-P(BODR/0O-P) were determined by the
correlation between BOD and O-P concentration in the seasurface
through the observation as shown in Fig.2.3-9.

The ratio of COD te O0-P{COD/0-P) were determined by Fig.2.3-10
{same as BOD/0O-P). _

We set 25.6 as the ratio of BOD to O-P and 16.4 as the ratio
of COD to O-P.

The ratioc of DO to O-P (DO/0O-P) can be obtained by the
following chemical equation which is well known as chemical

reactions by photosynthesis;

106C0,+16HNO,+H, PO, +122H,0= ( CH,0 )4, ( NI, ) H,P0,+1380,
DO/0-P=138 x O/P=138 x 16 x 2+31=143

Parameters concerned with DO

(1) Uptake Rate by Decomposition
Uptake rate by Decomposition is given as the rate against
the amount of BOD decomposition, |
This value was estimated at 0.1 to 10 by the ratio of
thinning in +the analyzing BOD concentration and we
finally set 0.6 through calibration tests,

2-24
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h)

i)

j)

(2) Uptake Rate by Sediment

We set 690-810 mg/m?/day except the western area as the
uptake rTate by sedlment which was obtained by the
experiment as shown in Fig. 2 3~ 8 |

In the_western area, we set a value two tlmes of the
above (1670), considerlng low DO concentration observed
in the area and the fact that uptake rate by sediment is
approximately ten times of COD release rate, genérally.

(3) Reaeration Constant _ _
Generally, a reaeration constant is between 0.1 and 0.9
1/day. We finally set (0.8 1/day through calibration
tests.

(4) Saturated_DO Concentration
We set 6.8 mg/l éccording to the observation data.

Digpersion Coefficient

Dispersion Coefficient is shown in Fig.2.3-5 before.

External Load

The present external loads through rivers and direct loads into
the bay used for the model are shown in Table 2.3-5.
Regarding the direct loads, we treated only BOD loads in the
model .

For the estimation of PO,~P and O-P loads, we assumed the
relation of P0O,-P/T-P=0.4 based on the result of the river
survey shown in Fig.2.3-11, because we only calculéted T-F
loads for each river basically. 0-P we calculated as the
difference of T-P and PQ,~-P. '

Initial Value- _
The initial values for the distribution of condehtration in

each index were given with the concentrations observed.

Moreover, we practiced a pre-calculation using the above
concentration for the period of 120 tidals and the result of
the pre-calculation was used as an initial value for the final
calculation.
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Table 2. 3-5(1) External Load used for Simulation in Dry Season in Present

RIVER INFLOW Dry Season in 1991
: Discharge BOD cop PO4-p 0-p
NO | ¢ NAME 1] | {u3/s) (t/day) | (t/day} | (t/day) -] {(i/day}
River load : . ‘
1 { B.-CHARITAS 46 | 38 0.93 1. 96 161 | 0.072 0.108
2 | CANAL CANTO DO R10 431 39 0.73 1. 54 1.27 0. 058 0.084
3| B.-CATEDRAR ] 40) 43 0. 68 1.38 1, 14 0,052 0.078
4 | B.-NORTE CENTRO 40| 41 0. 17 i. 61 1. 33 0. 060 0. 090
5 | RIO BOMBA 45} 52 2,99 6. 67 5.40 0. 240 0. 380
6 | RIO IMBOASSY _ 521 63|  2.48 4. 99 4041 - 0.176 0. 264
Eastern Sub Total B. 58 18.15 14, 719 0. 656 0. 934
7 i B. ~1TAOCA 521 10 0. 58 1,18 0. 938 0.044 0. 066
| 8| RIO ALCANTARA 891 78 8. 94 16, 49 13. 10 0. 560 0. 840
9 | RI0 CACEREBRU 1 60 81 20. 89 11,70 | 12. 19 0. 344 0. 516
10 | RIO GUAPIMIRIN 59 | 87 23.1% 4 5.01 0.0841 0,126
11 | CANAL DE-MAGE 51 88 0. 52 0.31 0. 32 0.008 0.012
12 | R10 RONCADOR 56| 88 219 1.31 1.48 0. 040 0. 060 |
13 [ RID IRIRI ' 491 90 0.15 g.39 0. 42 0.012 0.018
14 | RID SUREIL - “d ] B 1. 50 0. 50 0. 69 0. 016 0, 024
Northeastern Sub Total 59. 86 35. 29 31.2 1. 108 1. 662
15 [ B -MAUA 3| 84 0.%4 0.32 0. 37 0.008 0.012
16 | R10 ESTRELA 231 80 10. 79 0. 40 9. 14 0.328 0.492
111 | RI0 [GUACU it 16 20. 68 25. 86 21.34|  0.320 1. 230
| 172 | RID SARAPUE 171 16 16.15 35. 84 28. 19 1. 248 1.8134
18 | B. -CABD DD BRITOD 121 N 2.32 4.1 3. 817 0.1%2 0. 258
Northwestern Sub Total 50. 68 11,19 62. 81 2.576 3.864
19 { RIC S. J.DE MERITI 91 83 22.26 53.31 ~42.02 1. 34 2.826
20 | R10 1RAJA 1} 62 1. 41 18.43 15.00 0. 684 1. 026 |
21 | CANAL DO CUNIA 19] 49 11.98 29.15 23.93 1. 088 1.632
22 | B. =S. CRISTOVAD 23| 45 0.97 . 2. 1. 86 0. 084 0.126
23 | CANAL DO WMANGUE 23] 43 7. 50 18.33 14.82 0.872 1,008
24 | B. -BOTATFOGO 321 35 5. 36 13. 27 10. 85 0. 496 0. 144
¥estern Sub Total . 55, 48 135,33 108, 48 4. 908 7. 362
25 | 1. DO GAVANADCR 1 23| 66 2.83 5. 51 4. 45 0. 192 0.288
26 | 1. D0 FUNDAD 18| 52 0.20 0.1% 0,18 0. 008 0.012
27 { 1. DE - PAQUETA 43 ] 12 0. 09 0.12 0.10 0. 004 §. 006
28 | 1. DO ENGENHO 43| A6 0. 19 0.42 0. 36 1. 016 0. 024 |
29 | i.DE S.CRUZ 41 51 0. 10 0.18 0.15 0.008]  0.012
Islands Sub Total 3.41 6. 42 5. 24 0.228 |  0.342
River load Total 173,01 272.38 278, 62 0. 476 14. 214
Direct Load _
007 ] 43 3% - 2.13 - = -
001 46 | 5% - 6.10 - - - i
004 A6 | 56 - 2. 40 - - -
003 44 | 51 - 2.10 - - -
- 00g : . 40 { 41 - 1.0 - - -
021 : 45| 52 - 0.80 - - -
034 48 | 571 - 0. 66 - - -
gdd : 46 §1 - 0.51 - S
047 46 | 57 - 0. 48 - L =
062 48] 59 - 0.38 | - - -
E 113 ' 511 62 - 0.22 - - -
Bastern Sub Total . - 18. 32 - -~ -
015 171 16 - 1. 32 - - -
018 171 16 - 1.20 - - -
078 171 16 - 0,33 - - -
024 111 16 - 6. 79 - - -
D86 : 171 76 - 0.31 - - -
137 : 10| 68 - 0.16 - - -
Northwestern Sub Total : - 411 - - -
030 11| 62 - 0,72 - - -
042 il 62 - 0.52 - - -
051 : 321 36 - 0. 45 - - -
Western Sub Total - i.65 - - -
flirect Load Sub Total - 24. 11 - - -
Total 178.01 206. 49 228. 62 3,476 14. 214




Table 2.3-5(2) External Load uszed for Simulation in Rainy Season in Present

RIVBR INFLOY Rainy Season in 1991

e o Discharge BOD Cop ~ PO4-P 0P
o NAMB L] (=8/9) (t/day) | (t/day} | (1/day) | (t/day)
River load . - : :

-1 | B.-CHARITAS 461 38 1. 40 2. 14 161 0.048 0,972

2 | CANAL CANTO DO RIO 431 39 L10 2.15 .10 0.040 |- . 0.060

8 | B.~CATEDRAR 401 43 1.03 1.92. 1. 63 “0.036 0.084

4 | B. ~-NORTE CENTRO 401 47 1.15 2. 24 L1 0. 040 0. 060

51 RIC BOMBA _ 451 §2 4. 52 0. 34 7,26 0, 168 0. 252

6 | R0 IMBOASSU 521 63 3.80 1.08 588 0.124 0. 186

Eastern Sub Total 13.00 25. 44 20,00 ] - 0.45% 0. 684

T1B.~1TAOCA - 521 10 0. 817 1,684 1:31 0.032 | 0. 048 %

8 | B10 ALCANTARA 591 16 14.01 .. 2366 18. 81 [ 0.400 | - 0.600 E

9 1 Ri0 CACEREBU 80 81 34. 45 17. 91 22.38 0.29% 0. 438

10 { RIO GUAPIMIRIH 59| 871 40,93 5.93 17.94 0.124 0. 186

11 | CANAL BE MAGE 57| 88 0.82 0.46 0.55 0. 008 0. 012

12| RIO RONCADOR 56| 88 4.51 2. 00 2.4 0. 036 0.054

13 | RIO [RIRI] : 491 90 1.18 - 0. 58 ~ 0.7%5 0.012 0.018

14 | R0 SURU] 44| 87 2. 59 0.117 - 1.36 - 6,012 0. 018

Northeastern Sub Total ‘ 99. 36 52.95 65. 94 0.916]. 1.3

15 |.B. -MAUA . 3 84 1.18 0.48 |- 0. 6% 0. 008 0.012
16 | RIO ESTRELA 230 80} . 17.40 15, 43 15.05- 0.252: §.378
171.| R10 1GUACY - 17 16 - 33.34 38.08 33.82 0. 516 0. 924
172 | REO: SARAPUI 111 16 25.06 50. 96 39. 24 0. 880 1. 320

18 { B. -CABO DO BRITO : i2i 1 1.54 - 6.73 5.30 0.120 0. 180

Northwestern Sub Total 80. 52 111,68 94 10 1. 876 2.814

19 | RIO S. J.DE MBRIT} 9] 63 34.28 75. 35 57.33 1. 320 1. 980

20 | R10 1RAJA i1l 62 11. 09 25. 64 18. 60 0.472 0. 108

21 | CANAL DO CUNHA 1 191 49 18.10 41. 58 31. 6% 0. 1752 1. 128

22 |:B. -5, CRISTOVAD 231 45 1. 44 3. 10 2. 42 0. 060 0. 090

23 | CANAL DO MANGUE | 23] 43 11,30 - 25.5% 19.57 0. 464 0.696

24| B, -BOTAFOGO 321 35 8. 00 i3, 42 14.12 0. 340 0.510

Western. Sub Total B4, 21 189. 68 144, 71 3. 408 5.112

25 | 1. DD GAVANADOR 231 66 4. 35 1. 81 6. 21 . 136 0. 204

26 | 1. DO FUNDAOD 18] 52 . 30 0.28 0.21 0. 004 0. 005

27 { 1. DE PAQUETA 431 12 0.13 0.17 015 0. 004 0. 005

28 | 1. D0 ENGENHO 43 ] 56 0.21 0.58 0. 46 0.012 0.018

291 1.DE S, CRUZ 411 51 : 0.15 0. 25 0. 21 G. 004 0. 006
1slands Sub Total 5.20 9.09 1.30 0. 160 0. 240

River load Total 282.29 388. 84 332.05 6. 816 10, 224
Direct Load
0017 431 3% - 2.13 - - -
00l 46 1 55 - 6.10 - - -
094 46 | 56 - 2. 40 - - -
008 441 51 - 210 - - -
003 40| 417 - 1. 94 - - -
027 : 451 §2 - 0. 80 - - -
034 46| 57 = 0. 66 - - ~
044 . 48 | 81 - 0. 51 - - -
041 46 | 57 - 0.48 - - -
(62 48] 5% - .38 - - -
113 51 ] 62 = 0.22 - - -
Eastern Sub Total - 18. 32 = - -
015 171 16 - 1. 32 - - -
ts 171 18| - 1. 20 - - -
075 17] 16 - 0. 33 - - -
029 171 16 - 6.7% - - -
(86 171 16 - ¢, 31 - - -
1317 ' 10| &8 - 0.16 - ~ -
Northweslern Sub Total - 4.11 - - -
030 . 11| §2 - 0. 12 - = - -
042 : 11| 62 - 0.5 - - -
051 321 36 - 0. 45 - - -
Kestern Sub Total - 1. 69 - - -
Pirect Load Sub Total - IR} = - =
Total . 282,28 412,95 332.05 6. 816 10. 224




Table 2.3-5(3) External Load used for Simulation in Present Annual Mean

RIVER INFLOY ' Annual Mean value in 1991
' Discharge BOD Cop PO4-P o-P
NO NAMR I 13 ] (e3/s) {t/day) | {t/Aday) | {t/day) | (t/day)
River load :
1.|.B. -CHARITAS 46| 38 1.17 2. 35 1.89 0. 060 0. 090
2 { CANAL, CANTO DD R1D 431 39 0.92 1.84 1,49 0. 048 0.012
3 | B. ~-CATEDRAR 40 | 43 0. 86 1. 6% 1. 33 0,044 0, 066
4 I B.-NORTE CENTRO 40| 47 0. 96 1. 92 1. 54 0.048 - 0.072
5 | RTO_BOMBA 451 52 3.5 8. 00 b. 33 0. 204 . 306
6 | R10 IMBOASSU 521 63 314 6. 02 4,81 0.152 0,228
Eastern Sub Total 10. 80 21,78 17. 40 0. 556 0.834
1] B.~1TAOCA 521 10 0.731 14 1. 14 0. 036 0. 054
8 | RIO ALCANTARA 591 76 ). 11. 48 20. 01 16. 01 0. 480 0. 720
9 { RIG CACEREBU 60| 81 2161 14. 80 17.28 0. 320 0. 480
10 | R10 GUAPIMIRIN 59| 87 32.36 4,67 12.97 0.104 6. 156
11 | CANAL DE MAGE 51| 88 0. 67 0. 38 0. 44 0. 008 0.012
12 | R10 RONCADOR 56| 88 3. bh 1. 66 2. 11 0.036 0. 054
13 1 Ri0 IRIR 49| 90 0. 97 6. 49 0. 59 0.012 9.018
14 | RI0 SURY} 44| 81 2.09 0.63 1. 02 0.016 0.024
Hortheastern Sub Total 79. 62 4. 11 51, 56 1.042 1.518
15 | B, -MAUA 34 B4 0. 96 0. 40 0. 53 0. 008 6.012
16 | RI0 BESTRELA 231 B0 14.10 12,92 12.09 0. 288 0. 432
171 { R10 1GUACU 17} 16 27.01 31,97 21.58 0.720 1. 080
172 { R10 SARAPUIL : 171 76 20. 61 43. 40 33.72 1. 064 1. 596
18 | B.-CABO DO BRITO 121 1 2.93 5. 15 4. 98 0. 144 0.216
Northwestern Sub Total 5. 61 9444 78. 50 2.224 1. 336
19 | RIO 5, J.DE MERITI : 9] 63 28,27 64. 33 49. 68 1. 604 2. 406
20 | RI10 IRAJA 11] 62 9,25 22.04 17. 30 0.576 0.864
21 | CANAL 1O CURHA 191 49 15.04 35. 66 21, 80 0.920 1.380
22 | B.-S. CRISTOVAQ 231 45 1. 21 2. 67 2. 14 0.072 0.108
23 | CANAL DD MANGUE 23] 43 9. 40 21. 96 17. 20 0. 568 0,852
24 | B. -BOTAFOGO 321 35 6. 68 15. 84 12, 48 0. 416 0. 624
Western Sub Total . 59.8% 162. 50 126. 60 4.156 6. 234
25 | 1.D0 GAYANADOR 23] 66 3.59 5. 66 - 533} 0. 164 0. 246
26 | 1.DO FUNDAD 18] 52 0.25 0.23 0.22 0. 004 0. 006
27 1 1.DE PAQUETA 3| 12 0.11 0.441 0.13 0. 004 0. 006
28 1 1. DO ENGENHO 43| 56 0.23 0. 50 041 0.012| 0.0i8
79 | I.DE §. CRUZ 41| 5t 0,13 0,22 0.18 0. 004 0. 006
Islands Sub Total 4.31 1.15 6. 27 0.188 0. 282
River load Toial 230.19 330. 58 280. 33 B.136 13, 204
Direct Loa R
0017 : 43| 36 - 2. 13 - - -
001 46 | 5% - 6. 70 - - -
004 46 | 56 - 2. 40 - -
0§ | - 4] 51 - 2.10 - - -
009 40 [ 47 - 1.94 - - o
0217 451 52 - 0. 80 - - -
034 . 461 5711 - 0. 66 - - -
044 46| 87 - 0.51 - - -
647 46| 51 - 0. 48 - - -
052 81 59 - 0.38 -~ - -
113 511 62 - 0. 22 - - -
Eastera Sub Total ' ~ 18.32 - - -
015 171 6 - 1.32 - - -
018 ] . 17} 16 - 1.20 - I -
075 17| 76 - 0.33 - - -
029 : 171 1% - 0,79 - - -
086 iT} 6 - 0.3 - - -
137 ) . ) i0 ] 68 - 0,15 - - -
Northwestern Sub Total - 4. 11 - - -
930 11| 62 - 0.12 - - -
042 11 62 - 0,52 - - -
051 321 36 - 0. 45 - - -
Western Sub Total - 1,69 - - -
Direct Load Sub Total - 24,11 - - -
Total 230,19 354,69 280. 33 8. 136 12. 204
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k)

Open Boundary Concentration

The concentration of each index at the open boundaries was
given with the concentrations observed at the outside of the
bay (S5t.1).



2.4 Verification Test of the Hydrodynamic Model
2.4.1 Results of Calculation

The tidal current simulation in the Guanabara Bay was carried out

using a two-level model mentioned in the previous chapter. As

represeﬁtative distributions of the currents in the bay, current, -

As representative distributions of the currents in the bay, current
maps for the flood and ebb of upper layer and lower layer in dry
season,'rainy'season and énnual meén value are shown in Fig.Z2.4-1,
Residual current map are also shown in Fig.2.4-2. On these maps,
the thickness of the upper layer is three (3) meters as mentioned
before. ' _

The distribution map of vertical velocity averaged for a tidal is

shown in Fig.2.4-3.

According to the current map, the flow toward north and south is
obvious in tidal current in the bay.

The maximum velocity is about 80cm/s at the baymouth and about
40cm/s at the center part of the bay and channel in the western area
and 10;200m/s at the inner part of the bay in flood stream and ebb

stream,

According to the residual current map, there are several horizontal
circulation especially near the baymouth and between island and

island.

According to the vertical veloéity map, the maximum wvertical
velocity is about 0.4mm/s and the area  is near the baymouth and

island,

The order of vertical wvelocity is much smaller than horizontal

velocity.

Though we tried the calculation for three cases of dry season, rainy
season and annual mean, the large difference of current pattern

could not be found.

il
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2.4.2 Verification of the Hydrodynamic Model

" In order to evaluate the verification of the hydrodynémic model, we
showed two figures. '
The first shows the comparison of the observed welocity and the
calculated velocity at each point in the case of annual mean with
tidal current ellipses in Fig.2.4-5. |

The second is the comparison of the observed and calculated tidal
curves at Ponta da Armacaoc énd Ilha de Pagueta.

it will be said that calculated velocity and calculated tidal height
totally agree  with the observed one, though theré are some
differences between them, particularly in the upper layer of St.B
and St.H about velocity. . '
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2.5 vVerification Test of the Diffusion Model
2.5.1 Results of Calculation

The simulation for the distribution of salinity in the Guanabara Bay

was carried out using a diffusion model mentioned in the previous

chapter. Main purpose by this model was to determine the dispersion

coefficient in the area concerned.

We tried some cases on an assumption of wvarious dispersion

coefficients and finally set the coefficient as shown in Fig.2.3-5,

Fig.2.5-1 shows the calculated distribution of salinity using the

coefficient shown Fig.2.3-5 in both seasons.

Calculated.salinity concentration is 17-20 in the inner part of
western and eastern area and it is 24-30 in the area from inner part
of center to baymouth in dry season.

On the other hand, it is 11-14 in the inner part of western and
eastern area and in the area from control part to baymouth is 20-30

in rainy season.
2.5.2 Verification of Diffusion Model

Fig.2.5-2 shows the comparison of calculated and observed salinity.
Tﬁe calculated concentration is lower than the observed one in the
inner part of the bay in dry season, particularly.

There was, however, large difference in the salinity value by the
weather condition. Therefore, it is said that the distribution

pattern iz rather important in salinity.

On this aspect, it will be said that the distribution pattern of
calculated value totally agrees with that of observed one,

particularly in the rainy season.
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2.6 Verification Test of the Eutrophication Model
2.6.1 Results of Calculation

The simulation for the distribution of organic matters (COD and
BOD), nutrient salts (0-P and PO,~P) and DO in the Guanabara Bay was
carried out using a two—level'éutrophication model mentioned in the

previous chapter.

The results of the calculation are shown in Fig.2.6-1 ~ Fig.2.6-3
as a mean concentration of one tidal for upper layer and lower layer
of BOD, CeD, PO,-P, O-P, T-P ahd DO in dry season, rainy season and
annual mean. - Here, T-P means the sum of O0-P and PO4-P

concentration..
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2.6.2 Verification of the Eutrophication Model

In order to evaluate the verification of the eutrophication model,

we showed the comparison of the observed concentration and the

calculated concentration at each station for each index in dry

season, rainy season and annual mean value in Fig.2.6-4.

(1)

(2)

(3)

Organic Matters (COD and BOD)

There are some differences at some points such as upper St.13
on dry season and lbwer on rainy season in COD. It will be
séid, however, that the c¢alculated result agreés with <the

observed one to fully satisfactory degree.

Dissolved Oxygen (DO) _

The calculated values at St.7 to St.9 are larger than the
observed ones. It will be said, however, that the calculated.
reéult totally agrees with the.observed one.,

Nutrient Salts (O0-P and PQ,-P)

Though the calculated values are larger than the observed ones
in lower on dry season in PO,~P and the calculated are larger
than the observed as a whole in lower layer in all cases in O-
P, the calculation result agrees with the observed values to

satisfactory degree.
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