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ABSTRACT

A model to pra2dict the distribution of water Juality
parameters in three dimensions has bzen jevelopad, and
applied to several theoretical and real problems. The
mass transport squation is solved using a non-
dimensional vertical axis and an alternating-direction-
implicit finite differeance technique. The reaction
kinetics of the -~onstituents are incorporated into 2
matrix mathod which permits computation of tha
interactions of multiple constituants.

Fxtensive literatura raviews wer2 made to determine
the most anpropriate methods availabhle for th= .
computation of dispersion coafficients and colifornm
bacteria decay rates. Numerical invastigations of
dispersive and dissipative effects showel that the
three-dimensional model performed as predicted by th=
analysis »of simpler cases. The mass transport was than
linked to a two-iimensional vertically averaged tital
dynamics moiel for the Provid=ance River. A uniform
field was simulated, 1indicating mass conservation
errors of less than 0.1 %. Modeling coliform
concentratisns in the area revealed a mass consarvation
srror of as much as 3.5 %, due to an extrapolateil, tima?
varyini boundary coniition. However, tha mod=21l compared

quite closely to a set of fi=2ld data when no decay was
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specified,

Additional effort was devoted to the extension of
the model to a steady-state application, by replacinq‘
the time step with an iteration s2quence. This was
verifiasd bv comparison to analytical soiutions, and
demonstrated by application to a river confluanzse2
situation. Anoth2r application »f the time-varying
model was to point sourzes in Block Tsland Sound. A
two-dimensional mod=l pradiction was compared to the
three-dimensional distribdtion for the vettically
well-mixed case, and found very similar after several

tidal cycles.
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ORIGINA
I. INTRODUCTION OF Poo%LQ%i%?TIYS

Water Onality

"yater gquality” geneiallv refers to the ability of
a body of water to support a healthy rnatural ecosystan,
and additionally, to lend itself to the pleasares of
man, The addition to the water of any substance that
impairs this ability results in the dsgradation of water
guality. Historically, it has b¢en one 0of the
"pleasuras 2f man" to use hodies of water to dispose of
various waste products. When the ocean or coastal
vaters ware us2d for waste disposal, they were
considered to be an ideal and limitless sink, capable of
absorbing the wastes without reducing the water quality.
Indicators of water quality (dissolvel oxygern content,
biochemical oxvgen demand, fecal bacteria, heavy metal
concentrations) were expected to he reduced to normal
(ambient) levels due'to the great assimilative or
self-purifying capacity of the sea.

The growth of population and industrial production,
especially close to the sea, in the past century has
_begun to strain the assimilative capacity of nearshora
vaters. Many harhor; and confined bodies are so fouled
that the natural aquatic popunlations are destroyai.
Some areas that were thought to be in a natural state

have revealed dangerously high levels of pollutants
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(1)*. Some offshore areas close to vopulation centers
show marked degradation due to offshore dumping (2,3),
Yet in other areas, similar quantities of waste have
been dumped with minimal observed 111 effects. (4,5). 1t
is clear that under some conditions, coastal waters are
being taxed beyond their capacity; yet if conditions are
Suitable, the water can survive belng used as a dump.
Certainly, the need for waste disposal areas is pressing,
and land disposal presents equally complex problems.

The critical question, then, is to what extent
waste disposal in coastal waters can be vermitted,
withcut rendering the waters unfit for productive and
Pleasurable activity. Three aspects of this question
must be dealt with: (1). uhat levels of which
vpollutants will produce what harmful effects? This
question is the province of scientlists, and the answers
involve extensive and difficult laboratory and field
testing, with results that to date are unsatisfactory.
(2). Jhat methods can be used to reduce harmful wastes
to acceptable levels? Here tﬁe engineers join the
scientists to develop or improve methods of waste
treatment, outfall design, and environmentai monitoring
and modeling. (3). What are "acceptable Tevels" of
vollution? This question can only be answered by the

political vrocess. The public must define, through

* lNumbers in parentheses refer to listed references.
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governm=2nt, its economic priorities with reqgard to

pollution. The usual practice is to classify waters
’g accordinyg to the2ir suitability for various activities
under existing conditions, and to upgrade the waters
wvhenever possible (6). As indicated by the racent
defeat of sawar bond issues in Rhode Island {7), the
aE public is likely to accept some reduction of water

5 quality, rather than bear the cost of cleaning up.
o

i e ORIGINAL PAGE IS
; Water Quality Models OF POOR QUALITY

[ e

onestions (1) and (2), above, form the realm in

= vhich water quality modeling can bhe of use. The ternm
"model" has various levz2ls of meaning. Tn a general

sense, a model is "a conceptual idealization or

simplified represantation of a physical process" (A8).
g This could include physical (hydraulic) models. A

s slight vefinemant is to define a model as the

= mathematical expression of the physical process: that

7 is, th» application of the principles of WNewtonian fluid

mechanics with approximations apnpropriate to an estuary
or continental shelf (8). 1In the most specific sens2,
"model” refers to a mathematical formulation of the

| g physical probleam, along with an appropriate solution

technigue.

water guality modeling has two purposes; diagnosis
(identifying and isolating factors affecting water

gquality), and prediction of the effects of changes in
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the system. A predictive model offers a techniqua
videly useful in the design of waste disposal systanms,
The usnal objective is to predict the distribution of a
dissolved constituent or watar gquality indicatof.
Comparison of the distributions under different
circumstances can aid in outfall location and da2sign,
setting water quility standards, choosing optimum levels
of waste treatment, or anticipating the effects of
special circumstances such as sewage plant overflow
caused by storm runoff.

The mathematical mod21 involves solution of tha
hydrodvnamic equations and the parabolic, partial
differcntial egjuation for transport of a dissolved
constituent, by numerical techniques if necessary. Work
began oa this problem by using a one-i1imensional
approximation, a reasonable simplification for strean
flow with a plane source of material. This was shown %o
be useful in rivars and in lonﬁ, narrov estuaries
(9,10,11), The more difficult two-dimensional
computations have been appliad to estunaries and lakes
(12,13,174,15,16). In this case, either vertical
averaqging (13,14) or lateral averaging (15,16) was
employ=2d4 to eliminate the variation in whichever
dimension was least important. There remainéd
qpnsiderable uncartainty about the third dimension,
wvhich limited the applicability of these models to
éither shallow or narrow ostuaries. The solution of the

three-dimensional system presented a formidable task and
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pronised to consume larje amounts of computer time and
stsraqe. |

many estuaries do not lend themselves well to a
two-dimensional approximation. Estuaries with
insignificant lateral currents and depth variation are
rare. Although two-dimensional models can incbrporate
those variations, they éan shed no light on the effect
6f out“alls at different depths, surface versus
submer yjed discharges, or vertical stratification. A
particular problem posed by stratification is the =2ffact
of seasonal variation in salinity structure. Also, due
to the increasing use of relatively unconfined
continantal shelf wvaters for waste disposal, knowledg2
of the behavior of a disparsant in all three 3dimensions
becomes 2ssential. 1Information cﬁncerning vertical
distributions is »f particular importance in continental
shelf waters; for instance, the settling patterns in
barge disposal of sswage sludge-- a problem of

increasing concern.

The Prohlem and the Method

The greatest obstacle to developing a three-
dimensional model is that thaz vertical velocities are
largely due to gravitational flow, which can be
neglected in horizontal €low. Since gravity flow in

estuaries and seas is mainly due to salinity gradients,

i
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it would seem that the hydrodynamic and mass transport
models must be coupled-- a serious complication (8).

The hydrodvnamic‘models used to obtain the current

v( locitv input for the mass transport eguation have ased
an apprroximation of constant density, which is usel=2ss
in ohtaining vertical va2locities. Th2 approach to be
taken hera, in the absence of a working
three-dimensional hydrodynamic model, is to neglect all
vertical velocitiass, and model the vertical transport of
constituents by the diffusiva mechanism only, vhich can
incorporate salinity effects. This will ba2 justified in
Chapter TII, The model has the capability to utiliz=
vertical veloscities, however. Models to qenerate the
vertical velocity components, currently dnder
development, will permit full realization of this
capability.

A computer program to solve the three-dimensional
mass transport ajuation by an alternating-direction-
implicit (A.D.T.) finite difference method (17) has h=2n
written. A tidal current model has bezen developad for
the Narragansett Bay area (18), based on Leendertse's
long-wave propagation model (19). This has bh2an
employad to supply the required tide heights and
horizontal current velocities.

.ColifOtm bacteria concentration, the most widely-
used indicator of sewaje contamination, has heen modeled
only in a very sketchy manner, using a constant decay

coeffiriant (20), or 2an oversimplified advection model,
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vith a constant, two-zone flow approximation (21). In
addition, a well-iistributed colifocrm data set exists
for the Providence River estuary at the head of
Narragansett 3ay (22). This area is suitable for
model development, due to its well-defined physical
boundaries and sewage sources. This area is therefnr=
chosen as the ma>i21 ar=2a, with coliform bacteria as the
quality indicator.

At this point, it is wvell to define the
relatinnships of tha physical and bioschemical parameters
which form the system to he modeled. The features beaing
considered are shown in Pigure 1.1, modified from
Leendertsa's model (14). The advection model will be

discussed in Chapter V; the kinetic model in Chapter VI.

ORIGINAL PAC.: IS
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" bathymetry, boundaries)

TIDE-LEVEL HISTORIES > ADVECTION [— DISPERSION fe———sal inity data
ATMOSPHERIC (wind, surface —> u, v D,, Dy, D,
waves, rain, storm tide) (w=0) ’ ' :
A STREAMS (Providence R., — :
/1 Blackstone R., Pawtuxet R.) ¢ 3 :
WASTE LOAD TREATMENT CONSTITUENT TRANSPORT ——91 COLIFORM DISTRIBYTION ﬁ
NO TREATMENT 5| Mass-transport equation ;

|-—-'>nu'crition ;

— physicochemical<—] KINETIC MODEL

l_radiation 7 |
sedimentation .?

<—predation
4 ]

ey Sink

Figure 1.1. The environmental model

;
I
i
I

i

P Tl

B et e




bl ]

&
%

g"‘.nh 3 A»«‘T-S}

‘!am :&!}

{

ey

1

SER LA

E

[~
. !
i i

i

1

Y SRR

Ve

. 1
-1 Tl

L ]

€

ey

]

IT. WMASS TRANSPORT EQUATION AND SOLUTION

Basic Tquation

The equation for transport of dissolved or
suspended matter involves three mechanisms. Material is
transported by advection due to the m=2an tidal veloczity,
and by dispersion due to turbulent mixing. Also, matter
is transported into or out of the field at the
boundaries, inj2cted at sources, and removed st
regenerated by reactions in the field. Usihq the
familiar oceanographic coordinate system, in which tha
x- and y-directions are in the mean sea level plane, and
z is direct:d downward fron mean sea level, thé mass

transport equation is (23):

- % e 3= 0 B

where p is the concentrafion of dissolved constituent
u,v,¥w are ths x-, y-, z-directed velocities
ex, ey, @, are the turbulent diffusion coefficients
in the x, y, and z direction, respectively
S is the source-sink ternm.
The ahove includes approximafiohs'approprtate to

estuaries and continental shelves. The diffusion tecns
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express the time-averaged turbulent flux terms u'p' as

the product of an eddy 4iffusion coefficent and a mean
concentration gradient. They do not include molecular
diffusion, which for large bodies of water would be
several orders of magnitude smaller than that due to
turbulence, The velocities u, v, and w are tim>
averages over a period much shorter than a tidal cycle,
but longer than the turbulent fluctuations.

Spaulding (24) has found it helpful to non-
dimensionalize the vertical axis., This eliminates
complicated boundary conditions at the estuary bottom
vhere depth variations are considerable, andvalso
facilitates inclusion of the tidal variation in the
overall depth, Trhe parameter used to non-dimensionalize
is the sum of the mezan sea level depth, h(x,y), and tha
tidal height, E(x,y,t), at any time, The sum is called
H. A dimensionlass vertical scale, Ne is defined:

n -

z=£ or z = hH +§ (2.2)
H
Thus h ejuals zero at the free surfacz and -1 at the
bottom. A fairly complicatel transformation is required
to express Equation 2.1 in terms of the new vertical
cocrdinate,
From Equation 2.2, since H and z are independent,
~dz = H 4y (2.3)

Using th2 syabol 8 to represent derivatives in the x-y=-h

e veran
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Figure 2.1. Definition of vertical coordinates

i

11

L




[ e on ] gz
[Tas o] m‘

.x""“"{g

Ml ot
[ e

PR nrie

| PR §
[L

25

g.‘.';‘..‘..&

}JZJM,,

-

B __m‘i'% g:m

B

coordinates, the relationships between the partial 12

derivatives in the X,Y,2 system and those in the X,¥Y.,n

system are:

0 8 _ded o 8 - 2aHsR) S (2.4)
% 5L S0z &t 3t Hon

2 - & _ S(nH+D) S (2.5)
ox  ox Sx  H3Y

2 - & SH+E) § (2.6)

2 . 4

9z  Hdy (27)

To find the relationship betwveen the real velocity v and
the dimensionless vertical velocity, W, Equations 2.4 to
2.7 are substituted into the expression for the total
derivative D / pt. sSince by definition, Dh/ Dt = w, the
real vertical velocity is related to the dimensionless

vertical velocity by:

we wH* §(qH+D) 4 SH+E) 4y ShHD) ()
St Sx .3y

substituting Pgquations 2.4 through 2.8 into the
advective terms of Equation 2.1, rearranging, and
multiplying by H, yieldss -

SHp , SHup , SHve + SHup = H-'rn' (29)
st S x Sy S

e T T e L

TR RTINS



Koty

o

s

,«”{.‘5‘»:..'}

t(;’bl&‘u{l

o

ki

o
&

Smszomerd

13
where T, represents the dispersive terms.

To express the dispersive terms compactly, let

A S~ 3(H4R) S |
Ax  Sx 5x A8y (2.10)

A

)4

)

-~ 5("2H+E) Y
8y H(Sq (2"”>

O %o
x

Transforming the z-dlspersive terms by Equation 2.3, and
the x- and y-terms by Equations 2.10 and 2,11

respectively, the full equation for mass transport

becomes:
gHP + A‘Hue + SHV/) . (2.12)
+

H 'X—(e" )._,o_) +H r(e, H 8'[( é‘&) +HS

If one is willing to sacrifice some accuracy, the
dispersive terms can be expanded and simplified by
assuming the higher-order terms to be small., The simplifled

form is then:

S
HT, = g',(He" c%)b;:/ (He, g%> + %q %; 3%_2) (2.13)

Reaction Model Concent

The source-sink term, S in Equation 2.12 above,

includes the reaction kinetics, if any, of the water

RN
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quality parameter. The composition of the term willl
depend on whether the constituent is conservative,
undergoes simple decay, two-stage, or multi-stage

reactions. Examples of the source term formulations

follow:

(1). Salinity (conservative) (24)

S =0 (2.14a)
(2). Coliform bacteria (single-stage decay)
S = Cg +KC (2.14b)

(3). DO0-BOD (two-stage consecutive reaction ) (8)

B0D: 5 = Cgppp = K22Cao0 (2.14¢)

where K,, is the BOD decay rate
¥u 1s the reaeration rate

Coer 15 the DO defictt, Cofsat) - Coo

Cspo
boundaries,

Cssop is waste=load BOD.

(4). Nitrification (multi-stage consecutive) (8)

i1s sources and sinks of oxygen, i.e., at the

b AR et

i
i
4
%
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Crganic matter: S = Coy + Xy K
Ammonias S = Cop + Kpy N+ Xy N
Mitrite: S = Copa + K3 Na+ K3 Ny

xitrate nitrogen: S = C + K4*N*+ K31N3

where . 1s a concentration, and the subscriots 1, 2, 3,
and 4 refer to organic, ammonla, nitrite, and nitrate
nitrogen respectively.,

As the examples above indicate, this problem lends
itself to a matrix formulation. As suggested by

Leendertse, this is expressed as:

- -—
S =[K] P + 8 ‘ (2.15)
=
where S is the source or sink vector

[E{] is the reaction matrix

—>
" i1s the concentration vector.

3

For example, in the DO-BOD system, this becones

S = :K]B -&g

—_ ——K” *KIZ. CDO K“ Cbo(m') + C
! 0 oLKa C eoo

Spo

C sa0o
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Numerical Techniques

A basic aporoach to an initial-value problem
expressed as a set of partial differential equations is
the finite-difference approximation. This means that
the differentials are expressed as a small but finite
step in space, over which the valuables of the dependent
variatles are calculates repetitively at similarly small
time ctews. The followins integer subscrints will be used
to denote spatial increments and the time step in the

corresvonding directlons:

m: x-direction
ke y-direction
n: qfdirection
1l: time

ror varabolic, and also for ellintic, equatlons,
the alternatins direction method (17) has been
effective. This involves svlitting the equation into a
different level for each direction, and advancing in
fractions of time steps. The advantages are
unconéitional stability, sultability for an impllcit
solution, and the ability to solve by a tridiagonal
matrix technique. This method was extended by Douglas

(17) and Douglas and Gunn (25) for three-dimensionsl

I
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computations, ani will he employed in the present study.
An additional refinement is to choose a space-staggered
grid system, as shown in Figure 2.1 (17). Th2 purpos=

of the stagqgered grid is to have each variable center=d

between the ones upon which its calculation most

‘depends. The distances are expressed as the products of

the afor2mentioned intaj2rs, m, k, n, and the spatial
grid sizas 0x, Ay, aW., The mass density, o, is now
called P, to indicate that it is an avetage value over
the grid volume, rather than a point function. The

functional relation is now exnressed as (24):

L
The following differance operators are definel:
L L L
‘S\x pm,k,vx = p"‘“é n - pm-lz, K, n
V4 /4 £
(S\/ Pm,k,n = pm,kéji,n - Pm)k-'a,n
/4
P = £
59 Py pm,k,m—'i - P,k -5

The first aguation below calculates the x-directed
concentration variations from time-level [ to .£+%.
These values are then nused to calculate the y-direrctaid
variations from time-lavel 1 w% to ,£0§. Finally, the
h-variations are calculated from level ‘103 to L+,
using the previously obtained values. This conmplates
the time step. fising the approach of houglas (1 ), tha
finite-3ifference form of Fquation 2.12 is th2 following

three-equation system (24):

;
%
j
3
;
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h- Mean sea level depth
§- tidal height

u, v, w- velocities in x, y, » directions respectively

P- mass density

Dy Dy, Dz- Dispersion coefficients

Figure 2.2. Three-dimensional space-staggered grid system
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(1P) ’(H\‘-’)z ! 5,(uu9>" 3 -1 S, (UHP) +L5 (D,Hsu(P))
at
+ 8,0, 1 8,00 1-5, (uwe)t - Sy (o)L + 3y DyH& )"
+é\vz (%SV)(P)) FSHE (2.17)
2 \ |
wot - et s (w23 L S,nR) Ly 5, (DKHJ,@))!'?
a1
+4 3, (DXH&((P))E Sy (\/HP}£+ y dy (vup)d 5 S y (DyH Sy (P))I
+5 8y(dy Hé‘y@)z dy (wHP) + sz (D‘ Sy @)* (2.18)
+l
(HP)I (HP) = _._5 (uHP} 3, : (uHP) ‘S;(D,H.S ('p))ﬁ"‘

L 5,0 M5 L Sy (D) L3 Sy(vuv)l.yl&/(v W)
+5 8 n,as@»f-—sv,w\wﬂ*' .s,,wmv, évz@))“

+3 39 (35 %1 @)* (2.19)

A simplification can he made bv suhtracting

Fquation 2.17 from 2.18, and 2.18 from 2.19. This

yields (24)

2 ((Hp)"'**(up)) Sy (unpt_ 3, (ur9)t
~+ 3,1 (D*H(Sx \P)) +3 er (DxHSy(P))L -2 8\/ (VHP)I"'Z J‘? <u) HP)

v28, (oynay @) 4289 (B 4y ) -2 ustt (200

2 ((E Rt = -5 sy )
2 3y (Dy H Sy NEF _ 8y (0,8 (2.21)

19
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%c ((HP)I'H— (W p)'l"%) = -8 (wHP)b\ + Jy (wHP)I'
LSy (SO Sy (mye) (22

The source-sink term, (HS) 1

n Equation 2.12, is

approximated by the reaction matrix scheme. In finite

diff-rence notation, this term bhecomes

Ly dmex 24 WL (2.23)
(s e 7 Gy pYH 4 (us

wher~ the subscripts i and j dist
reaction matrix.

In the above, the value of P
previous value of P is us=2d, accu
alternative is to estinat2 a newv
Equatinns 2.20, 2.21, and 2.22.
be readvanced in time using the e
the accuracy, but doubles tha conm
additional accuracy gained by thi
Aoes not justity the2 additional c

requiremant, and is ther=fore not

inguish elements of the
+2 .

i is unknown. If the

racy is lost. Th2

L
valua for Pf”

from
Then the solution must
stimate. This restores
putational time. The

s pétimation normally

omputational timz2

used in this stulv.
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I1Y. MFTRONS FOR CALCULATING DISPFESION COEFFICIENTS

nefinitions

pualitative jefinitions of diffusion and dispersion
have been suggested by Holley (26): "let diffusion
refer to tr;nsport in a given direction due to th=
differance between the true convection in that direction
and th2 time aéeraqe of the convection in that jiraction
. . . Lat disparsion refar to th= transport in a given
direction due to the difference hetveen the trua
convection in that direction and the spatial average of
the convection in that jirection." Briefly, 1iffusion
is due to molecular and turbulent motinn, and dispersion
is due to the variation of the mean velocity across a

section.

A 1iffusion coeffici=nt 1s given by

nxz“_d‘o'z" (?-1)
2 1t

where a, is the m=2an square dispersion of partiéles
(27): in other words, the standard deviation of the
concentration distribution in the dve plume. This
consists of a molecular and an eddy Aiffusion term. The
former is neqligible, aspacially in open vaters, wher2
the molecular effact is several orders of magnitude

smaller than the eddy effact.
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22
prandtl expressed the dAiffusion coefficient in

terms of fluid turbulence (27):

D=1,V oz (3.2)
where 1, is a mixing length, and ;Ti is the mean square
velocity fluctunation, The mixing lenqgth can he dnfined
in sevaral ways, and will be discussed in a later
section. The velocity fluctuation is the differance
between the velozity at any instant and the mean
velocitv:

u = a4+ u' (3.3)

The mean square disparsion is agiven at any time by
the concentration of the dispersant at a distance X
(28)

o
T, = x? ¢ (x) dx .

Coby J
where h, is the initial width of the natch of
dispersant, and c, is the initial average concentration
therein. PFoxworthy fonnd that as the time scale of th=
process increases, the value of ¢ is time-dapendent
(29). For small, intermediate, and large time scales,
was found proportional to tz, 53, and t respectively.
Thus the diffusivity is determined by different
fFunctions of time, until the time scale is such that the
patch has bescome larqger than the ~haracteristic eddies.

This is called the asymptotic phase.

Oceanic Niffusion-- Horizontal ‘ DRIGINAL PAGE 18
OF POOR QUALITY

Tha horizontal eddy 1iffusion coefficient, in the
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absenc2 »f a stream flow, is generally taken as a

functicn only »f a length scale, which increases as the
patch disperses. The simplest definition of the scale,

1l is the width of th2 patch at a given time (27). As

X
a mixing length, lX is dafined as the characteristic
distance traveled by the eddi;s beforz losing their
identity. This, howaver, is not a very useful
definition, Taking the scale as the patch wilth, this

is variously defined according to the dispersion G.

For lateral diffusion (27):

1X= 4q {(1.9)
nr, for a line source, so that 1x=h at x =02

= 2V3¢ (3.6)
For radial 1iffusion, Okubo gives (30):

1,= 30p (3.7)

where the subscript rc signifies the radial
distribution. The above all specify that 95% of the
Adiffusant is contained within a distance of 447, 293¢0,
or 30 .

Oceanic turbulent Aiffusion is considerel to
consist of three phases, correspondiny to‘the—
aforementioned time scales (29):

(1) . eddies larger than the initial dye patch,

(b). eddies zomparable in size to the dye patch,

{c) . eddi=2s smaller than the dye patch.

(c) is the asymptotic phase, and pronduces the qreatest
rate of mixing,. In finite dif€erence modeling, th2

‘ Cos s ‘ :
requiremant of an initial averaqe concentration

i
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throughout a large finits volume makes it reasonable to

assume that the 4diffusion is in the asymptotic phase.
7f the model scale is such that eddies larger than a
single grid exist, the cddies then appearas part of the
velozity field. As the resolution of the hydrodvnamic
model is improvail, the dispersion terms hecome less
important.

The basic rz2lation considered to hold for oceanic
turbulent diffusion, in the asvmptotic phase, com2s fronm
Richardson's law for atmospheric iiffusion (31):

3

Dy = atly (3.%)

where D is the horizontal eddy diffusion coefficient,

and Gb is the dissiration parameter, This is called the
- "four-thirds law"., Many field measurements of the

diffusion coeffizient hava been made. The general

i

procedur2 is to use a fluorometer to measure the

sy

concentration of dys tracer at a known distance and time

from its injestion., The coefficient is calcnlatei from

{26) 2

(Q'zz - 0'11) (3.9)
2 (tZ - tl)

In the attempt to determine the validity of‘the
four-thirds law for diffusion in ocean waters; an&,to
determine the values of the coefficient, compilations nf
the field data have been made by Yudelson (32) and Okubho
(30y. Their diagrams look very much the same. But

Okubo, in the mora2 recent report, has the mora
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enlightening conclusions.

figure 3.1 shows diffusivity versus length scale
for data obtained in 84 survays (32). The locations
include laksas, 2stuiries, bays, coastal waters, shallow
seas, and deep ocean. The lines drawn are the
four-thirds law for diffarent values of the coefficient
(0.1 t» 0.001 cmz/sec.). The scatter spans two orders
of magnitude. This is not entirely surprising,
considering the variety of locations. However, viluas
for different ncean locations are as widely scattered as
any. ¢Yudelson notes that many points fall on tha 4 /3
pover lines for «Dhs of 0.02, 0.01, and 0,005 cm;z/se:.
This happens in the middle range of &, from Mm. to
10km., which is the most useful range for mod=2ling.

Okuho (30) shows a diaqram, Figure 3.2, very
similar in appearance to that of Yudelson. The data are
from twenty investigations, all slightly more recent
than those cited by Yudelson, Retween the two lines
delineating the four-thiris law, a shift from léft to
right with increasing scale is apparent, indicating that
the overall exnonent is less than four-fhirds. This
treni is also apparant, although not notad, ‘in
Yudelsont's diagram.

Fitting 7ﬁina to his points by eve, Okubd offars

(30y ¢

1.15
Ne= 0.0103 1y : (3.10)

vhich has also been drawn in on Yndalson's Aiagranm.

nkubho suggests that the four-thicds pover law is valid

ORIGINAL PAGE I8
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only locally for some length scales, This is shown by
dotted lines fitted by eye, where:
o, 0.008 for the range 1.5x10° cm<1,<2x10 cm.
%o~ 0.01 for the range 10%cm. <1,<1.5x10%cm.
&yA 0.03 for the ranme 10*em.< 1,<10%cn.
Obviously, the data sets used by Yudelson and Okubo do
not coincide very well (Okubo's line, Zquation 3.10, is
to the risht of almost all of Yudelson's points). In
the interest of precise comparison, both data sets
(ref., 32, pp.4=2 to A-8, and ref 30, »0.793 to 795)
have been subjected to least~squares fitting, and are
drawn in Figure 3.3. #Also shown is a four-thirds law used
by Koh and Chang (33) in a barge-dumving model, in which
o= 0.00015., For the data of Yudelson and Okubo, only
the noints in the useful range for modeling, 1 meter to
100 kilometers, were used, The equations obtained, and
the standard deviations in orders of magnitude (since it

was a lorarithmic operation), are as follows:

Okubo:
L= 0.0366 1,°°%%, 1,1n cm., standard deviation 0.051
Dy= 0.00136 1,707, 1, in feet (3.11)
Yudelson:
B,=0.0655 104 1 in om,
3= 0.00333 1% L 1 in reet (3.12)
standard deviation 0.3056, 1L3 data points
Composite:
5= 0418 1:'”833, 1, in cm.
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0.99833 30
D= 0.0059 1, . l,in feet (3.13)

x

standard deviation .3445, 198 data points

Fquation 3.11 is slightly different from Egquation
3.10, du2 to the dropping of data for 1, greater than 10’
cm. The slope of ths composite line is reduced because
Yudelson's data included more points in the lower range
of 1, than d4id that of Okubo. Perhaps because of this,
Okubo's relation is preferable for offshore models.

nkubo was very demanding in his selection of data,
requiring dye releas2 to res2mble a.point source, and
the distribution to be measured according to certain
specifications. It is not likely, though, that this
justifias ignoring Yudelson's data. The composit=
relation is probably most representative, although
Okubo's is more attractive. If there were agreement
about tha localities in which the four-thirds power law
holds for a certain value of &« this law might be
useful. But that Aoes not appear to be the case.
Equation 3.13 indicates that n, may actually be directly
proportional to l.

studies of dispersion in unconstrained waters
indicate the variation of the dispersion coaffizieant
only as a function of the scale. In rivers and
estuaries, other factors are inclqdad: mean flow
velocity, the bottom roughness as expressed by the Chazy
coefficient, the 1epth of the water, wave action,
hydraulic radius, and tidal period. An approach to

modeling horizontal diffusion in open waters would ba to

[
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assigyn a value of D, to sach spatial grid by one of the

equatinns 3.1, 3.12, or 3.13. The lenqth scale would
be twice the d1istance fron the qrid to the point of
origin of the pollutant. This means that dispersants
from sevaral sources wvould have to be modeled as
separate constituznts, using a different set of

dispersion coeffizients for each source.
vertical Diffusion coefficients

niffusion in the vertical direction is restrained
by stability, by +he bottom and the free surface, and by
the magnitude of the gyertical component of flow, which
js normally very small realative to horizontal flow.
Thus i+ has an effect saveral orders nf magnitude
smaller than that of horizontal disversion. The latter,
however, is still a small effect when dispersive
transport is compared with advective transport (14).
This is not likaly to be the case in the vertical
direction, since the vartical flow is also very small.
vertical diffusion and vertical advection are verv
closely related =2ffects, since they are driven by the
same force (instability). since diffusion is also
highly dependent on wave action, it is likely to be nmore
important than advection. This indicates that ignorance
of the actual vertical advéctionﬁyor the inability to
simplify it to Einite-differeh¢é grids, may b2 pa;tially

overcome by using diffusion aléne to model vertical
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Tha simplest method »f calculating the vertical

diffusion coefficient, D , is correlation with the

Richardson number =
Ry =g 1 0-7(_u_)7' (3.14)
P E’ﬁ/ h

This incorporates stratification and the rate of lateral
flow. Howevér, since vertical diffusion is a sensitive
process and difficult to measure, it has provad vary
difficult to define this relationship. All the
correlations listed in Table 3.1 have been offered
(33,34y. ralculatijon from the Richardson number would
requir2 salinity and temperature, or density profiles
from the region of interest.

The only general approach to determining DN, is to
measure the vertical distributinn of some constituent in
the region of int2rast, and note the corresponiing
physical factors, such as surface vaves, the salinity
profile, depth, and currents. This has been don=2 for
heat and for suspended matter by Sastry and Okubn (39),
and Tchiye et al. (36), respectively.

Ichiye et al. obtained an in-depth picture by
measuring the distribution of suspended matter in deap
waters, for nine widely separated stations in the
carribean. Yet not enough data were obtained to relate
eddy diffusion to static stability conclusively. n, was
found to vary both horizontally and vartically. In the

upper layer of the sea, to 150 m., Dz varied from 0.7 to
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Table 3.1. Correlations of 2 with Richardson wsumber 33
or Density Gradient €
D,, = 3, at R; = 0, the neutral case
J<] is = »rovortionality constant
-1
Rossb: & Y¥ontgomery, 1935 (33) D,= Dzo(HﬁQi) {(3.19a)
\-2
Rossby & Montgomery, 1935 (33) D= Ozo(\-q—BRD (3.15%)
Holzmen, 1943 (33) Dz =Dy (I-B‘R-.)') R; < —A— (3.15¢)
Yamamoto, 1959 (33) Do= Dz (1-8R)4Ri 2 5 (3.15d)
Mamayev, 1958 (33) D, = D2o e,"aﬂi (3.15e)
-3
Munk ¢; snderson, 1948 (33) D, =D,, (1+B8R)™= (3.15¢)
B=3.33
Harreroes, 1968 (33) Dz= 5¥|0~3€~} C.W\Q/SCC. (3-15’7)
5x1077¢ e ¢ 15x1075 ey
Kolesnikov, 1961 (33) D,=D,,+6 , cwm sec. (3.150)
-5
Dy =12 B =83x10
Dzo = 2 B = 10.0¥10~5
Koh and Fan, 1969 (33) D, =10"%¢ (3.151)
451077107t
Guttman and Huang (34) D, =ul R;-B/"’- (3.153)

L ) leu%""l\ scale

u, velocity scale of motion
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8 em?/sec. In intermediate depths it was between 5 and
13 em?/sec., and from 0.2 to 2 ecm*/sec. within 80 =, of
the nottom.

iullenbere (37) offers a definition of U, and =&
simple relation based on measurements 1in shallow wnter,
14 to 30 meters. He finds that stratirfieation and wind
velocities nave marked influence on vertical diffusion.

The survey was based on the following definition:

D, = __4h. (S (3.6
z Tt ln\C) ( 16)

where h, 1s +he half-thickness of the dye layer, above
or below the point of injection. Kullenberg derlves the

follouing relation from his experiments:

D, = 84x107° WN;" dg (3.17)
dz
where 4 is wind velocity, m /sec.

g is the horizontal velocity vector, m /sec.

.. is the stratification number, gdp, _1
] paz sec?

some sort of vertical velocity vnrofile must be
obtained to estimate dq /dz. The obvious criticism
of this relation is that it implies no vertical

34

diffusion in the absence of wind, and infinlte diffusion

in unstratified waters. The variation of D, with devth
1g devendent on the Tunctions chosen for NS and da /dz.
sastry and Okubo (35) suggest a method for

obtaining heat diffusion coefficients, vhich could be
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applied to concentration by analogy. The method

reguires knowledge of the temperature (Or concentration)
profile, and the absolute vertical velocity profile, in
the watérs of intarest. The governing assumption is
that the sum of vartical advection and vertical eddy
diffusinn is the same at any depth. A value of D, is

estimated for a ~ertain depth, say 100 m. Thanz

_¢oTY" 3.18
D, = ( 35 [wT - w e + (D %—’-‘;)\oo] ( )

Tf the temperature T and the vertical velocity v
are known at all depths, 1 profile of D, can be .
ohbtained. The assumed value of {(D;);4 must be chosen
on whatever information is availabhle, hut values vhich
vould make D, n2gative at some depth, or unreasonably
high near the surface, compared to measurements found in
the literature (33), can he eliminated.

. The most €flexible and most comprehensive method is
that offered by pritchactd (38). Based on measurenments
in the James Riv2r, it calculates N from the Richardson
number, wave parameters, horizontal flow, depth, and
empirical coefficients. Although the coafficients have
only been obhtained for the James piver, the formulation
was designed for partiallv—mifed estuaries, and should
be fairly general. since field measurements of
stratification ar2 required for all methods, some
diffusion measur2ments taken at the same time would

permit adjustment of these coeffizients. Pritchard's

formulation is:

§t sa e ek

o
5
b
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2 2 -2 -2 36
- 2 (H- : -2) WH eypl- .
D,=R1el é.p Z> !\.43,,@.) +dpZ fHHz e eyp\L"ZNan)(HBPR') (3.19)

vhere we, f3,, dp are adjustable coefficients

7 is distance downward from the surface

WH is wave height

WL, is wave length

WP is wave period.

This formulation has been used by Spauldiny (11)

without changing Pritchard'sbcoefficients. No matter

which method is used to calculate nz' some field

information is necessarv. 1In the open ocean case, if

diffusion measurements cannot bhe made, values must be
assumed based on the most similar cases in which ™

measurements have been made (33).

Horizontal DNisparsion in Estuaries

£
I

Mass transport in estuaries is usually dominatedi by

currants caused by tides or river inflow, and the effect

i

of bottom and shore is more pronounced than in offshore

areas, For thesa reasons, a length scale is not

considered sufficient for calculation of D, and ny.

Methods that have heen us2d for estuaries are based on

the mean current velocity, and are tharaefore said to
calcuiate disparsion coefficients rather than diffusion
(14,39 .

Holley, #Harleman, and Fischer {39) present a rather

complicated scheme for tidal estuaries. It appears to

be anplicable to wide cnastal bays if the hvdraulic
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radins is “aken as equal to the depth. New physical

factors taken into account here are the ascillation of
the tidal flow, the Chezy co=fficient, and the width of
the bhody of water.

The method begins with Elder's empirical relations

for longitudinal, lateral, and vertical dispersion (40):

Ny = 5.93 hu* (3.20)
Ny = 0.73 hu¢ (3.21)
D, = 0.067 hu* (3.22)
where
3
u*=|_a__ G

¢, is the Chezy coefficient
hzis the hyiraulic radius, which is taken

equal to the depth.

Two dimensionlass variables incorporating tthe tidal

period are introduced:

T = T./¥

H fy/ Dy (3.23)
T = TR -

v D, | (3.24)

where b is the estuary half-width

h is the depth

T, is the tidal period.

Holley et al. then produce a formula relating the
diffusion coefficzients in each direction to the
coefficent for an infinitely long tidal cycle, Ny.

Fortunately, for vertical variations in the mean flow,

this reduces to:
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D, = Doy = 5.93 huf (3.295)

\j

For transverse variations,

LPe o)

Dot (3.26)

and

¥ Wz
Doot = hzu (\0'30 u >

(3.27)

33 where u''? is the cross-sectional average of the
squared velocity fluctuations, and

u't = Q(D(z--‘iz)sin(glr__rt) (3.28)
Very little is actually known about the likely values of
u'', and a value of the dimensional constant oy pust he
assumed. In the above, D, and D represent the
lohqitudinal dispersion dAue to vertical and transverse
velocity variations, respectively. If the velocity
distribution is known, Dy can be taken equal to the
larger of n, or D,. If not, it‘is recommended that D
he taken.equal to Dy.

Leendertse (14) offers the most appealing method
for calculating dispersion in an estuarv. fe also
starts from Flder's equations, 3.20 and 3.21. The
trouble with these is that they indicqte no dispersion
in the ahsence of a mean flow. However, it is clear
that dispersion in a natural body of water will still he
considerable, due to turbulent motion and wind effects.
Leendertse assumed the following functional
relationships:

D = f, (U, Cp, H) + D (3.29)

X w
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where D is a d4iffusion coefficient dzpendent on wave
and :ind conditions, and on the lateral diffusion.

Tor use in this development, which is to be applied
to a nartially-mixel estuary, Pritchard's methol for the
vertical d4iffusion coafficzient will he used (Fquation
3.19). The horizontal disr sion coeffizients can hast
he calculated from Rquations 3.29 and 3.30, using
Equations 3.20 ani 3.21 as the functions €, and £,. The
valuz D, can ha taken as a di ffusion coefficient, Aas
calculated from Equation 3.13, using a typical wiith of
the estuarv as a lenqgth scal2a. This would permit
adaptation of the same methol to offshore areas, whether
or not the mean flow is dominant over turbulencz.

Table 3.2 summarizes the aspects of the difterent
methods presentei. The information listed nust either
be gathered in the field, or assumei similar to 3ata
alreadv available (if it is not self-evident, as woulil

be values for th2 length scale).
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TABRLT 3.2. Computational methods f;)r: diffusion 40
coefficients
Reference Equations Required Information
) Horizontals:
1. Dower laws (27,26,27)
11, 12, 13 1y
¥ 2. FRlder (39 20, 21 hy u, Cy
-..3 3. Holley et al. (39) 20-28 h, u, Cy, by T, u'
v LA 4. Leendertse (14) 29, 30 h, 1, Cp, Dy
""’M. "§ Vertical:
g 2
! _ 1. Kullenberg (37) 17 W, N°, dq /42
. # 2. Sastry and okubo (35)
. - 18 vertical velocity
i ‘ﬁ concentrations
Q N, at some depth
F 3. #olley et al. (39) 25 h, u, C
: 4. ©"ichardson no. (33,30)
" o 15 Rive Dzo o & I}
] j-’ 5. "ritchard (38) 19 Rie Uy Zy .WH, Wr, WL

e %o, Bp
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Iv. INVESTIGATION OF COMPUTATIONAL ASPECTS

"ha finite-4ifferences equations presented in
Chapter II are, of course, only approximations to the
mass transpoart ejuation. It is essential to know the i
affects of the approximations. TIp order for the modal

to be useful, tha numerical and true solutions must

35 converye as the gpid size and time step are decreased.
,f For simplified cases, analvtical proofs of convergenca
.i§ :E and stahility can be made. For the more complicated
;? :[ system under coasidesration, it is desirable to
I | .
,i demonstrate the computational veracitv with some
z i simulations, This has not been Aone previously hecause
ﬂé of liritations in computer size and speed. However, the
:ﬁ :E time was taken hare to attempt verification of some
% - predicted computational effects. ;
Converqence %

In order to demonstrate convergence of the

numerical solution with an analytical solution, a
rectanqular basin with a constant, unidirectional
current and an instantaneous plane source of material
was simulated, The solution for these conditions is

given by Diachishin (41), as follows:

DAL LR ek o
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p-  gh exe [- 4 Dot (4.1)

411Dt

where qg is the instantaneous plane source strength

per unit Area,
Ny is the longitudinal dispersion coefficzient,

¥ is the downstream distance,

M is the constant stream velocity, and

+ is the time elapsel after injection.
The plane source wds simulated by a row on2 grid wile,
across the entire width and depth of the basin. Into
this rovw a relacively dilute constituaat was injecteﬁ
over one time step, so that the total mass injected per
cross—-sectional sguare foot was aqual to q& « The
distribution was printed at chosen time steps as the
constituant was advected and dispersed downstream, It
is expected that as the time step and grid spacing are
decreased, the finite-differance and analytical
solutions will converga. Thus the simulation wvwas
perform2d for both large and small time steps and grii
spacings.

The results of the simulation are shown in Figures
4.1 and 4.2. Tt is ohvious that the simulation is very
poor for the large values of at and Ox, and that the
solutions are converging to an acceptable representatian
as the sizes are reduced. One may note that 2ven in the
better case, th2 simulation is still rather poor after
the shorter simulation time, This is because the

material is already distributed over one grid Ax in
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t=750 sec. __ __ Analytical solution

Simulation

i _ 2
gpl— 12500/f%
Ax = 1000 ft.
At = 250 sec.

N —
7 Source T 000 2000 13000 4000 15000 6000 J x, ft.

P, -

1=3250 sec.

10

;/
™
45/ 1000 2000 3000 4000 5000 '6000 x, ft.
~———]

[
Figure 4.1. Plane-source Simulation. P(x,t) vs. x for large time, space increments «
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Figure 4.2, Plane-source Simulation.
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P(x,t) vs. x for small time, space increments
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width, rather than being planar, at the source. As the

constitvuant procesds downstream, this error becomes less

signiticant,
Stability and Accuracy

Stahility is the r2guirement that errors introduced
in the comopuntational method 4o not amrlify in an
unlimited marner (19). A definition of stability is as
follovs (1?):

If Dl is the theoretical solution of the finits

Ty Kn
di€ference 23juation, and'ﬁl

is the numarica
v, K n rical

solntion, than stability exists jif the difference

{~rror),
i i o=l
ZWHKM= Pmym Pmkm

(4.2)
remains bounded as I increases.

For a parabolic or elliptic linear equation with
constant coefficients, the alternating-direction-
implicit method has been shown to be unconditionally
stable (17,42,43)., Spaulding (15) has proved
unconditional stability of his method for the
two-dimansional latsrally-averaged mass transport
equation, wifh the restriction that the dispersion
coefficients aré constant.

According to the von Neumann method of analysis,
the error zf“ﬁ%“ (Equation 4,2) is hacmonically

decomposad into the error furction

I
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where the frequanly g;is artitrary,

Ay is the amplitude,

fuds

= square root of -1.

only a single component, j = S, need he dealt with. To
follow an errocr as time increases, th2 error heing z2ro
at time t = 0, th=2 solution of the finite-difference

ecquation is taken as

agt L PsX

e e

LBsX

The error e #ill not grow with time if the criterion

| e%s®] ¢
(4.4)

is met, For the restricted cases described, expressions
for th= parameter e“’t can be ohtained, and can be
computed to meet this criterion, thereby proving
unconditional stability.

Although th2 ejuations of Chapter II do not meat
the ahove restrictions, and stabilitv has not been
proved for this case, there is numerical evida2nce that
stability arguments will remain valid (17,43). In the
applications to pe described in Chapter Vit, the
computational method exhibited stable behavior at all
times, when correctly posed.

In a simpler sense, stahility is also govern2d hy
the dimensionless paraneter gé%_, which is considered 2

pasic stahility indicator of finite diffarenca methols .

ppm o e A B SR L
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- The criterion is:
4 ust| 2 f . 5)
AYXY

vhere * lepends on the type of differencing systen

Fooued

employed, and is typically of the order of unity. This
4 normally rejuires that a particle must not be advecte?

across an entire grid during one time step,/and thereby

lost. A similar, but less demanding Zriterion involves

the dispersion cos2fficient:

Dxat| 2 ¢ (4.6)
(a x)?
which is less demanding because it is easier to meet for

}

Ty

e

real bondies of water.

The accuracy of the alternating-dirasction implicit

method has been calculated by Douglas (17) to be of the

order of (Ax2+ Aiz), whera Ax is expressed as the
fraction of the mddel length spanned bv one grid, and At
as the fraction of the simulated time spanned by one

i step., The desirel accuracy, combined with th2 critaria

of Tquations 4.5 and 4.6, will give an idea of the time

and grid incremeats required. However, the g2ometry of
! the water body may impose stricter limits, and, as
described below, th2re are other numerical effects which
require consideration.

Dispersive and Dissivnative Effects

Stahility and convergance alone are not sufficient

numerical effects of concern are disparsive and

l conditions for a useable mod2l. The additional
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dissivative characteristics. These are definad in teras
of a number éf superimposed Fourier series, of differant
frequencies, which constitute the spatial variation of
mass densitv., T™he dispersive effect is displayed when
the components in the computational model propagate at a
speed different from that of the analytical solution.
The dissipative effect is evident when the componants
decay in amplitude without any physical reason. Since
decay for physical reasons, such as dispersion and
biochemical reactions, will axist in the real problen,
it is cssential that the dissipative error not be large
enoungh to be confused with any real descavy.

For this purpos=, analytical investigations of
these affects have been performed (14,15). It vas
necessary to analyze a.simple one-dimansional mass
transnort eguation for a rectanqular hasin, Tharefore,
it is Aesirabla to compare the performance of the
proposed finite- difference equations to ‘that predicted
for thas simpler case. This is done hy simulating a
concentration wave in a rectangular basin for a nunmher
of different values of the dimensionless paramaters gﬁf
and.%t%%r sufficient to construct ﬁlgures similar to
those given by Spaulding (15) and Leendertse (14).

The mass transport equation that was analyzed is:

7P - o

_a._P.+u_D_?_-Dx
ot o X dx? (4.7)

whera u and D, are constant. The analysis of Leeniertse

hE e ]
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(14), which 1s summarized here, uses A3 multi-oparation

|
method, obtaining equations for Pvl: and ?v‘&*z. The

l solution in tarms of a Fourier series is:

I Px,t) = Z PT e*P['L(“'EX’f“)JJCﬂ (4.8)
g J

where (); is the frejuency of the +§th component,
E G is the wave nunber, 27/ T,
"f is the complex amplitude.

The finite differance esguations are ahbreviated as:

L4 L
Py = N P

¥ L+l
Pvtl,*’?— = )\2 PW\ "

(4.9)

wvhere

l+ LA+ B

| - LtA-B
(4.10)

and

A = M iy (cs
5 sin (cax)

4 Dyot sin® (T2¥)
(A X)?. 2
(4.11)

obtained from the full set of difference equations.

The quantities needed to indicate dispersive and
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dissipative effects are the modulus nf the propagation

factor and the phase shitt. The propagation factor is:

(_‘—_w_) —  exp Li(wt+ x))
X (4.12)

exp L L{wt + x) ]

whera w' is the fregquency of the computed wave, and wis
the fraquency of th2 prototype wave, after the wave has
propaqated one wavelength., The rate of propagation of
the rral wave 1s qubt; the conputed speed is the real
part of Rgquation 4.10. Thus for the t¥o oparations of

the computation, the ratios ot computed to theoretical

wave speed are:

R, = +an"(T%§)
Tuat

+QHJ (Téé

)
™
I

Tubdt

(4.13)

and the total ratio is

R = é(R\*Rz)
(4. 14)

The analytical solution for the amplitud= of the

mass density fluctuation is

AU RTRe g kA IR RS

¢
H
B
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P(x,t) = exp (- Dxﬂ't) (4.15)

Tha modulus of the propagation factor is founi to

T Ve e o

eE

hes:

. \T(L‘ﬁ\ NS O «
Ay 2 2

1 exp (-T2 D, Ai:) ;
(4.16)

e
ot dommrort 1

where n is the number of operations used whil2 the wave

propajates one wavelength.

To determine the dispersive and dissipative effects }

T ;
!ﬁ of the method of solution given in Chapter iI, the %
s initial mass field was set to a sine wave variation in g
;ﬁ the x-direction, which was renewved at the source as it g
§i propagated downstream. After it had propagated one ;
:‘ wavalangth, the amplitude and phase shift were noted. %
f ﬁ The modunlus was calculated from Equation 4,15 and the
? §i ohserved amplituiz. By <los2 comparison of Figures 4.3, §
% = 4.4, and 4.5 with those prepared from the analysis (15, |
L '§ 14), it is evident that the full set of equations %
[ |
EE " performs very much as pradicted by the analysis of the |
simpler equations.

Leendertsa's observation that there should be at
least ten grid points per wavelength, to insure that
dispersive and dissipative effects are negligible, is
borne out by this study. When the wavelength of concern
is the tidal wavelength, which is of the orier of 200

nautical miles in Narragansett Bay (18 )., this zondition

i g T
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is easily met, for a total model length shortar than the

wavelength, A couple of further observations are in
ordar, with r2gard to the behavior of th2 computed wave.
First, what has been called the dissipative effect turns
out to be a divergence, that is, the failure of tha
amplitude to decay as fast as i+ should, according to
Equation 4.15. °This is in accordance with the behavior
predicted by Equation 4,16, second, the phase shift was
ohserveid to occur as the wave was generated at the head
of the model basin. Only the wave at the head was
shortened; waves lownstream lagged in time but 4id not
shorten or propagate mor2 slowly than the current field.
This is a2xpacted, as the number of waves must be

conserved. Thes2 properties are illustrated in PFigure

u‘6.

fecontinuitie ORIGINAL PAGE 18
rscontinuities OF POOR QUALITY

7hen a discharge occurs in a stfeam flow, a
discontihuity of mass density occurs upstream from the
source. Scme matter should be taken upstream by |
dispersion, but the compntational method is unable to
properly represent the discontinuity. This is because
its Pourier decomposition consists of waves vhich are
too short to be encompassed in the grids, and thus a
disturbance is generated at the source. .The effect of
this is to undarestimate the influenc2 of dispacrsion,

and negativa values of mass density may he produced, 'as
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- can bhe seen in Figure 4.1,

{Lz ¥hen the location of the discontinuity is known,

g upstream flux differencing, as described by Leenderts2

- {14y, can be used. This will increase the dispersion

:5 enough to supress the disturbance. However, for a
three-4imensional problem, a more gen2ral approach is

:2 needed. There is the problem of a polluted streanm

? entering a larger bhay, which can produce a line of

ki discontinuities, Also, reversal of the current field

% after slack tide can produce the same kind of

H

i disturbance, T2 handle thess conditions, Leendertse's

;é method of adding artificial ﬁispersion at extreme

- concentration gradients can be applied in all three

jg dimensions., The previously calculated dispersion

gﬁ coefficients are adjusted as follows:

o

gi DVV\*J?‘_:DWH'%_ |+ e, (P%H-Df\,\)z

i (Prmai +P£1)2 (4.17)

“u

o where oy is an empirical coefficient. Similar

expressions are used in the other dirsctions. It can be
H seen that the amount of dispersion added depends on the

mass density difference hetwveen the two grids. The us2
b of this method adds to the computational time, but

reduces the generation of negative densiiies. If the

scheme is not used carefully, though, it has the a2ffect
:E‘ of flattening real peaks by adding too much disparsion.

Theraofore a numerical study was made to determine an

RGBT R
v
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woptimum” value >f the coafficient e;. Again a plane

source in a rectangular basin was simulated. The
coefficient e, was varied while other parametars wer=2
held constant. The results are shown in Fiqure 4.7.
The optimum value of e, appears to be about 0.20.
The etfect of flattening the peak at large values of 24,
and the unpstreanm negatives at smaller values, are
clearly visible. 1In the real-world simulations
described in Chapter VII, it was found that values
larger than 0.20 could be used without flattening the
peaks axcessively. This is probably because, with
dispersion acting in all three directions, the
concentration gradients and hence thz amount of

adjustment made are reduced relative to the rectangular

basin case.
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Vo TWO-DIMENSTONAL VERTICALLY-AVEPAGED TIDAL MODEL

The most usa2ful mathod to date for the computation
of hydrodynamic input for the water quality mod=sl is a
two-dimensional, verticallv-averaged tidal hydrauiics
model. The method was developed by Leendertse (19), and
applied by Hess and White (18) to Narragansett Bay. The
program was applied to the Providence River area to
determine the circulation and the tide height
information., The use of this kind of model ra2quires
that the actual vartical variations of the velocities bhe

small (19).
Fquations and Solution Methodl
The system of 2quations to be solved consists of

the RFulsarian Navier-Stnkes momentum equations, and mass

conservation for incompressible flow, as follows (18):

du ., duu 4, duv . duyw = -19p V(9T o QTy 4 92
ot T ox Yay 9z | pox *‘CV+P('5§L*O\,Y+3—7_L>

(5.1)

AV L dw , W L dwy = _ 1 Ip (O Ty 9Ty 4 O Toe
€ "o "oy oz TTwoy f{“+_pf'(3}‘*'ai,”*a_z‘>

(5.2)

C o remmpugAW e v L g e s s
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dw , duw , Jvw 4dww o — 1 I _3+__\_(D_;Tg + O Tey +21u>
()

ot oX Oy o1 Pz ox ay Jdz
(5.3)
+ 9V, dw o (5.4)

u
ox 9y Jz

The horizontal velocities are averaged by
integrating in tha2 z-direction, from -h at the botton to§

at the surface., Th2 z-momentum equation is reduced to

the hydrostatic ejuation, %%:=—p3 , by making the
Boussinesg assumption that pressure varies only with
depth, The pressure at the surface is assumed constant.

aottom stresses are approximated by the Ch2zy

relationship:

where the Chezy coefficient, Ciye is given by
/o
'.4q (\/\-l—ﬁ) (5.6)

where (h + f) js in feet, and ¥ is the Manning factor.
Choice of a value for the Manning factor must be made
experimentally. The surface stresses due tn wind are
approximated by the quadratic lav for turbulent flow.

The final differential equations used (19) are the

following:

SR RS

AT e b e B A € 5

R RS T R AN 85 e 9 = b 2 b s st et b



i _M Q_gy:: -9 _;)i +fV+Kd Pa Wx‘WxI - QU(UI-rV’)Lz
t  Ix N dx 2 v J Cﬁl%

(5.7

IV 4 UV, oW . -4 %_?__cm%eq Wolwl — qV (uiVY)%
y

(5.8)
k3 JHU L+ OHV =
ot T ox "oy ° (5:9)

where capital U and V signify vertical averaging, as

§ -€
U:-}l‘l—fuc\z and V=%{-JV
h | ~h

is tke dansity of air,
Pa

kd' a dimensionless drag coefficient, is taken
to bhe 0.0025

Wy o ¥y are wind velocities in the indicated

directions,

H="h+§.,

The solution apprnach used by Leendertse involves
space~ and time-staggering of U and VvV, and a multi-
operation computation. A concise description of this

method, given by Hess and White (18), is quoted hern:
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The time step is split into two halves, and the
time derivative taken over the half time step. . . .
Tn the first half time step, values of U and § are
computed implicitly along a grid row in the ’
x-direction at the time (t 0%:)AT. Then V is
computad at the same timz lavel explicitly. 1In the
second half time step, V and € are computed
implicitly at (t + 1)AT along grid rows in the
y-direction, after which U is calculated explicitly
at (t + 1)AT.

"Tn the first half time step, the tine
derivative of U in the x-momentum equation is
approximated by a backward difference: . . . In the
second half time step, a forward difference is useAd:
e « o« Thus, ovar a full time step, the tim2
derivative is a central difference . . .

The completa finite-difference squations (19), and

details nf the solution, are given in the appendices of

the report by Hess and White (18).

Application to the Providence PRiver @@”kﬁﬂﬁ
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The model area is to be that part of Narragansett

Bay called the Providence River. It is actually a

partially- mixed =2stuary with its circulation dominated

by tides,

may be important at times.

R R DR i ke o

during one tilal cycle is about six per cent ot the

foiatitblatic e

Face |

tidal prism. There are three water bhoundaries: the

narrows at the mouth of the Seekonk River, at the north

 apca

end: the mouth of the Pawtuxet River on the waest shore;

e

bhetween Conimicut and Nyatt Points.
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small rivers,

which

although wind and gravitational circulation

The fresh-water inflow

and the interface with the lower bay, which is a line ;

There are also two

the Mashassuc and the Woonasquatucket, !
i

snter near the mouth of the Seekonk. The major 4
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bathymetric feature is the forty-foot deep shipping

channel which stretches the antire length of the model
area. Figure 5.1 shows the location of the model area

with respect to Narragansett Bay and Rhode Island Sound.

Eﬁ The x-direction for the finite-difference qrid

2} netwo.< is chosen to follow the east shore of the river,
%2 ;; approximately the same direction as the expected mean

gg -n flow. Since this shore is fairly straight, the matching
£ §§ of the shoreline by sqﬁare grids is optimized. Thus the

“15 gz x-axis is a lina directed s 22°E, the m-index increasing

% : to the south. The y-axis is perpendicular with the
_%ﬁ :é k-index increasing to the east. The first computational
%% - field was taka2n as 32 by 12 grids, with a 4x of 1221

%i ;i feet. This was increased to S1 by 18 (4x = Ay = 750

% ;2 feet), in an attampt to improve the resolution. The

% . most difficult geom2tric location to model accurately is
; %% the narrovw mouth of the Seekonk River, which spans about
? o 750 feet where it merges with the model area, but is

; ;§ much rarrower just to the east. An attempt to model the
é; T narrowasst entranc2 with a smaller Ax @ould have

% - increased the storage and time requirements greatly,

%; ;: without providing useful resolution in any other part of
i - the modrl. PFiquras 5.2 is a map of the model area,

? ;; showing the land and water boundaries.

;i e The depth fiell was prepared from U.S. Coast ani

? e Geodetic Survey Chart No 278. The mean low-water

;i ] soundings closest to the southeast corner of each grij
oW

%% (m +%, k +L) wera placed in a matrix, adding the
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difference between mean sea level and mean low water.

An exception to this procedure was made af the S=22konk
River boundary where'the depths were chosen arbitrarily,
to ensure that the model represented the actual
cross-sectional area of the interface.

The boundary condition at all land-vwater interfaces
is that the velocity component normal to the boundary is
zero. The water houndaries offer a choice of sp=2cifying
either the tidz haight or th2 current velocity at every
step. For a river boundary with an approximately
constant flowrate, it is easiest to specify the
velocity, which is the flowrate divided by the
cross-sectional area, and which will vary inversely with
the rise and fall of the tide. The pawtuxet River |
boundary is handled in this manner.

since the flowrates at the wide lower boundary are
unknown, the tide haight is specifieid. Good information
is available. From tide-height histories taken by the
Coast and Geodetic Survay at Newport, Bristol, and
providence Harbor, Hess and White obtained tha
amplitudes and phases of the main harmonic constituents

of the astronomical tide. The tide height as a function

of time (18) is:

Q(J‘) = 2 fa (4) Hy cos (wgt + (Vo *U>n"kn> (5.10)

where n is the number of the constituent,

£, (B) js a function of lunar position which

R S DAL IR L N ST



modifiss the amplitude,

i, is the amplitude,

w, 1s the angular speed in degrees per hour,

Yo+ U1 is the equilibrium argument at t=0,

k, is the epoch, relative to sreenwich, England,

t is the time in hours after reference timz.

The seventeen largest constitnents are used. Their
amplitndss at the lower boundary are obtained by
interpnlation from the known amp’itudes for Nawport,
Bristol, and Providence Harbhor.

The Seskonk River boundary presents problems, not
only beacause it is narrow, but also hecause the flow is
still tidally dominated. Since the flow through this
boundary reverses direction with the tides, it is
difficult to sp2cify th2 velocity. Tn the Narragans~tt
Bay model, Hess and White handle a similar problem bv
expressing the velocity as a function of the three lunar
constituents of the tide. The three components of tha
flowrate are nbtained hy data analysis, and the total

flowrate as a function of time is qiven by {18):
- 271K
q = Zm qn cos [?_27142 (t~Tk)] (5.1)

whera Ty is the tim2 to first flood after high water.
Sufficiant Aata was not available to apply this method
to the Seekonk bounlary, but assuming the lunar
influence to be similar, the same constituents vere used

tn calculate the flowrates there.

¢ ——
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Specifying the tide height seems a more likely

alternative, but would mask the actual river inflow.

The most accurate method is apparently to add to the

model grid an area representativs of the area of the

;E: tidal Seekonk, and let it interact.with the original

; model basin, This permits adding the inflow of tha

iE _ Blackstone River at a location removed from the narrow
boundarv. The computational time and storaqge are
increased, but tha requirement is minimized by fitting
the extra grids as compactly as pnssible into extra
space, Since the actual circulation in the Saeskonk is
not of interest, it is only necessary to reprassant the
storage volume accurately, and the shape approximately.
The result is that the tidal flow and the river flow are
both mod2led satisfactorily.

Two considerations determined the lenqth of the
time step. First, it must be compatible with ths
required time step of the mass transport model. The
second consideration is Lsendertse's parameter of

accuracy (19):

vhere h is the maximum water depth. ﬁ% must be of the
order of five or less for a solution of acceptable

accuracy. Thus,

Ot oy = B2% = (5)(750  ~ 105 sec.
9h E2.2)(40)

|
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A 100-se~ond time step tnrned out to he perfectly

| 4
E compatible with the requirements of the water quality

model.

Verification of the Tidal Model

Ther2 is only one s=t of current data that has baen

taken in the model area. Haight, in 1930, made

measur>m2nts at manvy stations in Narragansett Bay, at

all stages of the tide (44)., Six stations within the

model area were occupiaed. The magnitude and direction
of the current, the time relative to high tide at

Newport, and the zstimated component due to wind wera

presented,

To compare the model predictions with the existing

data, runs of th2 model were made for a date on which
the tidal range was the averaqe, 4.6 feet at Providence.
Tnitial conditions were established by a 24-hour
simulation starting with zero tide heiqht and
velocities. This was found to be an adequate startuo
time to eliminate transients.

The velorities calculated are dependent upon the

bottom roughn2ss, and thus upon the value chosen for the

I
1
1
1

Manning factor in EBgquation 5.6. Hess and White (18)
reconm~2ni a valu2 of 0,026 for the Providence River,
hased on their moleling., Tha data gathered by Haight

nresents an opportunity to adjust the Manning factor.

Fiqure 5.3 shows the measuredl values at the narrowvest
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part of the mouth of the Seekonk, at each hour of an
averaqe tidal cvcle. (The estimated components due to
wind were removead by Haight.) Using a single-grid
houndary o€ the same cross-sectional aresa as the real
channel at Haight's st;tion, the Manning factor was
adjusted until the hest fit was found. This occurred
for a Manning factor of 0.030.

some distortion is expected at this location due to
the fact that the model grid is about three times as
wide and one-thirl as deep as the real channel. This is
all right at mean tide, but at low tide, the
cross-sectional area of the model 1is considerably less
than that of the real channel, due to the lesser iepth.
However, since the greatest flow occurs when the tide
level is near mean, this affect is not severe.

Fiqure 5.3 shows excellent aqreement in phase and
in amplitude with Haight's data. The first pesak of the
double flood (characteristic of Narragansett Bay) 1ic not
well-matched in amplituie, but failure to reproduce 2
single d4ata point does not indicate a flav in the
equations or houndary conditions. Indeed, were Haight's
points connected into a continuous curve, the area
underneath would indicate that the volume of the flood
tide is greater than that of the ehb, river inflow
notwithstanding. The modal is checked for mass
conservation at all times, bv summing the river and
tidal inflows ovar time, and comparing this to the

change in the water content of the entire modal. Tha

iﬁﬁﬁﬂﬁﬁﬁh
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greatest error found, which always returned to za2ro
within the tidal cycle, was 0.7 per cent of the total
mass.

In an effort to verify the mondel more broadly,
current vector plots werm obtained for the whole field,
at each hour of a tidal cycle. Haight's normalized
vectors were transferred to the plots for comparison. .
These arce presented in Figures 5.4 through 5.15. At
slack tidia the currents are variable and agreament is
not goodi. Howevar, the model appears to reproduce tha
data extremely well on th2 ehb tide, both in magnitude
and in direction., Motion becomes random again at slack,
but returns to fair, though clearly not as precis2,
agreement on the flood tidle. This situation is
complicated by the characteristic dcuble flood, which in
effect inserts an extra period of slack water hetw=2an
the two parts nf thz flood. O0On the whole, it appears
that th2 model predicts the same kinds of motion--
eddies of the same size, duration, and location-- as are
indicated by the field measurements. The one consisteant
differance is that the measured magnitudes are greater
than those predicted, This is very likely to be tha
result nf vertical averaging, since Haight's
measur2mants wer2 taken in the upper layers, mostly by

floating spars.

Input for the Water Quality Model
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values of the u- and v-velocities, and the tide
heights gencrated by the tidal model, are stored for
each grii point and time step. The information is read
as input to the water quality model at each time step.
Care must be taken to supply the information correctly,
since th2 two models are computationally incompatible.
The problem is mainly that the two-dimensional

model has a time step divided into two levels, while the
three- dimensional model has three levels. The
information generated by the tidal model is u, v, and

the tide height (called s2) at each step. The
information required by the water quality mod=1l is u and
v at the beginning and end of each step {(u, v, up, VD),
and the tide height at each fraction of a step and at
the end of the step (1, 1 05, 1 +2, 1 +1: se, sep, seq,
ser). The match-up is made by staggering. the reading of
v and u, reading the unwanted arrays into a dunmy
variable that is not used. The order of reading and
dummying the velocities is reversed after each step, to
prevent the models from building errors Jdue tojmodel
matching. The values read at 1 +1 are carctied over to
the values of 1 at the start of the next step. This
sequence is illustrated in Fiqure 5.16. The values read
and us2d are circled; the values read into the dummy are
crossed off, The time levels assigned to each variable
are indicated by the subscripts. The method imposes the
requiramant that the water guality mod=1 have a time

step thrse times as long as that of the tidal moiel.
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88 4
Portunately, for this body of water, it is possible to ?
use the optimum time step for both models.

All of this is accomplished by a subroutinz in the
water gnality model which is called at each time step.
The velocities, read into a horizontal matrix, are then B
extended to all the vertical levels. This method has ;
been checked for mass conservation, as dascribeld in é

:

Chapter VIT, and found to be excellent in this regard.
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VI. SISNTTICANCE AND BEHAVIOR OF COLIFORM BACTERIA TN

- ia

SEA WATER
value as an Indicator of Sewage Contamination

pue to the difficulty of isolating pa thogenic
bacteria and entaric viruses from water and sewvage, it
has long been th2 practice t2 infer the quality of
water, or the potantial hazards of wastes, from the
concentrations of the more abundant and easily
detectable coliform bacteria group. The groundvork for
this practice was laid by Escherich in 1885, vho
determined Baccilus coli to be characteristic of the
feces of warm-blooded animals. Although the total
coliform count is still the commonly used indicator and
is the basis of water quality standards, its use as an
jndicator has recantly come under heavy attack from
microbiologists.

Concern over the nresence of disease organisms in
natural waters falls into three areas: transmission of
disease through irinking watar (not a concern of this
paper), co>ntamination nf shellfish, and infection of
swimmers. Coliform standards have lona been in effect
for the first two considerations (QS,QG). Tharz2 is
clear evidence linking consumption of contaminated

shellfish or drinking water to outhreaks of typhoid




i

20
fover or infectious hepatitis (u7,48).

The danger of bathing in contamifiated sea water is
not at all clear. There2 is almost no evidenc2
conclusively linking polluted beaches to disease
outhreaks. On this basis, some have gone SO far as to

state that bathing in sewvage-pollunted sea water carries

negligible risks to health, even if the water is ORIGINAL PAGE Ib
OF POOR QUALITY

aesthically unplsasant (48). However, it is extremely
difficult to detect disease contracted by swimming, 1lue
to such problems as the transience. of swimming
populations, the long incubation periods (49) of
diseases such as hepatitis (a month or more), and the
scarcity of enteric diseases in the populations of th=
United states and the Tnited Xingdom, where most of th=
studies have been attempted (49) . This difficulty has
been used as an argument both for and against the
imposition of microbial standards for beaches (49,50) .
The arqument ajainst classifving bathing waters by
coliform levels centers upon, first, the absencs of
evidence of disease transmission, and second, the larqge
observed variations in coliformn counts with time at 2
given beach, vhiczh would seem to preclude assigning a
beach to a certain class. shuval (49), howevar,
concludes from a mathematical estimate of the
probabilitv of contracting disease, that standards ar=
needed. Although enteric disease has not heen linked to
~ontaminated bathing waters recent studies point

conclusively to the danger of skin and upper respiratorv.

s el T



tract infections (51,52). Tt may be safe to conclude
that when going swimnming, one would wich to know whether
the vater is polluted.

;he presumption that the total coliform level can
indicate how polluted the water is, and with what
harmful organisms, is increasingly in doubt. Although

the occurrencs of pathogens such as Salmonella and

Streptococcus is generally found to be relatel to the

coliform count (47,53), this is not always tha2 case.
Disease outbreaks du2 to Salmonella and Shigella have
occurred in instances where the drinking water met the
coliform standard (lass than 2.2 per 100 ml.), and the
ratio of Salmonellas to coliforms, usually very small,
was greater than one (52?)., Another problem is that
coliform levels zan incresase enormously in the presence
of organic nutrients, while this effect is not observed
for pathoqens or viruses (51,52). Furthermore, and
perhaps the mbst damaging to their indicator status,
coliforms are mor2 susceptible to disinfection than
enteric pathogsns ({52,54,5%5). This would mean that the
coliform test ovarestimates the effectiveness of sewage
treatment, and ths gquality of the receiving waters. The
nature of the coliform group itself presents sone
problems. ©Not all members of the group are of fecal
origin; some occur on plants and in soil, and would bhe
present in large numbers in runoff that was not
necessarily contaminated with sewage. The different

members FRscherichia coli, Klebsiella, Citrobacter, and
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Enterobacter have bheen found to have different die-off

rates and differant responses to nutrients (56). Th=
various methods used to obtain coliform counts do npt
even detect all of the same organisms (52). |
Dutka (52) specifies four criteria a gonod indicator
should meet. They are:
1. Occurring in much greater numbers than theoRKHNAl:PAGE]B
pathogens; OF POOR QUALITY
2, Not proliferating r=2lative to the pathogens;
3. PReing more persistant through disinfection ani
in the environment than pathogens;
4. vielding an unambiguous identification.
Dutka concludes that the coliform group fails all these
tests., He recommendis that fecal coliforms, together
with fecal straptococci, he used as an indicator
instead. Tt has been found that enterococci are not
subject to the growth phase, and the death rate is
smaller and less sensitive to the environment than that ;
of coliforms (55).ﬁ Others havekrecommended Escherichia

coli, which is of unquestionable fecal origin and has

T R R ST

been studied individually to determine its die-off rate
(51,53 .

Daspite ths availability of this information, it
¥ill probably take years for.requlatory agencies to
adopt better indicators and acquire the new tachnigues.
Meanwvhile, the Jeterministic water quality model comes
into its own. Any constituent can be modeled, including

pathogens and virusa2s as vell as indicators, providing
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source levels and die-off rates can be estimated. Sone2
good information is available on, for example,
salmonella (53). The usa of a model cén eliminate
problems such as the uncertainty in the widely-used 4PN
(most prohable number) test, and the presence of
coliforms of non-fecal origin. Field data may be used
to verify the moi2l under known conditions, and the
model will describe the effects of variations in the.
conditions.

perhaps it is fortunate that total coliform data is
the kind most iikely to be available for verification
purposes. Since much literature on coliform kinetics is
availahble, this permits the best possible formulation of

the kinctics in the model.
Reaction Kinétics of coliforms in Sea Water

Tt is questionable whether the disappearance of
coliforms in sea wvater is correctly called either
ndie-of f" or "mortality". Inactivation and
sedimentation are likely to be mechanisms of
disappearance., It is clear from many studies (51,5&,
55,57,5%,59) that the disappearance is much more rapid
in sea water than in fresh water. Many studies
attempting to esstimate the decay (disappearance,
die~off) coefficients have been made, and many differing
results have been obtained. At this point, it is still

uncertain which mechanisms prevail, and under what
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conditions,

Th2 behavior of coliforms in sea water consists of
up to three phases. PFigure 6.1 illustrates the
different kinds of behavior that may be found. The
first, which is not alvays observed, is a lag phase, in
which the population does not decrease, and may increase
if nutrisnts are present. Lag periods of the order of
0.4 day (57), one day (56), and three weeks (51) hava
been renorted., This phase is followed by an 2xponential
decay. Many investigations have attempted to determine
the coefficient of this decay, and the conditions upon
which i+ depends. PFinally there is a resistant phase,
in which a certain portion of the population will
persist long past the rast, due to an inherent ability
to resist the pressures of the environment (56). This
phase has not been well characterized.k

The expon2ntial decay coefficient, Kye is defined
in terms of the ratio of the conliform count at any time

t to the initial count (59):

C _ oKt | | 6)
c e (

values of Ky are standardized by using the time, tap v
required for ninety per cent of the coliforms to
disappear, so that

0.1 = e~ 4 te
Thus,

: t
90
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Tigure 6.1. Types of coliform growth and decay

Log,lo of concentration vs. time
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The quantity tgq, is of great interest bhecause it gives a

quick indication of the degree of self-purification of
which tha water is capable. Values for sea water can bhe
as small as 20 minutes, or nearly 200 hours (60) .

studies of the decay rate have yielded widely
varying results depending upon the location, whether
samples were stora2d in the lab or in situ, upon the
counting method, and on whether artificial or natural
sea water was used. To obtain numerical valuas of the
dacay coefficients, and a model of the processes,
reviews of the past findings must be made. PFortunataly,
two recent roviews offer an opportunity to neiatly
resolve part of the coliform kinetics problen.

Mitchell and Chamberlin (61) have formulated 2a
model incorporating the major known, OC generally
accented contributors to colifornm disappearance and
growth, Disappearance is due to sedimentation, solar
radiation, predation, and physicochenmical effects
(osmotic effect, pH, specific ion toxicity). Growth is
due to the presence of nutrients in the pluwe (carbon,
nitrogen, phosphorus). The mass transport equation is

given for one-dimensional flow:

udC -V, dC = e, ve,d¢ o |MmSn —alc
dx dz oyt 19 [Ke+S,

e B e - (ke L) €M) - rC 3
Ckp+C)Yee ( )

i
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where ;. = sedimentation velocity;

C = coliform concentration;

Mw= maximum coliform growth rate;
{g = half-saturation constant for:
3, the concentration of nutrients;
A = endogenous respiration rate;

A.= maximum predation ratej

¥
il

concentration of predators;

-
]

half-saturation constant for P e
Yoo = yield of predators on bacteria;

kg =die-off rate due to solar radiation;
1(t) = solar radiation intensity;
attenﬁation of light in water;

¥y

r physicochemical die-off rate.

The trouble witk this model is that most of the
above parameters are unknown. ot only are there no
general values, but there aren't even good estimates or
field measurements of, for example, the concentrations
of vredators. The model is vresented in a more useful
form in the following table, which gives estimated

maximum die-off rates due to each component (61).

o o A A b et
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Table 6.1. Components of the Mitchell-Chamberlin

Xinetic Model

Factor Sensitivity K (max)
Sedimentation degree of treatment 0.6 /hr.
| turbulence
Sunlight season 4,0 /hr.
latitude
turbidity
Predation temperature 0.3 /hr.
Nutrients temperature -0.6 /hr.

degree of treatment
organic pollutants

Physicochemical temperature 0.15 /hr.

St1ll, it is not possible to make good estimates of
the components of Xy, within the given maxima, without
extensive measurements. However, from the literature,'
it is clear that three factors dominate the beha#ior of
coliforms in sea water: temperature, sunlight, and the
presence of nutrlents.

The temperature dependence has been observed as
early as 1956.(57). The familiar rule of thumb for
biochemical processes, that the rate doubled for a

temperature increase of 10°C, has been verified by

gsagges < b reg




cameson and Gould (60) for coliform decay; in fact, they
found the factor to be 1.97. <from & combination or
eaylier results and their own jnvestizations 1in which
light was excluded, Gameson and Gould oronosed a
relation for-t%, as a function of temperature, in the

absence of solar radiation:
loz tq, (dark) = 2.292 - 0.0295 T (6o 4)

where T in in degrees Centigrade.

The effect of sunlight, when clear beakers of sea
water were exvosed to it, was to reduce tq, to as little
as 20 minutes (60). liany jnvestigators have observed
that te effect of solar radiation is pronounced.

Asddine the effect of sunlight to Zquation 6.4, then,
shoul¢ incorporate two of the three important variatles.
Mitchell and Chamberlin obtained thelr estimated meximum
K4 due to sunlight of 4 /hr. from an estimated minimum
) of 30 minutes; using Gameson and Gould's 20 minutes,
the meximum K, becomes £.9 /hr.

In using a finlte difference model, 1t becomes
practical to recalculate the decay coefficient at each
time sten, as the altitude of the sun varies., Assuming
the maximum X of 6.9 to occur at the surface, with the

sun directly overhead, the reduction in radiation

29

intensity at the surface and at all depths, at other times,

oan be calculated. Relations giving radiation intensity

B e Bt
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at the surfece as & function ot latitude, time of dsay,
time of yeer, surface reflecvion, turbidity, atmospheric

transmission, and cloudiness nave been set forth vy Ryean
and Stolzenbach (62). As light is attenuated by tue

water, K, now varies witn depth, and a value must be
calculated ror each model grid point. Values for the

attenuation ¢oefficient have been obtsined ftor the

ot N e

Providence River (63).

Modeling the lag or growth phase is more ditricult.
The lag phase is: usually characteriged by & time period,

on the order of a day, during whieh no decay OCCUTS..

I L RPN, TR

Phis would be very dittricult to incorporate into an
Fulerian calculation, since the time & particle has
been in the field is not known. Equation 6.3 suggestis
that nutrients could be modeled aa & seuond constituent,
which would make good use of the model's capabilities
& described in Chepter II. The concentration of
nntrienxs, and the coefficients of inueraction with
coliforws; are not known for the Providence River, and
would be ditficult to obtain. However, if in any

problem, modeling the growtn phase was of particular

interest, it might be worthwhile to attempt to obtain

such data. fThis project will only attempt to
demonstrate that thne model has this capability.

P



VIT. FRESTUARY APPLICATION OF THE MODEL

ORKHNAI,PAGﬁgl
OF POOR QITALIT
Water Quality in the Providence River

The Providence River is surrounded by areas of high ?
population density. It receives, either directly or
indirectly, the 2ffluent from sewage plants serving a ;
population of about 373,000 (64), plus untreéted waste,
The Providence and East Providence sevage treatment

plants discharge directly into the model area. The

TR Ll et

other significant quantities of waste enter by the

Pavturxet and Seekonk Rivers.

Wirad mudig at vt

The levels of pollution are such that the entire
model area is permanently closed to shellfishing. Field
measurements of the coliform levels were made in 1966 at

about eight stations in the model area, and at the

A Gl B0 s AR e

mouths of the Pawtuxet and the Seekonk, by tha MPN

method. Since then, the guality has been improved,

g s &

mainly by the addition of secondary treatment at the
Blackstone Valley sewage plant on the Seaskonk Rivar.
The main source of sewage pollution now is the

Providence sewvage treatment plant at Fields Point. .

. Since the storm and sanitary sewers in the Providence,
Pavwtucket, and Central FPalls area are combined, heavy
rainfall causes the flov to exceed the plant's capacity.

Untreated wvaste is then discharqged directly into the
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river. The official policy is to close nearly 10,000

additional acres south of the model area to
sheilfishing, for seven days after ones-half inch of
rainfall, and for ten days after an inch or more of
rainfall (65). The Pawtuxet River also remains a large
source of sewage pollution.

Figure 7.1 shows the field measurements of total
coliform MPN mad=s in 1966. Concentrations are plotted
on a log scale, against the distance from the mouth of
the seakonk, along an approximately central axis of the
model. Surface samples were taken at four differant ﬁ
stages of the tide at each station: high tide on August
31, lovw tide plus three hours on September 8, high tiie
plus thr=2e hours on September 28, and low tidz on
November 21. All samples were taken in the mornings.
The different dates hake it difficult to distinguish
seasonal from tidal variations., Hovever, sinze the Most
Probable Yumber is only a statistical estimate, and not
a2 count of the coliform population, the uncertainty in
the data itself may be greater than the seasonal
variation.

The coliform levels for the four ssurces to be
modeled (Seekonk River, Pawtuxet River, Providence

sevage treatment plant, Fast Providence sevaqge treatment

‘ plant) are obtained from data kept by the Rhode Island

Division of Water Supply and Pollution Control (64) .
FPigure 7.1 shows four Zounts at the mouth of the

Seekonk. (The other, higher counts shown at L =0 are in
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Figure 7.1. Field measurements of total coliform MPN
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the mouth of the very small, non-tidal Providence River,

whose coliform contrihution is neglectad.) At low tide,
ebh, and flood, the value is 9300 coli /700 ml.; at high
tide it is 4300. Fxtensive discussion of the modeling
of this boundary follows. The Pawtuxet River, being
non-tidal, will be modeled by a constant coliform level.
From several measurements made at different times, the
value 4300 /100 ml. is the most often repeated, and is
selected as the most representative. cCounts for the
treated efflu2nt of both sewage plants average 2300 /100
ml. (Using these as source levels, verification of the

model will be attempted for the conditions of 1966.
Modelina of a Conservativa Constituent

The mass transport model is now used to model the
distribution of a constituent equivalent in source
levels to coliforms, but with no decay specified yat.
The model grid and depth field are, of course, identical
to those of the tidal model already developed, except
for the additional area used by the tidal model for the
Seekonk River, The horizontal dispersion coefficients
are calculated from Equations 3.29 and 3.30. The value
sf D, is taken as a turbulent Aiffusion coefficient, for
a length scale equal to a typical width >f the estuary.
From Equation 3.13, a valne of 0, =30 ffz/sec. is

obtained for 1 =3000 feet.

A salinity field is needed to calculate the

C T EETERS YT




!

I » ,
(TSN el ﬂ

105
vertical diffusion coefficients. The Providenc2 River

has been found to he highly stratified, Rather than
doubling th2 computational time by modeling salt
dispersion, a coustant salinity field is obtained by
averaging field measur2ments (66) over a tidal cycle,
and estimating a linear salinity increase from the
inshora to the open end of the model. A diffarent
equation is used for each level. Thus the salinity
varies from 14 ppt. at the north end to 22.5 at the
south end in the top level, ard from 27.0 to 32.9 ppt.
in the hottom lavel.

The effect of the stratification is to suppre2ss the
effects of turhulence and small waves. A base value,
similar in purpose to Dy, was set at 0.001 ftz/sec.
based on the order of magnitude of the smallest measured
values of D, found in the literature (33). As
calculated by Eguation 3.19, D, exceeds this value only
wvhen waves such as would be generated by a sustained
20-knot wind are spacified, and then only in surface
iaters. The stratification of the Providence River is
thus seen to be a very important factor in suppressing
vertical exchange.

It is desired to use a time step three times as
long as that of the tidal model, or 300 secouds.
Checking th2 velocity and dispersion criteria, the
maximum velocity which occurs is 2.3 ft /sec, but
velocities greater than 1.0 are rare. The largest

dispersion coefficients obtained, prior to the use of

-
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the subroutine for discontinuities, are about 80 ft 106

/sec. Thus,

uAt(mabz 23x%300 _ 042 or 1.0x300 = 0.4
A¥ 750 750
a
an D At (max) - 20 x300 —~ 0.043
(a%)? (750)2

A 100-second time step is acceptable, although it
strains the limit at the Seekonk River boundary. It is
not deemad profitable to Aouble the computational time
just to increase the accuracy at this location.

Tt is essential that the model comnserve the mass of
all constituents to within a few per cent, and that
errors in mass conservation do not increase with time. %
The computer program checks for such 2rrors at all |
times. Another method of checking the model for mass
conservation and stability is to model a uniform field
of an arbitrary conservative constituent, with constant
and equal boundary comcentrations. This also indicates

how well the method used to link the tidal ani mass




transport moials, as described in Chapter V, Conserves
mass. This has been done for a field and boundaries of
5.0, simulating 24 hours with complete hydrodynamic
input. Any deviation from the value 5.0 indicates
computational error. The greatest deviation observad at
any point was 0.073 (1.46 %), and the maximum total nmass
conservation arror was less than one-tenth of one per
cent. This test indicates vary satisfactory parformance
by the model.

Tho point sources at the two sewage treatnent nlaants
are modelad by a source term existing in one grid or one
column of the moi=2l. Due to the stratification prasant,
and the fact that both sutfalls are in shallow water (5
to 10 fe=2t), it is expected that the effluent will rise
to the surface. Therefore, the sources are placedl in
the surface level, N =2, The source levels are
estimated by multiplying the coliform concentration by
the discharge per s2cond, and dividing by the volum2 of
the grid, A flowrate of 53x10° galloans per day
(Providence), with a coliform count of 2300 /100 nl.,
becomes a source of 0.1 ml., per second throughout tha
grid. Por the Fast Providence plant, with a discharge
of 0.90x106 and the same conzentration, the source
strength is 0.0% /100 ml.

Fiqure 7.2 shows contour maps of a simulation with
the Providence plant as a point source. The
constituant, with no decay specified for observation

purpos2s, was inject2d4 into an empty initial field at

107
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Figure 7.2.

Simulation of Providence sewage plant as point source.
21 hours, no decay, source strength 0,1 coli/100 ml=-sec.,
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the second leval (N =3), starting at high tid=. Pigur2

7.2 shows the distribution after 21 hours, which wvas the
middle of the flood tide. The upstream discontinuity

problemn ié evident in tha pronounced dip just below

(south of) the source grid. (The flood tide is flowing

up the rige.) The variation in the vertical iicaction

indicates the magnitude of di ffusion for D =0.001 £t*

/sec.. The persistent 5-~ontour south of Fields Point,

and th2 20-contour opposite the source, are in shallow

areas. This indicates that the coliforms becom2

uniformly distributed in the column, by diffusion, whan

the denth is of the orier of six feet or less. It can

also be seen that the sawage treatment plant is a small

source of fecal contamination unier normal oparation.

It appears that its contribution will be negligible

compared to the river sources.
nnier the assumption that the sevaga-contaminatzi

fresh-water inflowvs will be buovant, th2 source levels

at the river boundaries are taken as maximum at the top

level, decr2iasing linearly to one-third maximam at the

hottor. Whether this 1istribution parsists downstr=an

will b2 an interasting facet of the threa-dimansional

model. Adding the rivesr sources reveals saveral

qi€ficulties, du2 to the fact that the flow raverses at
the mouth of the tidal seakonk. Pirst, specifying a
constant boundary concentration of 9300 results in th=

npstrean discontinvity problem again Auring flood tide.

The concentration just inside the boundary takes 2a dip,

E%
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with the result that a large mass conservation error, up

to 35 ner cent, is produca23d. This is because tha
transport out of tha model is calculated with tha
concentration just inside the boundary, which is too
low. Tt is ther2fore necessary to extrapolate the
boundary concentration. The first-order extrapolation

is given by

A+ Y
= P - V-1 (Pw‘f;-l) At
' — Dy ( Py — Pw\) at (7,|>
(ay)? |

This is used to calculate the houndary concentration
during flood tide (whensvar V at the houndary is
positive), When the tide reversas, the concentration
reverts to th2 coanstant 9300 lavel.

This still ls2aves a mass error of as much as nine
per cent, due to the abrupt change in concentration upon
returning to 2bb, TIhis is unrealistic, because th2
Blackstone Valley sewage plant is about three‘miles up
the Seakonk. Th2 flood tide would push the polluted

vaters bhack from th2 mouth, and the coliform lav21l would
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graduallv return to maximum as the ebb progressed. It 111

is necessary to use 3 ramp function to bring th2
boundary ~oncentration back up. since no fielid
information is available to indicate how long this
should take, thez length of the ramp js taken to be 30
time stens, 1.2.y the first 2.5 hours of the2 abb tide.
when all this refinament is made, there ramains 2
mass conservation error between +31.5 and -1.5 %. (A
positive ercor is an excess of the mass in the field
over the sum of the initial field plus the net influx; 2
negative errcort is tha opposite.) The erctor 1is foundi ¢to
follow th2 boundary velocity in phase, as shown in
Fiqure 7.3. This indicatés that the error is due to the g
degree Nt approximation in the extrapolation. Using
more than oae inside grid to extrapolate might reduce
the error, but was not attempted. Since the arror is
roughly proportional to the velocity, the 2rrot might
also he due in part to the aforementioned stability
limit. Again, the error is not severe anough to jemand

a shortar time st2p. The fact that the negativ2 2rror,

on the ebb tide, is only half as large as the ecror onh é
the flooi, indicates that both factors induce error-- ;
the extrapolation error being added to the high-valocity
error »n the flood, and having no effect on the ebb.
rigurces 7.3 also shows th2 boundary concentration 1S
a function of tim2 and velocitv. The concentrations
marked by the letters E, L, F, and H are the fiell

measuramants (22) at ebb, low, flood, and high tides
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respectively. The large mass conservation error at tha
start is the rasult of the empty initial field.,

Extenied runs of tha model, to bring the moad21l uon to
steadv-state concentrations, revealed a peculiar and
damaging 2ffect >f the methol of adjusting dispersion
coefficiants at discontinuities., D0Occasionally, larg=2
errors wouli appear in the concentration fielld, at
apparently random locations and times. Usually thesa
errors were damped out, but in several cases th2 arror
continuael t5 grow, with both positive and negative
concentrations five or six orders of magnitude too
larqge.

1pon closer inspaction, it was founi that this ~rror
began at a point where the dispersion coefficisnts war=
being adjusted by the subroutine, at a minor
discontinuity. The method appears to> destroy th2
stability of the ovarall solution technique. Although
the mass *ransport computation tends to damp sut th=
error, the subroutine overcompensates hv continuing t>
increase the disparsion coefficients as tha arror
increases, causing the a2rror to spread.

The empirical coefficients, described in Thapt®y IV
and Piqure 4.7, vere s2t at the rather hiqh valu2 of 0.5
at this time. Although raducing this value might have
solved th= problem, it was decided to bypass the
subroutinz, to remov2 all possibility of another such
error. The capazity to raduce qeneration of n=2gativ=

concentrations wis lost, hut since the discontinuities
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in the fiell war2 ndt important at this noint in the 114

i

computation, th2 adjustment was not greatly naeded. It

)

is recomnended that the subroutine he used wh2a2navar

discontinuities are axpected to occur, preferably with a

Minzzzen

smaller value of the coafficients, such as 0.2. If th2

concentration field reveals an error at any time, the

suhroutine can than be bypassed, or snitably modified to

account tor the paculiarities of the flow system.

continuing with the simulation of thz conservative

i

constituant, soma concentration contour maps ice shown

to illustrate th2 pattern of river influx. Figuras 7.4

i

throuah 7.6 show th2 coliform distrihution

=

(conservative) 18 hours from initial conditions, at low

tide. Tho surface, midils, and bottom levels are shown

e

in separate Dlots. Lojarithmic contour intervals are
used for clarity and to show the far field better. The
most striking fact ravealad here is that the vertical

variation at the shallow mouth of the pawtuxet River,

ol e

from 4300 ~£100 ml. at the surface to 1430 at the bottom,

i

is quickly aliminated by 3iffusion. Vertical variations

at the deeper and more ranid Seekonk persist far

downfiell.

Finqures 7.7 thraugh 7.9 show the distribution at
23.92 hours, approaching high tide. The pollutant has

been driven bhack up the estuary by the flood tide. The

that for a diffusion coefficient of 0.001 ft /S2Ce,

complete vertical mixing takes place over a colunmn 4

l uniformity at the pawtuxet has Aisappeared, indicating
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Figure 7.4. River influx, low tide.
Surface level, 18 simulated hours
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Figure 7.5. River influx, low tide.
Middle level, 18 simulated hours
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Figure 7.6. River influx, low tide,
Bottom level, 18 simulated hours
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Figure 7.7. River influx, high tide.
Surface level, 23.9 simulated hours
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Figure 7.8. River influx, high tide
Middle level, 23,9 simulated hours
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Figure 7.9, River influx, high tide
Bottom level, 23,9 simulated hours
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feet d=2ep, but not over the high-tide dapth of 8 faaot,

Curiouslv, the concantrations closest to the rivar
increasaz slightly with depth. Some pockets of higher
concentratiosn, in shallows and in covas, are left behind
by the reversing tiis, as are particularly notable in
the lower level,

Simolation zontinuas, now adding the two sz2wage X
plant sources, which are gquickly swallowed up by the
much greater Sa=2konk influx. Aftar 98 hours, nearly 3
tidal cycles, material is distributed throughout the
model area, which appears to be approaching steady
state, Figures 7.10 through 7.12 show the low tiie
conditions at 92.2% hours, aid Figures 7.13 through 7.15 ﬁ
show the late flood tide at 98.17 hours. It is evident A
that the vertical variations are much reduced, and are
scarcely revealel at all by the chosen contour
intervals. Pigura2 7.16 shows a plot of concentration
and tide height varsus time, and their clearly inverse
relationship. As the tide ebbs, the more pollut=23 waters
upstream are swapt past the point, increasing the
coliform concentration., As the tide reverses and
cleaner water is swept back upstream, thes concentration
drops. Bullock Cov2, a very shallow, nirrovw-neckel
inlet on the lowar right, has finally filled with i
material, particularly after the flood tide.

The vartical variation that remains is greatest

close to the rivar boundaries. To show this more

clearly, Figures 7.18 and 7.19 show concentration-iepth i

it e B e [ - e R R e e L L
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profiles on lines extending away from the two river

mouths, as shown by Figure 7.17. Th2 rapid mixing at
the Pawtuxet is ohvious, particularly in the low tide
case ("igura 7.18). Much of the vertical variation at
the Serkonk is =2liminated by passage through the very
deep channel, which spr2ais the material vartically.
The presanc2 of the providence sewage source, which is
located in thz last grii plotted for the seekonk influx,
is just visible as a slight increase in concentration at
the surface.

sinc2 the base value 2f D, = 0.001 ft /sec. mnay b2
unrealistically high, the conservative constituznt run
was reneated for a base valu= of D, = 0.00001 £t /se=.
The profiles ar> shown ajain in Fiqures 7.20 and 7.21,
revealing that the vartical structure persists much
longer. ¥nowing which value is ﬁore nearlyv correct
would rejuire fi2ld information on th2 vartical

variation of r~oliform densities.

ORIGINAL PAGE I8
. . OF POOR QUALILY
Modeling of Coliform Decay

In order to observe the capabilities of the reaction
matrix method, a uniform field of 50 coli /100 nml.
throughout tha Providence River was simulated with all
velocitins set to zero. The computation of da2pth- ani
time-varving d=cay coefficients, depending on th2
intensity of solar radiation, was programmed., The d=acay

of the uniform field was allowed to proceed, with no

v
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Seekonk River
transect

Pawtuxet River
transect
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Figure 7.17. Locations of finite=-difference grids
' having profile plots
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! additinn of material, beginning at 6:00 A.M. on the

longest day of the year.

Fignre 7.22 shows the concentrations at the surfaza
and hottom, aftar 12 hours of decay, wiih the depth
field nresented for comparisin. The decay is s2en to he
rapid in the shallow water, and apparently no more rapid
than docay in the dark in the deepest water. It is &
evident that this rate of decay will gquickly 2liminate

_the cnliform population in shallow water, on the order
of 90 % 1in a day, although they may parsist in deep
water,

The same approach was used to determine what sort of

a reaction matrix would effectively simulate a lag or

growth phase, taking a nutriant of unidetarminad natuce

as a s2cond constituent., Figure 7.23 shows the type of
behavior produceil, and the reaction matrices us23. Tha

values have tha fnsllowing meaning:

¥, - natural decay of coliforms in the dark

K., - growth of coliforms due %o the ,
R CRIGINAL PAGI ™
prasence of a nutrient OF POOR QUALLY
Ry disappearence of th2 nutrient due to us=

by the coliforms

1
I
1
1
1
1
I
?]
I

K

Zz-natural decay of the nutrients, taken as

zero becaus2 it is unknown,
The first simulation shows a slight lag phase and a
rapid decav of th2 nutrients; the second reaction
matrix, with a larger X,, and a smaller K, , shows a

growth nhase. It can he seen that as the population of

]
- PR F TN . P N . =
: . o NI e A A e S R SN
"y A PO .
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coliforms droos off, the rat= of consumption of th2

nutrient dacr21ases.

The point of this jamonstration is to show that th»
reaction matrix can be used to model more complex
behavior than simple decay. Sone carsful fiell or
laboratory measur2ma2nts would be needed to obtain th=
proper r=2action matrix for a problem in which a lag or f
growth 1is axpectri. It should be kept in mini that th2

coliform and nutrient concentrations will probably be

expressed 1in Aiffarent terms, and the reaction matrix

values must account for this. For example, 1if tho E

arbitrary S0-conzentration used for tha initial lavel of

T

T e T

the nutrient represented S50 % sewage =2ffluent present,

the coaffirient for coliform growth, X, would probhably

be much higher. A simpnle simulation, such as that just
performei, would he very helpful to ~heck the reaction
matrix before applying it to a real-world prohlam. :
Fiqures 7.24 andl 7.25 show the comparison of the é
field data with the predicted concentrationskof the |
conservative constituent at the same stations (th2
surfac» values). They appear to agree remarkably wall.

This could mean either that there is no decay or that it

PR T

is only of the oriler of the difference between the
near-steadv state prevailing here and true steady state.
Clearly, the field data indicate no such rate of decay
as would he produted by sslar radiation. For a final
run, a d=cay coefficient agual to the rate for decay in

the dack at a water temperature of 75°F (Equation 6.U4) ;

. ‘ﬁﬁy§Wﬂﬂﬂmmﬂ“mwmmmwiw : , R s ‘ .
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Figure 7.24. Model predictions and field data,
No decay, low tide, 92.25 hours
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Model predictions and field data.

No decay, high tide, 98.17 hours
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was specified. This was run starting from thea

conservative concentration field at the end of 98.17
hours, for anothar 18 hours. Figures 7.26 ani 7.27 show
the data and predictions after 12.0 and 18.0 additional
hours. The predicted values have now Adropped
consistently below the field measurements,

Since the conservative values agree so well with the :
data, it is most likely that little dacay actually takes
place 'inder th2 conditions prevailing, except in the :
southernmost part of the model area, most distant fronm

the sources., This appears to indicats that nutriants

i e T e o T T

are present throughout the area, causing the coliforms

to persist. In 1966, the Blackstone Valley sewage plant

on the Seckonk River was a very large source of organic

matter, and the Pawtuxet River is thought to be a spurcze

of a variety of nutrients (56). This is the likaly

BT T, A

explanation for the apparent lack of decay.
It can be sean that in order to mondel colifarnms

faithfully, a good idea of the processes prevailing is

needed. This can only be obtained from field
measur2ments in the area to he modeled, or in a very

similar area.

S
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VITI. STRADY STATF MODEL

ginc2 there are many situations when the steady
state solution of the mass transport equation is of
particular interast in an area under stuiy, it would bhe
desirable to datarmine necessary modifications to th=
existing numerical procedure to hanile this situation.
Following the work of Douglas (17) and Wachpress (67).,
the time step increment At in Eqﬁations 2.20, 2.21, 2and
2.22 can be replaced by a positive number iteration
paramet2r or seguance »f iteration parameters and by
jteration with these parametars a steady state solution
obtainad.

rfter convarjyanc2 of the solution is éssumed, th~

problem then becomes the determination of a sa2quence of

jteration parametars which, when applied in sonme cyclic

pattern, will cause th2 rate of convergence to be

iri., e

maximized. Since the literature (17,25,67) provilas
only an indication >f possible iteration parameters for
a simple heat diffusion prohlem with constant disparsion
coefficiants, an optimum segquence of parameters is not
available for the general mass transpayrct equation and
normally has to be Aeterminei through numerical
experiments, Indications of pnssible parametar
selection have b2=zn matle in the vork of Aziz and Hellunms

(43), sordon and Spaulding (68), and Anasoulis ani
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Mchonald (69) but are not directly applicable to this

cAas”.

Spanlding (24), in earlierc work on the threse-
dimensional convestive dispersion model, has used a
cvclic iteration sequence given by

)
5 v 10 5
29 x 107 4
1.26 x 10° ;
£.25 x 10°9%

3.125 x 107°

" B BN B E

for relatively simple channel €flow cases. Thare appears

no reason to consider this an optimum sequence, but the

so this sequence will be used in the work that follows.

Msing the itaration ssquance outlined above, the

l solution convarg2s guickly with reasonable error levels,
l steady state mod21l has been compared to appropriate

analytical solutions for conservative waste discharyges

in open channels with and without dacay as wa2ll as th2

simple 1issalved oxygen-hiochemical oxygen Aemand

coupled reaction mechanism. With an iteration

. ivﬁ.«mi«v-»

. . -4 .
converqence criteria of 5 x 10 , the maximum 2rror

i! level in anv solution was of the order of 0.5-1 %.
a To further tast tha steady state model, a comparison

hetwean an analytical solution for a continous point

?! release in a threa-dimensional uniform channel flow and

the numerical solution ware compared. Tahle 8.1 gives

53 the details on the modal parameters employed.

e A e : : : o

’q Figura 8.1 shovws a romparison between the analytical
i solution of Cleary and Adrian {70y for ~oncentration and

5% the pres2nt model along a line passing through the point é

ORIGINAL PAGE IS
OF POOR QUALITY
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CCNTINUOUS POINT SOURCE RELEASE IN A UNIFORM CHANNEL FLOW

FLOW

DISPERSION

SOURCE

GRID SPACING

CHANNEL GEOMETRY

ITERATION CONVERGENCE CRITERIA

BOUNDARY CONDITION

MODEL PARAMETERS

UNIFORM CHANNEL
FLOW U =1 FT/SEC

=D_ = 500 Fr2 /SEC

D,
* = 81 FT°/sEC

D
4
.03 UNITS/FT° SEC

AT X = 5000 FT, ¥ = 4500 FT

AND Z2 = 12,5 FT

AX
b

CHANNEL DIMENSIONS,
LENGTH -~ (DIRECTION OF FLOW)
30,000 FT ‘
WIDTH - 10,000 FT
DEPTH - 25 FT

1000 FT, AY = 1000 FT
Az =5FT

5x10"4

UPSTREAM - FIXED AT ZERO
DOWNSTREAM - EXTRAPOLATED
FROM INSIDE THE FIELD

a LIS R
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source in the downstream direction., Figure B.2 shovws

comparisaons for two stations on the outside edge of th2
channel 1t the same Z height as the point source. It is
to he noted thit thas conca2ntrations on the left-hand f
gide of the channel (facing jownstream) are higher than
thoss nn the right. This is a result of th=2
hfF-contared position of the point source (y = 4500 feet
instead of y = 5000 feat).

rigur2s 8.1 1nl 8.2 clearly show that the steady
state numerical model accurately predicts the
concentration Aistribution for the case under
consideration., The one area where model solutions
deviate signifirantly from the analytical solution is
near the point source. This difference is easily
undarstood sinze the grid spacing of the numerical
scheme is not refin=d enough to represent the st2ep
concentration gradiants near the point source.

vorification of the steady state model for thés=
analytical solutions gives preliminary indication of the
numerizal behivior and the validity of the computational
scheme., It remains, howeaver, to extand the mod=l to q
cases for which analytical solutions are not available. |

In this light, the three-dimensional mass transport
moda2l was coupleil to a st2ady state river hydrodynamics
model to predict the motion of pollutants injected into
separate streams for the case of river conflusncea.
Fmploying Leenlertsa's (19) two-dimensional vartically-

averaq?d hydrodynamrics model with tha input as specified

i V 4 - - - - v o T T i W
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FIGURE 8.1.

Concentration Units/Ft

U = 1.0 Ft/Sec
\ Peak at 30.87 (Aga%ytical) D =D = 500 Ft}/sec
A Peak at 12.21 (Finite X Yy 5
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—= (Cleary-Adrain Analytical
L Solution
¥ - Finite Difference Solution
i } %
L X’ X0 | A 2 Il i
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Source Distance Downstream 10 * * 2 Feet

Comparison of numerical model prediction and analytic solution for a steady-state
point release in a uniform channel flow for Y = 4500 ft., Z = 12.5 ft.
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FIGURE 8.2.
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Comparison of numerical model prediction and analy

tic solution for a steady state

point release in a uniform channel flow, Z = 12.5 Ft., Y = 500 Ft., and

Y = 9500 Ft.
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in Table 8.2 and tha Aepth field as shown in PFigure 3.3,
the computational scheme was run until the flowrates for
all river cross-sections achieved a steady state.

Fiqure 8.4 shows the resulting steady-state velocity
vector plot for the vertically-averag=ad circulation in
the river conflu=nce.

Employing th2 input conditions specified in Tah;e
8.2, the mass transport model was run for a point source
release in each stream. The results of the numarical
solution are shown in Fiqures R.5 through 8.9 for eazh
of tho nondimensional levals. (Level 2 at the river
stream hottom through level 6 at the stream surface with
a sﬁurcp input at level 4.) A well-defined vertical
distribn+ion of concentration is readily noted n2ar tha

source input points. As one preceeds downstreanm the

149
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pixinn of the two streams can be seen over the lata ;
| BRICIVAL Pag
E IS f

as well 1s the vartical direction. OF POOR QUALITY,

Figunres 8.10 through B8.14 showv the exact same case
previously described but incorporate a first-order decay
process with 2a dacéy coefficient of 0.00001 s2c. Th~
reduction 6f the concentrations at all levels is noted,

put the structure of the concentration distribution

‘remainrs fundamentally the same.

In each of the simulation cases described above, the
outflow bhoundaries were allowed to seek a level
appropriate with the internal solution by use of a
simple continuative boundary extrapolation approach.

From a numerical viewpoint this adjustment of boundarias

L S
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TABLE 8,2

MODEL INPUTS FOR STEADY STATE RIVER CONFLUENCE

RIVER MODEL

3
BOUNDARY CONDITIONS - CONSTANT INPUT FLOW RATES OF 100 FT3/SEC AND 200 FT /
SEC TO THE LEFT HAND AND RIGHT HAND STREAMS RESPECTIVELY,
ZERO TIDAL HEIGHT AT LOWER BOUNDARY

100 FT° /SEC 200 FT° /SEC

V4

ZERO TIDAL HEIGHT

BOT'TOM TOPOGRAPHY (SEE FIGURE 8.3)

GRID SPACING - Ax =AY = 1000 FT

TIME STEP - 40 SEC

SIMULATION TIME 8 HRS (ASSURE STEADY STATE FLOW CONDITIONS)

CONSTITUENT TRANSPORT MODEL

DISPERSION COEFFICIENTS
X & Y DIRECTIONS - 12 FTz/SEC

Z DIRECTION - .01 FT2/SEC

POINT SOURCES

MG

GRIDS 13, 6, 4 and 9, 10, 4 - .03 ——x

VELOCITY - STEADY STATE FIELD FROM RIVER MODEL, TO INCLUDE THE
SLOPE OF THE RIVER SURFACE AND ZERO VERTICAL VELOCITY
(w = 0)

DECAY - (WHEN EMPLOYED) FIRST ORDER DECAY WITH K = ,00001 s:»:c'l

BOUNDARY CONDITTONS - ZERO CONCENTRATION BOUNDARIES SPECIFIED ON INFLOW
AND A CONTINUATIVE SPECIFICATION ON OUTFLOW

GRID SPACING - AX =AY = 1000 FT
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FIGURE 8.12. Concentration of pollutant (Mg/l
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CONCENTRATION OF CONSTITUTENT (MG/L) FOR Z LEVEL - 5

IN THE X AND Y PLANE, DECAY COEFFICIENT K = .00001 (1/SEC)

1l 2 3 4 5 6 7 8 9 10 11 12
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.00000 0.00000 0.00000 0©.0 0.0 0.0 0.0 0.00000 0.00000 0.00000 0.0
3 0.0 0.00000 0.00000 0.00000 0.0 0.0 0.0 0.00009 0.00001 0.00007 0.00004 0.0
4 0.0 0.00000 0.00000 0.00000 0.0 0.0 0.0 0.00024 0.00042 0.00039 0.00084 0.0
5 0.0 0.0 0.00000 0.00000 0.0 0.0 0.0 0.0 0.00308 0.00572 0.00209 0.0
6 0.0 0.0 0.00000 0.00000 0.0 0.0 0.0 0.0 0.00347 0.02019 0.0 0.0
7 0.0 0.0 0.00000 0.00000 0.00000 0.0 0.0 0.0 0.01063 0.06854 0.0 0.0
8 0.0 0.0 0.00000 0.00000 0.00001 0.0 0.0 0.0 0.01436 0.23973 0.0 0.0
9 0.0 0.0 0.0 0.00001 0.00002 0.0 0.0 0.0 0.19188 0.83413 0.84175 0.0
10 0.0 0.0 0.0 0.00002 0.00041 0.0 0.0 0.0 0.0 0.84361 0.83699 0.0
i1 0.0 0.0 0.0 0.00121 0.00417 0.04107 0.09315 0.0 0.0 0.83851 0.83586 0.0
12 0.0 0.0 0.0 0.00362 0.02560 0.10779 0.20266 0.0 0.83343 0.83443 0.83328 0.0
13 0.0 0.0 0.0 0.0 0.23077 1.48998 0.83090 0.0 0.83066 0.83240 0.0 0.0
14 0.0 0.0 0.0 0.0 0.27855 0.99806 0.87963 0.84141 0.83041 0.83067 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.97899 0.90103 0.84548 0.82905 0.0 0.0 0.0
16 0.0 0.0 0.0 0.0 0.6 0.95298 0.90291 0.85768 0.83639 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 0.95091 0.90827 0.85990 0.83778 0.0 0.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 0.89887 0.86977 0.85259 0.0 0.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0 0.87951 0.85919 0.84717 0.0 0.0 0.0
20 0.0 0.0 0.0 0.0 0.0 0.86542 0.87011 0.85989 0.0 0.0 0.0 0.0
21 0.0 0.0 0.0 0.0 0.0 0.86227 0.86472 0.85937 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 0.85523 0.85828 0.86090 0.85836 0.0 0.0 0.0 0.0
23 0.0 0.0 0.0 0.0 0.85388 0.85563 0.85760 0.85607 0.85205 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0 0.85284 0.85366 0.85486 0.85403 0.85124 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.85246 0.86240 0.85296 0.85228 0.85029 0.0 0.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.85208 0.85193 0.85111 0.84957 0.0 0.0 0.0
27 0.0 0.0 0.0 0.0 0.0 0.0 0.85136 0.95044 0.84916 0.0 0.0 0.0
28 0.0 0.0 0.0 0.0 0.0 0.0 0.85079 0.84999 0.84893 0.0 0.0 0.0
29 0.0 0.0 0.0 0.0 0.0 0.0 0.85043 0.84966 0.84883 0.0 0.0 0.0
30 0.0 0.0 0.0 0.0 0.0 0.0 0.85039 0.84970 0.84894 0.0 0.0 0.0
31 0.0 6.0 0.0 0.0 0.0 0.0 0.85039 0.84970 0.84894 0.0 0.0 0.0
32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 :o:\:

FIGURE 8.13. Concentration of pollutant (Mg/1) for level - 5, decay coefficient K = .00001 sec - 1
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to interior solution is extremely difficult to obtain in163

a steady state molel. Th=? primary difficulty is that
the unst2ady boundaries tend to cause the solution to
hecome non-convergent. To overcome this problem, the
present study held the boundaries fixad until the th2
numerical prsdictions had nearly converged, and then the
boundary was adjust2d. This process was repeateil until
neither the houndary nor the internal mass distribution
changed significantly, i.e. within the convergence
criteria.

Although there 2xists no data to compare the river
confluence situations, the results indicate that the
model is capable qf giving reasonahle quantitative
predictions for complicatad river geometries, flow
conditions, and a variety of point loading situations.
Extension of the model to a variety of species
interactions is simply obtained through the r2action
matrix- sourca-sink vector approach as previously

outlined and demonstrated.
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IX. APPLICATION IO BLOCK ISLAND SOUND

As a final application, the three-dimensional mass
transport model has been coupled to a two-dim2nsional
verticilly-averajed tidal model for the Block Island
sound area (figqur=2 9.1) and employedl to simulate a
continuous point release. The emphasis in pecforming
this work is to show the feasibility of applying th~
computational system to a realistic coastal zZone area.

Fnnloying the d2pth contours shown in FPigure 9.2 and
the information contained in the first half of Table
9,1, a two-dim2nsional vertically-averaged tiial modeal
amploying the method of Leeniartsa (19) has been
developed for the study area. Figures 9.3 through 9.15
show th? model predictions for zero hours through twelve
hours after high water at Newport, Rhode Tsland as well
as the tidal heiths for the area (note insert at the
top of each figurz2). These predictions have hean
comparad to existing N¥ational Ocean survey tidal charts
{71), ani the g=n2ral flow directions show good
qualitative agreament.

To sbtain a preliminary indication of the transport
of material in thes study area, a simple continuous point
release »f waste was simulated by a two-1imansional
vertically-averaged concentration model (72) from a

prooosed discharge site in Charlestown, Rhode Island.
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HYDRODYNAMICS

GRIL SPACING
TIME STEP
MANNING ROUGHNESS

BOUNDARY CONDITIONS

DEPTH

MASS TRANSPORT

GRID SPACING

TIME STEP

DISPERSION COEFFICIENT

POINT SOURCE

VELOCITY

TABLE 9.1

AXx
Dt

165

TIDAL HYDRODYNAMIC AND MASS TRANSPORT MODEL INPUTS FOR BLOCK ISLAND SOUND

AY = 6076 FT

124.2 SEC
.025

INPUT TIDAL HEIGHTS ON OPEN
BOUNDARIES ‘

SEE FIGURE 9.2

2\ X =AY = 6076 FT

)\t = 496.8 (TWO DIMENSIONAL

VERTICALLY AVERAGED MODEL)

A\ t = 1863.0 (THREE DIMENSIONAL

MODEL)
= - 2 s,
Dx = DY = 35 FT“/SEC

D, = .002 - .01 (PARABOLIC
PROFILE) FT.2/SEC.

4,685,776 LBS/DAY AT MID DEPTH
(THREE DIMENSIONAL)

FROM HYDRODYNAMICS MODEL WITH
CYCLE USE OF THE PREDICTED

TIDAL CYCLE
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FIGURE 9,1 Block Island Sound Study Area
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FIGURE 9.3 Tidal Currents for Block Island Sound in Knots Zero Hours After High Water ’

at Newport, RI.
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FIGURE 9.4 Tidal Currents for Block Island Sound in Knots One Hour After High Water
at Newport, RI )
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Tidal Currents for Block island Soun
at Newport, RI.
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i FIGURE 9.6 Tidal Currents for Block Island Sound in Knots Three Hours After High ‘
Water at Newport, RI :

LT

oy




L e
\7; !
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FIGURE 9.8 Tidal Currents for Block Island Sound in Knots Five Hours After High Water.

at Newport, RI
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FIGURE 9.10 Tidal Currents for Block Island Sound Seven Hours After H:Lgh Water
) at Newport, RI '
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FIGURE 9.11 Tidal Currents for Block Island Sound in Knots Eight Hours Aftér High
Water at Newport, RI
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" FIGURE 9.14 Tidal Currents for Block Island Sound in Knots Eleven Hours After High

Water at Newport, RI
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FIGURE 9.15

Tidal Currents for Block Island Sound in Knots Twelve Hours After High
Water at Newport, RI
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Figures 9.16 through 9.30 shov model predictions for one

throuah thifteen hours after high water at Newport in
hourly increments. Figure 9.29 shows the concentrations
at 5 tidal cycles after discharge began at approximately
slack water. As expected from observing the velocity
field, the waste cloud displays a predominantly
along-the-shore motion that responds diréctly to the
flooding and ebbing of the current in the area. The
increase in concentration in the outfall area is easily
seen.

ﬁsinq essentially the same input as for the
two-3imansional vertically-averaged concentration mod=2l
(see Table 9.1) the three—dimensionalrmass transport
model wis used to simulate the same release, but the
waste was discharged at mid-depth. Figures 9.30 through
9.34 present concentration contours at nondimeﬁsional
levels 2 (at sea botton) through 6 (sea‘surface) for one
hour after high water at Newport. The vertical
distribution of waste is clearly seen. Piguras 9.35

through 9.39'5hov similar plots for six hours after

‘dis:harqa hazgan, while Figures 9,40 through 9.44 give

the concentration distribution at twelve hours after
wvaste relzase. The vertical stratification and increase
in concentration with time are readily apparent.
Comparison of the three-dimensional ptedictibns to the
ve:?icglly-averaged case show simiiar behavior with
p:e&d%inant Along—the-shore pollutant t;ansport.
Results of these three-dimensional predictions indicate
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sharp concentration gradients along one side of contour

plots. This is a direct result of the point-loading
condition and its associated depression of th2
concentration field upstr=zam of the discharge. This
condition could be removed by introducing artificial
dispersion upstream of the release, but it was felt that
the wnrst case should be indicated to illustrate the
effects of the problem for realistic coastal zone
simulations.

Figuras 9,45 through 9.49 display the thrae%ﬁ

»dimensional results after five tidal cycles at

approximately slack water. . comparison of these figures
with those for the two-dimensional vertically-averagel
case show almost 2xact comparison. This close agreenent
can be explaina2d simply by noting that the
three-dimensional model emploved a vertical diffusion
coefficiant typical of a wvell-mixed area, and therefore
the three-dimensional predictions should approach -the
two-dimensional cas2 as tiné proceeds. The same affect

has been noted for the ﬁstuary application, even thoujh

~ the diffusion coefficient indicated stratification,

hecause the water wvas relatively shallow.

Additional complexity such as multiple-point
time-varyingy loadings, multi~-stage reaction lechanics;
and stratification can he readily incorporated in th2
modeling scheme, With this capability it is felt that
the modieling apprdach presented allows.a more realistic

prediction technique for pollutant transport in coastal‘S
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X. CONCLUSIONS AND RECOMMENDATIONS

The computational accuracy and usefulness of the
three-dinensional mass transport model have been
demonstrated sucessfully by the investigations and
applications her=in. The capacity to define vertical as
well as lateral variations has been seen to be valuable,

particularly in short-term phenomena. Over longer

periods of time, vertical variations are much reduced by
diffusion, at least when using a vertically averagei
two-dimensional moda2l to obtain the hydrodynamic input.

Tha analytical investigations of dispersive and

| dissipative effects, performed for the one-dimensional

il

mass transport eguation with constant dispersion

coefficiants, have been verified numerically for the

s

three-dimensional model.

The g2neration of computational discontinuities at

extreme concentration gradients can b2 reduced, but not
eliminated, by the method of adding artificial
dispersion‘at appropriate times and places. Care nust
be taken that the increase in dispersion is not large
enough to cause severe distortion of the concantration
field in the areavunder study. The values used here for
the overall disparsion coefficients appear from the “
verification attempt to represent very well the W

processes taking place in the the Providence Rivar.

Two gualities of the model are particularly useful.
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in modeling of coliform bacteria distribution. The 22

vertical resolution permits the incor, ration of the
effect of soiar radiation, and the reaction matrix can
accomodate a lag or growth phase. As the behavior of
coliforms can vary widely depending upon the prevailing
conditions, it is recommended that either field studies
be made first in the area to be mbdeled, or the results i
of earlier studies be consulted. |

1f difficult houndary conditions, such as those at
the seekonk Piver, are sea2n to produce a significant
mass conservation error, effort should be made towafi
reducing it. Elaboration upon the extrapolation
technique is expected to help. A conclusion of this
boundary condition ressarch is that the major portion of
the error in simulating a realistic pollutant transport
problem is usually the error of the boundary
appfoximation, anl tharefore more detailed understanding
of those approximations is necessary.

The davalopmant of a steady-state mode of operation
has provided an additional tool to predict water quality
for complex constant flow arzas. Comparison of model
predictions to analytic solgtions and a river confluence

case have shown the present model scheme to he accurate

and reasonably efficient. Further testing of this
modaling approach should be performed by comparing
predictions for multi-stage reacting constituents to

data for a realistic steady-state coastal zon2

circulation system. - !
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Coupling of the two-dimensional vertically averaged

tidal hydroiynamics modiel to the three-dimensional water

quality model for a typical open coastal area such as

Rlock Tsland Sounl has shown the feasibility and

capability of the present approach. Application and

verification of this approach should build mors
confidence and experience in the ultimate use of these
models in coastal zone management. Yt is therefore

recommended that the model be verified for a number of

coastal zone pollutant transport problems.

In short, th? three-dimensional mass transport
model, as now developed, appears to be capable of

handling almost any water quality problem currently

under investigation, The major limitation is still in

obtaining adequate data to verify the models, and in the

refinement of various circulation models which may be

used to nbtain the hydrodynamic input. New models are

under development which will enhance the usefulness
of this mndel. TLeendertse et al. (73) have

developed a three-dimensional model incorporating the

salt equation., This model has the additional capability

of computing w, the vertical velocity component, as 2
function of the d=2nsity variation due to salinity. 1In
addition, Gorion and Spaulding (74) have developed a
three-dimensional hydrodynamics model employing the same
non-dimensional vertical coordinate used in this study.
*his modal has bzen designed to interface diractly with

the threeo-dimensional water quality model. The coupling
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of these two tachnijues should provide an effactive tool

- for modeling complex pollutant transport in the coastal

zone,

Although the information used in the Providence
River application produced a reasdnably qood
verifiéation, it‘is hoped to have more field information
than was available for this study. Vertical
concentration profiles at river mouths, at a numbar of
different states of the tide, would permit more accurate
modelinag of the river source levels. Any information on
the tim= variition of outfall discharges woull increase
the value of the modeling effort. The lack of
information on vartical Aiffusion co=fficients requiras
some arbitrariness., Although field studies attempting
to defin=2 D qould he difficult and axpensive, thay
would also incrzase the knowledge to bhe gainei from
modeling, by revealing the magnitude of vertical
Aiffusion in the particular area of interest. As
mentidnei, field stuldies would also aid in th2 mod=2ling
of colifnrms or other indicator bacteria.

Th- more information that is supplied to the model,
the mor~ it can produce. The computational m2thods have

heen shown to be accurate, stable, and very flexihle,

Tere is 2 tool which zan help f£ill many gaps in the

knowledgr of coastal transport probhlems,
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