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CHAPTER l

INTRODUCTION

l\ bJ X LJI/X

The munici.pal área of Greater Santos, Brazil is located

in one of the post i.ndustriali.zed áreas in Lata.n America. Santos

nes on the coast of the Skate of Sao Paulo, which produces about

60 percent of Brazi.I's total nacional industrial output (World

Health Organization. 1974) . The wastes produced by this conce

tration of industry have caused a steady decline in the water

quality of the Cubatao Rever Basin, which includes the Santos

estuary. The degree of baste treatainent has fallen far behind

the rate of industrial growth; few i.ndustries i.n the greater

Santos área have any waste treatment fao.lities.

Recent industrial growth has been accompani.ed by an

influx of people unto Greater Santos. The population increased

at annual rales of 4.86 and 4.69 percent dóri.ng the decides of

1950/60 and 1960/70 to a present population of more than 612,000

(ÇVorld Health Organization, 1974)

Santos i.s adjacent to the metropolitan área of Greater

Sao Paulo, the capital of the state. trai.th a population of

6,900,796 in 1970, thi.s urbanized área is one of the fastest

growing i.ndustrial áreas in the world. It has become the indus-

tri.al and commercial capital of South America. The recreati.onal

fao.lities of Santos attract many persons from the Sao Paulo

área as well as from other pares of Souto Ameri.ca. Peaks of

tourist acta.vity occur dura.ng the months of January and Febr

and to a ].esses degree in July. This variable "floating''

FONEED

n
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the bater quality of the área.

Water quality studies are currently being conducted

in the Cubatao Rever, Santos estuary, and Santos Bay. However. a

mathematical motel is needed to aid the process of maki-ng water

quali-ty management decisions, such as the question of i.mproving

treatment methods in order to increase the quality of the water

of the Cubatao Ri-ver Basin.

OBJECTIVES

The overall purpose of thi-s study was to provide a

worki.ng one-dimensi.onal mathematical model of water quality in

the Santos estuary, whi-ch flows from the northern secti.on of

Santos to the east, and finally empti-es i-nto Santos Bay. Spe-

cifi.c objectives i.ncluded: (1) adapting an existing model,

QUAL-l, to thi.s estuary; (2) developing the i.nput for the model;

(3) estimating the waste loading to the estuary; (4) determin-

ing the problema encountered in adapting a one-dimensi.onal model

to a stratified two-dimensional flow system; and (5) estimating

valer quality i.mprovements resulting from increased treatment

leveis with future growth i-n the área
SCOPE

effectdetrimentalanother factor whj.ch has onpopulation aIS

Water quali.ty data from previous field studies were

used for calibration of the model. The main parameters used

in this study fere carbonaceous biochemical oxygen demand (CBOD)

whj.ch is equivalent to BODA, nitrogenous bi.ochemical oxygen

demand (NBoo) , di.ssolved oxygen (DO), and sala.nity. Due to the

pack of i.nformati.on concerninç waste discharqes i.n the área /
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locati.ons and quantiti.es of waste ].oads had to be estimated to

match the water quality of the estuary

After cala.brati.on of the modem, future growth and

treatment leveis were appli.ed to predict improvement of valer

quality with treatment leveis that could be expected for munic-

i.pal and industrial discharges

[rl. ilf Tf:fPil;':.l r r.11J:!J.{:!''l :-l:"'n
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CHAPTER ll

LITERATURA REVIEW

This chapter includes a descai-ption of QUAL-l, the

modem used in the si.mulation of the water quality of the Santos

estuary. The main opta.ons of the program are summarized, and

the bati.c equations and soluto.on techniques that are used in

t])e modem are bri.ef].y described

The second pare of this chapter contains informati.on

concerning the demographi.c, economic, and cli.matological charac

temi.sti.cs of the study área. and algo a description of the

Cubatao Ri.ver Base.n

MODEM

llo\rn l rl

INTRODUCTION

pment

The ori.final version of QUAL-l was developed by W. A.

White, R. J. Brindes, and Dr. F. D. Masch, i.n dose collabora-

tion wi.th the mexas bater Development Board dura.ng the period

September, 1969 to September, 1970

!j:logram Options

The verei.on of QUAL-l used in this study is made up

of a set of interrelated bater quali.ty modela capable of rout-

ing through a stream subsystem the fo]].owi.ng bater quality para-
meters:

(1) temperature ,

(2) biochemical oxygen demand (carbonaceous and

ni-trogenous) and dissolved oxygen, and

(3) one conservative material

4
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Any comi)znatzon ot tnese tnree moaexs can oe usou il-ii l-

lati.on, but for this study only the BOD and DO and conservative

material modela vete usei to predict the valer quali-ty of the

Santos estuary

Several other opta.ons are available to the usei. If

desi.rable. the flow augmentation option can be used to deter-

mi.ne the dilution water requirements necessary to meet a spec-

ified dissolved oxygen levei. Another option exists for the

addition of incremental runoff to the system. Steady-skate or

dynamic soluto.ons are possible, and spati.al and temporal des-

cai-pti.ons of the water quality parameters can be included in

the output from the model
An additi.oral subrouti.ne was added to the model which

produced a plot of observed and predicted values of dissolved

oxygen, carbonaceous biochemi.cal oxygen demand, and dali.nity

Modifi.camion of Existing Program

One chance was made to the model to prova.de for a

better approximation of an estuarine system. In the subroutine

lIYI)RAU, the dispersa.on coefficient is calculated for each reach.

The ori.gi.nal versa.on of the equati.on as applied to systems whose

transport i.s governed by advection i.s as follows:
0 . 833

D. = 22.6 (n) (U) (H)'

5

he simu

Ê

(1)

where:

DL: longitudinal dispersion coeffi.ci.ent, ftz/sec

n = Manni.ngs roughness coefficient,

U = mean veloci.ty, ft/sec, and

H = mean depth, ft

/
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ls-Tais equatzon was replacea zn tne morei ny tne equatzon ror ax

persion as applied to systems whose transporxc i.s governed by

dj.spersion. as shown belos:

DL ' U/n' (2)

where:

DT- longa-tudinal di.spersi.on coefficient. ft'/

U = mean stream velocity, ft/sec, and

n'= slope of semilogri.temi.c plot of salinity con-

centration versus distance downstream, ft '

(base e)

The value of D. was then used i.n calculati.ons i.n the

basic equation describing the mass transport of conservati.ve

and non-conservative constituents, assuming steady-skate, non-

n i. form flow : . .

»+- -t:#'* "-'. »«'"

(j.) (ii) (iij.) (iv)

sec/

(3)

A = cross-sectional área of the stream. ft',

C = concentration of the constituent, mg/l, or tem

perature, 'F.

U = mean velocity of the stream, ft/sec,

DL- longa.tudinal dispersion coeffi.cient. ftz/

t = some poi-nt i.n time. sec,

x ' some point along the longa.tudinal axis of the

stream (x-axis), ft. and

''S''= sources or sinks of a nonconservative constituent

mq/]., or termoerature. oF

sec/

/
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In the equation above, term (i) represents the temporal chance

i.n concentration, term (ii.) represents the transport due to

longitudinal dispersion, term (iii) represents the transport

due to longitudinal advection, and term (iv) represents the

sources or sinks if the consta.tuent is nonconservative (mexas

Water Development Board, 1971) . Tais equation i.s solver by the

model for CBOD. NBOD, DO, temperature, and dali.nity

For BOD calculations the "SPnn" terra can be expressed

as fol].ows :

7
ijli:; :H

g..;J . . .} . J

BOD '(Kx + K3) L (4)

BOD net BOD (carbonaceous or nitrogenous) source
or si.nk, mg/l/sec,

Kx ' KI(CBOD) or K4 (NBOD) , BOD removal, day ',

KI = BOD removal by deposi-tion, day ', and

L = concentrati.on of ulti.mate BOD (carbonaceous

or nitrogenous), mg/l

For DO calculations, the "SDO" term can be expressed
as follows:

''SD0" : K2 (Cs - C) - (KILCBOD + K4 L NBOD + K5/H) (5)

where

'DO

K2

C

C

K l

S

net DO source or sink, mg/l/sec,

reaerati.on rate, day'',

solubility of oxygen in valer, mg/l,

concentration of DO, mg/l,

CBOD deoxygenation rate. day ',



LCBOD ' concentrati.on of CBOD (uJ-tomate) , mg/l,

K,

f

NBOD deoxygenati.on rate,

LNBOD ' concentration of NBOD (ulti-mate) , mg/l

K5 ' benthic demand. graus 02/m//day, and

H = mean stream depth, ft

The program performs the necessary transformations of

units to assume that the source or sink term is i.n the uni.ts of

mg/1/second.

Assumptions

Major assumptions usei in the development of the modem

(1) the major transport mechani.sms, advecti-on and

dispersion, are significant only along the main

directa.on (longa.tudo.nal axi.s) of the stream; and

(2) the stream i.s flowing at nonuni.forra, steady-state

conde.bons.
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STUDY ÁREA

Introduction

The city of Santos is ].ocated on the southeastern

coast of the Skate of Sao Pau]o, Brazi].. The ci.ty nes at

approximately 230 57i south latitude and 460 24' west longi-

tude. The Santos estuary and its tri.butaries drain most of the

adjoi.ning área to the north and west of Santos, and the waters

of the estuary flow through Santos Bay to the Atlantic Ocean.

A map of the secti.on of the estuary that was modem.ed in the

study i.s shown in Figure 1

Municipalities

Greater Santos i.s composed of six municipalities:

Santos, Sao Vincente, Guaruja, Cubatao, Praia Grande, and

Mongagua. Tab]e ] shows the popu].ation of these ci.nes from

1950 to 1970. More than three-fourths of the resident popula-

tion of the Greater Santos área for the year 1970 was concen-

trated in the cities of Santos and Sao Vincente. which bordel

the estuary on the south.

$gonomy

The Santos área attracts many tourists from all parta

of South Aderi.ca and the world. The beaches that bordel the

bay along Santos and Sao Vi.ncente and the ocean beaches of Praia

Grande, Guarda, and Mongagua provide recreational opportunities

throughout the year. The "floati.ng" populati.on associated with

the tourist i,ndustry has a major effect on the economy of the

área. Tables 2, 3 and 4 tive a comparison of the estimated

resident and "floatinq" populations of Greater Santos for th e

\

\

\

\

}-

l
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FIG l LOCATION OF STUDY ÁREA

SANTOS ESTUARY

SANTOS

SANTOS BAY
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years 1970r 1985, and 2000

The industrial. center of Greater Santos i.s ].ocated i.n

the munici.pari.ty of Cubatao. Inorganic and organic chemicals,

pulp and paper, oil refinery, textile, verti-lazer. plastics,

and heavy metal wastes are included in the pollutants that are

di.scharged to the Cubatao Rever Basin, and many smaller indus-

tries contra.bute to the po]]utant ].oading of the área

The harbors of Greater Santos provide an excellent

place for nacional and i.nternational frade. A dredged channel

enables access for twelve miJ-es upstream from the point where

the estuary enters the bay, and shopping and related poTE acta.-

vi.ti.es continue to grow each year

Several factors enhance the development of i-ndustry i.n

Greater Santos. The proxi-mity of the city of Sao Paulo provides

a large consumer base for the products of the área. The largest

seaport in the nation is centered i.n Santos, and rai.l and highway

li.nks with other parta of the country make inland frade possible

The Henry Borden Power Plane prova.des a conta,nuous source of

electri.c poder, and the Cubatao Rever gi.ves an available fresh

bater source for the muni.ci.palita.es and industri.es of the área

Factors that inhi.bit i.ndustrial growth algo exist

These elemento include a shortage of land for industrial develop-

ment, flooding problema, and bater pollution and fiou variations

in the Cubatao Rever due to power generation from the waters of

the Bi.lli.ngs Reservoir

\

\

\
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The climate of the Greater Santos region is hot and

humid, without a di.stinct dry season. Due to i.ts .Locati.on in

the Southern Hemisphere, the seasons of summer and wi.nter are

reversed from thei.r expected ordem i.n the Northern Hemi-sphere

The average annual temperature i.s about 68o F (20o C) , and the

avezage yearly rai.nfall is approximately 79 enches (The New

Encyclopaedi.a Bri.tanni.ca. 1976)

Cubatas Ri.ver Basin

The freshwater portion of the Cubatao Rever i.s approx

mately fifteen males lona and drains 54 square mi.les of land

área. The main f.Low of the ri.ver resulta from the discharge of

water from Bi.llings Reservoir during poder generation. The

reservoir i.s fed in pare by the Tiete Rever, and thi.s interbasi.n

transfer of water comprises about 95 percent of the fiou in the

Cubatao Rever. The power plane flor used in thi.s study was 2772

cubic feet per second.

Background flor in the Cubatao Ri.ver i.s measured at a

point approximately 1.5 males upstream from the power plane di.s-

charge. The average flor at thi.s point for the purposes of thi.s

study was 159 cubo.c feet per second, whi.ch was 5.4 percent of

the total f].ow of the ri.ver

The quality of the Cubatao Rever is pool deter the

fiou from the power pJ-ant enters the stream. Anaerobic conde.-

bons have been docuinented in the 1,206 milli.on cubic meter

(319,000 mi.lli.on gallons) maxi.mum capacity Billings Reservoir

for a distance of mne mi.les upstream from the dam (World Health

l
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Organization, 1974) . The valer flows in pipes to the poder

plane as it drops approximately 700 meteis (2300 feet) i.n a
distance of about 2.5 males, and the flow of the Cubatao Rever

after the di.scharge is enriched i.n nutre.ents and defici.ent i.n

dissolved oxygen(Rohli.ch, 1976)

The estuarine porei.on of the Cubatao Ri.ver basin begins

approxi.mately 3. 7 mi.les downstream from the poder plane di.scharge

As can be seen in Figure 1, for a distance of three mi.les the

ri.ver passes through a swampy arear and the flow is di.ssi.pated

unto several directa.ons, all of whi.ch flor i.nto the Santos estuary

wi.thin a distante of two males along the estuary

The Santos estuary is 11.75 files lona and empti.es i-nto

Santos Bay. The Cubatao tiver i.s the major freshwater fiou i.nto

the estuary, and severas smaller streams enter along its length.

The streams considerei to be si.gnificant in this study were:

Rio Mogi, Rio Qui.].ombo, Rio Jurubatuba, Ri.o Sande., Ri.o Digna

Ri.o S. Amado, Rio do Mei.o, and Rio lcanhema.

A channel has been dredged i.n the upper secti.ons of

the estuary to allow passage to and from the i-ndustri.al complex

near the city of Cubatao. The channe] begins approxi-matei.y 6.75

mi.les upstream from the mouth of the estuary, and i.s ave nliles

lona. The dredged portion averages 10 meteis (32.8 feet) i.n

depth and extends 1.5 files upstream from the last freshwater

i.nflow of the Cubatao Rever

8

/
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CHAPTER lll

METHODS

INTRODUCTION

The method used in the application of QUAL-l to the

Santos estuary consisted of: (1) segmenta.ng the system to

produce the geometric and hydrogeometric properti-es of the

stream system; (2) defining the hydrologi.c i.nputs to the system;

(3) defining the water quality inputs to the system; and (4)

ca].ibrating the model as closely as possible to exi-sti.ng data.

Two additi.onal analyses were performed. After the

motel was calibrated, the sensitiva.ty of the bater quality out-

put was investigated by varying certain inputs in ordem to deter-

mi.ne the controlling factors of the system. Algo, a predi.cti.on

of valer quality resulting from improved waste treatment was com-

pleted for the years 1985 and 2000

SEGMENTATION

The fi.rst step i.n the appli.cata.on of QUAL-l to the

Santos estuary was to di.vi.de the system indo reaches. Each reach

contei.ned at least ODP computacional element. that was 0.25 files

in length. Depth profiles were constructed from data taken from

a 1973 map of the Post of Santos, the post recent aval.lable

(Defense Mapping Agency Hydrographi.c Center, 1973) . Due to th

shallow portions of the estuary on ei.ther lide of the dredged

Channel and at the mouths of entering tri.butaries, measurements

vele considered insigne.ficant if the depth was more shallow than

one meter in those áreas. From these depth profiles at each

quartel mi.le poi.nt. average depths and cross-sectional áreas fo

re

e

r
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Similar characteristi.cs of these two parameters fere

used i.n the divã.sion of the system isto reaches. Average values

of depth and cross-sectiona] área were then ca].culated over each

reach using each quartel mi].e section as one data poi.nt. If

necessary, these reaches were subdividem later to accomodate

large flows that would cause erroneous depth and velocity compu-

tations by the program. Table 5 shows the division of the .system

unto reaches, average depths and cross-sectional áreas for each

reach. and the flow and veloci.ti.es that fere está.mated at the

heads of each reach

HYDROLOGY

Flow

computati.onal element calculatedeach vete

l

An average f].ow of 2772 cubic feet per second for the

poder pJ-ant discharge and an está.mated average flow of 159 cubic

feet pex second at the gauge on the Cubatao Ri.ver fere used in

this study

Flows for other tributaries to the estuarine system

fere estinated as follows. The área drai.ned by the Cubatas Ri.ver

and i.ts tri.butari.es upstream from a gauge that is located 1.5

files upstream from the power plant discharge was estimated by

plana.meter. The measured fiou per unte área was computed to be

4.01 cubo.c feet per second per square mi.le. The renal.ning drain

age área downstream from the gauge to the poi-nt of entrance i.nto

Santos estuary was determined, and the total freshwater flow for

the cubatao Rever was calculated. Drai.nade áreas for other tri.-

butaries to the estuary were measured. and their freshwater

i
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flows vete computed in like manner

The municipalities of Santos, Sao Vincente, and

cubatao take thei.r publi.c bater supply from the Cubatao Rever

TO está.mate the wi.thdrawal from the Ri.ver, a value of 50 gallons

per capita per day was assumed as an average sewage flow rate,

and this value was assumed to be 75 percent of the publi-c bater

supply demand (Azevedo, 1975) . These values yielded an está.mate

of 66.7 gallons per capita per day for wi.thdrawal purposes. For

summer conditions in the modem, the resident and "floating'' pop-

ulati.on figures vete considered.

The undefi.ned flow characteristi.cs and channel bound

artes of the Cubatao Rever pri-or to discharge unto the Santos

estuary made it necessary to split the flow i.nto three secti.ons.

The flow was divided evenly between the three inputs after the

background fiou for the Cubatao Ri.ver and the water supply with-
drawal had been taken unto consi.derati.on. Freshwater flows used

as seasonal i.nputs for the modem are li.sted i.n Table 6.

Several saline tributaries, includi.ng the Canal de Be

boga and Rio Casquiero, were not considerei as i.nputs to the

system. The net effect of the flow of tri.butaries of thi.s type

was consi.dered as zero and not applicable to the simulation of

time-averaged water qualíty as predi.cted by the motel

The first 0.5 mne of the Bay was represented by the

last reach i.n the system. The volume of tais portion of the Bay

was 13.2 mi.lli.on cubo.c feet (989 milli-on gallons) , and the dali.n-

ity was 32.1 pares per thousand. The amount of material i.n the

r

eder e in 0 e es uary \vas con ro
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by the di.spersion coefficient i.n the last reach.

The average ti.de range was found to be 1.48 feet

(Defende Mapping Agency Hydrographic Center, 1973) . The amount

of valer exchanged on a tidal cycle was calculated by the follow-

i.ng method. The average tidal velocity near the mouth of the

estuary was found by using a va].ue of 70 percent of the maximum

tidal velocity over either the flooding or ebbing ti-de (Armstrong,

1976) . The maximum ebbing ti.dal veloci.ty was used i.n thi.s study

The average veloci.ty was then multiplied by the cross-secti.onal

área at the mouth of the estuary to obtai.n a flow of 41,500 cubic

feet per second. Thi.s fi.guie was then multa.plied by the period

of one ti-dal cycle, si.x hours (Armstrong, 1976) . A value of 893

milli.on cubo-c feet (6680 million gallons) resulted from these

computati-ons.

The tota[ vo].ume of the estuary was found to be 2870

mi.llion cubic feet. Dividing the ti-dal volume by the total

vo[ume of the estuary yi.e].ded a resu]t of 0.31 for the theoreti-

cal fraction of tidal volume in the estuary. Assumi-ng an actual

exchange of ten percent of this value as in other estuaries

(Armstrong, 1976) only 3.1 percent of the estuary valer is lost

to the Bay

Velocity is computed in QUAL

U = aQ'

XL

l by formulathe

23

(6 )

U = mean velocity in the stream, ft/sec,

Q = mean stream fiou, ft'/sec,
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a = velocity coefficient, and

b = velocity exponent

Absence of data prevented analysi.s of flow - veloci.ty relation-

shipsf and therefore the exponent of the equation was assumed

to have a value of unity. The i.nverse vague of the cross--

secti.onal área for each reach was used as input for the ve].oci.ty

coeffici.ent

Depth calcula l byL theIS equati.onLG \J .L 1 1 b/ iJ IX

H = cQd (7)

H = mean stream depth. ft,

Q = mean stream f].ow, ft'}/

c = depth coeffici.ent, and

d = depth exponent

Flow versus depth data were not aval.lable, and the exponent of

the equation was assumed to cave a value of one. The depth co-

effi.ci.ent for the model was computed as the quotient of the

average depth caJ-culated and the average flow over the length
)f each reach.

!!êles.9UALXWY

i2Êgjgg1lction

The amount of valer quali.ty data available for the

Santos estuary was Email. Average values and ranges of observed

data Usei in thi.s study are given in Table 7

sec/

Salina.ty data vete available at ni,ne stations in the

ustuary (CETESB, 1976) . Measurements were taken at one meter
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iDterva.tb bt,dltil.llg at d cieptn or oiie lrieter ano also a readzng

at a depth of 0.3 meters belos the surface. Wei.ghted average

data over the entire depth at each station vete used as i.nput

values for the calibration of the modem. Average salina.ty read-

ings ranged from 24.5 paras per thousand at mi.le 11.25 to 31.5

pares per thousand at the mouth.

The di.spersion coefficient over the length of the

estuary was then calculated. A plot was constructed of the

natura[ [ogari.thm of the sa].inity versus the di.stance downstream

from the uppermost reach of the study área. The average veloci.ty

in feet per second over the study área was divided by the slope

of the semi-logra.thmic plot, after conversion of the slope from

mi.les " to feet''. This yielded the di.spersion coefficient in

square feet per second.

Due to the intense dali.ni.ty stratifi.cation in the

estuary, salinity data fere treated i.n three ways: (1) using

the 0.3 meter depth dali.ni.ty values only; (2) using a weighted

average over the first fi.ve meteis at each station; and (3) using

a wei.ghted average over the en+-ire depth at each stati.on. The

resujts of these calculati.ons are shown in Table 8. The di.sper-

sxon coeffi.cient computed using the weighted sala.nity data over

the ente.re depth was usei as a first approximati.on to the actual

fi.eld conditi.ons

Temperature data were aval.lable at twelve stations

over the área of the estuary (CETESB. 1976) . The data consi.sted

of tour pai.rs of simples at each station. One samole was take

!g!!pgrature

n





at the surrace and another one meter from the bottom. The temp-

erature data were grouped seasonally and averaged for each sta-

ti.on; these stati.on seasonal averages fere then averaged over
each reach.

Carbonaceous bi.ochemi.cal oxygen demand (CBOD) and di.s-

solved oxygen (DO) data fere aval.lable at the some stations and

depths as the temperature data (CETESB, 1976) . Average seasonal

values fere calculated at each station, and these va].ues were
used to cala.brote the model

No nitrogenous biochemical oxygen demand (NBOD) data

vele aval.lable, but lqBOD was regarded as an important parameter

i.n the system and therefore was i.ncluded in the simulati.on. The

NBOD resu].ts as predi.cted by the model, however, cannot be cal
brated or validated

Reacti.on Rales

The reaerati.on rate (K2) for the system was calculated

usi.ng the equati.on developed by O'Conner and Dobbi.ns in 1958

(Taxas 1,bater Development Boald. 1971)

,,20 (Dm U)
K;'

29

l

0 5

Where:

Klu- reaerati.on coeffi.cient at 20oC

H = mean stream depth, ft,

U = mean stream veloci.ty, ft/sec, and

Dm: molecular diffusion coefficient, ft2/day

r



'l'xda.L ve.Locity measurements were substituted in the

computation of the reaeration rales in place of the i.nstream

advective ve]ocities that vete ca]cu].ated by the motel. This

made it necessary to use the option of reading i.n. the hand-

calculated iates as input for each reach.

Tidal velocity data existed at only three stations i.n

the Santos estuary: 0.338 feet per second at mi.le 11.00, 0.676

feet per second at mi.le 6.50, and 1.35 feet per second at mne

1.75. A curve was fi.tted to the net ti.dal velocity versus the

di.stance over the ente.re study área. Reaerati.on rales fere cal-

culated at the three stations, and the iates were plotted versus

distance over the estuary. Average rales were computed over

each reach, and these values served as i.nput for the model

The reaerati.on rate is i.nfluenced by temperature vari-

ation, and QUAL-l corrects the K2 value according to the follow-

ing equati.on (Texas Water Development Board, 1971)

Kl! - KIÍO i.047(v-20) (9)

30

where:

K; = reaeration rate at the desired temperature,

K;u= reaeration rate at 20oC, and

T = temperature, oC,

Bi.ologi.cal removal of CBOD from the estuary i.s está.-

matei in QUAL-l by the carbonaceous deoxygenati.on rate (K.) . A

Value of 0.5 day'l (base e) at a temperature of 20oC was used

for the ente.re length of the Santos estuary. The Rodei has the

capacity to make the necessary corrections to the K. rate due

to temperature vara.ation in each reach. The equati.on that is
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ubcu çv b'c.-.-'..''.iu l-íie teinperature correction i.n the modem i.s

(mexas Water Development Boazd. ].971)

KT = K?o ]..075 (v-20) (10)
where

K;l = CBOD deoxygenati.on rate at desi.red temperature
day'',

Kiu= CBOD deoxygenation rate at 20oc

T = temperature, uC.

Bio[ogi.ca]. removal of NBOD is controlled by the nitro-

genous deoxygenation rate (K4) i.n the model. A value of O.l
day ' (base e) at 20'C was used for each reach (Thomann, 1972),

and thi.s value was corrected for temperature variation usi.ng the

some equation as the carbonaceous deoxygenati.on rate

Benthic oxygen demand was also routed i.n the motel. A

value of 2.0 grams pez square meter per day was assumed for the

reaches included from mne 7.00 to mi.le 11.75, and a value 0.5

graus per square meter per day was usei for the reaches from

mi.le 0.00 to 7.00 (Thomann, 1972) . The scouring effect of

Xncreased ti.dal acta.on in the downstream sectíon of the estuary

was assumed to cause the erosion of a constant bottom substrate

and therefore the smaller value was used.

The Rodei included removal of biochemical oxygen demand

due to settli.ng (K3) . This rate of oxygen depletion was consi.d-

ered i.nsignifi.cana in the downstream reaches from mi.le 7.00 to

the mouth of the estuary due to tidal action, but a vague of 0.5

day'l (base e) was used as input for the reaches included f
mj.le l1.75 to 7 nn

r

r

f

rola
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CALIBRATION

I' n rll 1 +" c=

The i.nflows of freshwater tributari.es calculated as

noted above were located and placed at the appropriate mi.lepoint

in the model. From observations of regional mapa and analysi.s

of CBOD data, six other waste loads were consi.dered to be signo.-

fi.cana in thi.s study of the estuary

Three canais, numbered from tour through si.x, empty

indo the estuary at locations ranking from 2.25 to 3.25 mi.les

above the mouth. Each of these canais was asse.gned a fiou of

5.0 cubo.c feet per second.

The Cita of ltapema was assumed to have an untreated

sewage discharge. Using an estimate of 50 gallons of sewage per

capa.ta per day (Azevedo, 1975) ,; and an assumem populati.on of

30,000, a value of 2.3 cubic feet per second was calculated.

Two other di.scharges were assumed to be present, due

to the occurrence of two "peaks" at mi.lepoi.nts 7.75 and 5.50 in

the summer CBOD curve as constructed from field data. These

''peaks" were observed to a much lessem degree in the winter CBOD

curves, and a fiou of 5.0 cubic feet per second was estimated

for each

Wgter Quality

To approxi.mate actual conditions, the only input used

for sa].i.ni.ty i.n the model was Santos Bay. A partiam of the Bay

was represented i.n the model by the last reach in the system.

A largo flow of hi.gh dali.ni.ty valer was entered as a waste load

at the mouth of the estuary at the head of reach ten, and the
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salinity concentration profile was calibrated by controlling the

di.spersi.on i.n each reach. The calculated dispersion coeffici.ent

was usei as a first approximati.on in the motel

Si.nce the salinity concentratíon at the uppermost

point of the estuary was specifi.ed as zero, an extra ''dummy"

reach was i.nserted in the modem at mne 12.00. This reach,

numbered as zero, was i.ncluded i.n the simulation for the fole

purpose of meeting the upper boundary condition at mne 11.75

for salinity, and simulation resulta i.n the reach fere di.sregarded

The reach was assigned a low dispersion coeffici.ent, and a small

amount of the materia] i.n reach one was a].lowed to extend over

the system boundary

A temperature si.mulation was not attempted. although

QUAL-l has the capacity for such a procedure. Lack of meteoro

logícal data, such as ambient dry bulb and wet bulb temperature,

barometri.c pressure, and wind ve].oci.ty, prevented an accurate

anal-ysi.s of temperature variation, and the averaged seasonal

values vete used as input for the steady-skate model

Freshwater tributaries to the estuary other than the

Cubatao Rever fere assigned concentrations of 1.0 mg/l NBOD and

CBOD each. Other untreated Haste loads were assumed to have a

value of 200 mg/l for both NBOD and CBOD.

The three f].ows of the Cubatao Rever and the baste

load assigned as Santos Bay were used to further calibrate the

modem for CBOD. Various concentrations of equal parta of CBOD

and NBOD vete used as input for the Cubatao Rever for approxima

tios of fíeld data. and the Bay concentration was controlled to

33
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a further attempt to está.mate the Haste loads which enter the

estuary

theset downstream
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Dissolvem oxygen was calibrated usi.ng the some methods

as the CBOD data. Freshwater tributaries other than the flows

of the Cubatao Ri.ver vete estimated to have a DO concentration

of 7.0 mg/l of dissolved oxygen. The DO values of the Bay and

the Cubatao Ri.ver vele then adjusted to approxi.mate the fi.e].d
conde.bons.

SENSITIVITY ANALYSIS

Introducti.on

To determi.ne the variables which had the greatest effect

on calculated BOD and DO ]eve].s i.n the Santos estuary system, a

senti.tivity analysis was conducted. The analysis consisted of

measuring the percent chance in an output vara.able resulta.ng from

a known percent chance i.n an i.nput to the model. The equati.on

for senti.tivity used i.n this study i.s as follows:

'41 x ioo
Sensitiva.ty (9o y/g x) = ,:--;

4.{ x ioo
where

(11)

Y = output variable (dependent) , and

X = input variable (independent)
iables

Inputs that were selected for analysis were: (1) the

concentration of BOD i.n the Cubatao Rever; (2) the BOD concentra

ti.ons of the discharges that were está.mated; (3) the 00 concen-

tration of the Cubatao Rever; (4) the reaeration rate (K.) ; and

ar;input v

''«
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(5) the longitude.nal di.spersion coefficient (D.)
Output Variables

The BOD analysis was inca.uded ín ordem to determine

which of the two Haste .loadings had the largest detri.mental

effect on the water quality of the estuary. Instream CBOD and

OO concentrations were selected as output variab].es for study in

the analysi.s of BOD sensitiva.ty due to thei.r importance in valer
quali.ty management decisions.

The DO concentrati.ons of the three flows of the Cubatao

Rever vele selected for analysi.s in ordem to evaluate the effect

of oxygen concentration of the Haste loadi.ngs i.n the área on in-
stream DO leveis .

The rede rate was se.Lecte(i ior a sensitzvzty

study due to the importance of oxygen in the estuari.ne system

and the sparsity of ti.dal veloci.ty data from which the rales

vele calcu]ated. Disso].ved oxygen was the only output vara.abl

studied as a function of the reaeration rate

The effect of the use of the moda.lied dispersa.on co-

efficient on the valer quality si.mulation was investigated i.n

the last senso.ti.vity analysis. Percent chance i.n salina.ty con

centration was studied as the output variable

glg:tion Locations

The effects of these tour variable i.nputs were studi.ed

at three ].ocations in the estuary: (1) the head of reach tour

at mne l0.25; (2) the head of reach six at mi.le 7.00; and (3)

the head of reach ninfa at mne 1.75. These stations vete selected

due to the varying effects of the i.nput values UDon the wat

ratíon

e

er
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approximately halfway poi.nt
PREDICTION

Introducti.on

The relationship between future growth and i.ncreased

Haste treatment i.n the greater Santos área i.s largely unknown.

To ai.d i.n the analysi.s of this relata.onshi.p, the mode]. was used

to si.mulate posei.ble water quality in the Santos estuary for the

years 1985 and 2000. For the 1985 predicti.on, BOD removal leveis

and DO va].ues associated with pri.mary treatment were used; for

the year 2000, secondary treat=ment leveis were used as inputs for
the model

present ioaazng troa i.ndustri.al and mini.cipal baste

discharges to the Cubatao Rever and its tributari.es was está.mated

by Subtracting the loadings resulting from natural sources from

the total loadi.ng at the mouth of the Rever. Percentagem for BOD

removal fere applied to tais loadi.ng as well as the two estimated

Haste discharges and the flor of sewage from the City of ltapema

The loadings of CBOD, NBOD, .and DO used in each predi,c-

ti.on at the mouth of the Cubatas Rever vete calculated by addi.ng

the natural. ].oadi.ngs of these consta.tuents to the loadings remain-

zng after each levei of treatment had been appli.ed. Concentra-

tions vete determíned after the publi.c water supply demand had

been Subtracted from the combined fiou of the power plane dis-

Charge and the background flow of the Ri.ver. Equal concentra

bons of BOD were appli-ed in each of the flows of the Cubatao

Rj.ver, but the DO levei in the fiou enteri.ng the estuary at mi.le

quality of the estuary at upstream, downstreaman a and an/

The



two sections of the Ri.ver

Each of the BOD concentrati.ons in the canais was lowered

to 20 mg/l for both predicti.ons, and these values are consi.stent

with loadings characteristi.c of urban runoff (Field. 1973)

Population estimates for the two years i.ncluded the

floating" populatíons of the three cities of Santos, Sao Vicente,

and Cubatao which draw their bater supply from the Cubatao Rever

The fi.guie used i.n earlier calculati.ons for the public valer

supply (66.7 gallons per capita per day) was kept constant. A

maximum annual growth rate for the City of ltapema was estimated

as 4.0 percent, due to the estimated overall populati.on increase

of Greater Santos which was calculated to be 3.4 percent per year

from 1970 through the year 2000.

Since the conditions for the highest degredation of

valer quality usually occur dura.ng pera.ods of high temperature

and low fiou (associated wi.th increased withdrawal for water

supply) , the summer seasonal motel was used for predi-cti.on pur-

poses.

1985 Pre

10 25 kept l mg/lat 0 lowerwas than the DO leveis the otherin

1 1

dicti.on

e

and

Equal removal percentages of 30 percent for CBOD and

NBOD were usei for the waste di.scharges for primary treatment

purposes. A DO concentration of 2.0 mg/l in each of the Haste

flows was assumed.

The BOD removal due to settli.ng in the estuary was d

creased by 80 percent to a vague of 0.1 day'l (base e) . The

benthic.demands fere reduced bv 50 percent to figures of l.O

U



0.25 grams of oxygen per square meter per day in the upper and

[ower reaches of the system, respecti.ve].

2000 Premi.cti.on

For the prediction of secondary treatment, a percentage

remova[ for CBOD of 85 percent and an eff]uent DO ]eve]. of 3.0

mg/l were used i.n the Haste loadi.ngs. The NBOD leveis remained

the some as in the pri.mary treatment prediction. The CBOD de-

oxygenation rate over the ente.re length of the estuary was re-

duced by 50 percent to a vague of 0.25 day 't (base e) at 20'C,

and all other i.nputs other than the wi.thdrawal demand were un-

changed from the 1985 predícti.on.
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l INTRODUCTION

l The mathemati.cal modem descai.bed in Chapter 111 wa s

{ used i.n the Santos estuary to predi.ct BOD and DO i.n 1985 and

+ 2000 under severas treatment regi.menu. First, however. the modem

ii had to be cala.brated with existing sala.ni.ty, CBOD, and DO data

.l\ The results of the Calibration and predicti.on work are descai.bed
below.

l CALIBRATION

k Because salina.ty j.s con\ d - - - ''-- +u--- -;u a çuiibel vd tive Iria tex'la]. .

\ i.t was cal i.brated fi.rst to "pune" the hydraulic characteri.sti.cs

\ of the modal. The resulta of the sa].i.ni.ty cala.bration are shown

\ i.n Fi.guie 2. The results of the calibrati.on are considered good

\ because at ].ocati.ons where dali.nity data exi.sted, two-thirds of

the predi.cted Values were withi.n 2.5 percent of the averaged

field data, and all of the predicted Values fere wi.thi.n 5.3 per-
cent of the weighted averages used for the calibrati.on.

The average dispersa-on coefficient over the entire

J.ength of the estuary was calculated from cala.bration results to

be 239,000 Square feet per second (741 square mi.les per day)

Thi.s Value was approxi.mately ten ti.mes greater than the vague

whj.ch was Calculated from the semi.logra.tllmic plot of sala.ni.ty

versus di.stance, one procedure for calculati.ng this coeffici.ent

Tais vara.ati.on was due to the high dispersa-on i.n reaches six and

seven, which averaged 640,000 square feet per second (2010 square

l
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CHAPTER IV
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files per day) . The dispersion coeffici.ent calculated, excluding

reaches six and seven, was 3160 square feet per second (97.9

square mi.les per day) whi.ch was 30 percent greater than th

pected vague

P4gchemi.cal Oxygen Demand

The results of the CBOD calibrati.on for the wi.nter and

sunmer conditi.ons are shown in Figures 3 and 4, respecti.vela
The CBOD cala.bration was apparently good, since in both seasonal

calíbrations, all of the predi.cted values reli wi.thin the 80 per-

cent confidente limits of the field data. Thi.s fit was forced,

however, because the CBOD input values were increased until the

desi.red leveis of CBOD vele obtained in the estuary. This was

necessary because of the lack of waste i.nput data. and thi.s means

that the CBOD data fere consi.dered the base data for the cala.bra-

tion. As wi.ll be di.scussed i.n the nexo chapter, some of these

data are questi.onable and requere that the resulta of thi.s study

be quali.lied. Nevertheless, a CBOD concentration of 5.0 mg/l i,n

each of the flows of the Cubatao tiver was needed to achieve the

desi.red resulta. Note that the field data and the motel predic-

tions show Talher constant values throughout the estuary because
of the hi.gh dispersion rales.

The NBOD concentrations predicted by the model for the

wi.éter and summer seasons are shown i.n Figures 5 and 6. Concen-

trations of 5.0 mg/l NBOD (corresponding to a total oxi.di.zable

nitrogen concentration of one mg/]) were used in the f].ows of

the Cubatao Ri.ver for the si.mulata.on. Si.nce no field data existed

for NBOD, a cala.brati.on could not be performed, but the resulta

e ex
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are judged as reasonable

Dissolved Oxygen

Di-ssolved oxygen proa.les along the estuary for each

of the seasonal calibrations are shown in Fi-gumes 7 and 8. Flows

of the Cubatao Rever enteri.ng the system at mi.les 11.75 and

].1.50 Nele assigned a DO concentrati.on of 1.5 mg/l as descai.bed

in the previous chapter. Oue to its longes time of travei before

entering the study área and consequent further uptake of oxygen,

the remaining flow of the Cubatao Rever which enters the estuary

at mne l0.25 was assumed to have a DO concentration of 0.5 mg/l

The DO calibrati.ons fere consi.dered good algo, lince

only one value predi.cted by the model reli outside the 80 percent

cona.dente limo.ts of the observed data.

SENSITIVITY ANALYSIS

The results of the CBOD input - CBOD output, BOD input

00 output, and DO input - DO output analyses are shown i.n Figures

9 through 17. The graphs show a li.cear relationship between each

two paios of variables, and the slopes of the lhes are sulnmarized

in Table 9

T'he i-esu].ts of the K2 input - 00 output and the DL in-

put - sala.nity output analyses are shown in Figures 18 through

23. Since these graphs were not li.near, constant slopes of the

curves could not be computed.

These plots show that the B00 1oadi.ng of the Cubatao

Ri.ver was the controlli.ng factor of the system. For each per-

cent chance i-n the CBOD loading, an average chance of 0.846 per-

cent resulted in the i.nstream concentrations of CBOD, and for
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each percent change of total BOD i-n the Cubatao Rever, an average

chance of 0.398 percent resulted in the instream concentrations

of DO. On]y minou chances resu].ted from variation in other BOD

and DO loadings.
The reaerati.on rate algo had a noticeable effect on

the system, although this effect was not as significant as the

dependency on the BOD loadings of the Cubatao Rever. A 100 per-

cent increase in the value of Ko resulted in an average i.ncrease

of 18.6 percent in the i.nstream concentrations of DO, and a 100

percent decrease in the K9 value yielded an average decrease of
12.7 percent in the DO concentrations.

Analysi.s of the dispersion coefficient plots show that

the system i.s hi.ghly affected by a decrease in dispersa-on, and

this effect is much greater in the upstream secti.ons of the

estuary than i-n those near the mouth.
PREDICTION

The resulta of the premi.ctions of CBOD, NBOD, and DO

for the years 1985 and 2000 are shown in Figure 24. These pJ-ots

algo include the present conditions as sinlulated by the motel

for comparison wi.th the water quali.ty improvement in each levei
of treat:menu

For the cear 1985 i.n which primary treatment is assumem

to exist for all discharges, the following i.mprovements i-n water

quali.ty were calculated: (1) an average decrease of i-nstream

CBOD concentrations of l0.6 percent; (2) an average decrease of

instream NBOD concentrations of 31.3 percent; and (3) an averag

increase of instream DO concentrations of 27.2 percent
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.por tne year zuuu zn wnzc.n secondary treatment is

assumed to exist, the following i.mprovements over present leveis

of bater qua]i.ty resu]ted: (].) an average decrease in CBOD con-

centrations of 32.4 percent; and (2) an average increase in. DO

leveis of 65.5 percent. Since there was no further reduction

of NBOD assumed for secondary treatment, no i.mprovement of in-

stream NBOD concentrations resulted in the predi.cti.on for the

veaf 2000
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CHAPTER V

DISCUSSION

INTRODUCTION

The applicati.on of QUAL-l to the Santos estuary pre-

sented a uni.que problem. The usual methods of simulati.ng the

bater quality of a stream or estuary did not always apply t
this si.tuati.cn.

Due to the absence of data concerne.ng waste di.scharges,

locati.ons and amounts of Hastes enteri.ng the estuary had to be

estimated from the cala.brati.on of the modem.. In the case of

system parameters and dissolved oxygen, thís information was

knovrn prior to the appli.camion of the model, and it was usei

input for the cala.brati.on.

HAVER QUALITY DATA

The seasonal averages used in the calibrati.on of QUAL-l

vete based on four simples at each sampling stati.on. The sununer

data showed greater vara.ation and larger 80 percent confidence

li.mães than the winter data, and therefore the wi.nter seasonal

model was calibrated first

Two reasons are offered for the greater variati.on of

sunlmer water quality data. The summer data vete collected on

six separate days, and the wi.nter data were collected on tour

days. The variati.ons i.n the poder p.Lant flor and waste dlscharges

could cave caused greater deva.ation i.n the concentrations of the

valer quality parameters that fere sampled. Also, the summer

field study was conducted before the winter study. Thi.s was the

first attempt to collect water quality data i.n the estuary. Due

0
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to the period of time needed to develop the ski.lls associated

wi.th the collection and analysis of simples, the fi.rst study m

cave been the leis accurate of the two

MODAL APPLICATION

The appli.camion of a one-dimensional model to the strat-

ifi.ed system is considered by the author as a preliminary effort

to si.mulato the water quality of the estuary. The resulta of

the modem should be consi.dered as time-averaged water quality,

and the problema incurred dóri.ng this study should be considered

i.n further applicati.ons of other mathematical modems to the est-

uary

ay

L/llç= a.DFiç;\+l. cilac wa.õ ai\iL- ç+xiiln.L\lçLCCa -Lli c-ii.LO ncutiy

because of li.mi.tations i.n the modem used was the relationship

between DO and salinity. The addi.tion of chlori.des to water

lowers the saturation concentrati.ons of dissolved oxygen. Thi.s

reduction of DO saturati.on leveis implies that the DO concentra

ti.ons predicted by the modal exceed leveis that are expected

wi.th salinity taken unto account. The difference in the satura

ti.on values is approximately 1.2 mg/l for the range of suJnmer

seasonal temperatures and approximately 1.4 mg/l for the wi.nter

seasonal temperature range (Metcalf and Eddy, 1972) . This suggests

that the removal rales used in thi.s study may be greater than

the rales under actual conditi.ons, because a lower rate of de-

oxygenati.on would be needed to achieve the observed DO leveis

for the calibration of the model

REALISM OF ESTIMATED WASTE LOADS

The flows and loadi.nas of discharges thatthe wastc



.P

had to be estimated for simulation purposes are considered by

the author as realistic. A loading of 162,000 pounds per day

of untreated biochemical oxygen demanding material (50 percent

CBOD and 50 percent NBOD) was está.matei for all Hastes entering

the freshwater portion of the Cubatao Ri.ver. The total waste

fiou was calculated to have a DO levei of 0.5 mg/l. Other load-

ings such as the canais and estimated discharges to the estuary

are reasonable, but verification of these sources is impossi.ble

due to absence of data at thi.s time

CONFIDENCE IN PREDICTiONS

The predicti.ons made i-n thi.s study are consi-dered by

the author as reasonable. but the degredation of the water qua-

li.ty of the Santos estuary has reached an advanced stage. Con-

struction of treatment facilities probably will not begin in the

near futuro, and further deterioration of bater quality may

result. Improvement of the quali-ty of the Santos estuary will

requere a substancial amount of ti.me, and predictions made in

this study are onJ-y está.mations of a very complex situation.
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CHAPTER VI

CONCLUSIONS AND RECOMMElJDATIONS

CONCLUSIONS

Mode]. Structure

[. QUAL-i cave approxi.mate resu].ts for the stratified system

with the physi.cal and hydraulic data used

2. Problems (e.g. , a high di.spersi.on coeffici.ent) occurred i.n

the application of the model because of the strong densa.ty

strati.fication, and these problema musa be considered in

further analysis of the estuary

3. A two-layered or three-dimensional modal may be more appro

pri.ate to the estuary than QUAL-l, the motel used in tais

study

Modal Application

].. A present total BOD loading of 162,000 pounds per day at a

DO ]-evel of 0.5 mg/l was está.mated for the waste loadings

that discharge to the freshwater portion of the Cubatao

Ri.ver

2. The water quality parameters of BOD and DO in the estuary

are most influenced by the water quality of the Cubatao

Rever, which is controlled by the industri.al waste loadi.ngs

discharged to the Rever. Resulta of the analysi.s are as

follows:

a. For each percent chance i-n the CBOD loading of the

Cubatao Rever. an average chance of 0.846 percent

resulted i.n the instream concentrati.on of CBOD.

b. For each percent chance of total BOD in the Cubatao

7]
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el'r an average cnange ot 0.398 peace

i.n the instream concentrati.on of DO.

Results of the sensitivity analysis show that the valer

quali.ty of the estuary also i.s i.nfluenced to a lessem extent

by other parameters as descai.bed belos:

a. For each percent chance of BOD i.n the está.mated di

charges to the estuary, a 0.0619 percent chance in

average i.nstream DO ].eve]s resu].ted.

b. For each percent chance of CBOD in the estimated di.s-

charges to the estuary, a 0.134 percent chance i.n the

average CBOD concentratíons of the estuary resulted.

c. A 100 percent decrease in the reaeration rate cave an

average decrease of 18.6 percent i.n the DO concentra

ti.on over the estuary, and a 100 percent increase in

the reaerati.on rate cave an average i.ncrease of 12.7

percent for DO values.

d. A 75 percent decrease in the dispersion coeffi.ci.ent

cave an average decrease of 27.3 percent i.n dali.ni.ty

ove.r the estuary, and a 100 percent increase i.n the

di.spersi.on coeffi.ci.ent yi.elded an average i.ncrease of

6.00 percent

4. A levei of secondary treatment for all discharges in the

Santos área may be necessary to mai.ntain a levei of 5.0

mg/l of dissolved oxygen over the entire length of the est-

uary based on the i.nformati.on used herei.n

RECOMMENDATIONS

1. A bater quali

Rj.v nt resultem

3

S

sampLingty shotJld be begun theprograin '] in
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Cubatao Rever Basin which includes the following:

a. l-lonthly sampli.ng with depth at exi.sting stati.ons (or at

more convem.ent stations) i-n the Santos estuary for

temperature, CBOD, lqBOD. and DO;

b. Measurement of veloci.ty proa.le with depth in locati.ons

in the estuary with reasonable cross-sectional áreas;

c. A schedule of sampling and reporting (i.ncludi.ng flow

inforination) for dischargers of pollutants to the

Cubatao Rever Basin, including the Santos estuary, to

determi.ne if the loadi.ngs for the wastes as computed

in thi.s report are correct; and

d. A sampli.ng program to determine the flows and water

quali.ty of the freshwater tributaries and canais which

flor i.nto the Santos estuary

Daily records of meteorologi.cal data for the Santos área

should be kept i-n case these data are needed for a si.mula-

tion of temperature i.n the nexo application of a mathemati.

cal modal to the Santos estuary

.[f QUAL--] i.s used i.n a second appli,cata.on to the Santos

estuary, th.e equation for the calculation of dissolved

oxygen saturation should be moda.lied to include the effects

of salinity

C [ { E S H
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