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I. INTRODUCTION

Section 208 of the Federal Water Pollution Control Act
Amendments of 1972 provides for the development and implementa-
tion of areawide waste treatment management plans. In addition
to industrial and municipal waste water treatment facilities,
the plans are to account for nonpoint sources of pollution,
such as urban runoff, runoff from agriculture and silviculture,
pollution due to construction activities and so on. The basic
tool used in developing a management plan is a mathematical
model of water quality for the estuary which receives the
waste streams and land runoff. Once an appropriate model has
been calibrated and verified for the water body under consider-
ation, it can be used to simulate the response of the receiving
waters to various combinations of point and nonpoint loadings.
In this manner, it is possible to assess the impact of future
loadings, proposed changes in treatment levels and other
management alternatives.

The Hampton Roads 208 study area, shown in Figure 1,
consists of the Peninsula and Southeastern Virginia Planning
Districts. The Pagan River is located on the southern shore
of the James River approximately 25 kilometers (15 miles) up-
river of 0l1ld Point Comfort. The Pagan River basin lies
primarily in Isle of Wight County. More than half the basin is
forested and slightly over a third is used for agriculture.

The major center of commerce and population is the town of

Smithfield, as can be seen in Figure 2. During the summer of
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Figure 2. Pagan River drainage basin.



1976 field surveys were conducted in the river to determine
present water quality conditions and to collect the data
necessary to calibrate a mathematical model of water quality in
these water bodies. The field program and an analysis of water
quality conditions have been presented in a separate report to
the Hampton Roads Water Quality Agency.

The purpose of this report is to describe the model
which was applied to the Pagan River and to document its
calibration and verification. A detailed description of the
model, its many components, internal interactions and the
various assumptions employed is given in Chapter 2. This
discussion is of a rather technical nature, since it is intended
to provide a definitive presentation of the model and its inner
workings. A more general presentation of the model and how it
works will be given in future reports on the results of the
modelling studies. 1In Chapter 3, the various data sets required
for the model are presented, and the calibration and verifica-~
tion results are included in Chapter 4. The final chapter is
a discussion of several aspects of water quality which were

observed during the model studies.
I
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II. DESCRIPTION OF THE MODEL

The model used in this study is a one-dimensional,
intra-tidal ecosystem model which simulates the longitudinal
distribution of cross-sectional average concentrations of
water quality parameters, including the temporal variation of
these concentration fields in response to tidal oscillation.
The model includes the following water quality variables:
dissolved oxygen, carbonaceous oxygen demand, organic nitrogen,
ammonia nitrogen, nitrite-nitrate nitrogen, organic phosphorus,
inorganic phosphorus, phytoplankton represented by chlorophyll
"a", coliform bacteria and salinity. Temperature, turbidity,
and light intensity are important parameters for the bio-
chemical interactions taking place, but they are not modeled

directly. Rather they are assumed constant during model

simulations and, therefore, are included in the input data set.

A. Basic Equations
The models are based on the one-dimensional equation
describing the mass-balance of a dissolved or suspended sub-

stance in a water body.

9 d
3¢ (A0 + 52 (@0) = 3 (2AdS) + A - se + A - si (1)

where
t is time,
x 1is the distance along the axis of the estuary,

A is the cross-sectional area

Q 4is discharge,

is the concentration of dissolved or suspended
substance,
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E 1is the dispersion coefficient

Se is the time rate of external addition (or with-
drawal) of mass across the boundaries, i.e.
free surface, bottom, and lateral boundary;

Si is the time rate of increase or decrease of mass
of a particular substance by biochemical reaction
processes.

The advective transport term, the second term on the
left hand side of the equation, represents advection of mass
by water movement; the dispersive transport term, the first
term on the right hand side, represents dispersion of mass
by turbulence and shearing flow. These two terms represent
the physical transport processes in the flow field and, are
identical for all dissolved and suspended substances in the
water. The last two terms of the equation represent the

external additions and internal biochemical reactions which

will differ for different substances.

B. Finite Difference Approximation
To facilitate the numerical computation, equation (1)
was transfered into finite difference form. This was done
by dividing the river into a number of volume elements, called
reaches, with a series of lateral transects perpendicular to
its axis and by integrating equation (1) with respect to
the x-distance parameter, over each of the reaches. Considering
the mth reach of the river bounded by the mth and (m+1)th

transects as shown in the sketch below:



(m+1l) th reach

|
: mth reach :
o ||

s
| Vo, Cp | Qm+1
P — —{ :
a ! Ax . —1
I-—-—-__- m —_—
mth (m+1) th
transect transect

Equation (1) may be integrated with respect to x over the

distance Ax  to arrive at the equation

a * L] 3C
3t CVm) ® %Cn = 41 Cmer (EA§§)m+l
(2)
Yo .
-(EAxy2) + Sep * Vg ¥ Sip * Vy

Cm is the volume average concentration of the mth
reach,

Vm is the volume of water in the mth reach,
Qm is the discharge through the mth transect,

Cm* is the concentration of the water, flowing through
the mth transect,

(EA %%’m is the dispersive flux through the mth transect.

The time rate of change of water volume may be expressed

as

LI T SRR (3)



where Q, is lateral inflow, including natural runoff, Qt'

and sewage flow, Qsew

Substituting equation (3) into equation (2) and dividing

the resulting equation by Ve it is obtained that

aC Q Qm
m_ “m * +1 .
ot v Cp - C) - v ™
m m
1l 3C 1 aC
+ v—m (EAT)E)RH-I - '\7; (EAS'SE)m
+Se_ +8i -&- .q,- ¢ (4)
m . m Vm L “m

With proper initial and boundary condlitions, equation (4)

may be integrateé with respect to time to obtain the temporal

variations of concentration within each reach of the water

body. To solve the equation with a dlgital computer, it

is integrated numerically over successive finite time inter-

vals. At each integration step over a time increment, the

various parameters, such as flow rates, dispersion coefficients,

etc., should assume representative values during this particular

time interval. An implicit scheme is used to formulate the

finite difference equation, i.e., the concentration at the

end of the time step as well as that at the beginning of the

time step is used to express the right hand side of equation (4).
Equation (4) is approximated by the following finite

difference form,



C!' - C 1 Q' Q
_m——l_ - - _f_n__ ' - . -E\_ -
At 3 g (CR' = Cp) + g~ (6 - Cp)}
m m
l [}
- m+1 . L Om+1 -
5 {V——. (CRi1 c‘;‘) + G (C*.y cm)}
m m
] ] ' o ] -
b mpfmel Smid” Cm | EmedPmer Coer” G
[]
Vm Axm + Axm+1 vm Axm+ Exm+1
P [ ] -
- (EmAm Cm Cm-l + EmAm Cm Cm—l )
1
Vm me + Axm—l Vm Axm + Axm-l
, 1
+ Sem + Slm - V; QQCm (5)

‘where At is the time increment. The primed and unprimed variables
designate the parameters evaluated at the end and beginning of
time interval respectively, and the over bar represents the
average value over the time interval.

The concentration, Cﬁ' of the water flowing through
the mth transect is calculated as a weighted average of the

concentrations in the adjacent reaches, Cm

-1 and C . Thus
Cﬁ =aCp ¢+ (1 - a) C (6)

(R L] - '
cx a’Chy * (1 = a’) Cp ¥))

where the weighting factors a and a' devend on the direction

of flow through the transect,

0.5<ac<1 ifQ >0
0 <ac<0.5 ifQ <0
and
0.5 < a' <1 i£Q ' >0
0 <a'<0.5 ifQ"' <0
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Similarly,
Cm¥1 ™ %2Cp4y + (1 = a3) Cy

Cat1 = @3Chyy + (1 = a3 ¢

and
0.5 <ay <1 ifQ.,, <0
0 <a, <0.5 if Q4 20
0.5 <ay <1 if Quyq <O
v 0 <0y <0.5 ifQr. 20

(8)

(9)

Substituting equations (6), (7), (8) and (9) into

equation (5), it is obtained that

. At Qé Qn
1 - &’ amem ' U - ' & — -
Co = Cn = 3 {.\,n.n a'(Cr_q = Cp) *Vm a(Cp_q c.)}
ot Q! Q
m+1l m+1
- 5 —v;— aé(C$+1- C&b + 'V;_ uz(cm+1 - Cm)}
[ ] ]
+ Em+1Am+1 At (c' c')
[
Vm Axm + Axm+1 m+1 ™
. Eme1” Ame1 | At © . -c)
vm ) Axm + Axm+1 m+l m
[ T '
+ m " . at (Ct -c' .)
Vo Oxp + dx, M m=-1
. Em . Am . At c - )
Vi 8x, +0x , m m-1

At
+ At (Sem + Sim) - v; chm

(10)
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Defining

Uy = advective velocity

AC, = conveyancy cross-sectional area

and similarly for the primed variables, equation (10) becomes

[ - [(RTL . ' Y . (] ' ]
Cm (1 “2”m+1 ADVZm + a Um ADVm + DIFm + DIFZm)
- c!;l"'l (—aéU'm+l' ADV2!;l + DIFZ;“) + Cl;‘_l(t:'Ur:,l i ADVt;‘

[ ] " Y - .
+ DIFm) + cm(l + “20m+1 ADVZm al ADVm

- DIFZm - DIFm) + Cm+1 (-a20m+1° ADV2m + DIFZm)

. Q i - ———
+ Ch-1 (aU, * ADV_ + DIF ) + Ot(Sep+ Slm) Q,C

Equation (11l) is further simplified to

(11)
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' . ' . ]
(1 + COE )Cp = COE2 + Cp ., + COEL - C} .

+ CON_ + Cp + conzm- Cpey ¥ CONL * Cpy

+ Bt(Sey+ Sip) - {i—i QeCh (12)
where
COE, = a'U} = ADV - ajU! .- ADV2! + DIF! + DIF2
COEl, = a'U} + ADV! + DIF!
COEZm - —aéué+

. [} ]
1 ADVZm + DIFZm

CONm =1 - aUm . ADVm + azum+l . ADVZm - DIFm - DIFZm

CONL = oU_ * ADV, + DIF_

CON2m ='°20m+1 . ADVZm + DIFZm

The lateral inflow, Q,, may be written as
Q& = Qt + Qsew

where Qt is the natural runoff (e.g. flow from tributaries)
and Qsow is the sewage flow. In a tidal estuary, Q, may be
positive or negative, depending on the tvhase of tide, with
an average value over tidal cycle Qf, the net freshwater
inflow. Without the detailed information about the time
variation of Q. over tidal cycle, the net effect of lateral
inflow is approximated by a constant value, Qf + Qsew'
Therefore, the last term of equation (12) becomes

At
V; Qe + Qsew) Cn
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The terms §ém and §im will differ for different parameters.
We have assumed that the biochemical processes follow Fick's
law with first order decay rates, therefore, it will be shown
in the later sections that all the mathematical expressions
for Se and Si are algebraic functions, and no finite difference
approximation is needed. However, there are choices in
expressing Se and Si in terms of concentrations at the beginning
or end of time increments. To avoid introducing extra unknows
into the finite difference equation, Se and Si are expressed
as known concentrations oif water quality parameters other than
the one under consideration. In case Se and/or Si depend on
the concentration of the water quality parameter under consider-
ation, the average of the concentrations at the beginning and

end of time step is used.
In general, equation (12) may be written as
L} L]
Cm ® % m+1 * PuCp-1 * Cn (13)

where

‘ At
a, = COE2 /(1 + COE, + 5~ k)

b, = COEL /(1 + COE, + 5% k)

¢y = {C, (coN_ - gﬁ K - 2f ;mose" . At)
+ Cpyy CON2| + G )+ CONL_
+ At (Set + Si*)}/(1 + COE_ + 5% k)

Se; + Siﬁ - §em + §im -k (C, + Cy) /2 (14)
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In the above expression, Se + Si is separated intn two parts,
one depends on the average concentration of the water quality

parameter under consideration and the other is the remainder.

C. Method of Solution

Because of advective and dispersive transport across
the transects bounding each end of a particular reach of the
estuary, the concentration of a substance in one reach will
depend on the concentrations in two adjacent reaches. This
interdependence of concentrations at neighboring reaches is
manifested in equation (13). Therefore, the equation cannot
be solved for the concentration at the mth reach by itself.
Equations must be written for every recach of the estuary and
solved for the concentrations in every reach simultaneously.

Suppose that the total length of the estuary to be
modeled is divided into N reaches. (N-2) equations will be
obtained by writing equation (13), for m = ML+l to m = MU-1,
where the MLth and MUth reaches are the most upstream and
downstream ones, respectively. Since there are (N-2) equations
. for N unknowns, two boundary conditions must be specified.

The principal operation of numerical computations in the model
is then to compute the concentrations in each reach at time

to + At with a given initial concentratlon field at time t

and appropriate boundary conditions. The computed concentra-
tion field at t  + At will then be used as the initial condition
to compute the concentration field at time t, + 2A0t, and so

forth. Each computation cycle will advance the time by the
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increment of At. Within each computation cyclz, the (N-2)
simultaneous equations are solved by an elimination method.
Given the upstream boundary condition C&L, (ol

ML+1
may be expressed in terms of CQL+2 through equation (13)

With m = ML+1, i-‘e-

Chup+l ™ 2mp+1ML+2 * Pur+1€mn * Smr+l (15)

where the only unknown on the right hand side of the equation
is Cyr42- Equation (15) may, in turn, be substituted back
into equation (13) with m = ML+2, and thus one arrives at an
expression for CQL+2 in terms of CﬁL+3‘ In general, there
exists the following relation

] (] .
Cm = PmCm+l + Om (16)

where the recursion coefficients Pm and Om may be calculated

from the upstream boundary condition Cﬁt'

With subscript m-1, equation (16) becomes

] - ]
Cm-l Pm--lcm M om-l

Substituting this expression for C&-l in equation (13), it

becomes

cﬁ - amC$+1 + bm (Pm_ICQ + om-l) + Sm

or

c! = o e gmonl T S (17)
m l-Db P _, ml" " 1-b:- Pr-1

The comparison between equations (16) and (17)

gives
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} (18)
b+« 0 + cC
O = m m=-1 m

m 1l - bm- P

m=-1

Since CQL is a known quantity, the comparison between equation

(15) and (16) with m = ML+l gives

Pup+1 = 3ML+1
Omp+1 = Pmp+1 ° Cup * Smp+l
and thus
= - U
Pyr = 97 Oyp, = Cyup,

In summary, the recursion coefficients and equation

arxe

} (18)

and

Ch = P.Chiy * Op (16)

With m= MIA+1, ML+2' - MU"I.
Then, the order of numerical computations is (1)

calculate the recursion coefficients by applying equations (18)

repeatedly with m = ML+1, ML+2, ---, MU-1, and (2) with



17

C&U given as the downstream boundary condition, the concen-
trations of the interior reaches are calculated by applying

equation (16) repeatedly with m = MU-1, MU-2, ===, ML+l.
D. Evaluation of F¥nysical Parameters

(1) Velocity U: In“an estuary, the current velocity

may be divided into two parts,
U, (t) = UF, + Utp(t) (19)

where UF is the non-tidal component generated by freshwater
discharge and Ut is the oscillating tidal component. In the
model, the tidal current is approximated by a sinusoidal

function of time with period T and phase ¢
Ut_(t) = UT sin {3 ¢t + ¢ ) (20)
m m T m

where UT is the amplitude. UT, and ¢, are obtained from

field data. The non-tidal component UF is calculated by the

equation

Q

m
UFp = AT, (21)

where Q is the freshwater discharge from a drainage area
upstream of the mth transect, Q. is estimated from the

record of a stream gauge station located upstream of the tidal
limit, with freshwater discharge assumed to be proportional

to drainage area.
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(2) Dispersion coefficient E: The dominant mechanism of
longitudinal dispersion is the interaction between turbulent
diffusion and shearing current. Taylor's (1954) formulation
of one-dimensional dispersion has been successfully modified
and extended to homogeneous estuaries (Holley, et al., 1970;
Harleman, 1971). The dispersion coefficient in the freshwater

portion of a tidal estuary may be expressed as

E = vn|U|R>/® (22)

where n is Manning's friction coefficient, |U| is the absolute
value of velocity, R is hydraulic radius, and v is a constant
on the order of 100. It is known that the presence of density
stratification due to salinity intrusion enhances the vertical
shear while suppressing the turbulénce, and therefore, increases

the dispersion coefficient. Equation (22) is modified to
= 5/6 ' w 0S
E = vn|U|R (L + v's + v == ) (23)

where v' and V" are constants and S is the salinity. v' and v"
are determined by the model calibration, i.e. adjusting v' and
v" until the model results agree satisfactorily with the
salinity distribution measured in the field.

- (3) River geometry: Cross-sectional area, A, of the
transect is determined by planimetry of the bottom profile,
constructed from sounding d?ta. Where extensive. shoal areas
exist, the shoals are subtracted from the total area to
arrive at the conveyancy area, AC. It is assumed that water is
transported through the conveyancy area alone and the shoaling

area serves only for storage.
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The transect depth is defined as the wean Jdepth <f the
conveyancy area, obtained by dividing AC by the surface width
of the conveyancy area. The reach depth is defined as the
average of the mean depths of total cross-sections for the two
bounding transects.

Reach length, Ax, or the distance between two adjacent
transects, is determined from Coast & Geodetic Survey navigation
charts. The volume of the reach is calculated as the reach
length multiplied by the average cross-sectional area of the
two bounding transects. In cases where there is a tributary
junction in the reach, the volume of the tributary within one
tidal excursion from the junction, is added to the reach
volume. The reach depth is defined as the volume divided by

the sum of surface areas of main channel and oxbow, or tributary.

E. The Kinematics of Ecosystem Model

This model treats the nitrogen, phosphorus, oxygen
demanding material, dissolved oxygen and phytoplankton with
an interacting system of eight components. Figure 3 1is a
schematic diagram showing the interaction of these components.
Each rectangular box represents one component being simulated
by the model, with its name in the computer program shown in
parentheses. The arrow between components represents the
biochemical transformation of one substance to the other. The
arrows with one end not attached to any component represent the
external sources (or sinks) or the internal sources (or sinks)

due to the biochemical reactions. The mathematical represen-
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tation of the terms Se and Si for each of the eight components

are explained as follows:

(1)

(2)

(3)

Phytoplankton concentration, €, measured as
ug/2 of chlorophyll 'a‘
Se = 'kcs « C
where k¢ is the settling rate of phytoplankton.
Si = (g-d-kg)C
where g and d are the growth and endogenous respiration

rates of phytoplankton respectively, kg is the grazing

of phytoplankton by zooplankton.

Organic Nitrogen, N1l in mg/%

Se = wn - k N1

1 nll ~
where W_, is the wasteload from point and non-point

sources and k,jj is the settling rate.
Si = -kn12 * N1 + a, * (d + 0.4 kqg)

where k ., is the hydrolysis rate of organic nitrogen

to ammonia nitrogen and a, is the ratio of nitrogen *o
chlorophyll 'a' in mg=N/ug-C.
Ammonia Nitrogen, N2 in mg/%

Se = wn2

where W.2 is the wasteload from point and non-point

sqQurces.

Si-'knlz.Nl-kn23.N2- an‘g°C‘Pr



(4)

(5)

22

where kn23 is the NH3 to NO3 nitrification rate,
P is ammonia preference by phytoplankton given by

P .—..-___l\]_z__
r N2 + K
mn
when ammonia-nitrogen is preferred by the dominant

algal species or

e N3
Py =1 = sxp— TR

when nitrate-nitrogen is preferred by the dominant

algal species. Kmn is the Michaelis constant.

Nitrite - Nitrate Nitrogen, N3 in mg/%
Se = Wn3 - kn33 * N3

where W, is wasteload from polnt and non-point

sources, kn33 is the nitrate escape rate.

Si = kKn23 * N2 - (1 - Pr) ca °*g-C

n
where the first term represent!’s the nitrification
of ammonia nitrogen and the second term represents

the uptake by phytoplankton.

Organic Phosphorus, Pl in mg/%

where wpl is wasteload from point and non-point

sources, 1 is the settling rate.

k
P

Si= -kpjp * Pl +a, (d+ 0.4 k)
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where kplz is the organic P to inorganic P conversion
rate, ap is the phosphorus to thlorophyll ratio,

in mg - P/ug-C.

(6) Inorganic Phosphorus, P2 in mg/%

Se = W

p22
where wp2 is wasteload from polnt and non-point

sources, kp22 is settling rate.

Si = kp12 * F1 - ap g < C

where the first term represents the conversion of
organic phosphorus to inorganiic phosphorus, the.

second term represents the uptake by phytoplankton.
(7) Carbonaceous Biochemical Oxygeh Demand, CBOD in mg/%
Se = wb - ks + CBOD

where Wb is the wasteload from point and non-point

sources, kg is the settling rate.
Si = -k1 * CBOD + 2.67 a, * 0.4 kg « C

where k1 is the oxidation rate of CBOD, a, is the

carbon-chlorophyll ratio.

(8) Dissolved Oxygen, DO in mg/%
Se = k2 . (DOs - DO) - BEN

where k2 is reaeration rate, DOs is the saturated

oxygen concentration, BEN is the benthic oxygen

demand.
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Si = -kl * CBOD - 4.?7 . kn23 * N2

+aj+g-C=-a,+d-C

where the first two terms represent the oxygen
demands by oxidation of CBOD ahd by nitrification
of ammonia nitrogen, the last two terms represents
the source and sink due to photosynthesis and
respiration of phytoplankton, 14 (or a,) is the
amount of oxygen p-ndnced per unit chlorophyll

synthesized in the photosynthesis process.

The model treats the salinity and coliform bacteria
as independent systems. The simulation of salinity distri-
bution not only serves to calibrate the dispersion coefficient
for the model, but also furnishes the required parameter to

calculate saturated oxygen content of saline water.

(9) Salinity, S in parts .per thousand

Se = 0

Si =0

(10) Coliform Bacteria, BAC in MPN/100 ml

Se = wbac
where Wpac is the loading from point and non-point
sources.

Si = -kb * BAC

where kb is the die-off rate.
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F. Evaluation of Biochemical Parameters and Rate Constants

The biochemical parameters and rate constants are
determined by one of three methods: (a) Calculate with
empirical or semi-empirical formula, (b) Data from field
measurement, (c) Model calibration. Most of the rate constants
are determined through model calibration, with the average values
reported in literatures as the guides.

(1) Reaeration coefficient k2: O'Connor and Dobbins

(1956) presented a theoretical derivation of the reaeration
. coefficient, in which fundamental turkulence parameters were

taken into account. They derived the following formula

1/2
(D_U)

- (24)
20 n/?

(kz)
where Dc is the molecular diffusivity of oxygen in water,
U and H are the cross-sectional mean velocity and depth
respectively, and (k2)20 is the reaeration coefficient at
20°C. This formula has been shown to give a satisfactory
estimate of k2 for a reach of river with cross-sectional mean
depth and velocity more or less uniform throughout the
reach. 1In case the cross-section varies appreciably within
a single reach, there is no reason to expect a satisfactory

estimate from the formula by using the values of U and H at

the two bounding transccts of the reach. Therefore, equation

(24) is modified as stated in the following paragraph.
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Assuming that the O'Connor and Dobbins formula is

valid locally then

1/2
(Dcu)

T (25)

£ = k,h =
2 h

where f is the exchange coefficient, i.e., the exchange

rate of oxygen through unit water surface area, u is the local

depth-mean velocity and h is local depth. M, the exchange

rate of oxygen through the water surfac®t over an entire reach

is

M=/ £ (DOg - DO)dAh (26)
Ah

where Ah is the total surface area over a reach. By definition

of k2'
M = (k,) V (DOg = DO) (27)
20 s
thus,
b 1/2 4172 U W72 g
(k,) = - s dAh = D < —_
2" 20 v ah nl/? c W77
1/2
- 1/2 .u 1
D(‘: <}—‘-1-7-2—-> :;; (28)

where < > indicates the average over the surface area Ah, and
<h> is the mean depth of the reach. Since the velocity data

are available only at the end transects of a reach, no true

u1/2

-T7f> may be estimated. In this model, the average value
h

<



27

U1/2

ul/2

at the two end-transects is used.

To adjust k2 for temperatures pther than 20°c, Elmore

and West's (1961) formula is used

k, = (kp) 1.024 (T-20) (29)

2 20

where T is the water temperature in centigrade degrees.

(2) Ssaturated oxygen content, DOS: The saturation concen-
tration of dissolved oxygen depends on temperature and salinity.

From tables of saturation concentration (Carritt and Green,
1967) a polynomial equation was determined by a least-squares
method.

DO = 14.6244 - 0.367134T + 0.004497272

- 0.0966S + 0.00205TS + 0.00027395°
where S is salinity in parts per thousand and DOS is in

mg/liter.

(3) Benthic oxygen demand, BEN: The bottom sediment of
an estuary may vary from deep deposits of sewage or industrial
waste origin to relatively shallow deposits of natural material
of plant origin and finally to clean rock and sand. The oxygen
consumption rate of the bottom deposits must be determined with
field measurements. Collection procedures and results are
discussed in a previous section. The temperature effect was
simulated by Thomann (1972).

BEN = (BEN),, * 1.065 (T-20)

where (BEN)20 is the benthic demand at 20°C.



