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INTRODUCTION AND PURPOSE

Water quality in New York Bight is affected by a variety of inputs from
both anthropogenic activities and natural phenomena. The temporal and spa-
tial distributions of the various water quality constituents are determined
by the magnitude of these inputs, in conjunction with the hydrodynamic trans-
port of the system. For non-conservative substances, the distributions are
also affected by the relevant kinetic factors. The transport within the
region is due to a complex interaction of tidal forces, wind effects and
density gradients, associated with temperature and salinity gradients. In
the region, known as the apex, the transport is also affected by the Hudson
River discharge. Although the Bight receives the wastewater inputs from a
number of municipalities in both New Jersey and Long Island, the most signi-
ficant influx is from the Hudson and Raritan Rivers, which carry the parti-
ally treated wastewaters and urban runcff from the New York metropolitan area.

The overall purpose of this research is to develop an analytical frame-
work to assess the impact of these inputs on the water quality of the New York
Bight, taking into account the effect of the additional sources such as
atmospheric inputs, sludge disposal and natural phenomena. It is planned to
interact this analysis with those presently being conducted in the various
regions, by the EPA 208 program. It should provide a basis for the coordina-
tion of waste treatment programs between the various counties and states, and
thus the ultimate effect of water pollution abatement programs may be put
into broader perspective. The purpcse of this report is to present a prelim-
inary framework as an initial step in the overall analysis of water quality

management in the New York Bight.



SUMMARY AND CONCLUSIONS:

The steady-state analysis presented in this report provides & basis for
assessment of dissolved oxygen in the New York Bight, particularly in the
apex area. The analyslis indicates that the discharge of carbonaceous and
nitrogenous wastes does not materially affect the dissolved oxygen levels
through bacterial oxidation. TFurthermore, the discharge of solids (sludge
disposal, dredge spoils and construction debris) do not influence these
concentrations on a bight-wide scale. The localized sludge disposal area
is evidently affected in this regard, but this area is restricted to a
relatively limited extent. On the other hand, the depression of dissolved
oxygen, particularly in the hypolimnetic waters, is affected by phytoplankton
respiration and decay and the vertical transport structure. It is probable
that the discharge of wastewater from the treatment plants and urban runoff
has some effect on the growth of phytoplankton and the subsequent decay
through the inorganic nutrient route. The degree to which water quality
conditions are affected by these inputs may be quantified by the develépment
and validation of a model defining these kinetic interactions. The analysis,
developed in this second phase, will be extended to incorpeorate the kinetie
routes, relating the growth and decay of the phytoplankton to the nutrient
concentrations resulting from these wastewater inputs. Thus, the effect of
the discharges will be defined, providing a basis for areawide water quality
planning, particularly with respect to the relative influence of the point
scurces from treatment plants and the distributed sources from urban runoff
by contrast to the effects of other inputs such as the disposal practices
and atmospheric inputs.

The present analysis is directed to the definition of a transport
structure, in accordance with the original contract to provide the Brook-
haven investigators with a reasonable transport field for summer conditions.
The transport eguations included advective and dispersive terms in a multi-
~-segrnented horizontal system with two vertical layers. The advective terms
were develcped by a minimum energy principle, which yielded the general
observed flow patterns in the 3ight, The overall transport field also in-

cluded conrsistent values of the various dispersion coefficients. It is
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recognized that advective-dispersive models of this nature do not necessarily
result in a unigue solution for the transport. However, its validity to
represent average summer conditions is demonstrated by its ability to repro-
duce the salinity distribution for the two years.

The analysis further indicates that the dissolved oxygen concentration
in the hypclimnetic waters is particularly sensitive to the respiration and
decay rates of the phytoplankton and the vertical dispersion coefficients.
Relatively small changes of these parameters, within the range of measured
values, causes significant changes in the dissoclved oxygen levels.

Thus, from both a transport and kinetic viewpoint, the present analysis
reasonably reproduces observed water quality conditlions and permits assussment
of the effect of wastewater inputs. In view of the potential significance of
these discharges on dissolved oxygen and other water quality parameters this
analysis had indicated the analytic direction on which to proceed and provided

a valid basis for the more definitive time variable analysis.



I. BASIC EQUATIONS

The distribution of a conservative constituent in a coastal region such

as New York Bight may be described by the following equation:

[o%]
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s = concentration of a conservative substance
X,¥,2 = longitudinal, lateral and vertical axes
EX,Ey,EZ = dispersion coefficient

U,V,W = advective coefficient

In applying this equation to the steady-state distribution of salinity, the
appropriate horizontal boundary conditions are the flow and a specified con-
centration at the origin of the apex, a zero flux at the land-sea boundaries
elsewhere in the horizontal plane and the oceanic value of the salinity at
the outer limits of the system. The vertical boundary condition is a zero
flux at the air-water and water-bed boundaries.
Equation (I-1) is used to establish a transport field, which is required

for the analysis of water quality constituents of a non-conservative nature,
The equation defining the distribution of such substances include, in addi-

tion to the transport factors, the sources and sinks of the material;

-g% =+ IS - IS (1-2)

in which
¢ = cencentration of a non-conservative constituent
J = flux, as defined in equation (I-1)
S = sum of the sources

28, = sum of the sinks

The latter terms refer to the various physical, chemical and biclogical
mechanisms which affect the particular substance and to the various inputs
to the system associated with river runoff, waste inputs, the atmcsphere

and the bed.



Application of equation (I-2) to the steady-state distribution of dis-

solved oxygen leads to

= + — - -
0=J+P-R -Ry (1-3)
in which
P = Photosynthetic production
Rp = phytoplankton respiration

bacterial respiration

R

Oxygen transfer at the air-water interface and the bed are accounted for by
the boundary conditions at the respective interfaces. The rates of oxygen
production, P, and of uptake, Ra and Rb, are functions of the phytoplankton
and bacterial concentrations, in conjunction with the inorganic nutrients
and organic food. The carbon, nitrogen and phosphorus in the latter emanate
from the various inputs to the Bight, among which is the Hudson River inflow,
containing the residues of these substances from the metropolitan area. It
is in this fashion that the analysis, described in this report, may be
sequentially correlated to the wastewater inputs, providing a basis for
water quality management.

Application of equations (I-1) and (I-2) require knowledge of the var-
ious transport and kinetic coefficients. The advective transport coeffi-
cients are evaluated by a method based on the principles of continuity and
winimum energy. The procedure consists in the solution of a set of linear
equations, corresponding to the number of segments into which the system is
divided. Knowledge of the velocity at a limited number of locations permits
determination of the velocity at the remaining locations such that continuity
is maintained. A more complete description and application is presented in
a subsequent section.

The dispersive transport and kinetic ccefficients mayv be evaluated in an
approximate fashion by decoupling the horizontal and vertical components of
these equations (I-1) and (I-2). Thus, in regions where the vertical gra-
dients and concentrations are greater than the horizontal by an crder of mag-
nitude, an analysis may be developed including only those components which
make up the vertical flux without considering the horizontal. Conversely, in

those regions where the horizontal terms predominate, the vertical components



may be neglected as a reasonable approximation. These approximations lead
to simplified forms of the differential equations, which are readily inte-
grated and by which the various coefficients may be relatively easily
evaluated. In addition, they provide a means to test the sensitivity of
the various components.

The vertical analysis is appropriate outside the zone of influence of
the Hudson River plume. In such regions the analysis of vertical distribu-
tion of dissolved oxygen is particularly suitable since the horizontal gra-
dients are much less than the vertical gradiants and also the flux associated
with the horizontal gradient much less than the kinetic sources and sinks of
oxygen, due to photosynthetic activity and respiration. The analysis may
therefore apply to regions ocutside of the Hudson River plume where these con~
ditions are, in general, fulfilled. Furthermore, a steady-state condition
may be realized during the middle to later summer, when the temperature and
density stratification are reasonably constant at their maximum values.
Specification of the boundary conditions of oxygen transfer at the air-water
interface and the bed permit evaluation of the vertical dispersion, as well
as the photosynthetic production and respiration. It is recognized that a
given measured distribution of dissolved oxygen does not yield a unique set
of transport and kinetic coefficients. However, the additional data of
chlorophyll, which may be correlated to primary production, and dissolved
organic carbon, which may be related to respiration, provide a further degree
of confirmation. The analysis thus provides relatively narrow ranges within
which the numerical values of the coefficients may vary.

The horizontal analysis may be applied within the Hudson River plume.
Since the plume is most evident during periods of high runoff, time variable
coenditions probably prevail. This fact, in addition to the presence of ver-
tical gradients makes this analysis more approximate by contrast to the ver-
tical. However, it dces permit reasonable estimates to be made of the trans-
port coefficients in the horizontal plane - the lateral and longitudinal dis-
persion coefficients. The analyses presented in the following sections
provide simplified proceidures for the assignment of the range of transport
and kinetic coefiicient ror the three-dimensional segmented model described

in subsequent sections.



IT. VERTICAL ANALYSIS

One of the most significant factors responsible for the vertical gra-
dients In water quality i1s the density stratification due to temperature and
salinity differences. This condition is most pronounced during the summer and
generally produces a relatively well-mixed surface layer and a poorly-mixed
lower layer. Differences in concentration of many water quality parameters
exist between the two layers during this period and are particularly evident
in the case of dissolved oxygen. Its concentration is effected not only by
the vertical stratification and the associated dispersion, but also by the
various sources and sinks in each zone - photosynthetic production and
exchange with the atmosphere in the upper layer and biological respiration
and benthal demand in the lower. The following analysis includes these reac-

tions with vertical dispersive transport under a steady-state condition.

Basic Equations and Boundary Conditions

The basic differential equation which defines the vertical distribution

of dissolved oxygen under the steady-state conditions:

d de
= =) + - -
0 5;{E(z) dz) IS - I8 (11-1)
in which

¢ = concentration of dissolved oxygen

E = vertical dispersion coefficient
LS = kinetic sources
ZSi = kinetic sinks

The concentration, ¢, may be expressed in terms of the deficit,
D = Cy = C» in which c, = equilibrium saturation value of dissolved oxygen
for a given surface temperature and salinity. The primary kiretic scurce is
the photosynthetic production of oxygen by phytoplankton and the sink is algal

and bacterial respiration. ZEquation (II-1) may then be expressed as follows:

0= Tn(z
Uz

dD.

) ) + R(z) - P(2) (11-2)
7

in which R{(z) end P(z) are respectively the volumetric oxygen utilization and

[zqa”

production rates. The former includes both the phytoplankton and bacteria

-



contrivutions. Since preoduction and respiration are operative in the surface
layer, while only the latter is effective in the lower layer, the water column
may be divided into two regions, delineated by the pycnocline. Equation (II-2)
directly applies to the upper layer, while the lower layer is described by
this equation without the production term.

Since there are two second-order differential equations, one for each
layer, four boundary conditions are required to evaluate the constants of
integration. The upper layer is identified by the subscript, T, and the
lower by the subscript, B. The boundary conditions are provided by flux
balances at the air-sea interface, the pycnocline and the bed and by the

concentration equality at the pycnocline:

dDT
= F —— 3T -
z = 0 Ep =3, = KD (11-3)
z = D =D (11-4
P Tp Sp | )
ap db
- Iy B \
By 752 dz (11-5)
dDB
z = H Ey - =8 (11-6)
in which
Do’ Dp = deficits at the interface and at the pycnocline (M/L*)
KL = oxygen transfer ccefficient (L/T)

]

areal oxygen utilization rate at the bed M/L2T.

Solution of Eguations

The first integration of equation (II-2) for the upper layer yields

ap
T - fP (o Y3 P { Va3 ~ ’ A
ET TR Plz)dz - IO R\;.)ua + bl (II-7)
and the second
T A an IS ) - PO -
DT = J E’;i\, [JO p\..;)\]u - f@ R(Z.)da + \JlZJ + Cz (I.\_~8>

Applying the first boundary condition (equetion (II-3); to equation (I1-T

S~

yields

|
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{
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and C2 = DO
By averaging the dispersive and kinetic terms in the upper layer, equation

(II-8) becomes after substituting the values of Cl and C2:

+C (11-9)

In the lower layer, the photosynthetic contribution is zero and the first
integration of equation (II-2) yields

-
—5 - I-
By =gz = RgZ * G5 (11-10)

Applying the fourth boundary condition {equation (II-6)) to equation (II-10)
provides the evaluation of 03:
C3 =5 + RBH

Substitution of this result into equation (II-10) and integration leads to:

72{(s + RBH
D = w + + Ch (I1-11)
B B

The remaining constants DO and Ch are determined by the second and third
boundary conditions (equations (II-4) and (II-5)). Equating (II-7) and
(II-10) at Z = p and solving for D, yields:

D = o« =1 + K [RB(H - P) + 8] (11~-12)

Equating (II-9) and (II-11) at z = p permits evaluation of Ch:

(P_ ~ R_) Rb(H - p) KLp
T T 2 D ‘
B S I S 1 e -
C}+ 2ET o+ Eb 5 + 8] + DO (1 + ET (I1-13)

Thus equations (II-9) with (IT-12) define the concentration of dissolved oxygen
deficit irn the upper layer and equations (II-10) with (II-13) in the lower layer.
Conversion to dissolved oxygen values 1s made by subtracting the calculated
deficit from the equilibrium saturation value specific to a given location

for a given surface salinity and temperature regime.



The wvarious transfer, kinetic and density coefficients were assigned on
the basis of either direct measurement or values reported in the literature.
These data are primarily derived from ongoing MESA research in the Bight,
and supplemented by previous historicel studies. A discussion of the co-
efficients employed in the analysis is contained in section VIII. The
specific coefficients utilized in the vertical dissolved oxygen calculations
are indicated in Figure II-1 and II-2 which present calculated and observed
dissclved oxygen for a series of stations in the Bight for the summer con-

ditions of 1974 and 1976.

IIT. HCRIZONTAL ANALY3IS

The horizontal analysis applies to the region in the apex which is in-
fluenced by the fresh water discharge of the Hudson River. There are evident
horizontal gradients of both salinity and dissclved oxygen in the vicinity of
the Sandy Hook Transect. Because of the many factors which affect the dis-
solved oxygen, as described in the previous section, it is appropriate to
look to the horizontal salinity distribution for evaluation of transport
parameters. The approximations contained in a steady-state horigzontal analysis
of salinity are probably more crude than those in the vertical dissolved
oxygen case. The procedure, however, does permit at least a quantification
of the range of the horizontal dispersion and of the system sensitivity to
this parameter.

During periods of high runoff in the spring the Hudson River plume is
clearly defined, usually deflected, to some degree, to the west along the
Jersey shore. Following a path of minimum salinity, which may be character-
ized by a maximum velccity and lateral mixing, the following flux equation

may be written for the salinity deficit:

_ . 3% .. ocC ,
0=E == -U 35 (III-1)

The concentration, ¢, is defined as a reference ocean salinity, £ minus
the observed concentration, s, along the characteristic. The sclution for

the above, with a boundery condition ¢ at x = 0 and ¢ = 0 at x = ©, is:

1
Uh {7¢
) (I1I-2)
o N4

W
"o

C = err |

¢}
by

- 10 -
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in which
U = velocity

B = width at x=0

£
il

lateral dispersion

x = distance along the characteristic contour

The boundary condition, CO, is that at the Sandy Hook transect and the
velocity, U, is the freshwsater discharge from the Hudson and Raritan drain-
age areas, divided by upper layer cross-sectional area. The value of the
dispersion coefficient may be determined from the concentration distribution
along the axis defined by the salinity deficit in accordance with the above
expression. Application of this equation is shown in Figure III-1l, which
represents two Hudson River flow conditions, as shown. The value of
1 mi2/day is assigned as the dispersion coefficient.

The vertical dissolved oxygen analysis of Section III and the horizontal
chlorides analysis of this section are employed to define relatively narrow
ranges for the vertical and horizontal dispersion coefficients respectively.
These coefficients are employed in the three dimensional analysis to define

a summer transport field for the Bight which follows.

Iv. TRANSPORT EQUATION

Total transport is defined by the joint transport resulting from

advective flow and dispersion;

] 3, . 3
3t sU) ¥ oaptsty) - gplsu))
d ) 3 3 e} 9
T o) o - i ot = -
‘§§%Ex ax’ * §§ﬁEy ay) * EE(LZ Bz)] © (Tv-1)

where x,y,2z are the longitudinal, lateral and vertical axes respectively and

s = salinity concentration
UX,UV,UZ = Velocity in the direction of the specified axis.
"
EX,EV,EZ = Dispersicn in the direction of the specified axis.

A numerical solution to equation IV-1 is obtained employing a finite
difference approximation:
o
L.

(-0, .{a, 8 + B _.C + w' {s, - 8.1 -
L=y tog 8y 7 Brs j) Ki(j uk)d (1v-2)
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The x,y,z coordinate space is subdivided into spatial segments. A
mass balance is taken around each segment (k) and summed over all/adjacent
segments (Jj). A more detailed discussion of the finite difference approach
employed is presented in Appendix C. Transport is thus defined by an advec-
tive-dispersive field consisting of flows ij and dispersion parameters E!

kJ
for each segment interface of the model. The dispersion parameter is equal to

Ek'Ak'
o= B K] (1v-3)
kJ E
kJ

ij = flow across segment interface kj
Eij = dispersion parameter across segment interface kj
Eyj = dispersion coefficient acrcss segment interface kJ

3 = area of segment interface kj
E%j = gverage distance between the centers of segments k and j

K ? Bk* = concentration weight factors.

Examination of equations IV-2 and V-3 indicates that the transport
field is defined by the advective flows "Q" and the dispersion coeffi-
cient "E". In addition the particular segmentation of the coordinate
space Xx,y,2 establishes the scale of the analysis and to an extent the
values of the individual parameters "Q" and "E". Therefore the defini-
tion of a transport field for the New York Bight contains three inter-

related factors. These are:
1. The segmentation of x,y,z coordinate space
used in the analysis
2. The advective flow field appropriate for

the spatial segmentation of the analysis.

3. The set of dispersion coefficients
appropriate for the spatial segmentation
of the analysis.
Subsequent sectione of this report discuss each of these three components

of the definiticn of the total transport field.

V. SYSRTEM SEGMEXTATION

The study area is segmented as illustrated on Figure V.1. The segmen-
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tation indicated was employed in the steady state calculations of summer
salinity and dissolved oxygen distributions. The area studied 1s bordered
to the south by latitude 39°00'N, to the east by longitude T1°00'W, to the
North by the Long Island coast, and to the west by the New Jersey coast.

The system is divided into two vertical layers with a total of 86 segments.
Even numbered segments represent the bottom waters of the study area while
the odd numbered segments are employed to represent the surface waters of
the Bight. As shown, the apex and the region adjacent to the New Jersey
coast are defined by finer segmentation. These regions of the system, which
have the largest gradients in water gquality, are the locations in which
depressed bottom dissolved oxygen levels have been observed. Details of the
system segmentation used, were also controlled by format and geometry re-
quirements of Brookhaven National Laboratories. The segmentation is consis-
tent with the available data base and the degree of understanding of phenomena
controlliing water quality.

The location of the bottom of the pycnocline is defined from data pre-
sented by Starr and Steimle (1). This information was employed to define
the boundary between top and bottom segments for both 1974 and 1976 condi-
tions. The interface between top and bottom segments forms a surface which
gently slopes seaward to & maximum depth of 35 meters in the region of the
shelf break. Figure V-2, illustrates the vertical density structure ob-
served at two stations during three surveys. The location of vertical
interfaces are shown., The observed vertical structure varies between sur-
veys. The depth of each segment is listed in Table D-2 of Appendix D.

This appendix and Appendix A contsin a discussion of the procedure employed
to calculate veolumes and cross-sectional areas for each segment with list-

ings of the system geometry by segment and interface.

VI. Flow Balance

The information available on summer flow patterns in the New York Bight
has been summarized by Hardy (2), Hansen (3), Bumpus (4)(5), Beardsley (6)
and others. 1In general, average net velocities near the surface, in the sum-
mer, range between 5 and 20 cm/sec and are directed from the northeast towards

the Douthwest. Average zummer net bottom velocities are weaker ranging be-

tween 0.2 and 3 em/sec with an on~shore component in regions having depths

)

ess than 060 to 7O meters. 1In the deeper eastern portions of the Bight the
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average sumnmer net current direction in the bottom waters is from Northeast
to Southwest,

The general descriptions of net current patterns in the Bight provides
the bases for the definition of a flow field which is assumed to represent
conditions in August lQTh. There are 86 model segments with associated inter-
faces. ©Some interfacial velocities are specified either through measurements
or from the available descriptions of the summer flow field in the New York
Bight. For each segment, continuity requires that equation (V-1) be satisfied

if evaporation is neglected.

M
‘Z B;4Vs = 4y i=1,2,...,N (v-1)
=1
where
aij = interfacial area between segments i and J
Vij = velocity at interface
q; = flow into segment i for specified flows.

q; = 0 if all flows are unknown.

There are more unknown velocities than equations of continuity for each
segment. An additional constraint is employed in the analysis: namely that
the kinetic energy 1/2 L ng be a minimim. The solution is obtained employ-
ing the method of Lagrange multipliers. The flow field is generated employ-
ing an alogarithm which imposed continuity and minimization of kinetic
energy, as discussed in Appendix B.

The freshwater flow from the Hudson River for August 1974 is estimated
at 16,300 cfs which includes upstream gaged inflows, waste discharges and
estimated flows from ungaged tributary areas of New York Harbor. A typical
estuarine circulation pattern exists in the Hudson estuary and New York
Harbor {7}{(8}. From the work of Kao (8) it is estimated that the net shore-

t

ward flow through the bottom portion of a transect between Sand Hook and

Rockaway Polint was on the order of 52,000 cfs. This flow enters the Hudson
estuary from the bottom model segments adjacent to New York Harbor (Segments
Shoand 720 end lo returned to the ocean through the comparabrle surface seg-
ments {Cepments 23 and T1). The Hudson River flow also is in‘roduced in

~
{

Other freshwater flowz and ground water inflow are

- 20



The flow field calculations used the cross-sectional area of each inter-
face of the model, as listed in Appendix D. Bumpus' (4),(5), description of
the summer flow fleld provided a basis for the definition of velocities for
the bottom segments at the outer boundaries of the model and at the mouth of
New York Harbor. Three near-shore segments adjacent to the New Jersey coast
are left with unspecified velocities at the ocean boundaries. A program
which implemented the alogarithm presented in Appendix B is then employed to
calculate the velocities at each interface of the bottom segments of the
model. The calculations include upwelling at the shoreline segments along
the Long Island and New Jersey coasts. The velocity calculations for the
surface layer proceed in a similar fashion. The calculated upwelling along
the Long Island and New Jersey shorelilnes is inputted into the surface layer
as equivalent velocities., This procedure insures overall system continuity.
The velocities which are specified in the surface layer calculations include
internal velccities. The results of the calculations are presented on Figure
VI-1 for the surface and bottom layers of the system. The velocities which
were specified at individual interfaces in the calculation procedure are
shown in brackets.

A comparable calculation was made for 1976 summer conditions. The
Hudson River freshwater flow was estimated at 25,250 cfs for August, 1976.

In addition, current measurements in July and August of 1976 were available,

from AOML (9), for four locations within the Bight. These data are employed

to estimate specified velocities at the segment interfaces nearest the point

of measurement. The calculated 1976 summer flow field used in this analysis

is presented in figure VI-2. Bracketed velocities were specified as input in
the calculaticn procedure.

The flows generated by the procedure discussed above should be consid-
ered as possible flow fields. The probability is remote that these flow
patterns actually exlsted during the periods to which they have been assigned.
Therefore from the standpoint of physical oceanography they provide no addi-
tional information.

These flow Iields are, however, possible and further are consistent with
the available data in termz of both the direction and magnitude of net velo-
cities and flews. From She standpoint of the esnalysis of water quality they

may e considered as a representative flow field which may be used to examine
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the system in the context of available information on water quality. It is
with this perspective that the calculated flow field is employed in the fol-

lowing analysis.

VII. Transport Field

The transport field developed in this study was employed to calculate
salinity profiles for summer periods. The flow portion of the transport
fields are as defined in section VI. The 197k flow field was defined using
historical (4,5) data on general ocean currents and estimates of August 19Tk
freshwater inputs from New York Harbor. The 1976 flow field incorporated
available current data at four sites and estimates of appropriate 1976 fresh-
water inputs from New York Harbor. The dispersion coefficients employed in
the calculaticn of salinity were identical for each year. Figure VII-1l pre-
sents data relating the vertical dispersion coefficient to density gradient.
The range of maximum density gradients observed in the Bight during the summer
surveys in 197L and 1976 are also shown on the figure. Calculations of verti-
cal dissclved oxygen profiles presented in Section III indicate that the mini-
mum vertical dispersion coefficient is in the range of 0.5 to 1.0 cmz/sec.
This range of the coefficient i1s consistent with the data presented on figure
VI1I-1l. Therefore data from the literature and the vertical dissolved oxygen
analysis presented in section I1 suggest that an appropriate value for the
minirmum vertical dispersion coefficient is 1 cmz/sec. This value of the
coefficient was assigned to the interface between top and bottom segments in
the three dimensional calculations for salinity and dissolved oxygen. The
dispersion coefficients at the longitudinal and lateral interface in both
surface and lower layer are assigned at a value of 2.6 x 106 mg/day (1 mie/
day) in the inner Bight and 1.3 x 106 mg/day (0.5 mig/day) for the outer
regions of the Bight as shown on Figure VII-2. The dispersion coefficients used
in the analysis are derived from the horizontal analysis presented in section
IT and are consistent with those determined in large bays with weak tidal
action and regular bottom topography (15). At the ocuter ocean boundaries the

]
. . ar ok . . L
dispersion cecefficient was assigned an arbitrary large value of 2.6 x 10

2 ny .2, .
m”/day (100 mi®/day). This largse value was chosern since no data beyond the
btoundary was avallable for any of the periods analyzed. The boundary salin-
ity values were defined by observed data nearest the boundary. Figure VII-3

- 26 -
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and VII-L present comparisons of observed salinities (shown by the iso-salinity

contours) and calculated salinities (shown by the numerical values for each
segment). These data are for August, 1974 (cruise WCC-10) and September, 1976
(cruise XWCC-11) respectively. The observed salinities of the inner Bight
region associated with the bottom waters are comparable for both years. By
contrast the surface salinities, for this region, in 197h were on the order
of a part per thousand lower than those observed during June 1976. The
salinities calculated by the model employing the two transport fields agree
reasonably with each year's data. The calculated salinities for 197Lk are
generally lower than the comparable calculated salinities for 1976.

A series of calculations were developed to determine the sensitivity of
calculated salinities to variations in the transport field. Salinity distri-
butions were calculated considering a factor of two change in the magnitude
of the flow field and the horizontal dispersion coefficients. In general
these computations indicated that the maximum salinity variations for an
individual location was on the order of 0.5 parts per thousand. The aver-
age of the maximum variations in salinity was on the order of 0.3 parts
per thousand. The calculated bottom salinities tended to be more sensitive
to parameter changes than the comparable surface values.

Additional computations indicated that reducticn of the vertical disper-
sion coefficient to 0.1 cmz/sec (a ten fold change in parameter) resulted in
increased salinity levels in the bottom waters at many locations on the order
of 1 to 2 parts per thousand.

The transport system parameters used are presented in Appendix D. The
transport fields provide a reasonable representation for a dissolved conser-
vative constituent such as salinity. The observed and calculated salinity
gradients were relatively small and therefore it would be prudent to consider
the transport fields as possible transport fields which characterize the
gross features of the system over a summer. Based on the sensitivity calcu-
lations it is concluded that comparison of calculated and observed salinity
distributions provides one necessary aspect for defining adequate transport
fields. This comparison is not sufficient to insure uniqueness of the field.

It is acknowlédged that this transport field may not be unique. The

sensitivity analysis provides lurther definition of the degree of uniqueness.,

v‘;
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However, regardless of the model used, agreement between calculated and
observed salinity distributions is a necessary condition for a valid trans-
port analysis.

VIII. Dissolved Oxygen Analysis

The dissclved oxygen analysis employed the transport field discussed
in section VII. Additional phenomena included in the analysis were the oxi-
dation of organic carbon from New York Harbor sources, the oxygen produced
by photosynthesis, the oxygen utilized by organic deposits on the sea bottom
and the oxygen utilized by the respiration of phytoplankton. The latter
sink of dissolved oxygen includes the oxidation of detritus carbon formed
within the biological system of the Bight. The basic differentisl equation
employed for the dissolved oxygen analysis is most conveniently written in

terms of dissolved oxygen deficit which is defined by equation VIII-1.

b=¢C_-C (VIII-1)
where: D = dissolved coxygen deficit at any location
C = dissolved oxygen at any location

C = saturation level of dissolved oxygen under the con-
ditions of temperature and salinity at the surface

Replacing "s" in the transport equation IV-1 by deficit D" and

defining the resultant equation by "j" (D) the appropriate reaction and

source-~-sink term may be edded yielding:

aD
Ve— =0 = j(D) - P + KL + R
3t . (x,5,2) 7 "a(x,y,2) T V(x,y,2) (VIII-2)
with boundary conditions:
db
7= 0 E =~ =k
B, qz T 5P
)]
Z =H E 33 = 3
z dz
Where: J(D) = transport equation IV-1 with "s" replaced by "D"
D = dissolved oxygen deficit
kI = liquid film coefficient

..324_



P = oxygen produced by photosynthesis

R = oxygen used by phytoplankton respiration

5 = oxygen used by organic deposits on the sea bottom
L = BOD inputs to the system

kd = oxidation rate of BOD

The above partial differential equation was solved with the finite dif-
ference approximations discussed in Appendix C. The reaeration term kaD is
defined as a result of the finite difference approximation and is included
in the diagonal terms of the resultant matrix while the remaining scurce and
sink reaction terms including S are included in the forcing function as indi-

cated in Appendix C.

Kinetic Coefficients and Boundary Conditions

The vealue of film transfer coefficient, K was 1 m/day and is within the

(15) L’

range of .3 te 5 m/day summarized for values of this parameter. The f£ilm
transfer coefficient divided by the depth of the surface segments yields the
reaeration coefficient ka for each surface segment of the model. Dissolved
oxygen is transported into the bottom layers by vertical dispersion. All disper-
sion coefficients employed in the dissolved oxygen calculations were identi-~
cal to those used in the salinity analysis.

Values of the bottom oxygen utilization rate reported by Thomas et al.
(16) for August 19Tk were used in the regions of the model where data were
available. The bottom oxygen utilization rate varied spatially between 0.1
and 1.0 gms/mg/mday. The region covered by the available data was generally
associated with the inner Bight including the sludge dumping grounds. In
the remainder of the system modeled, bottom oxygen utilization rates were
set at .4 gm/m'gaday which represent a relatively clean bottom without sig-
nificant accumulations of oxidizable organics.

(16)

Oxygen utilization rates in the water column were reported to range
between 0.17 and 2.85 mg/%-day. The average was 1.2 mg/f-day which would
yield an equivalent BOD5 of approximately 4 mg/%2. This appears somewhat
high for ocean water.

A classical problem has been encountered in developing organic carbon
mass balances for all types of water bodies. The cause of this difficulty

iz assoclated with an iIncrease in oxygen utilized by viable phytoplankton



organisms resulting from the change in environment between the natural system
and laboratory test conditions. The incubation period of the BOD test is
usually five days and may extend to 20 or more days. During this period of
incubation, in the dark, some portion of the original phytoplankton popula-
tion may contribute to an increase in the quantity of oxygen used.

The respiration studies carried out with New York Bight water employed
short incubation pericds compared to BOD test conditions. This should tend
to reduce the portion of the phytoplankton population which is adversely
impacted by the changed environmental conditions. Oxygen utilization rates
would tend to be increased due to the changed enviromment conditions of the
testing procedure.

Approximate calculations employing chlorophyll a data by Malone(17’18)
suggest that the sum of oxygen utilization attributable to phytoplankton
respiration and oxidation of particulate organic carbon may be in the range
of 0.20 mg/f-day with some spatial variations. Oxidation of dissolved
organic carbon and ammonia would increase total oxygen utilization rates.

The calculations were developed employing the following equations:

= P eke . VIII*3
RP Ea k aop 2
where:
RP = oxygen used by phytoplankton respiration mg/f-day
P_ = chlorophyll a concentration {(pg/2)
K = phytoplankton respiration rate (1/day)
a .= oxygen to carbvon ratio (mgoz/mgc)
a = carbon to chlorophyll ratio (mge/ug Chf)
R = (POC -~ P a_)*k _*a VIII-k
poc a“op’ o “oe
where:
poc = oxveen used in oxidation of "POC" (mg/R-day)
POC = particulate organic carbon (mg/t-day)
k = cxidation rate (1/day)

The values used in the analysis are presented in tTable VIII-L.

R =R +R _
R Pp poc VIIiI-5



(17,18)

Malone

measured chlorophyll a and total inorganic nitrogen con-

centrations in August 1974. These data were combined with secchi disc meas-

urements and estimates of the depth to the pycnocline for the August 19Tk

period from cruise WWC-10. Based on these data calculations of the range of

oxygen production rates in the apex of the New York Bight for August condi-

tions were made.

The rate of dissolved oxygen production can be estimated by:

F =g « G P
op P a

where:

© g
i

op

boQ
w
]

The growth rate is defined by:

c
= cpr e N
G =k (T) * r

P by * Oy

where the light correction, r, is:

r = 2 [Rxp(eey) - Exp(-o )]

e
and
I -k H
o, = -é-e €
1 I
S
I
o = ==
o) I
s
where:

k, (T) = temperature dependent light saturated growth rate (1/day)
S

CN = concentration of inorganic nitrogen (mg/%)
RMN = Michaelis concentration for nitrogen {(mg/%)
e = 2,71

T = photo period - fraction of day

H = depth of segment (M)

dissolved oxygen production rate (mg/f-day)

oxygen to chlorophyll ratio (mgOe/ug Ch)

depth averaged phytoplankton growth rate (1/day)
phytoplankton concentration (ug Ch&/%)

VIII-6

VIII-T

VIII-8

VIII-9

VIiII-10



ke = light extinction coefficient (1/m)

Ia = daily average solar radiation (Lys/day)

I, = optimum light for growth (Lys/day)

Parameter values employed in the calculations are within the reported
ranges (20) and are presented in table VIII-1.

TABLE VITI-1
Coefficients - Oxygen Production an Respiration Rates

OBSERVED CONCENTRATICNS & PARAMETERS VALUE EMPLOYED SOURCE
acp carbon to chlorophyll (mge/mg ChR) 50 -~ 100 20
Bop OXVEeN to carbon (mgOE/mgC) 2.66 20
aop oxygen to chl. (mg/ug) .133-.266 20
kR respiration rate (1/day) .1 20
ko POC oxidation rate (1/day) B I o 15
kl(T){l/day) max. growth rate 2.5 @ 20°¢ 20
f photo period .5 Est. USWB
k, light extinction (1/M) 2 - .3 WCC-10
Ia daily solar radiation {(Lys/day) 400 USWB
I, saturation radiation (Lys/day) 300 20
K fichaelis (ug/4) " 50 17,18
P_ chlorophyll (ng/l) 2 - 10 17,18
POC particulate crganic carbon .5 15
H segment depth (M) Variable Model

The calculated oxygen precduction rates "P" ranges between 0.33 and 1.6
mg/l-3ay for average chlorophyll a values of 2 to 10 Hg/% which are consis-
tent with the available data for the period. These data suggest that a
chloropiyll a gradient may exist with higher levels near the mouth of New
York Harbor and levels decreasing towards the ocuter Bight. The oxygen pro-
duction rate due to photosynthesis, less the oxygen used in respiration;
(P-R) in eguation VIII-2, in all the surface segments of the model was
signed at 0.4 mg/f-3ay which is consistent with the range calculated from

the Augsust, 197Lk chlorophyll a data.



The vertical segmentation is such that the ratio of depth of the
bottom segment to the depth of the surface segment tends to increase
seaward. This factor combined with the apparent chlorophyll a gradient
suggest that the oxygen utilization rate associated with phytoplankton
1respiration would be lower in the outer Bight in contrast to those
associated with the inner Bight areas. The oxygen utilization rate for
the bottom waters of the Bight is assigned at 0.3 mg/f-day for regions
where the depth of the bottom waters is less than 20 meters and 0.05 mg/%-
day in regions with bottom water depths greater than 20 meters. In model
segments 50,60,70 which appeared to have somewhat high chlorophyll a levels
at the surface and low bottom dissolved oxygen levels the respiration rates
are assigned at .65,.75, and .80 mg/%-day respectively. It could be hypo-
thesized that the higher rates are associated with the sludge dumping activ-
ities which could increase organic concentrations in the water column and
vield nutrient releases from the resulting benthal deposits. Appendix D
contains a tabulation of all system parameters by segment used in the dissolved
oxygen analysis. Table VIII-2 summarizes the parasmeters used in the analysis.
Calculated dissolved oxygen distributions are compared to cbserved data
(represented by contours) on Figure VIII-1 and 2 for the August 1974 period.
The dissolved oxygen calculations presented on this figure employed the 197k
transport field discussed in Section VII.

The identical reactions and source-sink parameters were employed with
the 1976 transport field to calculate dissolved oxygen levels. A compari-
son of observed June, 1976 and calculated distributions are shown on Figures

VIII-3 and VIII-L., It is evident from the figures that for the 1976 conditions

s

the calculated and observed dissolved oxygen data 4o not agree in the inner

b

3ight. The calculated dissolved oxygen levels for the 1976 periocd are simi-
lar to those calculated and observed in 197k while the data for this period
gshows substantially lower dissolved oxygen levels. Figures VIII-5a and 5b

present calculated and observed dissolved oxygen deficits for 1976 on the

Bightwide scale for the bottom waters.
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Examination of these figures suggests that, with the currently employed
parameters, low dissolved oxygen levels at the southern ocean boundary are
calculated to increase rapidly within the area. The observed data indicates
that regions of depressed dissolved oxygen extend from this boundary north-
ward into extensive portions of the New York Bight.

Dissolved oxygen levels were calculated for 197L conditions with hori-
zontal dispersion coefficients (surface and bottom segments of the Bight)
set to zerc. All other parameters were unchanged. This calculation (with
B, = 0) was compared to the 19Th calculated dissolved oxygen levels for
the bottom waters of the system. It was found that calculated dissolved
oxygen levels were essentially the same in the system for both values
of the dispersicn coefficient. The only exceptions were in segments
immediately adjacent to the boundary where calculated dissolved oxygen
increased on the order of 0.2 to 0.3 mg/%.

Comparable calculations and comparisons were made for 1974 conditions
considering the advective flow field. Figure VIII-6 presents the change in
calculated bottom dissolved oxygen considering the 1974 flow field and a
field with all flows set to zero. The influence of the advective flow field
on the calculated steady state dissoclved oxygen distributions is insignifi-
cant al the ocean boundaries and tends to increase somewhat in the inner
regicns of the Bight. The maximum difference calculated is on the order of
1 mg/f. Figure VIII-T illustrates the change in calculated bottom dissolved
oxygen when the total horizontal transport field is set equal to zero. The
major changes in calculated dissolved oxygen levels are associated with the
segments adjacent to New York Harbor. This reflects the fact that residual
effects from discharges to New York Harbor do not enter the Bight Model when
there is no horizontal transport. Discounting these local New York Harbor
effects it may be seen that the horizontal itransport has an influence on
calculated dissolved oxygen levels in the apex and at most of the system
boundaries.

Figure VIII-8 presents the calculated differences in steady state dis-
solved oxygen values considering a ten fold reduction in the vertical dis-
persion coerficient. As shown on the figure major changes in calculated
dissclved oxygen levels are associated with this change in the vertical

dispersion coefficient. Decreases in digsolved oxysen along the shorelines

i
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of New Jersey and Western Long Island range between 1.5 and 3.5 mg/f. In
addition the decreases in dissolved oxygen along the ocean boundary at the
southern limit of the system off the New Jersey shore can be observed. The
calculated dissolved oxygen levels are sensitive to vertical dispersion.
Comparable calculation considering a fifty percent reduction in the reaera-
tion coefficlent indicated that bottom dissolved oxygens tended to increase
on the order of a tenth of a mg/f due to increased dissolved oxygen super-
saturation in the surface layer.

Figure VIII-9 presents the change in calculated dissolved oxygen levels
in the bottom due to a 50% increase in the oxygen utilization rate of the
bottom waters. 197k conditions were employed in these calculations. The
increased bottom dissolved oxygen levels range between 0.1 and 2.0 mg/L.
Deeper sections of the system are not significantly impacted by changes in
this parameter because the original value of oxygen utilization rate was low.
The calculated dissolved oxygen levels are significantly influenced by changes
in oxygen utilization rate as shown on Figure VIII-9. The influence of the
oxygen utilized by bottom sediments is shown on Pigure VIII-10 and can reach
1/2 mg/f in the apex adjacent to sludge dispcsal area. Figure VIII-11l pre-
sents plots of the relative dissclved oxygen depression caused by waste dis-
charges cof ultimate oxygen demanding material from Long Island, New York
Harbor, and the New Jersey shore. The influence of these loads on the scale
of the Bight may be seen to be insignificant.

Based on the steady state calculations it is apparent that Bightwide
dissolved oxygen levels are most sensitive to the vertical dispersion coeffi-
cient and the oxygen utilization of the bottom waters. This latter parameter
is determined by phytoplankton growth, sinking, respiration and death. Light
penetration relative to the location of the pycnocline may also be signifi-
cant., The former parameter is essentislly determined by the vertical density
structure. The calculated dissolved oxygen levels are influenced to a lesser
extent by the horizontal transport and bobttom sediment oxygen utilizstion
rates.

An examination of the density structure observed in 1974 and 1976 indi-
cate that the vertical density gradients in the latter pericd tend to be
somewhat higher and occur at slightly greater depthis. This tendency is not

uniformly observed nor well documented. The data bases which were examined

- 51 -
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were obtained at different periods of the year and comparable stations were
not compared to any great degree, As the vertical density gradient increases,
the vertical dispersion coefficient tends to decrease as seen in Tigure VII-1.
The low bottom dissolved oxygen levels observed in 1976 could be accounted
for by either an increase in the oxygen utilization rate of bottom waters or
a decrease in vertical dispersion. A combination of these two factors could
also produce conditions observed in 1976. 1In any case the changes in
these two parameters required to account for the 1976 conditions appear to be
relatively small and within the range of values presented in Table VIII-1.
One method of better defining the relative impact of increases in the
oxygen demand of bottom waters is to analyze the chemical and biclogical
date currently bveing collected by MESA sponsored projects employing carbon-
oxygen-nitrogen modeling with phytoplankton dynamics including settling.
Steady-state seasonal calculations for spring-early summer periods &as well
as time variable calculations can be employed in the analysis. In addition,
analysis in the vertical dimension using significant components of the phyto-
plankton models would provide additional insight. Thus future datas anslysis
and modeling efforts should employ a combination of analysis frameworks simi-
Jar to those utilized in the present study: a three dimensional analysis on
a Bight-wide scale and a more detailed vertical analysis on a local scale,
Three dimension models may be used to define Bight-wide phenomena while
detailed vertical analysis assists in defining the influence of vertical

dispersion in the context of other bioclogical and physical phenomena.
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Conclusions:

The steady-state analysis presented in this report provides a basis for
assessment of dissolved oxygen in the New York Bight, particularly in the
apex area., The analysis indicates that the discharge of carbonaceous and
nitrogenous wastes does not materially affect the dissolved oxygen levels
through bacterial oxidation. Furthermore, the discharge of solids (sludge
disposal, dredge spoils and construction debris) do not influence. these
concentrations on a bight-wide scale. The localized sludge disposal area
is evidently affected in this regard, but this area is restricted to a
relatively limited extent. On the other hand, the depression of dissolved
oxygen, particularly in the hypolimnetic waters, is affected by phytoplankton
respirator and decay and the vertical transport structure. It is probable
that the discharge of wastewater from the treatment plants and urban runoff
has some effect on the growth of the phytoplankton and the subsequent decay
through the inorganic nutrient route. The degree to which water guality
conditions are affected by these inputs may be quantified by the development
and validation of a model defining these kinetic interactions. The analysis,
developed in this second phase, will be extended to incorporate the kinetic
routes, relating the growth and decay of the phytoplankton to the nutrient
concentrations resulting from these wastewater inputs. Thus, the effect of
the discharges will be defined, providing a basis for areawide water quality
planning, particularly with respect to the relative influence of the point
sources from treatment plants and the distributed sources from urban runoff
by contrast to the effects of other inputs such as the disposal practices
and atmospheric inputs,

The present analysis is directed to the definition of a transport
structure, in accordance with the original contract to provide the Brook-
haven investigators with a reasonable transport field for summer conditions.
The transport field developed in this work was calibrated and validated by
the analysis of the salinity distribution for the years 197h and 1976. Fur-
ther confirmaticon of this transport field was provided by the dissclved
cxygen analysis. The latter analysis was also employed as & basies Tor the

conclusions expressed in the preceding paragraph.



The transport equations included advective and dispersive terms in a
multi-segmented horizontal system with two vertical layers. The advective
terms were developed by a minimum energy principle, which yvielded the general
observed flow patterns in the Bight. The overall transport field also in-
cluded consistent values of the various dispersion coefficients. It is
recognized that advective-digpersive models of this nature do not necessarily
result in a unique solution for the transport. However, its validity to
represent average summer conditions is demonstrated by its ability to repro-
duce the salinity distribution for the two years.

The analysis further indicates that the dissolved oxygen concentration
in the hypolimnetic waters is particularly sensitive to the respiration and
decay rates of the phytoplankton and the vertical dispersion ccefficients.
Relatively small changes of these parameters, within the range of measured
values, causes significant changes in the dissolved oxygen levels.

Thus, from both a transport and kinetic viewpoint, the present analysis
reasonably reproduces observed water quality conditions and permits assessment
of the effect of wastewater inputs. In view of the peotential significance of
these discharges in dissolved oxygen and other water gquality parameters this
analysis had indicated the analytic direction on which to proceed and provided

a valid basis for the more definitive time variable analysis.
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APPENDIX A
Methods Used to Develop

System Segmentation and Define

Segment Geometry
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The segmentation employed in Phase I was developed through the mutual
cooperation and agreement among Brookhaven National Laboratory, Manhattan
College and the MESA project staff. The area is bordered to the South by
latitude 39°00'N:; to the East by longitude 71°31'W; to the North by the
Long Island coast; and to the West by the New Jersey coast. New York Harbor
is not included in the segmentation, since the boundary is set at longitude
73°59'W. However, the effect the Harbor has on conditions in the Bight is
simulated by affixing appropriate boundary conditions.

The area of the Bight under study consists of a two layer network of
92, 46 upper and L6 lower, rectangular elements. Figure III-la and 1b
illustrates the segmentation and the numbering scheme utilized. The corres-
ponding bottom layer segment numbers are discerned by adding one to their
respective upper layer digits. Interfaces between top and bottom segments
for the inner shelf areas form a surface which slopes gently seaward approx-
imately at the bottom of the pycnocline as determined by Starr and Steimle(l)
for September, 1976. This surface becomes less defined as the pycnocline
thickens and weakens in the area of the continental shelf break. Due to
this, a maximum depth of 35 meters, representative of the upper or middle
portion of the pycnocline, was established, thus forcing the interface sur-
face to flatten out.

The present water quality simulation software permits conly one open
boundary per segment. Therefore, any corner segment with two cpen boundaries
must be equipped with a "dummy" segment. This provides an additional trans-
port interface and allows advective transport across both open boundaries
while not introducing any distortion into the calculations. Under these
circumstances segments 87 throusgh 92 were constructed to conform to the
computer software.

Viewing Figure V-la and 1b, it is evident that there are prisms of
water situated between the boundaries of the segmentation network and the
shoreline that were excluded from the network proper. These prisms were
therefore annexed to the volumes of adjacent segments 31, 32, 41, k2, 51,
52, 75, and T76. The interfacial areas between segments, however, continue
to conform to the segment grid as illustrated.

After the segmentation was established along specific latitude and
longitude guldelines, it was necesssary to determine the geomorphology of

the area. In order to satisfy the computer program input format, the



topography was studied to ascertain values for such features as depth, inter-
face areas, segment volumes and characteristic lengths. For this purpose,
the following National Ocean Survey charts were used - 12120, 12127, 12129,
12133, 1213h, 12327, and 13051. The soundings, at mean low water, on the
charts helped facilitate the drawing of a physical representation of the
cross—sectional area between each segment. Through the application of
geometry, the total area of each interface was determined. Following this,
a line representing the pycnocline was placed on each cross-sectional area,
thereby representing the line of demarcation between the top and the bottom
segment. BSince the pycnocline slopes gently seaward in a generally uniform
manner, the area of the upper segment is easily obtained. The area of the
bottom segment is computed by subtracting the area of the upper segment from
the total cross-sectional area.

Utilizing the interface drawings, a total mean depth (incorporating
both upper and lower layers) is generated. Multiplying the total mean depth
by the surface area of the upper segment yields the total volume for top
and bottom segments combined. By obtaining the mean depth for the upper
layer, rather than for the irregularly shaped lower layer, its volume is
also determined. Then, the bottom segment volume is arrived at by subtracting

the top segment volume from the total volume.



TABLE A-I
Segment Geometry

FROM TO FROM TO ¢ VOLUME
SEGMENT #  LONGITUDE LONGITUDE  LATITUDE LATITUDE (X100~ CUBIC METERS)
WEST WEST NORTH NORTH

1 T1°31! T2°35! 39°00! 39°30" 174,100
2 71°31" 72°35" 39°00' 39°30’ 6,364,000
3 T2°35" 73%23" 39°00" 39°30! 120,600
L 72035 73°23" 39°00" 39°30! 304,400
5 73°23! 73°39" 39°00" 39°30" 35,460
6 73°23" 73°39! 39°00" 39930 16,480
7 73°39! 73951 39°00" 39°30!" 25,380
8 73°39! 73°51" 39°00° 39°30" 9,881
9 73°51" 13°59! 39°00! 39°30" 15,230
10 73°51" 73°59! 39°00" 39°30" 4,789
11 73°59' Tho1s5! 39°00" 39°30" 2k ,180
12 73°59" Tho1s? 39°00" 39°30" 3,959
13 71°31° T2°35! 39°30! 39°48 103,200
1k 71°32! T2°35" 39°30° 39°L8! 1,127,000
15 72°35! 73%23! 39°30" 39°48" 65,310
16 72°35° 73°23" 39°30' 39°L8" 55,310
17 73°23¢ 73°39! 39°30" 39°L8! 16,590
18 73°23" 73°39! 39°30" 39°L8" 9,326
19 73939 73°51! 39°30" 39°48" 10,950
20 73°39" 73°51¢" 39°30! 39°48" 3,k4k
21 73°51! 73°591 39°30! 39°48¢ 5,990
22 73951 73°59°" 39°30° 39°L8" 2,971
23 71°31! T2°35¢ 39°48! Lo°go! 70,910
24 71°31! T2°35" 39°48" Loeoo! 214,600
25 72°35!" 73°23° 39°481 Loego! 46,160
26 72°35" 73°23" 39°L8" 40°00! Lo,870
27 73%23" 73°39" 39°L8® L0°00? 12,100
28 73°23" 73°39! 39°L8¢ 4000 5,706
29 73°39! 73°51¢ 39°L8" Lgeoo! 7,686
30 73°39°" 73°51! 39°L8¢ 40°00! 2,342
31 73°51" 73°59° 39°48! Lo°00! 6,270
32 T73°51" 73959" 39°L8! L0%00" 2,125
33 71°31!* T2°35! 40°00" Lo°09! 51,540
34 71°31" 72°35" L0°00! Locogr 57,400
35 T2°35" 73°23" ko°co! 40°09! 36,480
36 720351 73%23" Locoo! 40°09" 16,030
37 73°23" 73°39! 40°00" 4p°0g! 10,170
38 73°23" 73°39! Locoo! 40°09" 7,757
39 73°39° 73°51! Loeo0t Lo°pg ! 6,128
Lo 73°39" T3°51¢ 40°00" 40°09® : 2,345
L T3°51 739591 Locoo! L4oe09! 3,883
L2 73°51 739591 L0°00! Loe0g!r 1,223
L3 7131 T2°35" L0°09! Lo°18! 51,540
Lk 71031 72935! Lio®oo! L0©18" L7,520
ks 72935! 73%23" Lo°09! Loe18! 34,660
b6 72025! 73°23" 10°09 Loo18" 15,150
W7 73°23! 73939 L0o°09" Lgo18 9,062

18 73°23" 73°39¢ 40°09" Lpo1g! 2,999
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Appendix B

Velocity Interpolation to
Define Flow Field
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I. Introduction

The problem of velocity interpolation consists in selecting a set

of unknown velocities given a few known values and the laws of fluid
mechanics. 1If only the law of fluid continuity is used and no dynamical
effects are included, then the usual case is that there are infinite ways
of specifying the velocities consistent with the known values and contin-
uity. The reason is that continuity applies to a volume segment whereas
the unknowns are at the interfaces bounding the volumes. The number of
interfaces exceeds the number of segments for any two or three dimensional
segmentation. Hence another principle is required to uniquely specify the
velocities. In the present analysis the criteria of minimum kinetic energy
was employed.
II. Method

Consider a segmented model with N segments and M interfaces at which
the velocities are unknown. BSome additional interfaces exist at which the
velocities are known. The problem is to calculate the rest of the velo-
cities such that fluid continuity is preserved. TFor each segment, continuity
requires that

M

Ta, v, = q. i=1,...,N (b-1)

§=1 ij 3 i

where aij is the interfacial area if interface J bounds segment i, and
aij = O otherwise; ay is the flow into segment i if a known interfacial
velocity bounds segment i; otherwise qi = Q.

The suggested method can yield velocities with the property that
the kinetic energy, %ﬂZ ngj is minimum. For generality let the criteria

to be minimized be

==

b 2
Low.v, {(b-2)
o9

E =

N | b

3
(3]

where vj are the unknown interfacial velocities and w, are arbitrary

€

weights. For w, = 0 the criteria is that of minimum kinetic energy.

o

The solution is obtalined using the method of Lagrange multipliers,

the constraints are taken into acccunt by increasing the number of

"

unknowns from the ! velceities to N + M where the additional ¥ unknowns,



Ai’ are the Lagrange multiplier associated with the N fluid continuity
equations. These constraining equations multiplied by the Lagrange
multipliers added to the function being minimized

M
.V, A (D a..v, -~ q.) (b-3)
3d oy 1 j=1 ij J i

If the constraints are satisfied then the additional terms are zero

and do not affect the value of E. The method of minimizing E can

now proceed as though the problem were unconstrained. Thus the solu-

tion is obtained by setting SE/ij = 0 yielding

A8y s 3= 1,...,M (b-)

%

<

i
M=

JJ i=1
which is the solution for the vj as functions of the Ai’ the Lagrange
multipliers. To find the values of the multipliers, evaluate the con-
straint equation of continuity, Zai.v. = Qs using the above solution

J J
for v.:
J

M N

=1
Y a,,w L Aa,. = q. i=1,...,N8 (b-5)
3=1 1373 9=1 LR35

or in standard form for simultaneous linear equaticns:

w, T a,.a,. {(p-7)

The above simultaneous equations (b-6) are solved for the A's, and

the velocities are evaluated using

.
0N
v, = W, I oa.lAL Jo= 1y...,M (v-8)



Thus the method is straightforward and requires the solution of only
an N by N set of linear equations corresponding to the N segments at

which continuity is required.

III. Relationship to Irrotational Flow

For the special case that all boundary and nc internal velocities
are specified, the minimum kinetic energy velocity field corresponds
te the irrotational velocity field for that specification of the boundary
velocities. This fact follows from a theorem by Lord Kelvin (Lamb, Hydro-
namics, p. 47): The irrotational motion of a liquid occupying a simply-
connected region has less kinetic energy than any other motion consistent
with the same normal motion at the boundary. The demonstration is direct.

Let 5
o o= AP J (u o+ v

2y

2 4 w2) av (b-9)

be the kinetic energy of the fluid in the volume V with the integral

deV = [ff dx dy dz being the volume integral over V. For the irrotational
velocity field Uss Voo Vs let Ti be its kinetic energy. Consider a velo-
city field made up of the irrotational velocities and another velocity

field u , v , w :
o] o o

u=u, +u = -~ 3¢ :
o0 % Y (b-10a)
v o= Vi + VO = e -gjf- + v ('b_.]_(}b)
Y o}
W = W + W = 8¢ ;
[e] ‘é‘E- + WO ’ (b-—lCC)

vhere ¢ is the potential that specifies the irrotational velocities.

The additional velocities must satisfy continuity:

Buo 8vo Bwb
= g { e
> 3y | 3 (b-11)

and must be zero at the boundary since the irrotational field satisfies
the specified boundary velocitics exactly. The kinetic enersy of the

composite velocity Tield is computed directly from the definition:



oo 1 2 2 2 3¢ o¢ 3¢
T = 30 fv(ui + v+ WAV - p fv(uO = Vo 3y Yo o) av
1 2 2 2
+ 30 ] (ul + ve + wo)av
\
= 9% L 3¢
=T, +T -p fv(uO T o3y T Y §E)dv (v-12)

where Ti and TO are the kinetic energy of the irrotational flow and the
additional flow field respectively. The integral is evaluated by noting
that: ’

av (b-13)

The second integral is zero by the constraint that the velocity field
Uy sV s W satisfy fluild continuity. The first integral is a divergence
and can be converted to a surface integral via Green's theorem, where
the surface is that bounding the volume, V. But uo,vo,wo are zero at
this surface and so the surface integral is zero. Hence the total

kinetic energy is:
T=7T, +T (b-1k)
i o)

which is minimum conly if To = 0 (since TO and Ti are necessarily
positive). Hence the minimum kinetic energy velocity field is
irrotational.

It should be noted that if internal velocities are specified,
such as in regions of known upwellings, then the resulting velocity

field, although of minimum energy, may not be irrotational.

IV. Relationship to the Theory of Solutions of Linear Equations

Consider a set of linear equations with N equations and M unknowns.

For the common case that N = M, the equations have a unique sclution

if" they are not singular. That is if the equations are Ax = b, then

7

x = A b,



Suppose, however, that N > M, i.e. there are more equations than un-
knowns. Then it is Impossible to satisfy all the equations exactly and
some error must be tolerated. Let Ax-b = ¢ be the error vector. The
method of least squares gives the solution for which I 612 is minimum.

In matrix form the equation for at least mean square solution is:

x = (Aa)t ATy (b-15)

Note that ATA has dimension M by M and can be inverted since it is square.
Consider, now, what happens if M > N, that is,there are more unknowns
than equations. For this case it 1s possible to satisfy all the equations
exactly with any of an infinity of solutions. What 1is required is a prin-
ciple that selects some solution from all the rest. Consider, by analogy
to the least mean square error criteria, the least mean square solution
criteria. That is,select that solution which minimizes )X xjg, subject to
z aijxj = bi; i=1l,...,N. In a sense it is the smallest of all the avail-
able solutions. As shown in the previous section the result, if translated

to matrix form, is
x = A" (aah)"hp | (v-16)

Note that AAT has dimension N by N where N is the number of eguations so
that it is reasonable to expect that its inverse exists. Also note that
only N < M equations need be solved to obtain the M unknowns, x.

-1, T

[ m -
Tt is of interest to note that the matrices (ATA)™TAT ana AT(aal)™t

solve the rectangular set of equations Ax=b so it is reasonable to define
a generalized inverse A* which solves Ax=b as x = A*b. For square A,
AN = A’l; For N > M: A = (aTa)™ 1T, for m > m: A= ATt Thus
method is available that sclves linear equation whatever the number of
equations and unknowns.

The method suggested for velocity interpolation is that the linear
equaticns specifying velocity continuity be solved using a generalized
inverse with the consequent property that its sclution have a minimum

squared solution.



Appendix C

Steady-State Water Quality Model



A steady-state mass balance around a segment k is formulated as fol-

lows (all flows from segment k to segment J):

dC

k
Vk at

= 0 =

e M

where:

-

[-ay (o C e

1

(1) (2) (3)

concentration of water quality variable in
segment k, (M/L?)

volume of segment k, (L?)

net flow from segment k to segment j (posi-
tive outward) (L3/T)

finite difference weight
1 -

dispegsion parameter between segments k and
3 H nal =
3, (L3/T) s Eijkj/ij

first order reaction coefficient in segment
k for water quality variable C (1/T)

dispersion coefficient between seguments k
and j (L%/T)

cross—-sectional area between segments k and
. 2
3 (L)

characteristic length of segment k (L) nor-
mal to interface jk

average of characteristic lengths of seg-
ment X and 3 (L)

=

|

T {r T 3
Lo+ L)
ij >N R 37

N

source (or sink) of variable C in segment
k (M/T)

1
BiyCy) + Epyley = T - ViEC - W

[

(c-1)



where M, L, T are the mass, length and time units.

The first term on the righthand side of Eguaticn (C~1) represents the
mass entering or leaving (depending on the sign of the flow, Q) segment k
due to net currents. The second term represents the dispersive transport.
The sum of the flow and dispersion transport extends over all segments j,
horizontal and vertical, bordering on segment k. The first order decay
(if any) of the variable is given by the third term, while the last term
on the righthand side of Eguation (C-1) incorporates all direct sources
and sinks of the variable, C.

If all terms involving the dependent variable, C, are grouped on the

lefthand side, Equation (C-2) is obtained:
a .,.C + La C,=W (c-2)

where:

Bk § (Q 30y * Bgy) + VK
ks = s ~ Fiy K # J

Only the diagonal term contains the reaction rate. A similar pro-
cedure is followed for each of the 86 segments into which the New York
Bight has been divided. A series of 86 equations can be written. Some
special conditions apply at the water boundaries c¢f the system. For a
section k where the flow between the boundary and the section is desig-

nated by Qkk and is leaving the section {(positive), and the dispersion

AN

P 3 =1 3 ~ 1 .
parameter 1is designated by Ekk’ then akk becones:

- ! { '
Bk § (Q sy + Byy) + E + Qo + By
and the forcing function is:

W= W oo+ (B
"k ( kk

- QB

ﬁkk) CB {C-2a)

Tk

where C,g is the boundary concentration of the varisble C and is presumed
known. For the flow entering the system from a boundary (Qkk negative)

the appropriate terms are:
Pror



— ¥
e T 5 Qg * Bhyg) Y VK QB+ Bl
J
and

We =W (B = Qo) Gy (c-2b)

The n equations with suitable incorporation of boundary conditions

considered as incorporated in the Wk's and akk's are given by:

allcl + alZCE S S, + alncn = Wl
a2lCl + a2202 S L + aZnCn = W2

e . (c-3)
anlcl + an2C2  ieenes F anncn = Wn

All 845 end W, quantities are assumed known in Equation (C-3). The
problem is to obtain the Ck values which represent the steady-state
spatial distribution of the water quality variable being considered. In
the form shown in Egquation (C-3) it is assumed that all segments interact
with all other segments. This, of course, is not the case for the New
York Bight for which a large number of zeros can be expected in the terms
of Equation (C-3).

There are a number of numerical procedures for solving a set of n
simultaneous equations in n unknowns, such as given by Equation (C-3).
These include the Gauss-Seidel relaxation method which is appropriate for
this class of equations. The theoretical development may also be inter-
preted by writing the equations in matrix form. Thus, one can express

the n equations as:
(Al (c) = (w) (C-h)

where [A] is an n x n matrix and (C) and (W) are n x 1 column vectors.

The formal sciution of Equation (C-L) is:

W) (Cc-5)



Therefore, the problem of determining the spatial steady-state water
quality response in a multi-dimensional system reduces to solving a set of
n simultaneous equations or determining the inverse of the system parameter
matrix.

The above development is suitable for "single system" variables, i.e.,
water quality variables that are not forced by outputs from other quality
systems. Examples of single system variables are salinity (where the
reaction coefficient, K is zero, representing a conservative variable),
coliform bacteria and Biochemical Oxygen Demand, BOD. For coupled system
variables, such as Dissolved Oxygen, (DO) one must recognize that the DO,
in addition to responding to direct sources and sinks of DO (e.g. benthal
demand), also responds to the utilization of oxygen to satisfy the bio-
chemical oxygen demand.

The mass balance equation can be most conveniently written in terms

of dissclved oxygen deficit Dk:

dpD
k _ - 1
T B U T E Bl

&

(c-6)

+ kaak(D) - VdekLk + wk

where Cks is the saturation value of DO at the surface - Kak

ation coefficient in segment k, de is the deoxygenation coefficient, Lk

is the reaer-

is the bilochemical oxygen demand, and i_wk is now interpreted as sources
and sinks of DO such as benthal demands and photosynthetic production or
respiration.

A matrix formulation can be followed as before for the BOD and DO.

Therefore, for BOD:

(L) = [A)" (W) {c-7)

where [A] has the BOD decay coefficient on the main diagonal and (W) is
the vector of waste load inputs. This is the same as Equation (C-5)
where the wvariable 1s Iinterpreted as the BCD. Following a similar pro-

cedure for DO gives:

-3



.

(c) = [B]_I(VKdL + ) (c-8)

where (C) is the vector of DQ decreases due to the BOD input vector given
by (VKdL and WD) and bottom oxygen demand, phytoplankton oxygen production

and respiration as determined from Equation {(C-6) and where [B] has the

reaeration coefficient on the main diagonal.

|
o
1



APPENDIX D

Transport System Parameters

Dissolved Oxygen System Parameters



TABLE D-I
Transport System Parameters

Seg. Interface Dispersion Interface Characteristic Length Velocity Flow
Designation Coefficient Area I J
T J* {cM?/8) (KM°) (KM) (KM) CcM/S M7/S
1 2 1.0 4.97x10° 3.51x107% 1.28 - - -
3 1.0 3.73x10° 3.23x1072%  8.17x1072 - -
5 1.0 1.23x10° 2.89x107%2  1.34x107? - -
7 1.0 9.48x102 2.68x107%  1.0Lx1072 - -
9 10 1.0 6.14x102 2.48x107%  7.80x1073 - -
11 12 1.0 1.23x10° 1.97x1072 3.23x107%  -3.05x10” "% -3.7hx103
13 1k 1.0 2.94x103 3.51x107%  3.8ux107!} - -
15 16 1.0 2.21x10° 2.95x1072  2.50x1072 - -
17 18 1.0 7.26x102 2.28x107%  1.28x1072 - -
19 20 1.0 5.62x102 1.95x1072%  6.13x107 3 - -
21 22 1.0 3. 64x10% 1.65x1072  8.17x107 3 - -
23 2k 1.0 2.03x10° 3.51x1072  1.06x107} - -
25 26 1.0 1.51x10% 3.04x107%  2,69x1072 - -
27 28 1.0 k. 99x10? 2.42x107%  1.1h4x1072 - -
29 30 1.0 3.86x10° 1.99x1072  6.07x10™° - -
1 32 1.0 2.50x102 1.58x107%  6.19x10°3  -3.05x107*  -7.62x102
33 3 1.0 1.47x20°3 3.51x107%  3.90x1072 - -
35 36 1.0 1.11x10° 3.29x107%  1.46x1072 - -
37 38 1.0 3.63x102 2.80x1072 2.1kx1072 - -
39 Lo 1.0 2.81x103 2.18x107%  8.35x107° - -
41 Lo 1.0 1.85x102 1.54x1072  5.21x107%  -3.05x107%  -5.6Lx102
43 Ly 1.0 1.47x103 3.51x107%  3.23x107°2 - -
45 46 1.0 1.11x103 3.14x107%  1.37x1072 - -
47 L8 1.0 3.63x102 2.50x10°% 8.26x107° - -
Lo 50 1.0 2.77x10% 2,14x107% 1,21x1072 - -
51 52 1.0 1.77x102 1.50x107%  3.63x107° -3.05x10°*  -5.41x10%
53 54 1.0 1.01x10° 3.51x107%  2.93x107? - -
55 56 1.0 7.60x102 2.93x107¢  9.k5x1073 - -
57 58 1.0 2.53x102 2,.07x10"%  3.05x107° - -
59 60 1.0 1.91x10? 2.03x1072%  8.53x107 3 - -
61 62 1.0 9.94x10! 1.61x107% 5.49x107*  -3.05x10 %  -3.03x102
63 6l 1.0 1.01x10° 3.51x107%  2.65x1072 - -
65 66 1.0 7.60x10°% 2.72x107%  8.,17x1073 - -
67 68 1.0 2.53x10% 1.80x1072% 3.h4hx1073 - -
69 70 1.0 1.91x10% 1.70x107%  8,h47x1073 - -
T1 72 1.0 0.66x10% 1.14x107%  L.8Bx107°  -3.05x107%  -2.95%102
73 Th 1.0 2.03x10° 3.31x107%2 1.96x1072 - -
75 76 1.0 1.28x10° 2.21x107%  5.55x107%  -3.05x107*  -3.90x10°3
7 78 1.0 1.88x10° 2.80x107%  1.27x107%  -3.05x10”%  -5.73x10°
79 80 1.0 2.35x1072 1.19x107% 2.10x107%  -3.05x107%  -7.18x102
81 82 1.0 1.25x10°% 1.06x1072 2.65x107% -3.05x107%  -3.81x102
83 8L 1.0 8.2Lx10! 6.37x107°  T7.01x107%  -3.05x107%  -2.51x10%
85 86 1.0 5.4h2x10% 1.26x107%  3.17x107%  -3.05x107%  -1.65x103
1 0 3.01x107 1.92 - 9.05x10!} 9.05x10! ~1.19%x10! -2.29x10°
2 0 3.01x107 1.33x10% 9.05x10? 9.05x10! -€.10x16"Y  -8.10x10°
3 0 2.38 - 5. hox10? 5.hox10! 1.18x10! 2.82x10°
Y 0 1.61x101 5.49x101? 5, 49x10? 7.01x10™* 1.13x10°
* T J

Convention - For Velocity and Flow, Positive is assumed from I to J.
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TABLE D-1 (continued)

Seg. Interface Dispersion Interface Characteristic Lengths Velocity Flow
lLocations Coefficients Areas 1 J
T J (CM?/9) (kM%) (KM) (KM) CM/S M3/s
5 0 3.01x107 7.83x10 ! 5.49x10* 5.49x10  4.84 - 3.79x10"
6 0 3.01x107 "4.08x10 ! 5.49%10! 5.49%10'  7.52x107!  3.11x10°
"7 0 3.01x107 5.71x10-! 5.49x10!? 5.49x10! 3.44 - 1.97x10"
8 0 3.01x107 1.16x107Y  5.49x10! 5.49x10' -1.62x10 ' -1.88x102
9 0 3.01x107 3.47x10° 1 5.49%x10! 5.49%x10'  1.83 - 6.36x10°
10 0 3.01x107 7.06x10 2 5.49x10} 5.49%x10' -1.22x10" ' -8.52x10}
‘11 0 3.01x107 6.65x10-"1 2.23x10! 2.23x10? 3.05 - 2.03x10"
12 0 . 3.01x107 3.90x10-" 2.23x10!? 2.23x10' -9.02x10" ! -3.51x10°%
13 0 3.01x107 1.14 - 9.05x10} 9.05%x10' -5.99 - -6.82x10"
14 0 3.01x107 4.92x10! 9,05%x10! 9.05x10' -7.62x10-! -3.75x10°
23 0 3.01x107 7.83x10 ! 9.05x10! 9.05x10' -3.40 - -2.66x10"
24 0 3.01x107 6.71 - 9.05x10! 9.05x10} -9.14x10" ' -6.13x10"
33 0 3.01x107 5.69x10 } 9,05x10! 9.05x10} -1.89 - -1.08x10"
=34 0 3.01x107 9,08x10 ! 9.05x10} 9.05x10} -7.62x10"! -6.92x10°3
43 0 3.01x107 5.69x10 ¢ 9,05x%10* 9.05x10! -6.71 - -3.82x10"
44 0 3.01x107 7.45%107} 9.05%10! 9.05x10! -7.62x10 ' -5.68x10%
53 0 3.01x107 3.92x107 ¢ 9.05x10* 9.05x10% -3.79 - -1.49x10"
54 0 3.01x107 4.97x10° ¢ 9.05x10% 9.05x10' -6.10x10 ' -3.03x10°%
63 0 3.01x107 3.92x107 ! 9.05x10! 9.05x10' -3.31 - -1.30x10"
64 0 3.01x107 4.62x10 ° 9.05x10" 9.05x10' -6.10x10 ' -2.82x10°%
71 0 3.01x107 2.28x10° 2 1.14x%10° 1.14x10' -4.42 - -1.01x10°%
72 0 3.01x%107 1.93x10° 2 1.14x10° 1.14x101 3.96 - 7.66x102
73 0 3.01x107 7.83x10-} 9.05x10} 9.05%x10% ~5.57 - ~4,36%x10"
74 0 3.01x107 7.58x10-!} 9.05x10! 9.05x10! -6.10x10-! -4.62x10°
77 0 3.01x107 7.83x10-! 9.05x10} 9.05x10' =-7.32 - ~5.73x10"
.78 0 3.01x10’ 5.89x10-! 9.05x10! 9.05x10% -6.10x10-' -3.59x10°
83 0 3.01x107 2.11x10-2 1.14x10% 1.14x10Y ~4.42 - -9.32x102
84 0 3.01x107 1.79x10-% 1.14x10! 1.14x101 3.96 - 7.11x10?
87 0 3.01x107 3.18 - 5.49x10° 5.49x10'  6.40 - 2.03x10°
88 0 3.01x107 1.96x102 5.49%10% 5.49x10'  5.79x10-!'  1.14x10°%
-89 0 3.01x10’ 6.59x10-} 5.49%10? 5.49x10!} 3.05 2.01x10"
90 0 3.01x107 1.32x10-} 5.49%10° 5.49x10} ~1.52x10-! -2.01x102
91 0 3.01x10’ 1.56 - 2.23x%10? 2.23x10' -4.30 - -6.72x10"
92 0 3,01x107 g.38x10-} 9,38x10! 2.23x10Y  6.10x10-!'  5.72x10°%
1 87 1.505x10° 3.18 - 5.49%x10% 5.45%x10*  6.40 2.03x10°
2 88 1.505x10° 1.96x102 5.49x10} 5.49%10'  5.79.10-!  1.14x10%
11 89 1.505x10° 6.59%10-1 5.49%10} 5.49x10'  3.05 2.01x10"
12 90 1.505x10° 1.32x10-1! 5.49x10* 5.49x10' -~1.52x10-!' -2.01x10"
77 91 1.505x10° 1.56 - 2.23x10°} 2.23x10 -4.30 - -6.72x10"
78 92 1.505x10° 9.38x10-1 2.23x10! 2.23x10'  6.10x10-'  5.72x10°
1 13 1.505%x10° 3.18 ~ 5.49%10! 3,26x10' -3.08 - -9.77x10"
2 14 1.505x10° 7.29x10* 5.49%10! 3.26x10' -6.10%x10-' -4.45x10°
3 15 1.505%10° 1.97 ~ 5.49x10"° 3.26x10' ~6.36 - ~1.25%10°
4 16 1.505x10° 1.87 - 5.49%101 3.26x%10!} 1.55x10-'  2.90x10°%
5 17 1.505x10° 4.80x10-"1 5.49%x101 3.26x10*  1.s56x10! ~7.50x10"
6 18 1.505.10° 3.34%10-! 5.49x10% 3.26x10!} 1.49x10-'  5.02x10%
7 19 1.505x10° 3.35x10-1 5.49%10" 3.26x10' -9122 - -3.09x10"



TABLE D-I (continued)

Seg. Interface Dispersion Interface Characteristic Lengths Velocity Flow

Locations Coefficients Areas I J

1 J (cM?/s) (K?) (KM) (K1) CM/S M>/S

8 20 1.505x10° 1.74x10° Y 5.49x%10! 3.26x10%  2.68x10° '  4.65x10?
g 21 1.505x10° 2.06x10° ' 5.49%10!} 3.26x10 -4.80 - -9.90x103
10, 22 1.505x10° 7.20x10°%2  5.49x10! 3.26x10'  2.16x10° !  1.55x10?
11 85 1.505x10° . 3.15x10° Y 5.49x10% 5.49x10' -5.71 - -1.80x10"
12 86 1.505x10° 1.03x10° ' 5.49x10! 5.49x10 5.36x10° !  5.53x10?
13 23 1.505x10° 3.18 - 3.26x10! 2.23x10} -2.79 - -8.87x10"
14 24 1.505x10° 1.78x10! 3.26x%10? 2.23x10' -4.05x10° ! -7.24x10"
15 25 1.505x10° 1.94 - 3.26x10} 2.23x10' -5.49 - -1.07x10°
16 26 1.505%x10° 1.85 ~ 3.26x10° 2.23x10Y  2.29x10° '  4.21x1083
17 27 1.505%x10° 4.91x10° '  3.26%10! 2.23x10' -1.26x10' -6.20x10%
1 28 1.505x10° 2.75x10 ' 3.26x%10} 2.23x10%  8.53x10 %  2.34x10?
19 29 1.505x10° 2.93x10 ' 3.26x10} 2.23x10' -7.83 - -2.29x10"
20 30 1.505x10° 1.36x10° ' 3.26x10} 2.23x10'  2.10x10°!  2.85x10?
21 31 1.505x10° 1.49%x10 '  3.26x10} 2.23x10Y -4.54 - -6.74%x10°
22 32 1.505x10° 8.83x10 2  3.26x10° 2.23x10'  3.90x%x10 !  3.44x10°2
23 33 1.505x10° 3.18 - 2.23x10? 1.62x10% -3.23 - -1.03x10°
24 34 1.505x10° 4.26 - 2.23x10!} 1.62x10! -2.80x10° % -1.19x10"
25 35 1.505x10° 2.14 - 2.23x10! 1.62x10* -4.93 - -1.05%107
26 36 1.505x10° 1.41 - 2.23x%10! 1.62x10  2.35x10° !  3.29x%10°
27 37 1.505x10° 5.55x10 ' 2.23x10! 1.62x10 -6.16 - ~3.42x10"
28 38 1.505x10° 3.79x10 ' 2.23x10! 1.62x10%Y 3.87x10° %  1.47x10°
29 39 1.505%10° 3.47x10° 1 2.23x10° 1.62x10! -3.86 - -1.34x10"
30 40 1.505x10° 1.90x10° '  2.23x10! 1.62x10'  1.58x10° !  2.98x102
31 41 1.505x10° 1.91x107 ! 2.23x10! 1.62x10' -2.01 - -3.85x10°
32 42 1.505x10° 4.92x10 % 2.23x10} 1.62x10'  1.71x10° '  8.47x10°
33 43 1.505x10° 3.18 - 1.62x10! 1.62x10' ~-3.93 - ~1.25x%10°%
34 A 1.505x10° 3.36 - 1.62x10°% 1.62x10' -1.71x10" ! -5.73x10°
35 45 1.505%10° 2.24 - 1.62x10° 1.62x10Y -4.40 - -9.85x10"%
36 46 1.505x10° 9.57x10" !  1.62x10! 1.62x10Y  3.05x10 '  2.91x10°
37 47 3.01x10° 6.13x107!  1.62x10} 1.62x10' -2.63 - -1.61x10"
38 48 3.01x10° 3.14x10° Y 1.62x10° 1.62x10%  4.63x10° ! 1.46x10°
39 49 3.01x10° 3.69x10° ! 1.62x10° 1.62x10' -1.91 - ~7.03x10°%
40 50 3.01x10° 2.73x10° Y 1.62x10!} 1.62x10%  3.05%x10° '  8.28x10%
41 51 3.01x10° 1.56x10° Y 1.62x10! 1.62x10' -1.03 - ~-1.61x10°
42 52 3.01x10° 5.27x10 %  1.62x10! 1.62x10Y 2.29x10" !  1.20x102
43 53 1.505x10° 3.18 - 1.62x10! 1.12x100  -3.66 - -1.16x%10°
44 54 1.505%10° 2.73 - 1.62x10! 1.12x10'  -4.57x107% -1.21x10°
45 55 1.505x10° 2.00 - 1.62x10! 1.12x10Y -4.57 - -9.13x10"
46 56 1.505x10° 9.09x10 ' 1.62x10% 1.12x10  3.99x10 '  3.63x10°
47 57 3,01x10° 4.70x107 Y  1.62x10° 1.12x10'  3.23x10° !  1.52x10°
48 58 3.01x10° 1.27x10 ' 1.62x10} 1.12x10'  4.69x10° !  5.96x10%
49 59 3.01x10° 3.99x107} 1.62x10° 1.12x10  -6.68x10" ' -2.66x103
50 60 3.01x10° 1.35%x107!? 1.62x10% 1.12x10  1.13 - 1.53x%10°
51 61 3.01x10° 1.68x1071  1.62x10° 1.12x10%  -4.54x107 1 -7.64x102
52 62 3.01x10° 3.01x1072  1.62x10% 1.12x10'  5.85x107!  1.76%x102
53 63 1.505x10° 3.18 - 1.12x10! 1.12x10' -3.90 - -1.24%10°
54 64 1.505%10° 2.57 - 1.12x10! 1.12x10'  5.79x107?  1.s52x10°

0
o



TABLE D-I (continued)

Seg. Interface Dispersion Interface Characteristic Lengths Velocity Flow
Locations Coefficients Areas I J
1 J (CM?/3) (KM?) (KM) (KM) CM/S M3/s
55 65 1.505x%10° 1.94 - 1.12x10!} 1.12x10' -3.45 - -6.70x10"
56 66 1.505x10° 7.10x10° '  1.12x10! 1.12x10'  5.09x10°' 3.62x10°
57 67 3.01x10° 4.49x10 ' 1.12x10° 1.12x10' ~-1.13x10 ' -5.05x102
58 68 3.01x10° 1.06x10° ' 1.12x10° 1.12x10'  5.21x10° ' 5.51x10%
59 69 3.01x10° 3.84x10° Y 1.12x10! 1.12x10Y  ~4.94x10° ' -1.90x10°
60 70 3.01x10° 9.10x10"%  1.12x10° 1.12x10Y  1.40 - 1.27x10°3
61 71 3.01x10° 1.55%x10° ' 1.12x10°} 1.12x10'  -5.46%10 ' -8.45x102
62 72 3.01x10° 4.28x10° % 1.12x10! 1.12x10'  1.12 - 4.81x102
63 73 1.505x10° 3.18 - 1.12x10° 2.23x10Y -4.21 -1.34x10°
64 74 1.505%10° 2.25 - 1.12x10! 2.23x10'  1.80x10 ' 4.07x10%
65 75 1.505x10° 1.75 - 1.12x10° 2.23x10' -2.51 - -4.39%10"
66 76 1.505x10° 5.11x10° % 1.12x10° 2.23x10'  6.55x10 ' 3.35x10°
67 79 3.01x10° 3.60x10° ' 1.12x10° 1.04x10' -2.29x10 ! -8.26x10%
68 80 3.01x10° 9.66x10 2  1,12x10! 1.04x10' 4.97x10° '  4.79x10°
69 81 3.01x10° 2.61x10° Y 1.12x10° 9,24 - -3.51x10 ' -9.18x10?
70 82 3.01x10° 8.78x10 2 1.12x10! 9.24 - 4.21x10° ' 3.69x10%
71 83 3.01x10° 7.61x10°%  1.12x10° 5.94 - ~7.28x10" ' -5.55x10%
72 84 3.01x10° 4.51x10 2 1.12x10! 5.94 - 2.08 - 9.37x102
73 77 1.505x10° 2.85 -~ 2.23x10} 2.23x10 ~4.57 - -1.30x10°
74 78 1.505%x10% 1.67 - 2.23x10! 2.23x10'  4.69x10° ' 7.86x10°
1 3 1.505x10° 1.92 - 9.05x10? 6.80x10'  6.40 - 1.23x10°
2 4 1.505x10° 1.63x10° 9.05x10? 6.80x101  7.38x10 ! 1.20x10°
13 15 1.505x10° 1.14 - 9.05x10! 6.80x10' 5.18 - 5.92x10"
14 16 1.505x10° 1.25 - 9.05x10? 6.80x10' 1.71x10° % 2.15x103
23 25 1.505x10° 7.83x10° Y 9.,05x10° 6.80x10} 5.18 - 4.06x10"
24 26 1.505x10° 5.43x10° '  9.05x10! 6.80x10'  1.52x10 !} 8.33x10?
33 35 1.505x10° 5.69x10 '  9.05x10! 6.80x10' 5.79 - 3.30x10"
34 36 1.505x10° 3.76x10° ' 9.05x10° 6.80x10'  1.92x10 ! 7.27x102
43 45 1.505x10° 5.69x10° '  9.05x10! 6.80x10}  5.18 - 2.95x%10"
44 46 1.505x10° 3.62x10° Y 9.05x10! 6.80x10'  3.20x10 ! 1.l16x10°
53 55 1.505x10° 3.92x10° Y 9.05x10° 6.80x10*  5.79 - 2.27x10"
54 56 1.505x10° 1.50x10° ! 9.05x10? 6.80x10°  2.01x10 ! 2.99x107
63 65 1.505x16° 3.92x10° Y 9.05x10* . 6.80x10'  5.79 - 2.27x10"
64 66 1.505%x10° 1.15x107!  9.05x10°} 6.80x10°  2.35x10° ! 2.70x10%
73 75 1.505x10° 6.91x10° !  6.05x10! 6.80x10'  5.79 - 4,00x10"
74 76 1.505x10° 1.60x10° Y 9,05x10° 6.80x10*  5.18x10 ' 8.27x102
3 5 1.505x10° 1.66 - 6.80x10? 2.23x10Y -2.00 - -3.32x10"%
4 6 1.505x%10° 1.01 - 6.80x10? 2.23x10Y  4.48x10° ! 4,53x10°
15 17 1.505%10° 8.30x10° '  6.80x10! 2.23x10'  4.88 - 4,05x10"
16 18 1.505%x10° 3.22x10° ! 6.80x10° 2.23x101  2.59x10° ! 8.39x10°2
25 27 1.505x10° 5.95x10° '  6.80x10" 2.23x10'  6.62 - 3.94x10"
26 28 1.505x10° 4.20x1G° ' © 6.80x10} 2.23x10Y  4.18x10° ! 1.75x10°
35 37 1.505x%10° 5.35x10° %  6.80x10! 2.23x10'  4.88 - 2.61x10"
36 38 1.505%10° 2.45x10° ! 6.80x10° 2.23x10'  4.54x10 ' 1.12x10°
45 47 3.01x10° 4.58x10"'  6.80x10!} 2.23x10'  4.88 - 2.23x10"
46 438 3.01x10° 1.20x10 ' 6.80x10! 2.23x10! 3.63x10 ' 4.33x10%
55 57 1.01x10° 2.69x10 ! 6.80x10! 2.26%10'  -6.13x10 ' -1.65x103
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TABLE D-I (continued)

Seg. Interface Dispersion Interface Characteristic Lengths Velocity Flow
Locations Coefficients Areas I J ,

1 J (CM?/S) (KM%) (KM) (KM) CM/S M%/s
56 58 3.01x10° 7.01x10 ¢ 6.80x10? 2.26x10%0  4.39x10°'  3.08x10°%
65 67 3.01x10° 2.17x10° ! 6.80x10!} 2.26x10' -1.62x10" ' -3.52x10%
66 68 3.01x10° 7.20x10 2 6.80x10? 2.26x10'  7.53x10° !  5.42x10%
75 79 3.01x10° 1.74x10 ¢ 6.80x%10° 2.26x10'  9.14x10° %  1.70x10!
76 80 3.01x10° 4.38x10 2 6.80x10° 2.26x10'  6.28x10° '  2.75x10%

5 7 1.505x10° 1.58 - 2.23x10? 1.73x10Y  2.44x10 ' 3.85x10°

6 8 1.505x10° 6.55x10" ! 2.23x10! 1.73x10%  1.40x10 '  9.22x10%
17 19 1.505%10° 7.30x10 * 2.23x101 1.73x10'  3.76 - 2.75x10"
18 20 1.505x%10° 2.91x10 ! 2.23x10! 1.73x10'  3.81x10 ! 1.11xi0°®
27 29 1.505%x10° 5.28x10 ! 2.23x10! 1.73x10'  2.20 - 1.16x10"
28 30 1.505x10° 1.42x10 } 2.23x10? 1.73x10% 3.63x10 '  5.15x10°
37 39 1.505x%10° 4.38x10 ! 2.23x10} 1.73x10'  1.83 - 8.05x10°
38 40 1.505%x10° 2.19x10 ! 2.23x10* 1.73x10%  5.15x10° %  1.13x10°
47 49 3.01x10° 3.76x10 ! 2.23x101 1.71x10' 1.24 - 4.68x10°3
48 50 3.01x10° 2.55x10 ! 2.23x10! 1.71x10'  5.06x10 '  1.29x10°
57 59 3.01x10° 2.01x107! 2.26x%10! 1.71x10'  1.89x10° !  3.81x102
58 60 3.01x10° 7.25%10 2 2.26x10° 1.71x10'  4.88x10° !  3.53x10%
67 69 3.01x10° 1.84x107 ! 2.26x10? 1.71x10} -1.52x10"% -3.09x10}
68 70 3.01x10° 5.98x10 2 2.26x10? 1.71x10!  1.02 - 6.14x102
79 81 3.01x10° 1.07x107 ! 2.26x10? 1.71x10' -8.53x10°% -9,12x10}
80 82 3.01x10° 1.48x%10 2 2.26x10!? 1.71x10Y  2.47x107'  3.65x10°

7 9 1.505x10° 1.41 - 1.73x10? 1.12x10'  1.07 - 1.51x10"%

8 10 1.505x10° 4.51x10 * 1.73x10} 1.12x10'  1.43x107!  6.45x107%
19 21 1.505x10° 6.26x10 ! 1.73x10° 1.12x10' 3.11 - 1.95x10"
20 22 1.505x10° 2.69x10 ! 1.73x10? 1.12x10Y 4.79x10° '  1.29x10°
29 31 1.505%10° 4.22%10 ! 1.73x%10!? 1.12x10'  5.06x10 ' 2.13x10°
30 32 1.505%10° 1.04x107! 1.73x10? 1.12x10° 4.82x10° '  5.02x10%
39 41 1.505x10° 3.07x107 ! 1.73x10? 1.14x10Y 5.46%x10 ' 1.68x10°
40 42 1.505x10° 9.06x10 2 1.73x10? 1.14%x10'  6.61x10 '  5.99x10%
49 51 3.01x10° 3.07x10 } 1.71x10! 1.14x10% 1.01x10"'  3.09x10°
50 52 3.01x10° 7.52x10 2 1.71x10? 1.14x10'  7.92x10° '  5.97x10?
59 61 3.01x10° 2.34x10" ! 1.71x10?! 1.04x10" -1.65x10"' -3.85x102
60 62 3.01x10° 5.30x10 2 1.71x10° 1.04x10'  1.15 =~ 6.07x102
69 71 3.01x10° 1.86x10° ¢! 1.71x10} 1.14x10Y -5.43x10° ' -1.01x10°
70 72 3.01x10° 6.84x10 2 1.71x10! 1.14x10Y  2.22 - 1.52x163
81 83 3.01x10° 7.51x10 2 1.71x10} 1.14x10% -8.38x10 ' -6.29x102
82 84 3.01x10° 5.85x10 3 1.71x10° 1.14x10Y  4.33x107'  2.52x10?

9 11 1.505x10° 1.31 - 1.12x10° 2.23x10Y  1.42 - 1.86x10"
10 12 1.505x10° 3,10x10" !} 1.12x10! 2.23x10'  1.86x10°'  5.75x102
21 85 1.505%10° 5.12x10° ! 1.12x10% 1.58x10'  3.19 - 1.63x10"%
22 86 1.505%10° 1.98x%10° ! 1.12x10° 1.58x10'  5.55x10 '  1.10x10°
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TABLE D-II
Dissolved Oxygen System Parameters

SEGMENT DEPTH P-R - K
NUMBER (meters) mg/f-day 1/day 1/m
1 35.1 0.250 0.10 .0285
2 1280.2 -0.050 0.10 0
3 32.3 0.250 0.10 .0310
Y 81.7 -0.050 0.10 0
5 29.0 0.250 0.10 .03L5
6 13.4 -0.300 0.10 0
7 26.8 , 0.250 0.10 .0373
8 10.4 ~-0.300 0.10 0
9 24,7 0.250 0.10 . 0405
10 7.9 -0.300 0.10 0
11 19.8 0.250 0.10 .0505
12 3.4 -0.300 0.10 0
13 35.1 0.250 0.10 .0285
ik 382.5 -0.050 0.10 0
15 29.6 0.250 0.10 .0338
6 - - 25.0 -0.050 0.10 0
17 22.9 0.250 0.10 L0437
18 12.8 -0,300 0.10 0
19 19.5 0.250 0.10 .0513
20 6.1 -0.300 0.10 0
21 16.5 0.250 0.10 L0606
22 8.2 -0.300 0.10 0
23 35.1 0.250 0.10 .0285
2k 106.0 -0.050 0.10 0
25 30.5 0.250 0.10 .0328
26 26.8 -0.050 0.10 0
27 2L L 0.250 0.10 .0k10
28 11.6 -0.300 0.10 0
29 19.8 0.250 0.10 .0505
30 6.1 -0.300 0.10 0
31 25.0 0.250 0.10 .0koo
32 8.5 ~-0.300 0.10 0
33 35.1 0.250 0.10 . 0285
34 39.0 -0.050 . 0.10 0
35 33.0 0.250 0.10 .0303
36 14,6 -0.300 0.10 0
37 28.0 0.250 0.10 .0357
38 21.3 -0.050 0.10 0
39 22,0 0.250 0.10 .0455
Lo 8.2 -0.300 0.10 0
L1 21.0 0.250 0.10 L0475
Lo 6.7 -0.300 . 0.10 0
43 35.1 0.250 0.10 L0285
Ll 32.3 -0.050 0.10 0
hs 31.L4 0.250 0.10 .0319
L6 13.7 -0.300 0.10 0
L 25.0 0.250 0.10 .0Lk0o0o
L8 8.2 -0.300 0.10 0
L9 21.3 0.250 0.10 .ChT70
50 12.2 ~0.650 0.10 0



TABLE D-II (continued)

51 16.5 0.250 0.10 .0595
52 3.7 ~0.300 0.10 0
53 35.1 0.250 0.10 .0285
5l 29.3 -0.050 0.10 0
55 29.3 0.250 0.10 .0341
56 9.5 ~0.300 0.10 0
57 20.7 0.250 0.10 .0Lk83
58 3.0 ~-0.300 0.10 0
59 20.1 0.250 0.10 .0Lkg8
60 8.5 -0.750 0.10 0
61 17.7 0.250 0.10 . 0565
62 1.8 ~0.300 0.10 0
63 35.1 0.250 0.10 . 0285
B Y 26.5 - ~0.050 0.10 0
65 27.1 0.250 0.10 .0369
66 8.2 ~0.300 0.10 G
67 18.0 0.250 0.10 L0556
€8 3.4 -0.300 0.10 0
69 16.8 0.250 0.10 .0595
70 8.5 -0.800 0.10 0
71 15.0 0.250 0.10 . 0667
72 h.g ~-0.300 0.10 0
73 32.9 0.250 0.10 . 0304
Th 19.5 -0.050 0.10 0
75 24,4 0.250 0.10 .0Lk10
76 6.1 ~-0.300 0.10 0
77 28.3 0.250 0.10 .0353
78 12.8 -0.300 0.10 0
79 11.9 0.250 0.10 . 0840
80 2.1 -0.300 0.10 0
81 13.1 0.250 0.10 L0763
82 3.1 -0.300 0.10 0
83 6.1 0.250 0.10 .1639
84 6.8 -0.300 0.10 0
85 12.8 0.250 0.10 .0781
86 3.1 -~0.300 0.10 0

~ 8L -
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