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ABSTRACT

This report describes the rationale, development and application of
simple mixing and transport models for the determination of marina buffer
zones and buffer zones for other point source discharges. Included in the
report are two computer programs for implementation of the most general two

dimensional transport model.
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1, INTRODUCTION

The discharge of sanitary waste from boats in the vicinity of marinas
has the potential to contaminate adjacent shellfish beds and pose serious
public health risk if the shellfish are harvested for human consumption. To
reduce the public heaith risk posed by potentially contaminated shellfish
harvested near marina sites, it is a standard policy to establish buffer
zones surrounding marina sites, In the State of Virginia, the policy of the
Bureau of Shellfish Sanitation of the State Health D?partment requires
buffer zones around boat mooring facilities within which shellfish cannot be
harvested for direct marketing during the months of April through October.
The size of the buffer zone for a particular marina is based on the numbei

of docking slips as follows:

0 - 50 slips 1/8 mile in all directions
51 - 100 slips 1/4 mile in all directions
over 100 slips 1/2 mile in all directions

This policy is easy to implement and has provided adequate protection to the
public. The policy has, however, come under criticism as lacking a
rigorous scientific basis beyond the simple rational concept of more boats,
more contamination., An extended scientific basis for establishing buffer
zones may be formulated using the concept of indicator organisms to
represent potential pathogenic contamination of a water body.

- The potential for pathogenic contaminant of shellfish producing water
bodies can be represented by the concentration of total coliform or fecal
coliform organisms in the water body. In the vicinity of treated sewage
discharges, a total coliform concentration exceeding 70 organisms/100mL is a
generally accepted criteria for inclusion in a buffer zone., In the vicinity
of boat marinas where fresh fecal material may be discharged, a fecal
coliform concentration exceeding 14 organisms/100mL is the currently
accepted criteria for inclusion in a buffer zome. Using the above indicator
organism concentrations to delineate buffer zone boundaries, a rigorous
scientific basis for establishing buffer zones would involve the prediction
of the indicator organism concentration distribution in the water body in

the vicinity of the marina.



Given a reasonable estimate of the discharge rate of indicator
organisms from the marina site, the resulting concentrations distribution
can, in principle, be determined using soundly established hydrodynamic and
transport phenomena theory, as documented in Fischer et al, (1979) and
Thomann and Mueller (1987). The level of sophistication involved in
implementing this approach may vary considerably, with techmnical and
economic resources being the key determinants. The most sophisticated level
of implementation would involve using multidimensional numerical
hydrodynamic and transport models to determine the flow and mixing
characteristics and resulting contaminant distribution for a site of
interest, This approach is time consuming and costly involving the need for
extensive field data and computer time and is not feasible when a large
number of sites must be evaluated. The least sophisticated level of
implementation would involve using simple, but sound, analytical
hydrodynamic and transport models. These analytic models would require only
readily available site data from tide tables and nmavigation charts and the
necessary calculations could be performed using a handheld calculator. The
simplicity and economy of this simple mixing and transport model approach,
which has a sound scientific basis, provides a strong recommendation for its
use in determining marina buffer zonmes.

The purpose of this report is to present a consistent and
scientifically sound approach for determining marina buffer zones using
simple mixing and transport models. The presentation includes discussions
of mixing and transport model selection based on marina site
characteristics, and use of the transport models for determination of buffer
zones, Example calculations for various classes of marina sites are

included. Completed details of the transport models are included in an

Appendix,
2, SELECTION OF MIXING AND TRANSPORT MODELS

To use the simple mixing and transport models, to be presented in this
section, for buffer zone determination, it will be necessary to match
specific marina sites to the most appropriate model or models. This can be
preliminarily accomplished by adopting a classification scheme for marina

sites. Referring to Figures A.1, A.3, and A.4, three classes of sites are



identified as: major or wide channel; minor or narrow channel; and semi-
enclosed bay or basin. Naturally, these classes are somewhat subjective,
but some general features may be identified. Wide channel sites are
characterized by the marina being along the shoreline of a wide, typically
wider than 100 yds or 100 m, channel which may have measurable net fresh
water discharge in addition to tidal driven flow. Narrow channel sites are
characterized by the marina being along the shoreline of a narrow channel,
typically closed at the upstream, and having an insignificant net fresh
water discharge., Semi-enclosed bay and basin sites include marinas located
in natural bays having narrow entrances and manmade semi-enclosed boat
basins,

Three simple analytical mixing and transport models have been selected
for their ability to describe the dominant physical processes responsible
for contaminant mixing and transport in the three marina site classes
described above. The correspondence between the marina site classes and the
models are essentially one to one, however, borderline situations will
likely be common and require evaluation of the site using two models with a
requirement of conservatism being used to synthesize the final results.

The three models to be used all assume that the contaminant material

becomes uniformly mixed over the water depth in a time, Tz'

T =120 h (2.1,A40)

which must be less than the tidal period, Tt (12,4 hrs) and less than the
inverse of the contaminant decay rate, Kd' (Kd: 1/day for fecal coliform).
In the equation for Tz' h is the mean water depth and q is the maximum
tidal current velocity obtained from tidal current tables or estimated using
equations (A41, A44, or A32) as appropriation, in Appendix A.

The first transport model essentially corresponds to marinas on the
shore lines of wide channels and is termed the Two-Dimensional Advection-
Dispersion Equation Model, with a detailed description given in Section A.1
of Appendix A. The model solutions are given by Equations (Al11) and (A16),
Appendix A'and represents the two~dimensional along and across channel
contaminant distribution for a continuous injection of contaminant at a
point on the shoreline or centerline of a channel as shown in Figures Al and

A3, Appendix A, Use of this solution requires estimates of dispersion



coefficients, Dx and Dy obtained using equations (A6) and (A7) which are
also derived in Section A.4, equations (A46, A48, A49). This model is best
suited for use when the condition

2)
B 3Dy/xd (2.3)

or using equation (A7)

p2 2 q b/ (20K ) (2.3)

is satisfied, thus allowing the major channel class to be defined in terms
of the channel width, B, the maximum tidal velocity, 9,° and the contaminant
decay rate coefficient Kd.

The second transport model essentially corresponds to marinas on the
shore lines of marrow channels and is termed the One-Dimensional Advection-
Dispersion Equation Model, with a detailed description given in Section A.2
of Appendix A, The model solution is given by equations (A20) and (A21),
Appendix A, and represents the one-dimensional along channel contaminant
distribution for a continuous injection of contaminant at a point on the
shore line of a channel as shown in Figure A,3. Use of this solution
requires an estimate of the longitudinal dispersion coefficient DL vhich mey
be estimated using Equation (A6), with the Ty factor, equation (A49)

evaluated with Ym=RB . This model is best suited for use when the condition

B2 %3 x (2.3,A14)
y d
or
2 <
B2 L ¢ n/(20K ) (2.4,A17)
m d

is satisfied, thus allowing the narrow channel class to be defined. For the

range

D /K, ¢ B¢ 10D /K
y d~ = y d



or
2
q h/(60K) ¢ B $ q,b/ (6K )

the distinction between the wide channel, two-dimensional model, equation
(A11) and the narrow channel one-dimensional model, equations (A20) and
(A21) is not precise and both models should be used to obtain a conservative
prediction,

The third model essentially corresponds to marinas located in semi-
enclosed bays and basins and is termed the Zero-Dimensional Mixed Basin
Model, with a detailed description given in Section A.3 of Appendix A. The
model solution is given by Equation (A36) which represents the basin average
contaminant concentration for a continuous contaminant release as shown in
Figure A.4, Use of this model is limited to basins whose geometric features
satisfy

AT

;f_;§7§ < %; (2.5,A32)

where Ae and As are the entrance channel cross sectional area and basin
surface area, respectively and 2a is the tidal range. For basins which do
not satisfy this condition, but are somewhat elongated in plan shape, the

One-Dimensional Advective-Dispersion thation Model may be appropriate.
3. - DETERMINATION OF BUFFER ZONES

The three models for determining marina buffer zones require
topographic and hydrodynamic data as discussed in the previous section and
also estimates of contaminant loading and decay rates. The contaminant
loading rate, M, appearing in Equations (A11, A16), (A20, A21) and (A36) can

be estimated from marina size and occupancy information using

M=M N N F F (3.1)
P P s Oom



where

Mb = Fecal coliform loading per person per day (2 E9 organisms/day or
2.3 E4 organisms/sec)

4
]

Number of persons per boat (assumed as 2)

2
n

Number of boat slips at the marina

]
h

Average fraction of slips occupied.

"y
]

Average fraction of marine sanitation devices malfunctioning

The per person loading rate HP and person per boat Np are numbers suggested
by the Interstate Shellfish Commission. For the fractionmal parameters Fo
and Fm reasonable estimates can be made if comservative default values of
one are used, For example, the technical procedures issued by the State of
South Carolina specify one~half for both Fo and Fm'

The decay rate coefficient, Kd. for bacteria including fecal coliform
depends upon site conditions including temperature, salinity, sunlight,
predation, nutrient deficiencies, settling and aftergrowth. (Thomann and
Mueller, 1987). The formula

R, = (0.8 + .0065) (1.07) 720 (3.2)
from Thomann and Mueller gives Kd in days—l and accounts for salinity in
parts per thousand and temperature in degrees C, while conservatively
neglecting the influences of sunlight and settling.

The actual determination of the buffer zone extent involves the use of
the appropriate model solutions, either Equation (Al1, A16), (A21, A22), or
(A36) to delineate the region in the vicinity of the marina where the
indicator or fecal coliform organism concentration exceeds the prescribed
value, for example, 14 organisms/100 ml, In the remainder of this section,
the determination procedure using the three models will be outlined, with

detailed sample calculations given in the following section.



For the Two-dimensional advection-dispersion equation model, the
solutions, equations (A11) and (A16), allow comcentration contours to be
constructed in plan view along and across the water body, thus determining
the buffer zone extent. The basic information mecessary to use Equations
(A11) and (A16) includes

M = loading rate (organisms/sec)

Kd = decay coefficient (1/sec)

h = mean water depth (meters)

Lu= distance upstream to closed end (meters)

Ld= distance downstream to open end (meters)

B = channel width (meters)

q, = maximum tidal velocity magnitude (m/s) (3.3)
u = tidally averaged mean discharge velocity (m/s)

2a = tidal elevation range (meters)

with h and B readily obtained from navigation or topographic charts, q and
a obtained from tidal tables or 9 estimated ns;ng Equation (A41). The
required dispersion coefficient Dx and D_ in m /sec are calculated using
Equations (A6) and (A7). Evaluating Equations (A11) and (A16) at x,y
coordinate pairs, in meters, gives concentrations in organisms per cubic

meter. Noting that the buffer zone boundary is defined by

CB = 14 organisms/100 ml (3.42)
or
CB = 1.4ES§ organisms/ms. (3.4b)

concentration contours may be constructed and the buffer zone determined. A
certain amount of iteration, as shown in the next section, may be necessary
in adjusting the dispersion coefficients.

For the One-dimensional advection-dispersion equation model, the
solution, Equations (A20, A21), allows the concentration as a function of
along channel distance from the source to be determined. The basic
information necessary to use Equations (A20,A21) and the auxiliary
equations, (A41 - A44) inciludes the variables, (4.3), listed for the Two-

dimensional advection-dispersion model, however, in this case the procedure



outlined by Equations (A36-A39) should be used to determine Q. If channel

end effects are to be included, Ld and Lu’ in meters, as defined in Figure

A.3 are also required. The longitudinal dispersion coefficient DL

is assumed equal to Dx and calculated using Equation (A6). The along

in mzlsec

channel concentration distribution may now be plotted with the buffer zonme
boundaries defined using CB' Equation (4.4).

For the Zero-dimensional mixed basin model, the solution, Equation
(A37) gives the basin volumetric and tidal cycle averaged concentration.
In addition to M and Kd. the required information includes

Ae = entrance channel cross sectional area (Mz)

As = basin surface area (Mz)

h = mean depth (m) (3.5)

2a = tidal elevation range (m)

Tt = tidal period (44,712 sec)
Inserting the information into Equation (A36) gives the basin average
concentration in organisms per cubic meter. If this concentration is less
than CB, Equation (4.4), the buffer zone shouid include only the basin. If
the basin mean concentration given by Equation (A36) exceeds CB’ the buffer
zone extends outside of the basin and the extend outside must be determined
using either the Two-dimensional or One-dimensional advection-dispersion
equation models. In these cases, the appropriate loading into the region
outside the basin is given by

M=QC (3.6)
with Qo and C given by Equations (A34) and (A35). The determination of the

buffer zone boundary outside of the basin then follows the appropriate

previously discussed procedures.
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4. EXAMPLE CALCULATIONS

In this section, example calculations of buffer zones for five marinas
and two sewage treatment plant outfall sites are presented. Two computer
programs, MARINA1l and MARINA2, which implement solutions of the Two-
Dimensional Advection-Dispersion Equation model, equations (Al11l) and (A16)

are used, Listings of the programs appear in Appendix B,

4.1 Garrett’s Marina (M-21)

Garrett’s Marina is located on the south shoreline of the Rappahannock
River in Essex County, Virginia. The marina has 40 boat slips and the
current buffer zone extends 1/8 mile (200m) in all directions. Since the
marina is located on a major estuarine channel, channel end effects are not
relevant, and the computer program MARINA1l, representing equation (All) is

appropriate. Input data are:

M = 1.2 E6 organisms/s
Kd= 10E-5/s

q = 0.57 m/s
h=3.3m

B =3550m

u = .,0002 m/s

The dispersion coefficients are calculated using equations (A6) and (A7)

with Ty in (A6) initially set equal to 1.0, to give

0.23 m3/s
0.03 m2/s

X

y

The output from MARINA1 is shown in Figure B.1. The across channel mixing

zone width near the source is estimated as
Y =0,012B = 43m
m

and y_ is determined to be 100 using equation (A49), and

11



D =23 m?/s
x

is now used as input with the output shown in Figure B.2. The across
channel mixing zone width does not change significantly and another
iteration is not necessary.

The above calculations are repeated with
u=20m/s

to insure a conservative upstream prediction of the buffer zone, and the
outputs are shown in Figures B.3 and B.4, Choosing the largest distances in
the upstream, downstream, and across channel directions from Figures B.1

through B.4 gives a 14 organism/100 ml boundary of

-852m{x<82m
0(y¢<142 m

and a zero organism boundary of

-3621m ( x ( 3621 m
0 {y<249m

Assuming the buffer zones to be elliptical in shape, the corresponding areas
are 0.19 sq km (47 ac) and 1.42 sq km (350 ac), respectively. For
comparison, the current semicircular buffer zone corresponding to an 1/8

mile radius is 15.7 acres.
4.2 South Hill Banks Marina (N-22)

South Hill Banks Marina is located approximately 2 miles downstream
from Garrett’s Marina on the Rappahannock River., Hydrodynamic conditions
are the same as for Garrett’s Marine, but the loading is

M = 2.1 E5 organisms/s

corresponding to 7 boat slips. Output from the MARINAl program, shown in
Figures B.5 through B.87, is used to give a 14 organism/100ml boundary of

12



=213 m {(x (213 m
0{y<{Mnm

and a zero organism boundary of

-1704 m ( x { 1704 m
0y 178 m.

The corresponding buffer zone areas are 0,024 sq km (5.9 ac) and 0.48 sq. km

(117 ac), compared with a current area of 15,7 acres,

4.3 Ingram Bay Marina (M-171)

Ingram Bay Marina is located on Towles Creek, an inlet on Ingram Bay
in Northumberland County, Virginia. The marina has 49 boat slips and the
current buffer zone extends 1/8 mile (200 m) in all directions. since
Towles Creek is a relatively short, 765 m (1/2 mile), end effects may be
important, and the computer program MARINA2, representing equation (A1l6) is

appropriate. Input data are

M = 1,47 E6 organisms/s

Kd= 10E-5/s
q = 0.0133 m/s
h=0,76m
B=107 m
u=20

-Lu= 440 m
Ld= 325 m,

The dispersion coefficients are calculated using equaticas (A6) and (A7)

with Ty in (A6) initially set equal to 1.0, to give

D
x

D
y

0.00126 m2/s
~0,00017 m2/s

The output from MARINA2 is shown in Figure B.9. The across channel mixing

zone width near the source is estimated as

13



Y =0,09B=96m
m
with yx, determined using equation (A49), remaining approximately equal to

1.0. Using the results in Figure B.9 the 14 organism/100 ml boundary is

while the zero organism boundary is

122 m¢{x¢122m
0(y<48m

Assuming the buffer zones to be elliptical, the corresponding areas are
0.006 sq km (1.4 ac) and 0,01 sq km (2.25 ac), respectively. For
comparison, the current buffer, corresponding to 1/4 mile along the creek

and the complete width, has an area of 10.6 acres.

4.4 Cranes Creek (M-176)

Cranes Creek marina is located near the mouth of Cranes Creek, an
inlet on Ingram Bay in Northumberland County, Virginia. The marina has 16
boat slips and the current buffer zone extends 1/8 mile (200 m) in all
directions., The length along the main stem plus either branch of this Y
shaped inlet is 2400 m (1.5 miles) suggested that end effects may be
important, and the computer program MARINA2, representing equation (A16) is

appropriate. Input data are

M = 480,000 organisms/s
Kd= 1E-5/s
Q= 0.025 m/s
h=1.55m
B=610m
ua=0,
L =1200 m
u
L.= 1200 m.

14



The dispersion coefficients are calculated using equations (A6) and (A7)
with Ty (A6) initially set equal to 1.0, to give

D
x

D
y

0.0049 m2/s
0.00065 m3/s

The output from MARINA2 is shown in Figure B.10. The across channel mixing

zone width near the source is estimated as
Ym =0,015B=9.2m
with T, determined to be 4.2 using equation (A49), and
D = 0,03 m3/s
X
is now used as input,with the output shown in Figure B.11., The across
channel mixing zone width does not change significantly and another

iteration is not necessary.

From Figures B.10 and B.11, the 14 organism/100 ml boundary is

-220m { x € 220 m
0{y<49m

while the zero organism boundary is

=342 m ( x {342 m

0y <67Tm
Assuming the buffer zones to be elliptical in shape, the corresponding areas
are 0.017 sq km (4.2 ac) and 0.036 sq km (8.9 ac), respectively. For
comparison, the current semicircular buffer zone has an area of 15.7 acres.
4.5 A. C, Fisher Marina (M-177)

The A, C, Fisher Marina is located near the end of the north Y

subchannel of Cranes Creek. The analysis considers only the subchannel

15



which has a length of 965 (0.6 miles) with MARINA2 being the appropriate

computer program. The input data are

M = 240,000 organis-s/s
K= 1E-5/s

q.= 0.025 m/s
h=1.3Tm

B=76m

u=0

Lu= 160 m

Ld= 745 m,

The dispersion coefficients are calculated using equations (A6) and (A7)

with Ty in (A6) initially set equal to 1.0, to give

0.0043 m2/s
0.00057 m2/s

D
x

D
y

The output from MARINA2 is shown in Figure B,13, The across channel mixing

zone near the source is estimated as

with T, determined from equation (A49) as 7.4. After a second iteration the

mixing zone width converges to

with yx equal to 7.7. The final dispersion coefficient is
D =0.033 m2/s
X

with Figure B.13 showing the MARINA2 output.
From Figures B.12 and B.13, the 14 organism/100 ml boundary is

16



-160m ( x (242 m
0{y<38m

and the zero organism boundary is

-160m ( x { 370 m
0{y<{5m

It is noted that in both of the above boundary regions, the zone extends to
the closed channel end at x = =160 m., The estimated buffer zone areas are
0.0133 sq km (3.3 ac) and 0.0252 sq km (6.24 ac) respectively. The current

buffer zone area is approximately 6.24 acres.

4.6 James River STP
The buffer zone for the James River Sewage Treatment Plant outfall

may be determined using the computer program MARINA1. Input data are

M =1.75 E6 organisms/s

Kd= 1E-5/s
q.= 0.44 m/s
h=1.52m
B =2350m
u=20

The dispersion coefficients are calculated using equations (A6) and (A7)

with y_ in (A6) initially set equal to 1.0, to give

0.083 m2/s
0.011 m2/s

X

D
y

The output from MARINA1l is shown in Figure B.14, The across channel mixing

zone width near the source is estimated as

Y =0,015B =35m
m

17



and T is determined to be 88 using equation (A49). After a number of

iterations the mixing zone width, Ty and Dx converge to

Ym =0,009B =21.2 m
T, = 194
D =16 m2/s

x

with the MARINA1 output shown in Figure B.15,

The 14 organisms/100 ml boundary is

-2350 m ( x £ 2350 m
0{(y<141 m

and the zero organism boundary is

-4935 m ¢ x € 4935 m
0<{y<235m

The corresponding elliptical areas are 0.52 sq km (129 ac) and 1.82 sq km
(452 ac).

4.7 York River STP
The buffer zone for the York River Sewage Treatment Plant outfall may

be determined using the computer program MARINA1, Input data are

M = 2 E6 organisms/s

Kd= 1E-5/s
q,= 0.51 m/s
h=6.Tm

= 3800 m
u=20

The dispersion coefficients are calculated using equations (A6) and (A7)

with Ty in (A6) initially set equal to 1.0, to give

D = 0.43 m2/s
x

18



D = 0.058 m2/s
y

The output from MARINA1 is shown in Figure B.16. After a number of

iterations the mixing zone width, Yy and Dx converge to

Ym =0,01B =38 m
T, = 32
D = 14 m2/s

x

with the MARINA1 output shown in Figure B.17.

Using Figures B.16 and B.17, the 14 organisms/100 ml boundary is

-380m { x 380 m
0<¢y<114m

and the zero organism boundary is

-2660 m ¢ x £ 2660 m
0<y<304m

The corresponding areas are 0.068 sq km (16.8 ac) and 1.27 sq km (314 ac).

19



5. CONCLUSIONS AND RECOMMENDATIONS

This report has demonstrated the ability of simple mixing and
transport models to provide a scientifically sound approach for determining
marina buffer zonmes. As indicated by the example calculations in Section
4,, the transport models may predict significantly smaller and larger buffer
zones for various marinas than the current methodology. This is because of
the transport models incorporation of more details of the site specific
hydrodynamic and mixing characteristics.

The major weakness of the transport models is the mecessity of
replacing the actual site conditions with idealized geometry, topography and
current fields, While this results in simple analytical solutions to the
transport equations, the uncertainty must be incorporated in the dispersion
coefficients, Thus the development of more complex models allowing
variations in geometry, topography and current is recommended as the

direction for future improvement in buffer zone prediction methodology.
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APPENDIX A  MIXING AND TRANSPORT MODELS

A.1 Two-Dimensional Advection-Dispersion Equation Model

For situations where the concentration of dissolved or suspended
material is nearly uniform over the water column and the change in water
depth during a tidal cycle is small relative to the mean water depth, a
depth averaged, tidal cycle averaged advection~dispersion equation is
appropriate to describe the transport of dissolved and suspended material
(Hamrick, 1986). The vertical uniformity condition is satisfied if

h 1
120 -~ ( =- (A1)
9% ~ g
and
h
120q;— £ Tt (A2)

where h is the mean water depth, 9, is the maximum tidal velocity magnitude,
Kd is the decay rate coefficient for a decaying dissolved or suspended
material and Tt is the semi-diurnal tidal period. The expression 120 h/qm
represents the time required for vertical mixing over the water column depth
and is derived in Section A.4, The small change in depth condition is
satisfied if

a <Ch (A3)

where 2a is the tide range or change in depth between high and low water and
h is the mean depth or low water depth plus one haif of the tide ranmge. For
mean depths greater than 2m (6 ft), tidal current magnitudes greater than 20
cm/s (0.65 ft/s), depth changes less than 1m (3 ft), typical decay
coefficients on the order of 1/day and a tidal period of 12.4 hrs equations
(A1-A3) are satisfied.

The two-dimensional depth averaged, tidal cycle averaged advection-
dispersion equation, which has been rigorously derived by Hamrick (1986,
1987), is

22



dc dac dJc

1
— —— o Ym— = - D - —
dat M U3z Vay h ox (n xx Ox * Xy ay)
1349 dc dc
+ = — (hD = D ==) -
h 3y ( xx 0x +h vy ay) ch (A4)

where C is the depth and tidal cycle averaged concentration, u and v are the
depth and tidal averaged mass transport velocities in horizontal x and y
coordinates, and D is the dispersion coefficient tensor., Xf the velocity
“igld is unidirectional and the x coordinate is aligned in that direction,
the transverse velocity v and the off-diagonal dispersion coefficients, ny
and Dyx may be set to zero. Furthermore, if interest is restricted to the
steady state concentration distribution resulting from a continuous steady
injection of material into the water body, the time derivative may be

neglected., The simplified equation is:

ac 2 dc '] dc
hu —— = — - -— _—) -
u e ax(th ax) + 3y (hDy ay) thC (AS)

Detailed methods for determining the dispersion coefficients are given in
Famrick (1986), while reasonable estimates for tidally dominated flow are

given by the simplified expressions:
h

D, = & q (A7)
derived in Section A.4.

‘The steady advection-dispersion equation (A5) has closed form
analytical solutions only if the coefficients h, u, Dx' Dy and Kd are
constant., Although this is seldom true for actual situations, it is
possible to choose representative values which will give reasonable results
in the immediate vicinity of source sites. Thus the actual situation is
idealized by a straight constant depth and width channel having a constant
uniform longitudinal mass transport velocity. The effects of nonuniform
depth and width, channel curvature, and nonuniform longitudinal velocity are
accounted for in the Ty factor, equation (A49), in the dispersion
coefficient Dx. If actual conditions were uniform, this factor would be

unity.

N



The first solution to be presented is for a continuous point
injection at x=y=0 on the shoreline gf a channel of width, B, In this case
x is positive in the direction of net flow (seaward) and y is positive
across the channel toward the opposite shore at y=B, as shown in Figure Al,
The effects of the channel being possibly closed upstream at x = —Lu and

open downstream to another water body at X = Ld are excluded assuming the

conditions
LS
= 3:.4-—2___ = ) 1_ (AS)
xu T
qm Yx d
2.4
*d 1
& e ——— ) == (A9)
xd hqm Yx xd
L
d 1
= > f; (A10)

are satisfied, with the longitudinal dispersion time scales defined in
section A.4, by equation (A50). The neglect of channel end effects if often
termed the infinite channel approximation and essentially is based on the
condition that the material will decay long before being transported to

either channel end. The solution is

K

12 5myisa D2 )
X

c =M _____ [--3
nh(D D )3/3 °*P (4K D Yi/a
Xy d x

K 1/3 Kd" Kd 2)1/3
. E__ 1+ Zf;l_);) / (-5;— + l-);(y+218) y2/3] (A11)
where M is the number of coliform organisms or mass of contaminant injected
per unit time, exp () is the natural exponential and Ko() is the modified
Bessel function of the second kind of order zero. The behavior of the
Bessel function is shown in Figure A,2 taken from Abramowitz and Stegun
(1964) which also contains useful polynominal approximations and detailed

tables., For very wide major river or estuary channels satisfying

Bz »»> (D /K_.) or B2 > 300 (D /X)) (A12)
y d y d
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the series may be truncated at the i=0 term for hand calculations. For

channels of moderate width
B* >> (D /K.) or B2 30 (D /K)) (A13)
y d y d

use of the three leading terms, i = -1, 0, 1, for hand calculations will

often suffice. For narrow channels such that
B2 ¢ 3(D /K)) (A14)
y d

a one-dimensional solution will be acceptable and will be presented in the

Section A.2, The proper value of u to be used in (Ai1l) would be

Q
f
u = K- » (A15)

the cross section average velocity of the net fresh water discharge through
the channel,

The shoreline injection solution, equation (Al1l), may readily be
modified to describe injection at the channel, center line, typical of
treated waste water outfalls. The modifications simply involve replacing M
and B in equation (A11) with M/2 and B/2 and noting that the y coordinate
origin is now along the centerline.

For short channels closed at the upstream end, x = -Ln’ and open to
another water body downstream at, x = Ld’ as shown in Figure A3, an analytic
solution may be obtained for the case of no longitudinal mass transport
velocity and complete removal of the dissolved substance at the open end.

The solution for a shoreline injection at x =y = 0, is

C= - M ___
ah(D D )i/2
Xy
K K

® @ 1y _d ! . 1/3
'E_w jg_af 1) Ko f Dx (x+2Ln+ch)’ + Dy (y2iB)3] (A16)

K K i/3

+(-1)jKo [53 (x + 2ch)' + 53 (y + 2iB)3] /
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The above solution is too cumbersome for hand calculation but can be easily
evaluated by a simple computer program. For an injection point alomng the
channel centerline, equation (A16) can be readily modified by replacing M
and B by M/2 and B/2 and nofing y = 0, along the ckannel centerline.

A.2 One-Dimensional Advection-Dispersion Equation Model

For narrow channels satisfying

----- (A17)
b Ka
and
20B2
a;i- < Tt (A18)

a8 one—dimensional advection-dispersion equation model is appropriate. For
steady injections, the cross section averaged, tidal cycle averaged equation
is

gc

dJc
u 3z ) -KkK.C (A19)

=13_ (ap 3¢
A ox L dx d

where u is the cross section averaged, tidal cycle averaged velocity, A is

the mean cross section area and DL is the longitudinal dispersion

coefficient. The longitudinal dispersion coefficient, DL. can be estimated

using equation (A6) for Dx' by sppropriate evaluation of the factor.-yx.

equation (A49), as shown in Section A.,4., An alternate approach to

estimating D. is from a field dye release or observations of the salinity

L
distribution when u is known and large enough to deduce a longitudinal

salinity gradient.

For constant values of u, A and D, the solution of equation (A19) for

L
a source at x=0 is

K, - K

d d
c = K?ZREBET;/’[C‘ exp(rl(ﬁi )1/3x) + ¢, exp(-r‘(ﬁi )2/2x)] (A20)
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for x>0

= M xd 1/3 Kd
¢c = K-('zizﬁi-l-)-ilz [c, exp (r1(§£ )1/3x) + C, exp(—r,(ﬁ- )1/3x)]1 (A21)
L
forx O
2
ro= (14 Bcya/s 4 B (A22)
1 4KdDL (4KdDL)1/’
ul u
r. = (1 + —=Seee Y1/3 o e (A23)
3 4KdDL (4KdDL)‘/’

where M is the number of coliform organisms or mass of contaminant injected
per unit time. The four constants, €,» ¢,, ¢, and o, are determined by
satisfying four boundary conditions. Two conditions are continunity of
concentration and mass flux at x = 0, which require

034’0’-0"@

s =0 (A24)

-re . +re, +re, -rc, =2, (A25)

The simplest form of the remaining two conditions correspond to the no end
effects or infinite channel approximation which is appropriate when
equations (A8-A10) are satisfied. In this case, ¢ given by (A20) must
approach zero for large positive x, requiring ¢, = 0, and ¢ given by (A21)
must approach zero for large negative x, requiring ¢, = 0. Then using (A24)

and (A25), c, and c, are given by

C, = ¢, = ——=—— . (A26)

It is noted that if there is no net flow, u = 0, then r, =1,

=1 and ¢, =
¢, =1 with ¢ given by
. S
A(4KdDL)3/’

Ka
exp (+(5- )2/2x) (A27)
L

[

where the + and - exp () are chosen for x ( 0 and x > O respectively.

Inspection of (A27) immediately reveals that an underestimation of DL will
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result in higher predicted concentrations and a more conservative estimation
of buffer zone length,

A more realistic approach to formulating the remaining two conditions
for use with (A24) and (A25) is to impose boundary conditions on (A20)
downstream at x = Ld and on (A21) upstream at x = -L“. For short closed end
channels, inlets and tidal creeks, Ld would be the distance downstream to
the outlet into a large body of water while Lu wonld be the distance
upstream to the closed end or limit of tidal flow as shown in Figure A.3.
For these situations the net flow velocity is zero or very small and
difficult to determine and can be neglected resulting in r, =r, =1, At
the downstream boundary, x = Ld' c is set to zeroc corresponding to complete
removal of material by flow in the exterior larger water body at the outlet
(Fischer et al, 1979). At the upstream boundary, x = --Lu the diffusion flux
of material is set to zero. The resulting complete set of four equations
obtained for (A20), (A21), (A24), and (A25) is

Kd xd
expl(5= )2/2Ly)c, + exp(-(5=)2/2Ly)]c, =0
L L
c, - ¢, = -1
c, - ¢, =1
Kd Kd
expl- (6— )1/3L Ye, - exp((5=)*/3L )le, =0 (A28 a,b,c,d)
L u DL u
which has the solution
c, = ¢, -1
c, = c,-1
Kd Kd
=2 y1/7a3 ——)1/2 -
. exp[(DL )2/ (Ld+Ln) + exp((DL) / (Ld Lu)]
C, =
xd Kd
CXP[(!-); )1/’(Ld+Ln) + exp(- (51_,) 1/’(Ld-!-Lu)]
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Kd Kd
QXP[(BE )*/'(Ld+Ln) - exp(- (ﬁz)‘/’(Ld—Lu)T

K K
d ;
exp[(]-); YAS(LAL ) + expl- ‘ﬁf””"‘d“"u” (A29a,b,c,d)

The method illustrated above can be easily applied to other boundary

condition at x = L, and x = -L .,
d u

A.3 Zero-Dimensional Nixed Basin Model
For small semi~enclosed basins, marinas and embayments, as depicted in
Figure A4, a zero dimensional mixed basin model may be appropriate. The

model requires that
Z«1 (A30)
h

where h is the mean basin depth and 2a is the difference between high and
low water depth., If As is the surface area of the basin, the assumption of

complete mixing requires that

A1/2
R (A31)
I d
The representative velocity magnitude is estimated by
q = -3 (A32)
t e

where Ae is the mean cross section area of the entrance channel into the

basin from the exterior body of water. Combining (A31) and (A32) gives

AT, (A33)

3
For Tt = 0.5 day, Kd = 1/day, 4a = 1m, As = 40,000m , which are typical of a

semi-enclosed marina, the criteria is satisfied.
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The appropriate tidal cyocle averaged mass balance equetion is

de
hA —-=- =M - -
. dt + Qici ro thAsc (A34)
where ¢ is the concentration in the basin, M is the numbér of coliform
organisms or mass of contaminant injected per unit time, Qi and c, are
volumetric inflow and inflow concentration, and Qo is volumetric outflow.
For steady state injections, the time derivative is zero. Assuming that no

material comes into the basin during flooding tide, ¢, may be set to zero.

i
The average volumetric outflow during a tidal cycle is simply

2a As
Qo = -—T:— (A35)

allowing equation (A34) to be solved for ¢ the mean basin and outflow

concentration, The solution is:

¢ = L 5 (A36)
A (hEy + T,

A.4 Estimation of Dispersion Coefficients and Mixing Time Scales

Use of the depth averaged advection-dispersion equation in section A.1
requires that the time scale for the mixing of material by turbulent
diffusion over the depth of flow be approximately less than or equal to the

decay time for a decaying substance and the dominant semi-diurnal tidal
period as indicated by equations (Al) and (A2). The time scale for mixing
by turbulent diffusion over a depth h may be estimated as

T = '3%1 (A37)
z z

(Fischer, et al, 1979), where Kz is the depth and tidal cycle averaged

vertical turbulent diffusion coefficient given by

K_ = 0.067 hq, (A38)
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The root mean square tidal shear velocity, Qe is given by

C
T
q:=%%40mwmn=%%a (A39)

t

where Cb is the bottom friction coefficient, u and v are the instantaneous
depth average tidal velocity components and q, is the magnitude of the
maximum tidal velocity or curreant., Taking a representative value of Cb =
0.003, and combining (A37)-(A39) gives

T =120 B (A40)
z Uy

which appears in equations (Al) and (A2)., For major estuarine channels, q,>
may be obtained from NOAA tidal current tables. If published values of .
in the locality of interest are not available, q, may be estimated by

q = % ( gh )2/3 (A41)

where 2a is the change in depth between high and low water, h is the mean
depth and g is the acceleration of gravity, (9.8 m/s or 32 ft/s). Equation
(A41) is suitable for channels whose length, Lc’ exceeds the tidal excursion

T

L =4 -t (A42)
e by d

by a factor of about 10 or more. For short channels, particularly tidal

creeks, the conditions

10 L (A43)

. L
- 4a_c (A44)

Use of the two-dimensional steady advection-dispersion equation (AS5)

and its solutions (Al11) and (A16) requires estimates of Dx and Dy using
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equations (A6) and (A7). These two equations are appropriate for use when
the x direction coincides with the primary axis of flow. Also if the flows
satisfy, Tz £ Tt' Hamrick (1986) has shown that

C

D_= §§§§ B (—g)lé; (A45)

where h and q, are local values. Using Cb=.003, gives

h
which is also equation (A6), with the factory 1.

Since it is assumed that there is no velocity componment in the y
direction, Dy' is essentially a turbulent diffusion coefficient. Using
experimental and field data summarized in Fischer, et al. (1979) Dy is

estimated by

D_ = 0.4nq, (A47)
or using (A39) and Cb = ,003
p =P (A48)
y 60 L™

the equivalent of equation (A7).

Since it will be necessary to idealize an actual channel by a uniform
constant width and depth channel and use an average value of q,- it is
necessary to adjust the value of Dx given by equation (A46) by a factor Y,
The factor accounts for nonuniformity of h and 9, in the across channel, y,
direction which can result in enhanced dispersion by transverse shear,

Fischer et al (1979). Based on results presented in Fischer et al (1979),

the correction factor is given by

Y, = Max (1, y;) (A49a)
Y T
. oy, (tom
Y, = Min [( h)’. (60Ym)’] (A49b)
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where Ym is the transveri: mixing zone width or the distance across the
channel to where C(Ym) =e C(0).

Channel end effects may be neglected, as in the two dimensional
solution, equation (A11) and the one dimensional solution equation (A27), if
the along channel dispersive and advective transport time scales exceed the
decay time scale., The decay dispersive time scale for upstream transport is

.SL; 2.4L;

T = = (A50)
xu Dx hqmyx

where, Dx is evaluated using equation (A47), with a similar expression for

xd
with the decay time scale 1/Kd as in equations (A8) and (A9) to evaluate the

T obtained using Ld in place of Lu' These time scales are then compared
importance of channel end effects.

Use of the one-dimensional advection-dispersion equation (A19) and its
various solutions given in Section A.2 requires that the time scale for the
mixing of material by turbulent diffusion and dispersion across the width of
a2 channel be approximately less than or equal to the decay time for a
decaying substance and the dominant semi-diurnal tidal period as indicated
by equations (A17) and (A18). The time scale for mixing across the channel
width, B, may be estimated by

T -3 (A51)

D
y y

Using Dy given by (A7) or (A8) gives

T = 2222 (A52)

which appears in equations (A17) and (A18). The longitudinal dispersion
coefficient, DL' may be evaluated using equation (A6) with the factor, T

evaluated using equation (A49) with Ym = B,
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Mixing in small semi-enclosed basins, discussed in Section A.3 is
primarily by the advective stirring of the tidal inflow. The time required

for basin-complete mixing to occur is estimated by

L
T = ) (A53)
.
where Lp is a path length through the basin, If the surface area of the
basin is As' then an estimate of Lp is the square root of As' Requiring the

mixing time scale to be approximately less than or equal to the decay time

scale gives

INYE R
;:— ¢ i (A31)
d

For the semi-enclosed basin, 9 is estimated as the mean volumetric tidal
inflow rate divided by the cross sectional area of the entrance channel into
the basin as indicated by equation (A32) in Section A.3. Combining (A31)
and (A32) gives the requirement (A33),

YA



2D

X
)\ A

3) er/réaf/o/o
' of
Net Kwer
Diccharg &
. \
\ Bu -ﬁ@ Y
d \/ Zone
1 \ Bownrda Y)/
//yecflo 1] e |
2yl
m /
/ g
- Vs
Marmo_
/
5 B el //
/
/
/

Figure Al. Major River or Estuary Channel



36

2F e e I

e
T e
e *Io(z),e " I,(z), e Ko(z) and €K, (z).
Figure A2, Behavior of Modified Bessel Function of Second Kind,

Zero Order, K,



317

BPu {fey Zone
Bouut/\ dar\/

/;yec,?l/on Font”

Figure A3. Minor Channel or Tidal Creek



Figure A4.

38

Basimn <

51/”"'[2(’? /}F@O) AS —

Tota/ //yec trop
RKate™ M

En%ranae 0/7&1’)/76/
\ .-/ A”QQ ﬂe

Semi-Enclosed Basin



APPENDIX B

39



10 REM FROGRAM MARINAL (GWERASIC) VA INST. OF MARINE SCIENCE
£0 REM J. M. HAMRICK MARCH 1989

30 REM

40 DIM XSLB(41),YSLR(21),PHI(11)

30 DIM MT(9),HI(9),DXI(3),DYI(3),UI(3),BI(D,KDI(D)

&0 DIM IC(41,&1)

70 DIM TEXT$(D)

80 REM ~-——em—o e ARt -

20 MICD=1470000": HI(L)=.762: DXI(1)=.00126: DYI(1)=.00017

100 UI(H=0!: BI(1)=107"': HKDI(1)=.00001

110 MI(2)=4R0000G" DXI(E)=,00486: DYI(2)=.000635
gt UI{gi=0!: KDI (2)=. 00001

L300 mI{3) =240000"0 DAT(3)=.0043: DYL{3)=. 00057
140 LI(3)=0"!: KDI () =. 00001

150 M (4)=1200000! ;
160 UI(4)=, 0001867
70 IS =210000!:
iB0 UI(5)=, 000D1867:
1390 MI(E)=2000000! -

DXI(4)=.233: DYI(4)=,031
KDI (4)=, 00001
DXI(S)=.233: DYI (S)=,031
KDI (S) =, 00001
DXI(&)=.4313: DYI(&)=.0573
200 UI(E)=.000068: BI(6)=3799': KDI(6)=.00001
Sl0 MI(7)=1732000": HI(7)=1.58: DXI(7)=8.340001E-02: DYI(7)=.0111
ZeED UI(7)=0": BI(7)=23530!': KDI(7)=.0000]
S30 MI(8)=3000000 " HI(B)=4!; DXI(8)=.25: DYI(8)=.033
240 UI(8)=,01: BI(B)=2000!: KDI (&)=, DO00]
50 REM
260 REM EDIT STATEMENT # 280 & 230 FOR NEW INPUT EXAMPLE
270 REM
280 MI(9)=20C0000': HI(I=4!: DXI(3)=.25: DYI(9)=.033
290 UI(3)=.01: BI{3) =000 ; KDI{9)=,00001
200 REM
310 REM
30 TEXTH(1)=" INGRAM BRAY MARINA (M--171) "
330 TEXTH(2)=" CRANES CREEZK MARIMA (M-176) "
340 TEXT$(3)=" A. C. FISHER MARINA 1-177) "
350 TEXT$(4)=" GARETT'S MARINA (M-21) "
360 TEXT$(S5)=" SOUTH HILL RANKS MAR (M—3) “
370 TEXTH(E)=" YORK RIVER S.T.F. "
380 TEXT$(7)=" JAMES RIVER S.T.F. "
390 TEXT$(9)=" HAMRICK EXAMFLE # 1 "
400 TEXT$(9)=" USER DESIGNATED EXAMPLE "
410 CA=1.25331414%#: CB=7.832338E--02: CC=2. 189368E-02: CD=1.062446E-02
470 CE=5.87872E-03: CF=.0025154: CB6=5, 3208E-04
430 CH=,357721366#: Cl=,4227842%: CJ=.23069756#: CK=.0348853
440 ClL=Z,62693LE-03: CM=. 00O01075: Ch=. Q000074
450 C0=1#: CR=3.513622%%: CO=3.089%424%: CR=1.2067492#
460 CS=.2659732: CT=.03607€68: Cu=, 0045813
470 5=.0001
480 PI=3.14159
490 MAXX=Z1
500 MAXY=11
510 REM
520 REM  SPECIFY IF OUTPUT TO SCREEN OR DISK
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330
S40
590
S60
S70
580
330
600
610
€0
650
640
£50
660
670
&80
£330
700
710
720
30
740
750
780
770
780
730
&00
810
820
830
840
850
BeC
e7an
880
8930
00
310
920
330
940
950
960
{70
980
9930
1000
1010
1020
1030
1040

REM

FRINT “IS OUTPUT TO GO TO SCREEN (S) OR DISK
INPUT OUTP$

REM

IF (DUTP$="D" OR OUTP$="d") THEN MAXX=41
IF (OUTR$="D" OR OUTP$="d") THEN MAXY=21

REM

FRINT
PRINT
ERINT
PRINT
FRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
CRINT
FRINT
REM

INPUT

"specify desired marina:"

n "
"enter cingle digit #: "
" n

"1 - ingram bay marina (m—371)"
"2 - oranes oreek marina {m-17g)"
"3 - a . fisher marina (m—177)"
"4 - garett’s marina {m—z1) "
"5 - south hill banks (m—22) "
" & - york river stp "
"7 - james river sip "
"8 - hamrick example # 1 "
"9 - other (will specify input file)”

TRICK

FRINT "ioick=",iPICK
M=MI {IFICK)
H=HT (IR ICK)
DX=DXI (IFICK3}
DY=DYI (IRICK)
U=UTI(IFICK)
B=RT (IPTCK)
KD=KDI (IFICK)

REM
REM
M
REM
FRINT
SRINT
FRINT
FRINT
FRINT
ERINT
FRINT
PRINT
FRINT
ORINT
FRINT
INFUT

ingut

VAL

variable override ilogic

var # var VALUE"®
1 ] "M
z h ", H
3 dx ", DX
4 dy ", DY
5 u "Lu
[ b “ R
7 kd ", KD

enter var # you wish to change o '0?

IF (IVAL=0) GOTO 1100

"what i1s rnew value?"
INFUT VALNEW

IF (IVAL=1) THEN M=VALNEW

PRINT

IF (IVAL=2)
IF (IvaL=3

THEN H=VALNEW
THEN DX=VALNEW

41

(D) ?

(quit) "



1030 IF (IVAL=4) THEN DY=VALNEW
1060 IF (IVAL=3) THEN U=VALNEW
1070 IF (IVAL=6) THEN B=VALNEW
1080 IF (IVAL=7) THEN KD=VALNEW
1090 GOTO 870

1100 REM - - ——————
1110 REM zoom feature

1120 REM

Li30 YBMAX=1!

1140 YXEMAX=1!

1150 XBMIN=-1'!

1160 PRINT "do youw wish to zoom?"
1170 INFUT Z00mM$

1180 IF (ZOOMs ¢ "y" AND ZOOM$ O "Y") THEN GOTC 18350
1190 PRINT "enter max y/b value:"

1200 INPUT YEMAX

1210 PRINT "enter max x/b value:®

1220 INPUT XEMAX

1230 PRINT "enter min x/b value:"

1240 INPUT XEMIN

1230 RINCY=YBMAX/ (MAXY-1)

1260 RINCX=(XBMAX~XBMIN) / (MAXX-1)

1

1

70 REM  —mmm e s e e e

1280 REM |.OOP REDUCTION CODE

1290 LIMIT=5

1300 PRINT "CONCENTRATION IS CURRENTLY DETERMINED BY EVALUATING"
1310 PRINT "THE FUNCTION *PHI® FROM -5 TO S*

1320 PRINT "THIS RUN CAN BE SPED UF BY REDUCING THE # OF EVRLUATIONS"
1330 PRINT "AT A CORKESFONDING TRADEDFF COST IN ACCURACY"

1340 FRINT

L1350 PRINT " DO YOU WISH TO SPEED CALCULATIONS?"

1360 INPUT SREEDS

1370 IF (GPEED% O "Y" AND SPEED% () "y") THEN GOTD 14€0

1380 PRINT " ENTER o, TD EVA_UATE FROM -N TO N"

1390 BRINT " EXAMPLES:"

1400 PRINT ™ 3 (TO EVALUATE FROM -3 TO )"
1430 PRINT ® i (TD EVALUATE FROM -1 TOQ 1) "
1420 INPUT LIMIT

1430 REM ——r——eemmm e eees i e

1440 REM main loop

1450 REM

1460 FOR IY = 1 70O MRXY

1470 IYP=CINT(IY*(100'/MAXY))

1480 FRINT "percent completion of run=", IYR, " %"
1490 YSLB(IY)=(ILY#RINCY)-RINCY

1500 REM

1510 FOR IX = 1 TO MAXX

1520 XSLE(IX)=(IX*RINCX)-RINCX+XEMIN

1530 REM

1540 REM concentration =termi*termg*term3
1550 REM

1560 REM evaluate terml
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1570 TERM1=(S*M) / (PI*H* ((DX*DY)",5))

1580 REM

1590 REM evaluate term

1600 TERME=(U/ ( (4! %KD*DX) ™, 5)) % ( (KD*B*E/DX) . 5) * (XSLE(IX))
1610 REM

1620 REM evaluate term3

1630 TERM3=0!

1640 Ci={1'+((U*U) /7 (4'#*KD*DX))) ™. 5§

1650 C2={KD*B*B/DX)* ({(XSLB{IX))~Z!)

1660 CE=KD=*B¥E/DY

1670 REM

1680 REM o e e e e e e e e e e e et ot

16730 FOR N=-LIMIT 70 LIMIY

1700 VAR=YSLR(IY) +&!'=N

1710 VARZ=VARXVAR

1720 DHI(N+&)=C1* ((CZ+C3#VARZ) . 5)

L7500 X=PHT(N+E)

1740 GOSUR 2480

1750 TERM3=TERMI+ADD

1760 NEXT N

1770 REM

1780 C=TERMI*TERM3 .

1790 IF (C »999993!') THEN C=9399935!

1800 IC(IX,IY)=C

1810 IF (IC(IX,IY) » 9999) THEN IC(IX,1Y)=35999

1820 REM

1830 NEXT IX

1840 NEXT 1Y

1850 REM  mmemm e e e e e

1860 REM ot put

1870 REM

1880 IF (OQUTP$="D" IR QUTPE="¢d") THEN GOTO 2170

1930 HEM  —ememmm e

19300 REM SCREEN OUTRUT

1919 PRINT

18920 FRINT " RESULTS FOR ", TEXT$(IFICK)

1930 PRINT " INPUT IN MKS UNITS: M

1940 FRINT M H DX DY u
1950 PRINT ™ - - - —= -
1960 FRINT USING "##. ##~~~"" M, H, DX, DY, U, R, KD

1970 PRINT

1980 PRINT " CONCENTRATION IN ORGANISMS PER 100 ML ™
1990 PRINT * VALUES OF Y/B (COLUMNS) & X/B (ROWS)"
2000 PRINT " EVALUATION FROM",-LIMIT," TO",LIMIT
2010 BL$=" "

020 FOR IY = 1 TD MAXY

2030 IF (IY=1) THEN PRINT BL%;

2040 IF (1Y (MAXY) THEN PRINT USING "“##. ##";YSLR(IY);
2030 IF (IY =MAXY) THEN PRINT USING "“###., ##";YSLB(LY)
2060 NEXT 1Y

2070 FOR IX=1 TO MAXX STEP 2

2080 PRINT USING "#i##. ##" ;XSLE(IX) ;
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030
2100
2110
21z0
2130
cidt
2150
2160
&170
2180
o190
S0
2z10
20
2230
=240
o250
2EED
o270
2280
2290
2300
2310
320
330

0

3

2

. [ )
AR IR IS I Y I ¢

2390
2400
2410
2420
2430
2440
2450
2460
470
2480
490
500
2510
ooe0
o930
2540
2950
coe0
2570
2580
o590
2600

FOR IY=1 TO MAXY

IF (IY(MAXY) THEN FRINT USING “#####";IC(IX, 1Y)}
[F (IY =MAXY) THEN PRINT USING "#####";IC(IX,IY)
NEXT 1Y

NEXT IX

GOTO 2440

REM -——————mm

REM DISK OUTPUT

OPBEN "0", #1, "DATA"

FRINT #1," RESULTS FOR", TEXT$(IPICK)

PRINT #1," "

PRINT $#1, "INPUT IN MKE UNITS: ©

FRINT #1," "

FRINT #1," M H DX DY x!
PRINT #1," - - _— _— -
FRINT #1," "

PRINT #1,USING "##. ##~~~": M, H, DX, DY, U, E, KD

ORINT #i," *

FRINT #1," CONCENTRATION IN ORGANISMS PER 100 ML *
PRINT #1," EVALUATION FROM",-LIMIT," TO",LIMIT
FRINT #1,"  VALUES OF Y/E (COLUMNS) & X/BE (ROWS) "
RLp=" n

FOR IY=1 TO MAXY

IF (IY=1) THEN FRINT #1,EL$;

IF (IY(MAXY) THEN FRINT #1,USING “##. ##";YSLE(IY);
IF (IY=MAXY) THEN FRINT #1,USING "###. ##" ;YSLE(IY)
NEXT 1Y

0 FOR IX=1 TO MAXX

FRINT #1,USING "###. #4" ; XSILLB(IX) ;

FOR IY=1 T MAXY

IF (1Y (MAXY) THEN PRINT #1, USING “####8#";IC(IX, 1Y)
IF (IY=MAXY) THEMN PRINT #1,USING “##H###";IC(IX, 1Y)
NEXT 1Y

NEXT IX

CLOSE #1:ERD

END

REM

REM ———— oo e e e e -

REM function ko

IF (X {= 0!) THEN ADD=1000000!

IF (X (=0!') THEM RETURN

IF (X Y=2') THEN GOSUEB 2360

IF (X »=2!) THEN RETURN

IF (X { 2') THEN GOSUR Z&50

RETURN

REM

REM ————r—m e e e e

REM furnction kogd

XDa=2!/X: XD2c=XDZ#XD2: Xbz3=XDee*XDe2
ADC24=XD23*XD2: XD25=XDZ4#XD2: XD26=XDa5%*XD2

REM
A1=CA-CB*XDz+CC*XD22-CD*XD23
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2610
2620
2630
2E40
2650
cE60
2670
2680
2690
700
2710
2720
2730
2740
750
2780
2765
2770
=780
2790
2800
Z2810
B0
2830
ZE40
2850
860
c870
2880
£890

2900

A2=CE*XD24~-CF*XD&3+CG*XD26

ADD=R1+A2

ADD=ADD/ (X, 5) =

ADD=ADD* (EXF (TERMF-X) )

REM

RETURN

REM - e e e e e

REM funcysion kold

Xa=x/a"

GOSUR 2800

EX==-L0OG (X&) =0T

REM

XZo=Xa¥X2: XZ4=Xga*X2e: XZE=XZAxXE2
XEB=XE4% X224 X2T=XZE*X24: XeTW=X26*XE
REM
ADD=EX-CH+CI#X2Z+CI#XZ4+CUEXZE+CL %X ZBA+CMEXETHON%XZTW
ADD=ADD* (EXP(TERMZ) )

RETURN

-'QEM O Sy
REM function 1o

T=X/3.75

TE=T*T

T4=Te*TE

TE=T4%T2

TE=TE*TZ

Tr=T8»72

TTW=TT*TZ

REM

OT=CO+CP*TE+CO*T4+CR*¥ TE+CS*TR+CTTTH+CUXTTW
REM

RETURN
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10 REM FROGRAM MARINAZ (GWBASIC) VA INST. OF MARINE SCIENCE
=0 REM J. M. HAMRICK MARCH 1989

30 REM

40 DIM XSLE(41),YSLE(21)

S0 DIM MI(4),HI(4),DXI(4),DYI(4),UI(4),BI(4),KDI(4)

60 DIM LCI(4),LUI(4)

70 DIM IC(41,21)

80 DIM TEXTS$ (4)

20 REM ———-

100 MI(1)=1470000!': HI(1)=.762: DXI(1)=.00126: DYI(1)=, 00017
110 Uliy=0!: BI(1)=107!: KDI(1)=.00001

120 LCI(1)=765": LUI (1) =440!

130 HMI(2)=4800001: HI(2)=1.55: DXI(2)=.00486 DYT(2)=, 00065
140 UI(@)=0': BI(2)=610"': KDI(L)m.UUUOI

150 LCI(2)=c400!: LUI (2)=1200!

160 MI(3)=240000!: HI(3)=1.37: DXI(3)=.0045: DYI(Z) =, 00057

170 UI(3)=0"': BI(3)=76!: KDI (3)=. 00001
180 LCI(3)=305": LUI (3) =160

190 REM

200 REM EDIT STATEMENTS # 220-240 FOR NEW INFUT EXAMPLE
Z10 REM

220 MI(4)=0!': HI(4)=0!: DXI{(4)=0': DYI (4)=0!
230 UI(4)=0!: BI(4)=0!: KDI (4)=0!

240 LCI(4)=0!: LUI (4)=0!

250 REM

260 REM

270 TEXT$(1)=" INGRAM BAY MARINA (M-171) "

&80 TEXT$(2)=" CRANES CREEK MARINA (M-17&) "
290 TEXT$(3)=" A. C. FISHER MARINA (M-177) "
300 TEXT$(4)=" USER DESIGMATED EXAMFLE "
310 PQ 1 25331414#%#: CB=7.832358E-02: CC=2.18956RE-0: CD=i. 0&2446E-0C

220 5.87872E-03: CF=.00&83154: CBG=35. 3208E- 04

330 Cn~.q77L1466# CIm 4227842%: CJ=, 2306975¢€ CH=, 0348859
340 CL=2., 62698E-03; Ch=, 0001075 FN-.ODODO74

250 CO=14#: Ch=3, qlqﬂ = CO=3. 0893424 CR=1. 20674932#
364 C5=.2659732: CT=.0360768: CU=. 0045813

370 S=.0001

380 PI=3. 14159

390 mMAx¥=a1

400 MAXY=11

410 REM

420 REM  SPECIFY IF OUTPUT TO SCREEN DR DISH
430 REM

440 PRINT "IS OUTRPUT TO GO TO SCREEN (S) OR DISK (D) ? *
450 INPUT OUTP$

460 REM

470 IF {OUTP$="D" DR OUTP4="d") THEN MAXX=41
480 [F (QUTP$="D" OR DUTF$="d") THEN MAXY=Z1
430 REM

S00 PRINT “"specify desired marina:"

510 PRINT " "

920 PRINT "enter single digit #: "
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530
240
530
260
570
580
590
00
610
&0
£30
H40
650
660
670
680
&390
700
7160
720
7350
740
750
760
770
780
750
£00
810
820
830
B840
B30
260
870
£80
890
900
310
220
930
340
950
960
370
980
IO
1000
1010
1020
1030
1040

(m—171)

(m—-176)"

(m—-177)

PRINT " "

PRINT " 1 - ingram bay marina

PRINT " 2 - cranes creek marina

FRINT " 2 - a. c. fisher marina

FRINT " 4 - other (will specify input file)"
REM

INFUT IPICK
FRINT "ipick=", IPICK
M=MI (IPICK)
H=HI (IFICHK)
DX=DXI(IFICK)
DY=DYI (IFICK)
U=UI(IRICK)
B=RI (IFICK)
KD=KDI (IPICK)
LC=LLCI (IPICK)
LU=LUT (IPICK)

REM e e e e e e e e e e e e et et e e et ot o e o ot e ot e e o e = e

II’M
",H
", DX
" DY
o
ll,B
I|,KD
", LC

VALUE"

REM

REM input variable override logic
REM

FRINT * var # var
FRINT ® - -
PRINT " 1 m
PRINT 2 h
FRINT " 3 dx
FRINT 4 dy
PRINT ] L
FIRINT ® 6 b
FRINT " 7 kd
PRINT 3} lc
FRINT 9 lu

PRINT o

Il’ Li.l

FRINT " enter var # you wish to change or

INPUT IVAL

IF (IVAL=O) GOTG 1010
FRINT "what is new value?"
INPFUT VALNEW

IF (IVAL=1) THEN M=VALNEW
IF (IVAL=2) THEN H=VALNEW
IF (IVAL=3) THEN DX=VALNEW
IF (IVAL=4) THEN DY=VALNEW
IF (IVAL=5) THEN U=VALNEW
IF {(IVAL=6) THEN R=VALNEW
IF (IVAL=7) THEN KD=VALNEW
IF (IVAL=8) THEN LC=VALNEW
(F-(IVAL=9) THEN LU=VALNEW
GOTO 740

RE - -
REM zoom feature
REM

YBMAX=1"
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1050
1060
1070
1080
1030
1100
1110
11z0
1130
1140
1150
1180
1i7¢
11380
1190
1200
1z10
12&0
1230
1340
1290
i2k0
LE70
1280
1290
1300
1310

320
1330
1340
1550
1360
1370
1380
13920
1400
1410
1420
1430
1440
1450
1460
L4760
1480
1430
1500
1310
1520
1530
1540
1550
1560

XBMAX=1"

XBMIN=-1"!

PRINT "do you wish to zoom?"

INPUT ZOOM$

IF (ZOOM$ <> "y" AND ZOOM$ <) "Y") THEN GOTO 1160
PRINT "enter max y/b value:"

INFUT YBMAX

PRINT "enter max x/b value:"

INPUT XBMAX

FRINT "enter min x/H valua:"

INPUT XBMIN

RINCY=YBMAX/ (MAXY-1)

RINCX:= (XEMAX-XBMIN) / (90X X~1)

e EM ___________________________________________

REM LOOF REDUCTION CODE

LIMIT=5

PRINT "CONCENTRATION IS CURRENTLY DETERMINED RBY EVALUATING®
PRINT "THE FUNCTION *PHI? FROM -5 TO S¢

FRINT "THIS RUN CAN BE SFED UP BY REDUCING THE # OF EVALURTIUNSY
PRINT "AT A CORRESPONDIMG TRADEOFF COST IN ACCURRCY"
FRINT

PRINT " DO YOU WISH TO SFEED CRLCULATIONSG?"
INFUT 3PEEDS

IF (SPEED$ () "Y" AND SPEED$ ) "y") THEN GOTOD 140G
PRINT " ENTER N, 70 EVALUATE FROM -N TO N*
FPRINT " EXAMPLES:"

PRINT ¢ 3 (70 EVALUARTE FROM -3 70 5"
FRINT * 1 (TO EVALUATE FROM -1 TO 1H®
INPUT LIMIT

REM ——-—- - ~- -

REM main loop

REM

LCDB=LC/B

LUDE=LU/E

REM

FOR 1Y = 1 TO MAXY

IYP=CINT(IY*{100' /MAXY))

FRINT "percent completion of run=", IYR, " %"
YSLBOIY)Y=(IY#RINCY)-RINCY

REM

FOR IX = 1 TO MAXX
XSLB(IX)=(IX*RINCX)~-RINCX+XEBMIN

REM

REM concentration =termi*term2*terns

REM

REM evaluate termi
TERM1=(S*M) / (PI*H* ( (DX#DY)"~,3))

REM

REM evaluate term2

TERMZ=1!

REM

REM evaluate terms
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1570 TERM3=0!

1580 C1=1'

1590 Ca= KD*B#*B/DX

1600 C3=KD¥E*E/DY

1610 REM

1620 REM — —

1630 FOR MM=—-LIMIT TO LIMIT

1640 FOR N=—-LIMIT TO LIMIT

LES0 VARX1=XSLE (I1X)+&! *MM*LCDB

1660 VARX2=XSLE (IX)+2! #LUDE+Z ' %MMM%LCDE

1670 VARY=YSLE (1Y) +2!*N

1680 VARYE=VARY*VARY

1530 VARX1E=YARX 1 #VARX 1

1700 VARXEE=VARXZ*VARXE

1710 PHI=C1#( (C2*VARX1Z+C3*VARYZ) ~, 5) _
1720 GOSUE 2510 <t an X= PHi
1730 TERMI=TERM3+ADD* (~1 ! )" M

1740 FHI=C1% ( (CE¥VARX22+C3*VARYE) ™, 5) - b
1750 GUSUB 2510 < Wt e xe Pr-t
1760 TERMZ=TERM3+ADD* (~1 ') MM

1770 NEXT N

1780 NEXT MM

1790 REM

1800 C=TERM1*TERMZ*TERM3

1810 IF (C{-999939!) THEN C=-9939!

1820 IF (C )999999!) THEN C=993999

1830 IC(IX, 1Y)=C

1840 IF (IC(IX,1Y) > 9999) THEN IC(IX, IY)=9999

1850 REM

L1860 NEXT IX

1870 NEXT IV

1880 REM  —mmmmm oo o o i momom e

1830 REM nutput

1900 REM

1910 IF (OUTF$="D" OR OQUTF$="d") THEN GOTO 2200

1920 REM  —mmmmmmmm

1930 REM SCREEN DUTPUT

1940 PRINT

1950 PRINT " RESULTS FOR ", TEXT$ (IPICK)

1960 FRINT " INPUT IN MKS UNITS: "

1970 PRINT " M H DX DY u B KD LC LU
1980 PRINT " - - I — - - S
1990 FRINT USING "##, ##~~~~ ;M. H, DX, DY, U, E, KD, LC, LU

2000 PRINT

2010 PRINT " CONCENTRATION IN ORGANISMS FER 100 ML "

2020 PRINT " VALUES OF Y/B (COLUMNS) & X/B (ROWS)™
2030 PRINT " EVALUATION FROM",-LIMIT,* TO",LIMIT
2040 BU$=" "

2050 FOR IY = 1 TO MAXY

2060 IF (IY=1) THEN PRINT BL%;

2070 IF (IY (MAXY) THEN FRINT USING "##.##";YSLR(IY);
2080 IF (IY =MAXY) THEN PRINT USING "###.##";YSLB(IY)
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2030
2100
2110
2120
2130
& 140
2150
2160
2170
2180
130

r
l

'~
-

QB NOUF Q=D

o0
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oo ReRoRe

A I e
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My

60
2370
=280
<390
2400
o410
2420
2630
2h40O
2450
24E0
2470
2480
2490
2300
2510
2520
2330
940
2950
Sa60
2570
2580
2590
2600

NEXT 1Y

FOR IX=1 TO MAXX STEP &

PRINT USING "##4. ##";XSLB(IX);

FOR IY=1 TO MAXY

IF (IY(MAXY) THEN PRINT USING “#####";IC(IX,1Y);
IF (1Y =MAXY) THEN PRINT USING "#####";IC(IX, 1Y)
NEXT 1Y

NEXT IX

GOTO 2470

REM ————————

REM DISK OUTRUT

OPEN 0", #1, "DATA"

PRINT #1," REBULTS FOR", TEXT$ (IFICK)

PRINT #1," "

PRINT #1, "INPUT IN MKS UNITS: "

PRINT #1," »

FRINT #1," M H DX DY U E KD LC

PRINT #1," - - - —— - - - -
FRINT #1," " :
FRINT #1,USING "##. ##~~~~" M, H, DX, DY, U, B, KD, LC, LU
PRINT #t," "

PRINT #1," CONCENTRATION IN ORGANIGMS FER 100 ML "
PRINT #1," EVALUATION FROM“,-LIMIT," TO",LIMIT
PRINT #i1," VALUES OF Y/B (COLUMNS) & X/B (ROWS) "
BL$=" "

FOR 1Y=1 TO MAXY

IF (IY=1) THEN PRINT #1,BL$;

IF (IY(MAXY) THEN PRINT #1i,USING "##. ##" ;YSLE(IY);
IF (IY=MAXY) THEN PRINT #1,USING “###. #4#";YSLB(IY)
NEXT 1Y

FOR IX=1 TO MAXX

FRINT #1,USING “###. ##";XSLE(IX) ;

FOR 1Y=1 TO MAXY

JF (IY(MAXY) THEN PRINT #1,USING "####4";IC(IX, IY);
IF (IY=MAXY) THEN PRINT #1,USING "#H###3";IC(IX,IY)
NEXT 1Y

NEXT IX

CLOSE #1:END

END '

REM

REM e e e e e e e e

REM furction ko

IF (X (= 0!) THEN ADD=1000000'

IF (X (=0') THEN RETURN

IF (X »=2!') THEN GOSUB £590

IF (X y=2!) THEN RETURN

IF (X ¢ 2!') THEN GOSUB 2720

RETURN

REM

REM ———- - - -

REM function kog2

XDE=2'/X: XD22=XD2#*XD2: XDz3Z=XDz&* XD
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2610
2620
2630
2640
2630
2660
2670
2680
2690
2700
2710
2720
2730
2740
2730
2760
2770
2780
2730
2800
2810
2820
-830
2840
2850
2860
2870
=880
2830
2900
2910
2920
2930

XDC24=XD23*XD2: XD25=XD24*XD2: XDee=XD25*XD2
REM

A1=CA-CE*XD2+CCx#XDz2z2-Ch*XD23
A2=CE*XD24~CF*XD25+CG+XDe6
ADD=A1+A2

ADD=ADD/ (X~. S)

ADD=ADD#* (EXP (-X))

REM

RETURN

REM - ————
REM function kol

Xe=X/2!

GOSUR 2830

EX=-L0OG (X2) *0T

REM

Xez=Xe*X2: X24=Xze*X22: X26=Xz4%X22
X2B8=X24*X24: X2T=X26%#X24: 2THW=X264XZ6

REM
ADD=EX-CH+CI*X22+CI*X24+CK* X26+CL 2 X28+CM*X2T+EN* X2 TW

RETURN

REM = e
REM function in
T=X/3.75

Te=T»*T

T4=To*T2

Te=T4*T2

T8=TE*T2

TT=T8*T2

TTW=TT*T2

REM
OT=CO+CP*T2+CO%T4+CR*TE+CS*TR+CT*TT+CU*TTU
REM

RETURN
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Figure B.5 Results for South Hill Banks Marina
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