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I. INTRODUCTION

The purpose of this report is to document the steps and the work that have
resulted in a calibrated and verified model of water quality in the upper tidal
Rappahannock River. Before doing this, it seems appropriate to discuss the steps in
this process. Once it has been determined that a mathematical model should be used
in the design and analysis of a management problem, a number of steps must be taken.
First, a model that is appropriate to the management issue must be selected. Second,
data must be assembled or new data collected to characterize the behavior of the
system being modeled. Then the model can be applied to that system. During an
often lengthy calibration and verification process, model coefficients and parameters
are adjusted until the model reproduces the behavior of the rt;,al world system. If the
model can simulate system responses for one set of conditions, it is said to be
calibrated. If it can reproduce system responses for a range of conditions, it is said to
be verified. Once these steps have been completed, the model is available for
designing and analyzing management alternatives. An early step in this phase of the
work is to assess the model’s accuracy and the sensitivity of model predictions to
variations in model parameters.

For the case at hand, the water quality modelling was required by the Virginia
Water Control Board as a condition for renewal of discharge permits for the
wastewater treatment plants operated by the City of Fredericksburg, Spotsylvania

County, and Stafford County.

"(T)he permittee shall gather the necessary data, and either recalibrate and



reverify the dataset for the existing AUTOSS Rappahannock River Model or

develop a new model for the upper 30 miles of the Rappahannock Estuary, and

submit such information to the State Water Control Board for review."
The AUTOSS model was no longer sufficient for two reasons: first, the data used to
calibrate the model were gathered in the early 1970’s, and second, the model only
simulated the impact of oxygen demanding materials (BOD) on the dissolved oxygen
(DO) regime in the river. Recent water quality monitoring studies indicated that
nutrients, in particular nitrogen and phosphorus, in the effluent from the wastewater
treatment plants were promoting the growth of algae downriver. An expert panel
convened by the Water Control Board to study nutrient enrichment in estuaries
suggested that concentrations of chlorophyll ‘a’ greater than 25 pg/l indicated over-
enriched conditions. The Water Control Board’s monitoring data showed that during
water year 1987, "(S)tation TF3.2, the only tidal freshwater station sampled by this
program, exhibited an average chlorophyll ‘a’ concentration of 57 ug/l, with a
maximum of 114 pg/l during the fall" (VWCB, 1988). The station TF3.2 is located at
Port Royal, about 30 miles below Fredericksburg. In addition, it was noted that the
Governors’ Agreement of 1987 called for a 40% reduction in the nitrogen and
phosphorus loadings to the Chesapeake Bay system. For these reasons, it was
suggested that a state-of-the-art model be applied to the upper tidal Rappahannock
River. This model includes calculations of tidal heights and currents plus water
quality simulations of algal growth, the cycling of nitrogen and phosphorus, and the
DO regime. The model is one-dimensional, meaning that water elevations, currents,

and water quality variables are assumed to be constant at any river cross-section, but

vary along the axis of the river. The water quality model is reasonably similar to the



model being applied to the Chesapeake Bay system for the Chesapeake Bay Program,
except that the bay model includes all three space dimensions and it subdivides
phytoplankton and nutrients into more species.

A field program was designed and sampling occurred during the summer of
1990. That field program will be described in Chapter II. The formulation of the
mathematical model will be presented in Chapter III. Application of the
hydrodynamic (water elevations and currents) model and application of the water
quality model to the Rappahannock River will be covered in Chapters IV and V
respectively. The sensitivity of the model predictions to various factors will be
presented in Chapter VI. The report concludes with a discussion of the Rappahannock

River model in Chapter VII.
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II. FIELD PROGRAM

The purpose of the field program is to collect data that show how water quality
varies in the upper reaches of the tidal Rappahannock River. Data are needed for a
range of conditions to document the associated water quality variations and also to allow
the model to be tested for that range of environmental conditions. The seasonal
variation in water quality from late spring to early fall has been monitored through the
use of slackwater surveys. For estuaries, the critical period is the summer, when water
temperatures are high, and dissolved oxygen concentrations often are lower than at any
other time of the year. A comprehensive and intensive survey of water quality was
conducted in late July. The data have been used to calibrate the model. Both of these

surveys will be described in the following sections.

A. Slackwater Surveys

The costs of field surveys and associated laboratory analyses can be quite high.
When longer term monitoring is needed, a method of capturing the important aspects
of the system is needed. For estuaries, slackwater surveys provide a "snapshot" of water
quality conditions. The research vessel moves up the river with slackwater, sampling
at predetermined stations along the axis of the river. In this study, all slackwater
surveys were conducted at slack tide before flood. Generally speaking, water quality
conditions will be poorest at slack before flood, because the water volume available to
dilute wastewaters is at a minimum at this time. Conversely, water quality conditions

will tend to be best at slack before ebb, because of the greater volume of water in each



section of the river.

Nine surveys were conducted at roughly two week intervals between May 22 and
September 4, 1990. At each survey, water quality parameters were measured, or water
samples collected for analysis, at each of the predetermined stations. The parameters
measured or sampled included:

1. DO, Temperature

Measured at surface, mid-depth, and bottom
2. Secchi depth
3. Chlorophyll ‘a’ (corrected for phéophytin):
Samples collected at surface and bottom
4. CBOD;s, PN, TDN, NH4-N, NO23-N, PP, TDP, OP
Samples collected at surface and bottom for stations greater than
4m depth, mid-depth only for stations less than 4 m depth.

5. CBOD,, DO

Collect three samples for each survey, alternate the sampling
stations from survey to survey. The CBOD, samples were used
to establish the ratio of CBOD, to CBOD;. The DO samples

were used to check DO probe calibration.

where
CBOD; = nitrogen inhibited 5-day BOD
PN = particulate nitrogen
TDN = total dissolved nitrogen
NH4-N = ammonia nitrogen
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included measurements of tidal elevations along the river, measurements of tidal currents
between Port Royal and Fredericksburg, measurements of tidal dispersion by following
a mass of tracer dye, and monitoring of the major sources of pollutants. Each of these

will be discussed below.

B-1. Water gualitv

Water quality, especially the abundance of algae, varies with time of day.
When there is a variation in water quality along the river axis, that pattern moves
upriver and downriver with the tides. In order to capture these variations, the intensive
survey lasted 25 hours, or two complete tidal cycles and one complete day-night cycle.
Data were collected at six stations between Fredericksburg and Port Royal (see Figure
2-1). The dissolved oxygen (DO) concentration, water temperature and Secchi depth
were measured every hour. Water samples were collected every other hour to determine
the concentration of dye (see later section), carbonaceous biochemical oxygen demand
(5-day CBOD), chlorophyll ‘a’, and nutrients. Once during the survey a sample was
taken from each station and incubated for 30 days to determine the long term or ultimate
oxygen demand (CBOD,). The data from the intensive survey have been tabulated and
are included in Appendix 3. The data were used in model calibration and are included

in the figures in Chapter V.

B-2. Tide measurements

The tides are an important aspect of the physical environment and are important

for calibration of the hydrodynamic model. Water surface elevations were measured at



three locations. A tide gage was installed near the mouth of the river and maintained
for the entire study period, May to September. The data from this gage have been used
as a downstream boundary condition. Two other tide gages were installed near Port
Royal and near Fredericksburg for a period encompassing the intensive survey. These

data are presented in Chapter IV as part of the application of the hydrodynamic model.

B-3. Current measurements

Current meters were installed at three locations between Port Royal and
Fredericksburg (see station locations in Figure 2-1). Current speeds and directions were
measured every thirty minutes for approximately five days, beginning about two days
before the intensive survey al;d continuing until about two days after the intensive
survey. The data have been plotted and are included in Appendix 4. The plots include
(1) "stick diagrams" which show the currents as vectors and (2) scatter plots showing
the principal direction of the flood and ebb currents. These data also have been used
in the calibration of the hydrodynamic model (Chapter IV).

B-4. Dve studv

Materials discharged to the river are not only moved downriver, they also are
dispersed. Calibration of the hydrodynamic model requires measures of this mixing.
A conservative tracer, the fluorescent dye Rhodamin-WT, was released to the river 4
kilometers below the fall line. Dye solution (7.3 kg in 6.7% concentration) was released
from a small boat moving across the river at slack tide before flood (0530, July 25).
During the intensive survey, water samples were collected hourly at the six sampling

stations. In addition, a vessel equipped with fluorometer made longitudinal surveys at



slack tides. These slackwater dye surveys continued for about a week following the
intensive survey. The dye distributions were used to verify the model simulation of

mass transport in the upper reaches of the river (see Chapter IV).

B-5. Point source pollutant loads

The pollutants discharged to the rivers have a direct effect on water quality.
Operation of the water quality model requires that the pollutant inputs be specified.
Calibration of the model, therefore, requires that the pollutant loadings from the several
sewage treatment plants (STP’s) be specified for sampling periods. Wastewater samples
were collected from each of the STP’s for the three day prior to the intensive survey and
each day of the survey so that pollutant discharges to the river were well known for the
calibration period. As mentioned earlier, on the day prior to each slackwater survey
wastewater samples were collected, for use in the verification of the model. The data
for both the intensive and slackwater surveys have been tabulated and are included in
Appendix 2.

Biochemical oxygen demand or BOD is a measure of the amount of oxygen that
will be consumed as organic matter is degraded by bacteria in the water. The model
employs the long term or ultimate carbonaceous BOD, whereas the standard method is
for a sample to be incubated for 5 days only. Some means to relate the S5-day value to
the ultimate CBOD is needed. A water sample was collected at each sampling station
and wastewater samples were collected from each STP for long term incubation during
the intensive survey. All STP’s and a few river stations were sampled during each

slackwater survey as well. The values for the ultimate and 5-day CBOD’s for the

10



sewage treatment plants are listed in Table 2-1, along with the ratio of the two. The
ratios for the STP’s have been listed in Table 2-2. The ratios for the river stations also
are listed in Table 2-2 and are shown graphically in Figure 2-2. The median of the river
samples, 2.82, was used to convert 5-day CBOD to ultimate CBOD for all river

samples.

B-6. Nonpoint source pollutant loadings

The sewage treatment plants are not the only source of pollutants. Runoff from
the land and the water which flows over the falls both contain pollutants. The river
water entering the upper end of the tidal river was sampled on the three days preceding
the intensive survey and on each day of the survey. On each day, a 24-hour composite
sample was collected. These data, and those for the slackwater surveys, are included
in Appendix 2.

The river flow is monitored by the U.S. Geological Survey. These data were
used to ensure that the intensive survey occurred during a period when the point sources
were not overwhelmed by nonpoint sources of pollution. Although a fairly significant
rain event occurred about ten days prior to the intensive survey, river flow had declined

consistently and was within the limits set for the study.

- B-7.  Internal sources of pollutants

Much of the material that enters the river is transported downriver. Some of the
material, however, settles to the bottom. Organic matter in the bottom sediments

decomposes and eventually is released to the water column. Twenty years ago,
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Table 2-1. Values of CBODu, CBODS and CBODu/CBODS for wastewater sainples.

Claiborne FMC Fredericksburg Massaponax
Datel BODu BOD R | BODu BOD R |BODu BOD R | BODu BOD R
5/21 27.39 1040 2.63| 11.55 237 487| 19.61 388 5.05| 13.60 1.83 7.43
6/5| 23.45 S5.00 4.69 3.60 045 802 1630 175 932| 4751 510 9.32
6/19| 2500 9.16 2.73| 1457 198 735| 15.00 2.60 S5.77| 23.81 372 6.40
74| 16.48 5.45 3.02 5.49 075 731| 1866 327 S5.71| 3162 427 741
7117 533 155 3.44| 1015 133 7.62| 3164 772 410
10.50 130 8.08
721 4895 6.43 7.62 5.06 0.80 6.31
36.61 12.19 3.00

722 23.42 7.70 3.04 4.06 052 7.81 1639 170 9.64
7/23| 28.09 495 5.68 13.23 173 7.65
7/24| 2872 6.67 4.31 5.03 0.56 891| 1041 0.89 1170 14.66 1.53 9.57

496 0.64 7177
7725 2291 5.00 4.58 167 036 4.65

8/5

8/6 492 091 5.40 46.499 9.13 5.09
8/19 462 133 3.47| 13.80 130 10.62| 31.23 3.50 893
93| 2590 9.06 2.86 3.88 100 3.88| 1623 221 734| 2770 S5.17 5.36
|ave. 4.01 | 6.21 791 7.13
|med. 3.04 | 6.81 7.62 7.42

ave..

R:

BODu: ultimate CBOD (30 days).

arithmetic average.
med.: median.
ratio of BODu to CBODS.

BODS: 5-day CBOD.
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Table 2-2. Values of CBODu/CBODS for river water samples.

Stations
Date |Hazel's | B131 | B123 B110 | B100 B88 B79 B7S B74 B32
512 3.80 2.82 2.82
6/6 4.06 2.83 447 451
6/20 279 243 337
5 2.35 2.84 352 1.83
718 1.70 2.24
1122 431 2.1 2.83
1125 2.31 306 227 t 3.73 292 3.98
294 b 2.62
8/1 2.63 2.48 3.02 2.96
820 1.77 214 3.34
9/4 212 1.69 2.05
avg. 3.07 298| 238 260 274 244 393 318 224| 310
med. overall median= 2.82
t. top
b: bottom
avg:  arithmetic average
med.. median

13
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wastewater treatment removed only a portion of the pollutants and the discharges were
the primary factor affecting river water quality. Current wastewater treatment removes
much more of the pollutants. As the point source contributions have decreased, the
relative importance of other sources has increased. One source which now must be
measured is the internal cycling of nutrients and organic matter in the sediments.

The fluxes of dissolved oxygen and nutrients between the river bed and the
overlying water were measured prior to and following the intensive survey.
Measurements were made at three stations (see Figure 2-1). The results of the benthic

surveys are included in Appendix 3.

C. Discussion

As with all human endeavors, probléms developed during the field program. For
example, the slackwater survey on July 18th could not be completed because a cotter
pin sheared and the propeller came off the engine of the vessel. Consequently, an
additional survey was conducted on July 22. The number of stations monitored during
the intensive survey was increased during the planning stage to ensure that there would
be an adequate data base even if problems arose.

All in all, the field program was very successful. Few elements were not
completed and data recovery was quite good. Much of the credit goes to the staff of
the City of Fredericksburg and the two counties. These individuals collected the STP

and fall line samples, and a number of them participated in the intensive survey as well.



OI. DESCRIPTION OF THE MATHEMATICAL MODEL

The mathematical model employed in this study consists of two separate models,

a hydrodynamic model and a water quality model. The hydrodynamic model provides
predictions of surface level and current velocity throughout the system, and is also
capable of predicting the transport of a conservative substance such as salt or dye.

The water quality model employs information on the hydrodynamic provided by the
first model to predict the concentrations of eight nonconservative dissolved substances:
organic nitrogen, ammonia nitrogen, nitrite-nitrate nitrogen, organic phosphorus, ortho
phosphorus, chlorophyll ‘a’, carbonaceous biochemical oxygen demand, and dissolved
oxygen. Both models are real-time and one-dimensional. That is, they predict
parameter variations within a tidal cycle and along the longitudinal axis of the system,
but not along the lateral or vertical axis. Details of the formulations of the models are

presented in this chapter.

A. Hydrodynamic Model

A-1. Basic equations

Assuming incompressible flow for estuarine rivers, the one-dimensional
equations of continuity, momentum, and mass-balance for salt may be written,
respectively, as
) a3
- JCAL L O (3-1)
ot ox

00 . 8(Q? m _ gk . aS 2 0 o,
—_ ~-A— -2 _d _ -gn* ZIQ|R*" + ZB +M (32
ot ox\ A gAax 1+kS © ax 8 AIQl p 3-2)
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0 0 d oS

— — (0S) = __ |EA - -

P AS) + — (QS) — ( ax) + So (3-3)
where

t = time,

x = distance along river axis,

B = the surface width of the river,
M = the water surface elevation referenced to mean sea level,
Q = discharge,

q = the lateral inflow per unit length of the river,
A = cross-sectional area,
g = gravitational acceleration,
k = a constant relating water density to salinity,
d. = the distance from the centroid of cross-sectional area to water surface,
S = salinity,
n = Manning friction coefficient,
R = the hydraulic radius of the cross-section,
T, = the surface wind stress,
p = the density of water,
= the momentum source from lateral inflow,
E = the dispersion coefficient, and
So = source or sink of salt.
The dispersion coefficient (E) is estimated following the formulation in Wilber

and Kuo (1987), which is

17



EF = Eo + 63.2 ﬂ,ll’leS/6 (3-38)

where

E, = minimum dispersion coefficient,

U = cross-sectionally averaged longitudinal velocity = Q/A,

U, = amplitude of the tidal current,

T = period of tidal oscillation,

Q;, Q, = freshwater discharge and tidal flow at the river mouth, respectively,

T, = a constant on the order of 10* to 107,

v = a constant, about 4.0 for the Virginia estuaries, if metric units are used, and

A = a constant, about 10 for the Virginia estuaries if x in km and all others in

metric unit.

The second term on the right hand side of the equation accounts for the dispersion due
to the vertical and transverse shear of the tidal flow, and is applicable to the tidal
river, including the freshwater portion. The third term on the right hand side accounts
for the mass transport by estuarine gravitational circulation and which typically

dominates in the saline portion of the river.

A-2. Method of schematization

To facilitate the solution of differential equations by the finite difference method,
the length of the estuary is divided into a number of reaches (or segments) bounded by
transects at two ends. The top view of the longitudinal schematization is shown in

Figure 3-1.
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Figure 3-1. Method of schematization.

in which the parameters given are
Ax, = the distance between the centers of two reaches adjoining the i transect,
Q, = the flow rate through the i transect,
A; = the cross-sectional area of the i transect,
m; = the water surface elevation of the i" reach,
V, = the volume of the i® reach,

Sa; = the surface area of the conveyance channel in the i reach,

St, = the surface area of the storage embayment in the i" reach,

q; = the rate of total lateral inflow in the i reach,
S, = salinity in the i" reach, and
S’, = salinity of the water flowing through the i transect.
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A-3. Finite difference equations

To write equation 3-1 into finite difference form, it is first integrated with
respect to x from the i"" to the (i+1)" transects, and future time difference is substituted

for time differentiation:

(Sa; + St) _(_TLA—I_T]') B(Qi, - Qil«l) + B.Q; - O.) *+ g (3-4)

where At is the time increment. The primed variables designate the quantities
evaluated at time t+At and the unprimed variables designate those at time t.  and B,
are weighting factors which satisfy
B+B. =1
The momentum equation, equation 3-2, may be written in finite difference form

at the i transect as

(Qil -0) + 1 Qi+Qi*1.1 Q"+QM - Qi'1+Qi-1 QH+Q"
At _A_x_: 2 2 -A_, A 2 2{ Ay, -X:
gAi ; ’ gM‘ dc(l) Si_Si-l
Lty +otrm] - SLL 59
i 1+k : 2 ! ‘ (3-5)

4

2 : - T
- gn; ngil R + = B, + M,
A, P,

i
where o and ¢, are weighting factors which satisfy
a+o, =1
Similar to the continuity equation, the mass-balance equation for salt, equation
3-3, is first integrated with respect to x and, then, written in terms of finite difference

in time,
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Substituting equation 3-7 into equation 3-4, it is obtained that

M: -n) At , 1 At
Sa.+St)- R —_—m: ,-Nn:) - A.
(Sa,+St) = afg 7 ‘(n.-l n:) - A, —

(nf _T]:w-l)

+f [(CQ). - (CQ)M] +B, Q- Q) * 4

or
N = an',; + bn'iy + ¢ (3-8)
where
At 1
a = affg A, .
l Bg o Axi+1 dl
At 1
b, = afg A —
13 Bg 13 Ax‘.
n; 1
& = (SapSt)= + HCDA(COL) + BQiQu) + a4l (3-8a).

Sa, + St
g - S5 S el A4 AL
‘ At Ax, Ax

Tel

To calculate the coefficients a;, b; and c; at the most upstream reach, say i= ml,
some upstream boundary condition is required. The most common boundary condition
for a tidal river is the upstream nontidal discharge, specified as Q_, for all time. With

Q'L given, substitution of equation 3-7 with i= ml+l into equation 3-4 with i=ml,

equation 3-4 becomes

/
NN, At
(Sa”d+St”d)(__d._l)_ - BQn/al - aw".z.l—(ﬂf,.z-ﬂﬁ.m) + (CO),....
At Axml«l

+ Bc(th"QmM) t g
or

(3-8b)

' _ '
Mo = 8 @t + Cu
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where

a, = OLBgAml+1 i _1...
‘ml+] dml
M
= (B St ) + BOL = BCQ) + Bl L) * 0 = (3:80).
mi

Sa, + St ) At
d ™ T L afg A
i At Bg il Axml+1

Equation 3-8 may be solved by elimination process if the downstream boundary
condition (") is given at the most downstream reach, say i=mu. Let
n = Py + O (3-9)
where P, and O, are recursion coefficients yet to be determined. Substituting
M = Pim’ + Oy
into equation 3-8, it becomes

N = aN'y + bBLMi+0) + g

or
/ q / b0, + ¢
. - —— . + ———— ~
v 1 - b,.Pi-l e 1 - brpi-l (3-10)'
Comparing equation 3-10 with equation 3-9, the recursion equations obtained are
p a; 0 b0, + ¢
i T-bP b‘P‘._I’ i T-pP P (3-11).

Equation 3-8a gives
P, = a, Om = Cu (3-11a).
In summary, the numerical calculation will proceed as follows:
i) Calculate (CQ), for ml+l < i < mu using equation 3-7a,

ii) Calculate a, b, c; for ml < i < mu-1 using equation 3-8a or 3-8c,

8]
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iii) Calculate P, and O, for ml < i < mu-1 using equation 3-11 or 3-11a,
iv) With n',, known, calculate ', for i = mu-1, mu-2, ..., ml using equation 3-9,
v) Calculate Q'; for ml+l < i = mu using equation 3-7 or using equation 3-4 with Q'

known.

A-4-2. Mass-balance equation
Equation 3-6 represents a system of algebraic equations, which may be solved by

elimination process. Substituting S”; and S™;,; and rearranging the terms, equation 3-6

becomes
/ At / / / / / / V,
S, = — [Qi (S + 6,Si) - Qi+1(Yi+1Si + 6z+1Si+1)] + ——,—S;
v, v,
S, =S, S.-S.
p Mg g DM g ZiTm) o, B g, (3-12).
vi | T Ay Ay 14
After substitution, equation 3-12 becomes
St = aS',, + bS + ¢ (3-13)
where
At ;1
a, - 7 ‘+1Qi+l -
At i1
b - — i H —
; 77 YL 2
|% S. =S S.-S,
¢, = |8 + Llp A, 2HT o gan Afs(), - (3-13a).
‘/x/ ‘/;/ Axu'l Axi ‘/, d;

' At
di =1 + — (Yi‘.lQii-l - 6,’Qi/)
V.

L
Given the upstream boundary condition (S’ ), S',; may be expressed in terms

of §',,, through equation 3-13 with i=ml, i.e.,
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S’y = 2,8+ buSh + Cm (3-14)
where the only unknown on the right hand side of the equation is S’ ,;. Equation
3-14 may in turn be substituted back into equation 3-13 with i=ml+1, and thus one
arrives at an expression for S';,, in terms of S',,. In general, there exists the
following relation

St = PSSy + O (3-15)
where the recursion coefficients P, and O; may be calculated from the upstream
boundary condition (S'.,).

Equation 3-15 is similar to equation 3-9 and, therefore, the recursion equations

are the same as equation 3-11, i.e.,

P a, o bO,, +c,
i T3P b‘P‘._l’ i T -5P 5P (3-16).

Since S’ is a known quantity, the comparison between equation 3-14 and 3-15 with
i=ml gives

P O

_ _ ’
m = Qmp ml T bmls ml-1 + Cat

or, comparing with equation 3-16 for i=ml
Py = 0, Op = S'mi (3-16a).
Then, the order of numerical computations is
i) Calculate a;, b;, ¢, for ml < i = mu-1 using equation 3-13a,
ii) Calculate P, and O, for ml-1 = i < mu-1 using equation 3-16 or 3-16a,
iif) With S’ , known, calculate S, for i = mu-1, mu-2, ..., ml using equation 3-15.
The term So, in equation 3-12 may represent the effect of the change in storage

volume with the change in tidal elevation. The storage in each segment will act as a
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source to the main channel when the tide is falling and act as a sink on the rising tide.
The salinity in the storage area will remain the same on the falling tide, but will
change on the rising tide because of the mixing between the incoming water and the
water in the storage area. It can be written as
So; = - (Vs'; - Vs)) * Ss; if Vs'; < Vs, (3-17a)
or
So; = - (Vs'; - Vs))+§;
Ss'; = (Ss;Vs; + Si(Vs',-Vs) / Vs, if Vs', > Vsi (3-17b)
where
Vs, Vs'; = storage volumes of the i segment at time t and t+At, respectively, and
Ss,, Ss', = salinities in the storage portion of the i segment at time t and t+At,

respectively.

B. Water Quality Model

B-1. Basic equations

The model is based on the one-dimensional equation describing the mass-balance
of a dissolved or suspended substance in a water body. The equations for the water

quality parameters have the general form

g 0 0 aC
— (AC — (0C0) = _ |EA = AS A-S. -
ot ey « dx @) ax ( ax) * < ' ! (3-18)

where
C = concentration of dissolved or suspended substance in the water column,
S, = the time rate of external addition (or withdrawal) of mass across the

e

boundaries (i.e., free surface, bottom and lateral boundaries), and
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S, = the time rate of increase (or decrease) of mass by internal biochemical
processes in the water column.

The advective transport term, the second term on the left hand side of the
equation 3-18, represents advection of mass by water movement; the dispersive
transport term, the first term on the right hand side, represents dispersion of mass by
turbulence and shearing flow. These two terms represent the physical transport
processes in the flow field and are identical for all dissolved and suspended substances
in the water. They will be treated in the same manner as those in the mass-balance
equation of a conservative substance, i.e., equation 3-3. The last two terms of the
equation represent the external additions and internal biochemical reactions, and differ
for different substances.

The model treats nitrogen, phosphorus, oxygen demanding material, and
dissolved oxygen through an interacting system of eight components as shown in the
schematic diagram (Fig. 3-2). Each rectangular box represents a component simulated
by the model. The arrows between components represent the biochemical
transformation of one substance to the other. An arrow with one end unattached
represents an external source (or sink) or an internal source (or sink) due to some

natural process, such as settling and grazing. The mathematical expressions for the

terms S, and S, for each of the eight components are presented in the following:

i). Phvtoplankton Population (Chl) - The phytoplankton population, quantified as the

concentration of chlorophyll ‘a’, occupies a central role in the system shown in Figure

3-2 and influences, to a greater or lesser extent, all of the remaining non-conservative
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source to the main channel when the tide is falling and act as a sink on the rising tide.
The salinity in the storage area will remain the same on the falling tide, but will
change on the rising tide because of the mixing between the incoming water and the
water in the storage area. It can be written as
So; = - (Vs'; - Vs)) - Ss; if Vs', < Vs (3-17a)
or
So; = - (Vs'; - Vs)-§
Ss'; = (Ss;Vs; + S,(Vs';-Vs))) / Vs, if Vs'; > Vsi (3-17b)
where
Vs, Vs'; = storage volumes of the i" segment at time t and t+At, respectively, and
Ss,, Ss'; = salinities in the storage portion of the i segment at time t and t+At,

respectively.

B. Water Quality Model

B-1. Basic equations

The model is based on the one-dimensional equation describing the mass-balance
of a dissolved or suspended substance in a water body. The equations for the water

quality parameters have the general form

] ] d oC
— (AC — (0C) = — |EA = AS AS -
50+ @0 - (e ) A -4y (-18

where
C = concentration of dissolved or suspended substance in the water column,
S, = the time rate of external addition (or withdrawal) of mass across the

e

boundaries (i.e., free surface, bottom and lateral boundaries), and
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S, = the time rate of increase (or decrease) of mass by internal biochemical
processes in the water column.

The advective transport term, the second term on the left hand side of the
equation 3-18, represents advection of mass by water movement; the dispersive
transport term, the first term on the right hand side, represents dispersion of mass by
turbulence and shearing flow. These two terms represent the physical transport
processes in the flow field and are identical for all dissolved and suspended substances
in the water. They will be treated in the same manner as those in the mass-balance
equation of a conservative substance, i.e., equation 3-3. The last two terms of the
equation represent the external additions and internal biochemical reactions, and differ
for different substances.

The model treats nitrogen, phosphorus, oxygen demanding material, and
dissolved oxygen through an interacting system of eight components as shown in the
schematic diagram (Fig. 3-2). Each rectangular box represents a component simulated
by the model. The arrows between components represent the biochemical
transformation of one substance to the other. An arrow with one end unattached
represents an external source (or sink) or an internal source (or sink) due to some
natural process, such as settling and grazing. The mathematical expressions for the

terms S, and S, for each of the eight components are presented in the following:

i). Phvtoplankton Population (Chl) - The phytoplankton population, quantified as the

concentration of chlorophyll ‘a’; occupies a central role in the system shown in Figure

3-2 and influences, to a greater or lesser extent, all of the remaining non-conservative
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L = 'Ef-'h‘ [exp(-t,) - exp.(;d(;j]

k, = k! + 0.018Chl

e

I
a, = T‘ exp(-k,h) = o, exp(-k, h) (3-19b)
t -1 .
I =1 24 T sin |n : if t, <t<t,
1, -1, 2 t, - L,
= 0 if t<t, or t>t,
where '

e = constant = 2.7183,

k, = light extinction coefficient (/m) at zero chlorophyll concentration,

k’, = light extinction coefficient (/m) corrected for self-shading of plankton,
L = optimum solar radiation rate (langleys/day),

I, = solar radiation at time t (langleys/day),

I, = total daily solar radiation (langleys/day),

t = time of day (in hours), and

t, tg = time (in hours) of sunrise and sunset, respectively.

The nutrient effect (N) is based on the minimum limiting nutrient concept.

N = minimum j N2 + N3 , P2 3-19
K. +N2+N3' K +P2 (3-19¢)

where
N2,N3,P2 = concentrations (mg/l) of ammonia nitrogen, nitrite-nitrate nitrogen
and ortho phosphorus, and
Ko Kip = half-saturation concentrations (mg/l) for uptake of inorganic nitrogen
and ortho phosphorus, respectively.

Respiration rate (R) is a function of temperature.



R = R(20) 6,"® (3-19d)
where
R(20) = respiration rate at 20°C (/day), and
8, = constant for temperature correction of respiration rate.

Predation rate (P) should be dependent on the time-variable herbivore population
which is in turn dependent upon the phytoplankton population. To avoid adding an
additional trophic level to the model, however, P is assumed to be a function of
temperature.

P = P(20) 6,"® (3-1%)
where
P(20) = mortality rate at 20°C (/day), and

6, = constant for temperature correction of mortality rate.

ii). Organic Nitrogen (N1)

K ;NI
S, = —K_'Tm + a, (R+aP)F Chl
hl2
K 3-20
S, = - NI BenNI . psN1 + NPSNI (20

where
N1 = concentration of organic nitrogen (mg/l),
K, = hydrolysis rate of N1 to N2 (mg/l/day) = K_,,(20) 6,7,
K, »(20) = hydrolysis rate at 20°C,
6, = constant for temperature correction of hydrolysis rate,

K,» = half-saturation concentration for hydrolysis (mg/l),



a, = ratio of nitrogen to chlorophyll in phytoplankton (mg N per pg Chl),

a. = fraction of consumed phytoplankton recycled by zooplankton,

K., = settling rate of N1 (m/day),

F, = fraction of metabolically produced nitrogen recycled to the organic pool,
BenN1 = benthic flux of N1 (g/m*day), and

PSN1, NPSN1 = point and nonpoint sources, respectively, of N1 (mg/l/day).

iii). Ammonia Nitrogen (N2)

K, N2 KN
K2 BN Rea PYU-F)CHI - a GPRCHI
+N2 K, +NI "

h12

TR

h23

- BenN2

S (3-21)

¢

+ PSN2 + NPSN2

where
K 3 = nitrification rate of N2 to N3 (mg/l/day) = K »,(20) 8,7,
K.»3(20) = nitrification rate at 20°C,
5 = constant for temperature correction of nitrification rate,
Ki» = half-saturation concentration for nitrification (mg/l),

PR = preference of phytoplankton for N2 uptake,
N2:N3 N2K,,
R - ¥ (3-21a)
K, +N2) (K, +N3) (N2 +N3) (K, +N3)

BenN2 = benthic flux of N2 (g/m*day), and

PSN2, NPSN2 = point and nonpoint sources, respectively, of N2 (mg/l/day).

iv). Nitrite-Nitrate Nitrogen (N3)
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K N2

s, - - a G (1-PR) Chl
h23
K 3-22
5, = N3 2 BenN3 . PSN3 + NPSN3 (-2
where

K.;; = denitrification rate or loss coefficient of N3 (m/day),
BenN3 = benthic flux of N3 (g/m*day), and

PSN3, NPSN3 = point and nonpoint sources, respectively, of N3 (mg/l/day).

v). Organic Phosphorus (P1)

K . Pl
S, = -2 " 4 g R+aP)F, Chl
K ., + Pl P r P

hpl2

3.23
BenPI | psp; . NPSPI (3-23)

S = - PI Ko
¢ h

where
P1 = concentration of organic phosphorus (mg/l),
K12 = hydrolysis rate of P1 to P2 (mg/l/day) = K15(20) 64",
K., 5(20) = hydrolysis rate at 20°C,
0, = constant for temperature correction of hydrolysis rate,
K,,;» = half-saturation concentration for hydrolysis (mg/l),
a, = ratio of phosphorus to chlorophyll in phytoplankton (mg P per pg Chl),
K., = settling rate of P1 (m/day),
F, = fraction of metabolically produced phosphorus recycled to the organic pool,
BenP1 = benthic flux of P1 (g/m*day), and

PSP1, NPSP1 = point and nonpoint sources, respectively, of P1 (mg/l/day).
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vi). Inorganic (Ortho) Phosphorus (P2)

K .,Pl

S. = T%T + a, (R+aP) (1-F) Chl - a, G - Chi
hpl2
K 3-24
= BenPZ . psp2 + NPsP2 (3-24)

where
Ko = settling rate of P2 (m/day),
BenP2 = benthic flux of P2 (g/m?day), and

PSP2, NPSP2 = point and nonpoint sources, respectively, of P2 (mg/l/day).

vii). Carbonaceous Biochemical Oxvgen Demand (CBOD)

S, = -K CBOD + a_,a_ (a, P) Chl

]

KBOD' + BenBOD + (3-25)

S, = - CBOD ; ; PSBOD + NPSBOD
1 1

where
CBOD = concentration of carbonaceous biochemical oxygen demand (mg/l),
K, = first-order decay rate of CBOD (/day) = K.(20) 6,™,
K (20) = CBOD decay rate at 20°C,
8, = constant for temperature correction of CBOD decay rate,
a, = ratio of carbon to chlorophyll in phytoplankton (mg C per pug Chl),
a., = ratio of oxygen demand to organic carbon recycled = 2.67,
Kgop = settling rate of CBOD (m/day),
BenBOD = benthic flux of CBOD (g/m*day), and

PSBOD,NPSBOD = point and nonpoint sources, respectively, of CBOD (mg/l/day).

34



viii). Dissolved Oxvgen (DQO)

K ,;N2 R
S,=-K CBOD -a__"— ___+aa_PQGChl -aa_—_ Chl
" K,y +N2 RO
SOD (3-26)

S. = K, (D0, -DO) - Z— + PSDO + NPSDO

where
DO = concentration of dissolved oxygen (mg/l),
a,, = ratio of oxygen consumed per unit of ammonia nitrified = 4.57,
PQ = photosynthesis quotient (moles O, per mole C),
RQ = respiration quotient (moles CO, per mole O,),
K. = reaeration rate (/day),
DO, = saturation concentration of DO (mg/l),
SOD = sediment oxygen demand (g/m?*/day), and
PSDO, NPSDO = point and nonpoint sources, respectively, of DO (mg/l/day).
The reaeration coefficient (K) includes reaeration by turbulence generated by

bottom friction (O’Connor and Dobbins, 1958) and that by surface wind stress, that is,

K(20) - |K, '% . W % (3-26a)

where
K{(20) = reaeration rate at 20°C,
K., = proportionality constant = 3.933 when metric units are used for U and h, and
W... = wind-induced reaeration (m/day).
The reaeration rate is assumed to be temperature-dependent (Thomann and

Mueller, 1987), i.e.,
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K. = K(20) 6" (3-26b)
where 6 = constant for temperature correction of DO reaeration rate = 1.02.

Saturation dissolved oxygen concentration (DO,) is calculated as a function of
water temperature and salinity (S in psu) from a polynomial fitted to the tables of
Green and Carritt (1967).

DO, = 14.6244 - 0.367134 T + 0.004497 T

- 0.0966 S + 0.00205 S T + 0.0002739 S2 (3-26¢).

B-2. Finite difference approximation and method of solution

Equation 3-18 is approximated with a finite difference scheme and solved for the
time varying concentration field in the same way as the mass-balance equation of a
conservative substance, i.e., equation 3-3 in the hydrodynamic model. In instances
where the equation of one water quality parameter involves other water quality
parameters, the concentrations of the other water quality parameters are expressed in
terms of known values at the beginning of time step. Therefore, the biochemical
interaction terms in the coupled equations do not introduce additional unknowns for
the finite difference equation of each individual water quality parameter over that of a

conservative substance.
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sea level are presented in Table 4-1.

B. Model Calibration

For convenience in specifying downstream boundary conditions, the
hydrodynamic model was run to simulate the whole length of estuary. An M2 tide
with an amplitude equal to half mean range at river mouth (18.3 cm) and freshwater
discharge equal to long-term mean at fall line (45.3 m*/s) were used to force the
hydrodynamic model. The initial condition on the velocity field was zero. The free
surface height was initially a level surface at mean-sea level. The simulations were
carried out for 15 tidal cycles when the model results reached an equilibrium state,
i.e., the surface elevation and velocity throughout the estuary repeated from tidal cycle
to tidal cycle. The model results of the last tidal cycle were compared with predicted
mean tide characteristics tabulated from tide tables (National Ocean Survey, 1989 a,b).

The Manning friction coefficient is the only calibration parameter affecting the
calculation of surface elevation and water velocity. The coefficient was adjusted,
within the range of commonly accepted values, until the calculated tidal range along
the length of estuary agreed with tide table data (Fig. 4-2). The times of high tide,
low tide, slackwater before flood (SBF) and slackwater before ebb (SBE) were used to
fine tune the friction coefficient. The model predictions are compared with tide table
and tide current table data in Figures 4-3 to 4-6. The calibrated model has a friction
coefficient of 0.022 from the river mouth to km 46.5, 0.019 from km 50.8 to km
119.9, and 0.017 from km 123.1 to fall line.

Figure 4-2 shows that the tidal range increases upstream from the river mouth,
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Table 4-1. Geometric data for the model transects and segments.

Transect ~ DIST
or
Segment No.
2 176.51
3 175.06
4 173.61
5 172.48
6 171.36
7 170.23
8 169.21
9 168.20
10 167.18
11 165.41
12 163.64
13 161.95
14 160.26
15 1568.41
16 156.56
17 164.87
18 163.18
19 161.17
20 149.15
21 147.47
22 145.78
23 143.85
24 141.91
25 140.22
26 138.53
27 136.85
28 135.16
29 132.99
30 130.81
31 128.80
32 126.79
33 124.94

BCM

91.44
104.50
126.52

76.00

84.00
102.50
101.00
103.00

96.04
126.00
127.98
120.00
148.36
140.00
156.24
168.17
160.09
100.00
160.04
145.00
105.17
116.23
127.28
171.94
216.60
174.99
133.38
163.78
194.18
230.86
267.54
260.00

XAM

0.084
0.124
0.165
0.213
0.262
0.310
0.301
0.291
0.282
0.362
0.442
0.429
0.416
0.426
0.435
0.435
0.434
0.502
0.571
0.677
0.783
0.715
0.646
0.717
0.789
0.837
0.885
0.861
0.837
0.944
1.051
1.118

VolM

0.162
0.210
0.221
0.276
0.329
0.381
0.372
0.362
0.584
0.726
0.703
0.681
0.840
0.858
1.150
1.150
0.8156
0.777
0.924
0.920
1.166
1.068
0.959
1.088
1.264
1.160
1.550
1.670
1.873
2.340
2.136
2.726

SAM

0.142
0.167
0.114
0.090
0.105
0.103
0.104
0.101
0.197
0.225
0.205
0.222
0.254
0.261
0.266
0.269
0.258
0.249
0.2567
0.211
0.214
0.236
0.253
0.328
0.330
0.260
0.321
0.388
0.427
0.501
0.488
0.389

DIST = distance (km) from river mouth to the transect.
BCM = width (m) at mean tide at the transect.
XAM = cross-sectional area in 10° m? at mean tide at the transect.
VoIM = volume of the main conveyance channel in 10 m® at mean tide at the segment.
SAM = surface area of the main conveyance channel (km?) at mean tide at the segment.
StSAM = surface area of the side storage area (km? at mean tide at the segment.
ARD = land drainage area (km? feeding into the segment.
DcM = centroid depth (m) at mean tide at the transect.
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StSAM

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.220
0.462
0.626

10.64
10.64
12.76
12.76
12.76
12.06
12.06
12.06
30.00
30.00
29.61
29.51
29.76
29.76
18.60
18.60
22.73
22,73

7.18

7.18

3.26

3.26

3.54

3.54
10.02
10.02
12.11
12.11
29.76
29.76
33.656
33.656

DcM

0.46
0.56
0.65
0.94
1.22
1.51
1.50
1.48
1.47
1.60
1.73
1.58
1.42
1.40
1.39
1.38
1.36
1.57
1.78
2.75
3.72
3.13
2.54
2.18
1.83
2.58
3.32
2.756
2.18
2.14
2.10
2.94



Table 4-1. (Continued).

34
36
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
56
56
57
58
59
60
61
62
63

123.09
119.87
116.33
112.156
107.80
103.94
99.44
95.57
91.23
86.89
83.51
79.65
76.27
73.85
70.15
66.13
62.75
58.26
55.99
50.84
46.50
41.67
37.01
31.38
25.42
20.92
14.96
11.26
5.95
1.13

160.94
327.56
172.34
287.06
401.12
570.95
223.62
413.46
807.06
483.00
655.21
1024.15
1176.63
1252.63
1895.29
2064.98
2330.93
3609.29
2819.79
4010.76
35699.22
4590.97
4519.81
4617.83
3687.77
2908.37
4126.57
3954.01
3290.93
5507.56

1.186
1.498
1.544
1.582
1.895
2.330
2.117
2.783
2.903
2.691
2.895
3.684
3.730
5.878
5.141
5.562
6.678
9.791
8.692
12.714
13.384
17.492
23.971
26.743
27.343
26.666
35.306
38.582
33.167
37.134

9.097
8.120
9.514
5.600
8.370
10.480
9.294
12.965
12,512
10.376
13.796
12.528
11.599
19.358
21.868
20.967
37.112
21.103
55.762
56.708
74.545
96.769
142.848
162.993
124.010
190.997
140.960
194.8056
174.012
0.000
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0.786
0.885
0.960
1.140
1.876
1.788
1.233
2.649
2.799
1.924
3.241
3.719
2.939
5.824
7.960
7.429
12.380
7.265
17.400
16.514
19.779
19.100
20.680
24.453
14.616
20.964
14.949
19.235
21.204
0.000

0.642
6.842
0.726
0.370
0.070
0.436
0.154
0.106
0.326
0.132
0.737
1.166
0.805
1.122
1.320
1.638
1.566
0.883
1.918
1.716
1.936
0.000
0.000
1.427
3.714
21.666
0.131
9.565
7.646
0.000

46.60
36.24
38.83
49.19
51.78
31.07
7.77
18.12
25.89
23.30
18.12
62.13
151.78
147.57
165.69
139.80
99.34
95.79
62.13
144.01
124.27
124.27
24.27
82.84
115.53
19.09
18.12
20.71
12.94
0.00

3.78
2.29
4.48
2.88
2.36
2.10
4.75
3.46
1.80
2.94
2.29
1.80
1.58
2.356
1.36
1.39
1.43
1.36
1.58
1.58
1.86
191
2.65
2.90
3.90
4.65
4.50
4.94
5.21
3.43
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Particularly the dispersion of a high freshwater pulse (which occurred in mid-July)
from Fredericksburg to Port Royal was faithfully reproduced. However, the model did
not reproduce the peak flood level observed in the prototype (Fig. 4-7, day 30). This
may be attributable to the treatment of hydrograph in the model input data file rather
than to the shortcoming of the model. The slight discrepancy in absolute height of
surface elevation between day 35 and 42 may be the result of barometric forcing
which is not accounted for in the model.

The comparisons of current meter data with model predictions are presented in
Figures 4-9 through 4-11. It should be noted that the model predicts the cross-
sectional average velocity while the current meter data are point measurements. Both
the model results and field data illustrate an intrinsic characteristic of tidal wave
propagation, the shortening of the flood cycle as the wave approaches the head of tide.
This results from the combined effect of freshwater inflow at the fall line and the non-

linear interaction of tidal wave.

D. Verification of Mass Transport

In the last test of the hydrodynamic model, the ability to simulate the transport
of a conservative substance was examined using the data from the dye release study.
Dye was released into the river at the City of Fredericksburg STP outfall at 0525, 25
July 1990. To allow for initial period of mixing during which one-dimensional
dispersion theory is not applicable, the dye concentrations measured at 1815, 26 July
were used as initial condition. The measured concentration distributions at subsequent

slackwater tides are compared with model predictions in Figures 4-12 through 4-17.

53



LONGITUDINAL VELOCITY (m sec™")

0.6

BUOY 79 —— MODEL PREDICTION
] X SURFACE MEASUREMENT
N . 0_ BOTTOM
1 &x x X% S
0.3 >
. = % >
_ ? ) y 8 Q
2
0.0
]
| ﬁ b
b
. X N
_ X
; § x ¥ %
I X x Q‘ X «
o ¥ %x
. x
-0.6 T T T T T T T T T T T T T T T T T T T

39 40 41 42
NUMBER OF DAYS SINCE 0000 6/15/90

Figure 4-9. Current simulation at 129 km upriver from mouth.

43



SS

LONGITUDINAL VELOCITY (m sec™)

0.6

o
o

|
o
&

|
o
o

BUOY 110 —— MODEL PREDICTION
i X SURFACE MEASUREMENT
0 BOTTOM
- % X\ K
% % X
i o o
-4 | \
¢ g?
} %
i D S R
[
| ® &
¥x
1 %
R T T ] l_ ] ] 1 1] [ | ] ] ] ] | L} | | 9
39 40 41 42 43

NUMBER OF DAYS SINCE 0000 6/15/90

Figure 4-10.

Current simulation at 157 km upriver from mouth.



9¢

LONGITUDINAL VELOCITY (m sec™')

0.6

o
[

0.0

|
o
o

BUOY 131 ——— MODEL PREDICTION
i X . SURFACE MEASUREMENT
0 BOTTOM
¥

1 %
| k s

X

ke
1 4

T T T T T T T T T T T T T T T T T T

39 40 41 42 4

NUMBER OF DAYS SINCE 0000 6/15/90

Figure 4-11.

Current simulation at 169 km upriver from mouth.




DYE CONCENTRATION (ppb)

5.0

4.0

3.0

2.0

1.0

0.0

A X MEASUREMENT (0637 7/27/90)
4— MODEL PREDICTION
] X
7 X
B X
N X
n X
- —_— %
7 X
7 x
T < X
a _ X
p xX X
i >2<x x
T T T T T % )|‘ ><xxlx T T T T T T ):xx xl X T
150 155 160 165 17

DISTANCE FROM MOUTH (km)

Figure 4-12. Dye dispersion simulation: 0637 7/27/30.




DYE CONCENTRATION (ppb)

5.0

4.0

3.0

2.0

1.0

0.0

DISTANCE FROM MOUTH (km)

Figure 4-13. Dye dispersion simulation: 1117 7/27/90.

1 X MEASUREMENT (1117 7/27/90)
J—— MODEL PREDICTION N
: X X
-
7 X
4
. X
N P4
n X
. ——
i x
X
- x x
i x
x
— x XX
T T T T T T T T 1 T
155 160 165




6S

DYE CONCENTRATION (ppb)

3.0

4.0

3.0

2.0

1.0

0.0

DISTANCE FROM MOUTH (km)

Figure 4-14. Dye dispersion simulation: 1143

4 X MEASUREMENT (1143 7/28/90)
4—— MODEL PREDICTION
7 X
- X
] x
7 XX
] <
X
i x
4 X
B X
- o
] S x *
N xx>< X
T T T T T X |Yx)l( T T I T T T T )|< xl X
150 155 160 165

7/28/90.

170



09

DYE CONCENTRATION (ppb)

5.0

4.0

3.0

2.0

1.0

0.0

4 X MEASUREMENT (1213 7/29/90)
]———— MODEL PREDICTION
i
i ——
. x xx
N x —
h —_—— x
j x
x
— X
x
7 x
- x x
i T T T xr x|x xlx T ¥ T T T T T ’S;xx |x Xl —X¥ T T
148 183 158 163
DISTANCE FROM MOUTH (km)
Figure 4-15. Dye dispersion simulation: 1213 7/29/90.

168



19

DYE CONCENTRATION (ppb)

5.0

4.0

3.0

2.0

1.0

0.0

T X MEASUREMENT (1326 7/30,/90)

4— MODEL PREDICTION

]

i X x

- =X x

- x %

7 x

] ——

- X

4 ' Xy

- x X

i XYXX ¥ X XX X XX xxx xxxxxX XX x

T 1 1 1 T T T T T T T T T T T T T

145 150 185 160

Figure 4-16.

DISTANCE FROM MOUTH (km)

Dye dispersion simulation:

1326 7/30/90.

165



29

DYE CONCENTRATION (ppb)

5.0

4.0

3.0

2.0

1.0

0.0

X MEASUREMENT (1545 8/01/90)

4—— MODEL PREDICTION

]

N x X

- X

A x x‘

. —

4 x X x

- X x

n xx x X X

w X Xxx

1 1 1 ] | 1 | | ] | | ] | 1 | 1 1 1

138 143 148 1583

Figure 4-17.

DISTANCE FROM MOUTH (km)

Dye dispersion simulation: 1545 8/01/90.



Two physical processes are involved in the mass transport, the advective and the
dispersive transports. The advective transport is affected by the current velocity which
has been calibrated and validated. No further adjustments may be made. The
locations of peak concentrations of the dye distributions at different times reflect the
result of advective transport. The fact that the locations of peak concentrations
predicted by the model agree with those of field measurements (Figs. 4-12 through
4-17) demonstrates the accuracy of model simulation of advective processes.

Both the dispersion coefficient and the advective weighting factor affect the
model simulation of dispersive transport process. However, the dispersion coefficient
of the real time model is negligibly small in the fresh water portion of tidal rivers. A
value of 10" was used for the constant T; of equation 3-3a. The advective weighting
factor (equation 3-6a and 3-6b) was adjusted until the model adequately reproduced
the concentration distributions observed in the river (Figs. 4-12 through 4-17). The
figures indicate that the concentrations measured in the river tend to be lower than
those predicted by the model near the tail ends of distribution curve. The absorption

of dye by sediment particles may contribute to this discrepancy.

63



V. APPLICATION OF THE WATER QUALITY MODEL

The water quality model was applied to the reach of tidal Rappahannock River
from Fredericksburg to Port Royal. This reach of river is 51.6 km long and was
divided into 32 segments (see Fig. 4-1), which corresponds exactly the segments used
in hydrodynamic model. In addition to the data provided by the output of
hydrodynamic model, the water quality model must be supplied with appropriate input
data pertaining to a particular simulation run. The model must be calibrated to
reproduce the observed prototype behavior through the adjustment of various
coefficients, most notably the biochemical rate constants described in Chapter III.
Following the calibration, the model should be verified through comparison of model
predictions with additional independent field data.

Calibrating and verifying the water quality model is much more difficult than the
hydrodynamic model due to the number of predicted water quality parameters to be
calibrated - organic, ammonia, and nitrite-nitrate nitrogen, organic and ortho
phosphorus, chlorophyll ’a’, CBOD, and DO - and to the large number of coefficients
which may be adjusted in attaining the calibration. In some instances it may be
possible for alternate sets of calibration parameters to provide roughly equivalent
calibrations. To avoid this situation, it is desirable to minimize the number of
coefficients which are evaluated through comparison of model results to field data.

There are a variety of sources for the data and coefficients used in this model.
Among these are measurements, literature values, and calibration. Measurements

include inputs such as water temperature, STP waste loadings, and solar radiation.
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Literature values are coefficients which have been evaluated in published studies of
similar systems. For this modelling effort, the primary literature sources are the
studies of the Potomac Estuary (Thomann and Fitzpatrick, 1982), hereinafter referred
to as the ‘COG Report’, the book by Thomann and Mueller (1987), EPA report on
model rates, constants and formulations (Bowie et al., 1985), and Virginia Potomac
Embayment Studies (e.g. Cerco and Kuo, 1983), hereinafter referred to as the ‘PES
Reports’. Calibration coefficients are those which are obtained through fitting of the
model results to field observations.

The number of calibration parameters employed in the calibration and
verification procedures is minimized through adherence to the following principles in
evaluating model parameters:

1) Utilize measurements of system inputs and biochemical constants and coefficients
whenever these are available.

2) Utilize values from the literatures when measurements are not available.

3) Utilize calibration values only when no other sources are available or when other
sources are proven unsuitable.

To be of optimal use, a water quality model ought to employ consistent values
of biogeochemical constants and transformation rates. That is, these values should be
transferable when the model is used to provide predictions for comparison with
independent sets of observations. Coefficients which are not constant should be
calculable based on ambient conditions of temperature, light, wind, etc. If the model
is not consistent, then its predictive value is reduced since any predictions will depend

upon the selection of coefficients from the range of values previously employed.



The ideal of consistency imposes a dilemma upon the modeler. He must provide
a consistent model of an inconsistent world. In the prototype, biogeochemical
constants and rates need not be consistent from survey to survey, season to season, or
year to year, yet in the model this must be so.

In the calibration and verification to follow, the principle of consistency is
adhered to wherever possible. The trade-off is that predictions and observations do
not always agree as closely as they might if the model were adjusted to each survey
individually. Discrepancies between predictions and observations must therefore be
regarded as illustrative of the variability of natural processes rather than indicative

solely of shortcomings in the model.

A. The Calibration and Verification Data Bases

A-1. Instream water qualitv data

The water quality data described in Chapter II may be grouped into two
independent data sets. Model calibration is achieved using the data from the intensive

survey, with verification conducted employing the data from the slackwater surveys.

A-2. Point source loadings

Four sewage treatment plants (STP’s) discharge wastewater into the upper
segments of the river. Claiborne Run, FMC and Massaponax STP’s discharge into
model segments 3, 5 and 9 respectively. The outfall of the Fredericksburg STP is
located at the upstream end of segment 5, very close to the transect dividing segments

4 and 5. Since the model assumes that wastewater is mixed uniformly into the whole
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segment once discharged, the wastewater from Fredericksburg STP is divided evenly
between segments 4 and 5.

Two sources of discharge data are available. One is the monitoring described in
Chapter II. The other is the discharge monitoring report which the STP operators
submit to the state monthly. The data from the two sources are merged and presented
in Appendix 2. The flow rates and DO concentrations were obtained from the reports
by STP operators. The concentrations of other water quality parameters are the results
of the monitoring program conducted for this project.

Daily flow rates, and concentrations or loadings of water quality parameters for
each point source, were specified in the input data file for each day of the model
simulation. The values for the times between dates of monitoring were obtained by

linear interpretation of the data listed in Appendix 2.

A-3. Nonpoint source loadings

The nonpoint source contribution from the watershed above the fall line was
calculated from flow rates and concentrations of water quality parameters at the fall
line. Daily flow rates were obtained from USGS (United States Geological Survey)
for the Fredericksburg gauging station (Fig. 5-1). The concentrations of water quality
parameters were monitored under this project. The data are presented in Appendix 2.

A regression analysis was performed for the concentrations of all nutrient forms,
i.e., organic N, ammonia N, nitrite-nitrate N, organic P, and ortho P. The regression
formula was developed by Cohn et al. (1989) and adopted by Cerco (1991) in the

modelling of Chesapeake Bay water quality. Figures 5-2 through 5-6 compare the
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regression results with monitoring data. No regression formula is available for DO,
CBOD and chlorophyll ‘a’ concentrations. Therefore daily input of these three
parameters were obtained through linear interpolation of monitoring data. Because the
measurements at fall line sometimes differ substantially from those at the most
upstream station (Rt. 3 station) of the slackwater surveys, the values at the Rt. 3
station were used instead. The data are presented in Figure 5-7. Together with Figure
5-1, the data show that both CBOD and chlorophyll ‘a’ concentrations were severly

depressed in response to high river discharge around date 80.

A-4. Benthic fluxes

The field measurements of benthic oxygen demand and nutrient fluxes are
described in Appendix 5. The values used for model inputs are presented in Table
5-1. These values were derived either from field data or through model calibration.
The sediment oxygen demand of 2.0 g/m*day is near the upper limit of the
measurements (0.78 to 2.14 g/m*/day). The ammonia flux of 0.05 g/m?day is the
average of all measurements. The measurements indicate that benthic flux of nitrite-
nitrate and ortho phosphorus are nearly zero. Initial simulations with zero benthic
fluxes of ortho phosphorus resulted in a complete depletion of ortho phosphorus
downriver of km 150 under low flow conditions, thus severely limiting phytoplankton
growth. In order for the model predictions to match field measurements of ortho
phosphorus and chlorophyll ‘a’ concentrations, an ortho phosphorus benthic flux of
0.005 g/m?/day was used.

There were no measurements of benthic fluxes of organic matter. The fluxes of
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CBOD, organic nitrogen and organic phosphorus were derived through model

calibration.
Table 5-1. Benthic fluxes
g/m*/day Spatial distribution
SOD (sediment oxygen demand) -2.0 uniform
CBOD 0.0 uniform
Organic N 0.0 uniform
Ammonia N 0.05 uniform
Nitrite-Nitrate N 0.0 uniform
Organic P 0.0 uniform
Ortho P 0.005 downriver of km 150
0.0 upriver of km 150

A-5. Boundarv conditions

The downstream boundary conditions were specified with the field data observed
at Buoy 75 (Fig. 4-1). For the model verification run, the concentrations at the
boundary were linearly interpolated between dates of slackwater surveys, when the
data were available. For model calibration run, the boundary conditions were kept

constant with the values observed on the July 22 slackwater survey.

A-6. Water temperature

Model input of water temperature was based on slackwater and intensive survey
data, which indicate that daily average water temperature varied within a narrow range
of 24.9 - 28.8°C over the period June 20 to September 4, 1990. A constant water
temperature of 27.5°C was used for model calibration run, which simulated the period
July S to July 26. For model verification the water temperature was kept at 22°C

from May 22 to June 6 and then changed to a constant of 27.5°C for the remaining
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simulation period.

A-7. Solar radiation and light extinction coefficient

Solar radiation and light extinction were calculated in the model with equation
3-19b. The daily solar radiation, I, times of sunrise and sunset, t, and t;, were input
everyday of model simulation. The data were obtained from the measurements at
VIMS (Gloucester Point, Virginia).

Light extinction coefficients were derived from Secchi-depth measurements and
are shown in Figure 5-8. A good deal of scatter is present in the data. The high
values measured on July 18 were the results of very high flow around July 15. All
other data are presented with their mean and range at given station. The values used

for model are also indicated in the figure. These values were kept constant with

respect to time.

B. Calibration with the Intensive Survey

The calibration was conducted using the observations collected on the July 5
slackwater survey as initial conditions in a model simulation of the period from July 5
through July 26. Model predictions for the period 1700 hours, July 25 to 1700 hours
July 26 were then compared with the data collected in the same time interval. In
successive model runs, calibration parameters were adjusted until agreement was
achieved between the model predictions and the data.

To conduct the simulation, the model requires evaluation of a number of

constants and coefficients. The manner in which these are obtained and the values
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employed are as significant as the achievement of calibration itself. Therefore, all

model coefficients and their origins are presented before the calibration results.

B-1. Phytoplankton - related coefficients

The phytoplankton-related coefficients employed in the calibration are presented
in Table 5-2. Thomann and Mueller (1987) provided definite values, instead of range
of values, of the temperature dependent constants for phytoplankton growth,
respiration and mortality. These values were used in this model application. The
values of photosynthesis quotient (PQ) and respiration quotient (RQ) calculated from
data reported in the EPA report (Bowie et al., 1985) fall within very narrow ranges.
The mean values of these ranges were used. When coefficients had the same value in
all of the Potomac Embayment Studies, those values were adopted. The values of
other coefficients were either adopted from ‘COG Report’ or determined through

calibration and kept within the range of literature values.

B-2. Nitrogen-related coefficients

The nitrogen-related coefficients employed in the calibration are presented in
Table 5-3. The values in the PES Reports were adopted if all the Potomac
Embayments used the same value for that coefficient. Otherwise, the coefficients were

determined through calibration within the range of literature values.
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Coefficient

Coefficient

K,1a(20)
Kh 12
Kn 11
K,(20)

Table 5-2. Phytoplankton-related coefficients

3-26
3-20
3-23
3-20
3-26
3-26
3-19¢
3-19¢
3-19a
3-19d
3-19b
3-19
3-19e
3-19a
3-19d
3-19¢

Table 5-3.

Equation
3-20
3-20
3-20
3-21
3-21
3-22
3-20
2-21
3-20

Value
0.050 mg/ug
0.007 mg/ug
0.001 mg/ug
0.4
1.0 mole/mole
1.33 mole/mole
0.025 mg/1
0.001 mg/1
2.0 /day
0.17 /day
250 langleys/day
0.1 m/day
0.02 /day
1.066
1.080
1.000

Source
Calibration

PES Reports

n

EPA Report
EPA Report

"

n

COG Report
Calibration

PES Reports
COG Report

n

Thomann & Mueller

"

Nitrogen-related coefficients

0.075 mg/1/day
1.0 mg/1

0.1 m/day

0.2 mg/1/day
1.0 mg/1

0.05 m/day
1.04

1.04

0.75
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Source
Calibration
PES Reports

Calibration

PES Reports
Calibration
PES Reports
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consistency between the calibration and verification rather than to failure to curve-fit
the model to the data.

Significant difference does exist between the model predictions and the data. In
general, the model predicted much smaller ranges of variations than the field data.
This is expected because the model calculated average concentration over model
segments while field data were either the value at single depth, or the average of
values at two depths at a given station. The model predicted a gradual increase of
chlorophyll ‘a’ concentration in the downriver direction while the field data indicated a
much more abrupt increase near km 160. The observation may be reproduced by
spatially varying phytoplankton-related coefficients. However, no such attempt was
made because this abrupt increase of chlorophyll ‘a’ concentration was not a

permanent feature.

C. Verification with the Slackwater Surveys

The objective of verification is not to fit the model to the data through
evaluation of various coefficients. Rather, the purpose of verification is to test that
previously evaluated coetficients are appropriate and consistent. This is done by
comparing model predictions with observations collected independently of the
calibration survey and under different ambient conditions and external loads. In the
verification of the Rappahannock River model, the long-term predictive ability of the
model was tested through comparisons of model predictions with observations
collected in the June 6 through September 4 series of slackwater surveys. The model

simulated the summer season in a single, three and one-half month run using the
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May 22 observations as initial conditions and providing predictions for comparisons
with data collected in the subsequent slackwater surveys.

All constants and kinetic coefficients employed in the seasonal verification are
identical to those in the model calibration run. Results of model verification,
presented as plots of predictions and observations along the river, are shown in Figures
5-10 through 5-17. The figures indicate the instantaneous data points and the range of
predicted concentrations on the days of surveys. In evaluating the verification results,
consideration must be given to the sparsity and variability of the observations and to
the effects of potential inaccuracy of specifying nonpoint source loads in the input data
file. While the model did not reproduce the detail behavior of each water quality
parameter in every survey, it did predict the spatial trends and approximate magnitude
of the observations in each survey.

A notable deviation of the predictions from the observations is the
concentrations of organic nutrients on June 6, 20, and July 18, 22. These dates were
preceded by significant nonpoint source run-off. The model predictions were,
therefore, dominated by nonpoint source input. In order to demonstrate the impact of
potential inaccuracy in nonpoint source input, an additional model simulation was
performed. The nutrient concentrations measured at the most upriver station (Rt. 3
bridge) were used for the concentrations of the nonpoint source runoff (the discharge
at fall line) at the dates of measurements. The concentrations for dates between
successive slackwater surveys were obtained by linear interpolation. The new model
results are compared with field data in Figures 5-18 through 5-21. The model results

for other slackwater surveys are essentially the same as those predicted by the model
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