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III. WATER QUALITY MODULE--DESCRIPTION

A. INTRODUCTION

The Water Quality Module is a versatile simulator that
allows the concentrations of constituents found in junctions to
be affected by three categories of time-varying processes:

® Advection and dispersion
* External sources and sinks
2 Internal sources and sinks.

Mathematically, the Water Quality Module is a system of ordinary,
nonlinear differential equations, with one equation for each
constituent. Each term in the equations corresponds to a process,
from one of the above categories, that affects the concentration
of the constituent. The general form of the differential equa-
tion for constituent i in junction j at time t (CONST{ ) is:

d CONSTjje
VOLj, —_—- VOLyy" (% INTS;;. * EXTS;j,] £ ADVECT;;, * DISPER;,, (ITI.1)
where:
INTS = internal sources and sinks (mass/L/time)
EXTS = external sources and sinks (mass/L/time)
i mass 3
ADVECT = advection | = - ft
L-time

. mass
DISPER = dispersion . ft3
L-time

VOLjt = volume of the jth junction at time t as predicted
by the Hydraulic Module.
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At some later time, t + DT, the concentration of CONST

can be approximated as: ]

VOL; ¢ d CONST;j¢

Note that in Eq. III.2, the dimensions of DT (seconds, hours,
or days) depends on the dimensions of the particular process
rate,

In Sections B, C, and D, we will discuss each of the terms
in Eq. III.1l, including the mathematical representations used
in the Water Quality Module.

B. ADVECTION AND DISPERSION

Advection is the transport of a constituent due to water
movement from one junction to an adjacent junction. Dispersion
is the movement of constituent mass between adjacent junctions
due to concentration gradients (i.e., diffusion). Transport of
constituents due 50 advection and dispersion is based on the
water flow (Q, ft-/s), water velocity (U, ft/s), and water
depth (DEPTH, ft) predicted by the Hydraulic Module. The advec-
tion of constituent i out of junction j at time t is represented
by:

*
CONST; ¢ ° Q¢ (III.3)

ADVECT ; 3

Jjt
where:
Q¢ = water flow at time t in channel k, which

congects junction j and an adjacent junction
(ft°/s)

*
CONS’I‘ijt = calculated concentration of constituent i in
junction j at time t (mass/L}.

Terms similar to those in Eg. III.3 can be used for junctions
adjacent to junction j that act to add constituent i to junction
j. The direction of water movement (up or down estuary) deter-
mines whether the junction just below or just above junction j
contributes constituent mass to junction j.

The constituent concentration term in Eg. III.3 is denoted
with a star (*) since the actual concentration in a junction
is usually not used, but rather a concentration is calculated
based on constituent concentrations in adjacent junctions.
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This is done because the problem of numerical mixing arises
when Egq. III-3 is solved by approximation (e.g., use of DT).
Numerical mixing occurs because, in the model, constituent mass

< is transferred from one junction to another instantaneously
and, upon arr1v1ng in a junction, is assumed to be completely
mixed. That is, the smallest spatial scale over which the
model can transport mass is dictated by the channel lengths
connecting junctions. In actuality, constituents are not
transported instantaneously between junctions, and only some

® of the transported mass may reach junction boundaries. Use of
constituent concentrations based on adJacent junctions (CONST t)
acts to reduce the influence of numerical mixing on the pre- 1]
dicted transport of constituents.

There are several methodg available for calculating con-
@ stituent concentration (CONST ). We have elected to use
the one-way proportlonal methoa {see Clark Undated). Assuming
that water movement is from junction j to j+1, and channel k+1
connects thgse junctions, the one-way proportional method com-
putes CONST; jt as:

[ CONST;jt _ CONST;j + CONSTy ju1,p (CONSTjsp = CONSTy 44y ¢) Ugsp, ¢ OT (111.4)
2 2 Xk 41

where:

® Uk+1,t = water velocity in channel k+l at time t (ft/s)
Xx+1 = length of channel k+l1 (ft).
The addition and removal of a constituent to and from a

junction due to dispersion is represented in the model as a
® dispersion coefficient times the difference between concentra-

tions in adjacent junctions.

_ . . CONSTi,j—l,t - CONSTi’j’t
DISPERijt = DIFFCy . "XAREA ¢
Xk
o
. . CONSTijt - CONSTi,j+l,t
+ DIFFCK+1't XAREAk+l,t (111.5)
Xk+1

® where:

DIFFCk4+],r = dispersion coefficient at time t for channel

k+1, which connects junctions j and j+1 (ft/s)

XAREAy 4+1,¢ = cross—sectional area at time t of changel k+1,

L) which connects junctions j and j+1
I11-3
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The dispersion coefficients are calculated for each channel at
time t as:

DIFFCy, = KDIFFC® .Rkt (III.6)

Ukt

where:
KDIFFC = calibration parameter for all channels (unitless)
Uxy = water velocity in channel k at time t (ft/s)

Rkt = hydraulic radius of channel k at time t (assumed
equal to the channel depth) (ft).

C. EXTERNAL SOURCES AND SINKS

Constituent concentrations are also affected by constituent
masses in water added to or removed from junctions from external
sources and sinks. Examples of external sources and sinks are
tributary inflows, fluxes of water at the seaward boundary of
the model, wastewater discharges, and withdrawal of water from
a junction for water supply purposes. The Hydraulic Module
accommodates the water masses added to and removed from external
sources and sinks in its mass balance calculations. The Water
Quality Module takes into account the constituents in water
added and removed due t¢o external sources and sinks.

As already discussed in Chapter II, in the application of
the model to the Bush River the external sources and sinks are:

® Tributaries at the three headwater branches (see Fig.

II-2)--Winter's Run (Junction 9), Bynum Run (Junction 11l),

and Gray's Run (Junction 12)
® Seaward boundary (Junction 1)

¢ Two sewage treatment plants--Sod Run WWTP (Junction 5)
and Edgewood WWTP (Junction 3).

Constituent concentrations are specified as inputs to the
Water Quality Module; masses of constituents added to junctions
are obtained by multiplying the volume of water added from
external sources by the concentration of constituent being used
as input. The model allows for external sources and sinks to
have constant or time-varying flow rates and constituent
concentrations. Time-varying flows and concentrations are
accommodated by inputting flows and concentrations specific
to time intervals, provided the values of flows and constituent
concentrations change at some multiple of the time step (DT).
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D. INTERNAIL SOURCES AND SINKS

Internal sources and sinks are biological and chemical
processes that affect constituent concentrations and that form
the major focus of the Water Quality Module. Until this point
in the model description, specific constituents have not been
defined. Formulations for advection/dispersion and external
sources and sinks, as described above, are applicable regardless
of the specific constituents defined in the model. However, the
processes that act as internal sources and sinks are specific
to particular water quality parameters.

The Water Quality Module allows for the user to define the
specific constituents to be represented in the simulation. For
the Bush River we have chosen to model nine water quality
constituents:

¢ Chlorophyll-a (CHLOROC, ug/L)
¢ Disscolved oxygen (DO, mg/L)

¢ Dissolved inorganic phosphorus (orthophosphate) (PHOS,
mg P/L)

® Non-living organic phosphorus (ORGP, mg P/L)

* Ammonia (AMM, mg N/L)

¢ Nitrite plus nitrate (NITR, mg N/L)}

® Non-living organic nitrogen (ORGN, mé N/L)

® Carbonaceous biochemical oxygen demand (CBOD, mg DO/L)
e Chlorophyll-derived detritus (DETC, mg C/L).

These constituents were chosen to include the water quality
indicators of major concern (dissolved oxygen and chlorophyll-a)
and nitrogen and phosphorus forms that greatly control algal
photosynthesis ({(chlorophyll-a production). The nitrogen and
phosphorus forms encompass dissolved inorganic forms directly
utilizable by algae for chlorophyll-a production {(ammonia,
nitrite/nitrate, and dissolved inorganic phosphorus), and forms
that affect chlorophyll-a production via nutrient recycling
pathways (non-living organic nitrogen, non-living organic phos-
phorus). Inclusion of these nutrient forms allows chlorophyll-a
and dissolved oxygen dynamics to be simulated on both daily and
seasonal time scales. These constituents, and the internal
sources and sinks described below, are commonly included in
water quality models (Zison et al. 1978; O'Connor 1981) and are

similar to those incorporated into models applied to systems as

diverse as the Patuxent Estuary (Q'Connor et al. 1981) and the
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Great Lakes (DiToro and Connelly 1980; DiToro and Matystik
1980}).

Many process rates are temperature dependent, and the
following general equation is used throughout to adjust process
rates for water temperatures:

(WTEMP+-20)
ARATEt = RATE * 8 (III.7)
where:
ARATEr = rate adjusted for temperature at time t
RATE = rate at 20°C
WTEMP. = ambient water temperature at time t
8§ = temperature adjustment coefficient.

Time-varying ambient water temperatures are accommodated in the
model by using temperatures specific to time intervals that
are multiples of the time step (DT).

The processes which act as internal sources and sinks for
each constituent listed above are discussed below. Since
calculations are performed in the same manner for all junctions,
the subscript designating specific junctions has been eliminated
from process equations. However, a time subscript is included
in the equations to help the reader distinguish time-dependent
variables from parameters. Figure III-1 shows the interrelation-
ships among the constituents and processes represented in the
Water Quality Module, and Table III-1 lists all model parameters
associated with internal sources and sinks.

Chlorophyll-a

The equation used to describe the rate of change of
chlorephyll—~a due to internal sources and sinks is:

INTScHL, ¢ = PHOTOp - RESPp - CHLOSSt (III.8)
where:
INTScyr,t = sum of internal source and sink rates affecting
chlorophyll-a at time t (ug/L/time)
PHOTOy = gross production rate of chlorophyll-a (photo-

synthesis) at time t (ug/L/time).
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Figure III-1.
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Interrelationships among the constituents and
processes represented in the Water Quality

Module: M-model boundary (air/water,water/
sediment interfaces); cl-nonrespiratory
chlorophyll-a losses; de—-decomposition;
ni-nitrification; ox-oxidation: Ph-photosynthesis,
ra-reaeration; rb-CBOD regeneration; re-algal
respiration; s-sinking; sd-sediment oxygen

demand; se-sediment release
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CHLOSS ¢
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algal respiration rate at time t (ug/L/time)

chlorophyll-a loss rate at time t (ug/L/time).

thesis

PHOTO¢ 1
temperature,

PHOTOt

H

where:

GRMX¢

LIGHTt

NUTLIM,

GRMX is

s computed based on a maximum rate adjusted for
nutrient limitation, and light limitation.

GRMX, ° LIGHTt * NUTLIMt * CHLORO

t (III.9)

t

specific maximum algal photosynthesis rate at
time t (day *)

light limitation effect on algal growth at time t
{unitless)

nutrient limitation effect on algal growth
(unitless).

the temperature adjusted maximum algal photo-

synthesis rate.

GRMX,

where:

1

%

KGRMX

The reduction
(LIGHT:) is a

, (WTEMP~20)
KGRMX® 8 (II1.10)

temperature adjustment coefficient for algal
photosynthesis

specific ratelof maximum algal photosynthesis
at 20°C (day *).

from maximum growth rate due to light limitation
function of the amount of incident surface light
extinction coefficient of the water (TEXT.), and

a parameter defined as the optimal light for photosynthesis
{XIOPT). LIGHT, is calculated hourly in the model by integrating
the rate of photosynthesis throughout the water column assuming
no nutrient limitation and an exponential decay of incident

surface light

LK}HE =

www fastio.com

with depth.

(-TEXT, .DEPTH, )
—_— ' e -e (I11.11)
TEXT, "DEPTH,.
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