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CHAPTER 1

| NTRODUCTI ON TO THE WASP5 MODEL

The Water Quality Analysis Simulation Program-5 (WASP5), an
enhancenent of the original WASP (D Toro et al., 1983; Connolly
and Wnfield, 1984; Anbrose, R B. et al., 1988). This nodel
hel ps users interpret and predict water quality responses to
nat ural phenonena and man-made pollution for various pollution
managenent deci sions. WASP5 is a dynam c conpartnent nodeling
program for aquatic systens, including both the water colum and
t he underlying benthos. The tinme-varying processes of advection,
di spersion, point and diffuse mass | oadi ng, and boundary exchange
are represented in the basic program

Water quality processes are represented in special kinetic
subroutines that are either chosen froma library or witten by
the user. WASP is structured to permt easy substitution of
ki netic subroutines into the overall package to form
probl em speci fic nodels. WASP5 cones with two such nodels --
TOXI5 for toxicants and EUTRO5 for conventional water quality.
Earlier versions of WASP have been used to exam ne eutrophication
and PCB pollution of the Geat Lakes (Thomann, 1975; Thomann et
al ., 1976; Thomann et al, 1979; D Toro and Connolly, 1980),
eut rophi cati on of the Potomac Estuary (Thomann and Fitzpatrick,
1982), kepone pollution of the Janes River Estuary (O Connor et
al ., 1983), volatile organic pollution of the Delaware Estuary
(Anbrose, 1987), and heavy netal pollution of the Deep River,
North Carolina (JRB, 1984). |In addition to these, nunerous
applications are listed in Di Toro et al., 1983.

The flexibility afforded by the Water Quality Analysis
Simul ation Programis unique. WASP5 permts the nodeler to
structure one, two, and three dinensional nodels; allows the
specification of tinme-variable exchange coefficients, advective
flows, waste | oads and water quality boundary conditions; and
permts tailored structuring of the kinetic processes, all within
the I arger nodeling franework wi thout having to wite or rewite
| arge sections of conputer code. The two operational WASP5
nodel s, TOXI5 and EUTRO5, are reasonably general. In addition,
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users may devel op new kinetic or reactive structures. This,
however requires an additional neasure of judgnment, insight, and
programm ng experience on the part of the nodeler. The kinetic
subroutine in WASP (denoted "WASPB"), is kept as a separate
section of code, with its own subroutines if desired.

1.1 OVERVI EW OF THE WASP5 MODELI NG SYSTEM

The WASP5 system consists of two stand-al one conputer
prograns, DYNHYD5 and WASP5, that can be run in conjunction or
separately (Figure 1.1). The hydrodynam cs program DYNHYD5,
si mul ates the novenent of water while the water quality program
WASP5, sinmul ates the novenent and interaction of pollutants
within the water. Wile
DYNHYD5 is delivered with

WASP5, ot her hydrodynam c THE BASIC WASP 4 SYSTEM

pr Ogr amns have al SO been IlnkEd INPUT DATA MODEL OUTPUT DATA
with WASP. RI VMOD handl es

unsteady flow in one- — S @
di mensional rivers, while DYNHYD4 \

SED3D handl es unst eady, three-
di nensi onal flow in | akes and
estuaries (contact CEAM for
availability).

WASP5 is supplied with r %

two kinetic sub-nodels to \-
simul ate two of the nmgjor
cl asses of water quality
probl ens: conventi onal

\
L0 (0

W\

|

pol lution (involving dissolved ﬁ TRACER

oxygen, bi ochem cal oxygen ‘L-

demand, nutrients and o omeanics

eut rophi cation) and toxic I @

pol lution (involving organic L

chem cals, netals, and EUTROPHICATION
sediment). The linkage of L @

ei t her sub-nodel with the Figure 1.1 The basic WASP5

WASP5 program gi ves the nodel s
EUTRCG and TOXI 5,

respectively. This is
illustrated in Figure 1.1 with blocks to be substituted into the
i nconpl ete WASP5 nodel. The tracer bl ock can be a dummy

sub- nodel for substances with no kinetic interactions. In nost
i nstances, TOXI5 is used for tracers by specifying no decay.

syst em

The basic principle of both the hydrodynam cs and
wat er-quality programis the conservation of mass. The water
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volume and water-quality constituent masses being studied are
tracked and accounted for over tinme and space using a series of
mass bal anci ng equations. The hydrodynam cs program al so
conserves nonentum or energy, throughout tine and space.

1.2 THE BASI C WATER QUALI TY MODEL

WASP5 is a dynam c conpartnent nodel that can be used to
anal yze a variety of water quality problens in such diverse
wat er bodi es as ponds, streans, |akes, reservoirs, rivers,
estuaries, and coastal waters. This section presents an overview
of the basic water quality nodel. Subsequent chapters detail the
transport and transformation processes in WASP5 for various water
quality constituents.

The equations solved by WASP5 are based on the key principle
of the conservation of mass. This principle requires that the
mass of each water quality constituent being investigated nust be
accounted for in one way or another. WASP5 traces each water
qual ity constituent fromthe point of spatial and tenporal input
to its final point of export, conserving mass in space and tine.
To performthese nmass bal ance conputations, the user nust supply
WASP5 with input data defining seven inportant characteristics:

si mul ati on and out put control

nodel segnentation

advective and di spersive transport

boundary concentrati ons

poi nt and diffuse source waste | oads

ki netic paraneters, constants, and tinme functions
initial concentrations

These input data, together with the general WASP5 nass
bal ance equations and the specific chem cal kinetics equations,
uni quely define a special set of water quality equations. These
are nunerically integrated by WASP5 as the sinulation proceeds in
time. At user-specified print intervals, WASP5 saves the val ues
of all display variables for subsequent retrieval by the
post - processor prograns WADSPLY and WAPLOT. These prograns all ow
the user to interactively produce graphs and tables of variables
of all display variables.

1. 3 THE GENERAL NMASS BALANCE EQUATI ON



A mass bal ance equation for dissolved constituents in a body
of water must account for all the material entering and | eaving
t hrough direct and diffuse |oading; advective and di spersive
transport; and physical, chem cal, and biological transformation.
Consi der the coordinate systemshown in Figure 1.2, where the x-

WATER QUALITY EQUATION

Figure 1.2 Coordinate system for mass bal ance equati on.

and y-coordinates are in the horizontal plane, and the
z-coordinate is in the vertical plane. The nmass bal ance equation

around an infinitesimally small fluid volune is:

NG ., ! !
1T & (U O & (U, 0 & (U, 0

! e ! e !
0 0 0
b v (Ex iy A)My(EYMy) b o= (E,

% S, % Sg % Sy



wher e:

C = concentration of the water quality
constituent, ng/L or g/n?

t = time, days

U, Y, Y, = longitudinal, lateral, and vertical advective
vel ocities, niday

E. E. E = | ongitudinal, lateral, and vertical diffusion
coefficients, nt/day

S = direct and diffuse |oading rate, g/n-day

S = boundary | oading rate (including upstream
downstream benthic, and atnospheric),
g/ m- day

Sk = total kinetic transformation rate; positive

is source, negative is sink, g/m-day

By expanding the infinitesimally small control volunes into
| arger adj oining "segnments," and by specifying proper transport,
| oadi ng, and transformation paraneters, WASP inplenents a
finite-difference formof equation 1.1. For brevity and clarity,
however, the derivation of the finite-difference formof the mass
bal ance equation wll be for a one-dinensional reach. Assum ng
vertical and | ateral honogeneity, we can integrate equation 1.1
over y and z to obtain

Te(AQ) %(&UXAC% EXAm_fJ % A(S_% Sy) % 1.2
wher e:
A = cross-sectional area, nt

This equation represents the three major classes of water
qual ity processes -- transport (term1), loading (term2), and
transformation (term3). The finite-difference formis derived
in Appendi x E. The nodel network and the major processes are
di scussed in the foll ow ng sections.

1.4 THE MODEL NETWORK



The nodel network is a set of expanded control volunes, or
"segnments," that together represent the physical configuration of
the water body. As Figure 1.3 illustrates, the network may
subdi vide the water body laterally and vertically as well as
I ongitudinally. Benthic segnents can be included along with

M ODEL NETW ORK

Figure 1.3 Mbodel segnentation.

wat er colum segnents. |If the water quality nodel is being

I inked to the hydrodynam c nodel, then water colum segnents nust
correspond to the hydrodynam ¢ junctions. Concentrations of

wat er quality constituents are cal culated within each segnent.
Transport rates of water quality constituents are cal cul ated
across the interface of adjoining segnents.

Segnents in WASP may be one of four types, as specified by
the input variable ITYPE. A value of 1 indicates the epilimion
(surface water), 2 indicates hypolimion |ayers (subsurface), 3
i ndi cates an upper benthic |layer, and 4 indicates | ower benthic
| ayers. The segnent type plays an inportant role in bed
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sedinmentation and in certain transformati on processes. The user
shoul d be careful to align segnents properly. The segnent

i mredi ately bel ow each segnent is specified by the input variable
| BOTSG. This alignnent is inportant when |ight needs to be
passed fromone segnent to the next in the water colum, or when
material is buried or eroded in the bed.



SPATIAL SCALES USED IN
LAKE ONTARIO ANALYSIS
HORIZONTAL
MODEL NUMBER OF SCALE (km ) 2
DESIGNATION SEGMENTS EPILIMNION
SEGMENTS
SE— 0 —
LAKE 1 2 13,000
LAKE 3 67 200-1000
/ s
ROCHESTER 72 10-100
EMBAYMENT

Figure 1.4 Spati al

scal es used in Lake Ontario anal ysis.
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Segnent volunes and the sinmulation tinme step are directly
related. As one increases or decreases, the other nust do the
same to insure stability and numerical accuracy. Segnent size
can vary dramatically, as illustrated in Figure 1.4.
Characteristic sizes are dictated nore by the spatial and
tenporal scale of the problem being analyzed than by the
characteristics of the water body or the pollutant per se. For
exanpl e, analyzing a probleminvolving the upstreamti dal
mgration of a pollutant into a water supply mght require a tine



step of mnutes to an hour. By contrast, analyzing a problem
involving the total residence tinme of that pollutant in the sane
wat er body could allow a tinme step of hours to a day. |In Figure
1.4, the first network was used to study the general eutrophic
status of Lake Ontario. The second network was used to

i nvestigate the | ake-wi de spatial and seasonal variations in
eutrophication. The third network was used to predict changes in
near - shore eutrophication of Rochester Enbayment resulting from
specific pollution control plans.

As part of the problemdefinition, the user nust determ ne
how much of the water quality frequency distribution nust be
predi cted. For exanple, a daily-average dissol ved oxygen
concentration of 5 ng/L would not sufficiently protect fish if
fluctuations result in concentrations less than 2 ng/L for 10% of

FREQUENCY D BTRBUT DN OF OBSERVED AND

CALCULATED VALUES OF AQUALITY VARWBLE

OBSERVED

TUESCAE?2

TME SCALEL

STEADY-STATE

WATER QUALITY VARIABLE

5 50 95

CUM ULAT VE PROBABLITY

Figure 1.5 Frequency distribution of observed and cal cul at ed
values of a quality variable.

the tine. Predicting extreme concentration values is generally
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nmore difficult than predicting average values. Figure 1.5
illustrates typical frequency distributions predicted by three
nmodel tinme scales and a typical distribution observed by rather
t horough sanpling as they would be plotted on probability paper.
The straight lines inply normal distributions. Reducing the
nmodel tinme step (and consequently segnent size) allows better
simul ation of the frequency distribution. This increase in
predictive ability, however, also entails an increase in the
resol ution of the input data.

Once the nature of the problem has been determ ned, then the
tenporal variability of the water body and i nput | oadi ngs nust be
considered. GCenerally, the nodel tinme step nust be sonewhat | ess
than the period of variation of the inportant driving vari ables.
In some cases, this restriction can be rel axed by averaging the
i nput over its period of variation. For exanple, phytoplankton
growh is driven by sunlight, which varies diurnally. Most
eut rophi cati on nodel s, however, average the |ight input over a
day, allowng tine steps on the order of a day.

Care nust be taken so that inportant non-linear interactions
do not get averaged out. \When two or nore inportant driving
vari abl es have a simlar period of variation, then averagi ng may
not be possible. One exanple is the seasonal variability of
[ight, tenperature, nutrient input, and transport in |akes
subj ect to eutrophication. Another exanple involves
di sconti nuous batch di scharges. Such an input into a |arge | ake
m ght safely be averaged over a day or week, because |arge scale
transport variations are relatively infrequent. The sanme batch
input into a tidal estuary cannot safely be averaged, however,
because of the sem -diurnal or diurnal tidal variations. A third
exanple is salinity intrusion in estuaries. Tidal variations in
fl ow, volume, and dispersion can interact so that accurate
| ong-term predictions require explicit sinmulation at time steps
on the order of hours.

Once the tenporal variability has been determ ned, then the
spatial variability of the water body nust be consi dered.
CGenerally, the inportant spatial characteristics nust be
honmogeneous within a segnent. In sone cases, this restriction
can be rel axed by judicious averagi ng over width, depth, and/or
| ength. For exanple, depth governs the inpact of reaeration and
sedi nent oxygen demand in a colum of water. Nevertheless,
averagi ng the depth across a river would generally be acceptable
in a conventional waste | oad allocation, whereas averagi ng the
depth across a | ake woul d not generally be acceptable. O her
i nportant spatial characteristics to consider (depending upon the
probl em bei ng anal yzed) include tenperature, |ight penetration,
velocity, pH, benthic characteristics or fluxes, and sedi nent
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concentrations.

The expected spatial variability of the water quality
concentrations also affects the segnent sizes. The user nust
determ ne how nuch averagi ng of the concentration gradients is
acceptable. Because water quality conditions change rapidly near
a |l oading point and stabilize downstream studying the effects on
a beach a quarter-mle downstream of a discharge requires smaller
segnents than studying the effects on a beach several mles away.

A final, general guideline may be hel pful in obtaining
accurate simulations: water colum volunmes should be roughly the
sane. If flows vary significantly downstream then segnent
vol umes shoul d i ncrease proportionately. The user should first
choose the proper segnent volunme and tinme step in the critical
reaches of the water body (V. )t.), then scal e upstream and
downst ream segnent s accordi ngly:

Vi .Vc Q|/Qc 13

O course, actual volunes specified nust be adjusted to best
represent the actual spatial variability, as discussed above.
This guideline will allow larger tinme steps and result in greater
numeri cal accuracy over the entire nodel network, as explained in
the section on "Sinulation Paranmeters” in Chapter 2.

1.5 THE MODEL TRANSPORT SCHEME

Transport includes advection and dispersion of water quality
constituents. Advection and dispersion in WASP are each divi ded
into six distinct types, or "fields." The first transport field
i nvol ves advective flow and dispersive mxing in the water
colum. Advective flow carries water quality constituents
"downstreant wth the water and accounts for instreamdilution
Di spersion causes further m xing and dilution between regi ons of
hi gh concentrations and regi ons of | ow concentrations.

The second transport field specifies the novenent of pore
water in the sedinent bed. Dissolved water quality constituents
are carried through the bed by pore water flow and are exchanged
bet ween the bed and the water colum by pore water diffusion.

The third, fourth, and fifth transport fields specify the
transport of particulate pollutants by the settling,
resuspensi on, and sedi nentation of solids. Water quality
constituents sorbed onto solid particles are transported between
the water columm and the sedinment bed. The three solids fields
can be defined by the user as size fractions, such as sand, silt,

12



and clay, or as inorganic, phytoplankton, and organic solids.

The sixth transport field represents evaporation or
precipitation fromor to surface water segnents.

Most transport data, such as flows or settling velocities,
must be specified by the user in a WASP i nput dataset. For water
colum flow, however, the user may "link" WASP with a
hydrodynam cs nodel. |If this option is specified, during the
simulation WASP will read the contents of a hydrodynamc file for
unst eady flows, volunes, depths, and velocities.

1.6 APPLI CATION OF THE MODEL

The first step in applying the nodel is analyzing the
problemto be solved. What questions are being asked? How can a
simul ati on nodel be used to address these questions? A water
quality nodel can do three basic tasks-- describe present water
qual ity conditions, provide generic predictions, and provide
site-specific predictions. The first, descriptive task is to
extend in sone way a limted site-specific data base. Because
monitoring i s expensive, data seldom give the spatial and
tenporal resolution needed to fully characterize a water body. A
simul ati on nodel can be used to interpol ate between observed
data, locating, for exanple, the dissol ved oxygen sag point in a
river or the maximumsalinity intrusion in an estuary. O course
such a nodel can be used to guide future nonitoring efforts.
Descriptive nodels also can be used to infer the inportant
processes controlling present water quality. This information
can be used to guide not only nonitoring efforts, but al so nodel
devel opnent efforts.

Providing generic predictions is a second type of nodeling
task. Site-specific data nay not be needed if the goal is to
predict the types of water bodies at risk froma new chemcal. A
crude set of data may be adequate to screen a |ist of chem cals
for potential risk to a particular water body. GCeneric
predictions may sufficiently address the managenent problemto be
sol ved, or they nmay be a prelimnary step in detailed
site-specific anal yses.

Providing site-specific predictions is the nost stringent
nodeling task. Calibration to a good set of nonitoring data is
definitely needed to provide credi ble predictions. Because
predictions often attenpt to extrapol ate beyond the present data
base, however, the nodel also nmust have sufficient process
integrity. Exanples of this type of application include waste
| oad allocation to protect water quality standards and

13



feasibility analysis for renedial actions, such as tertiary
treatment, phosphate bans, or agricultural best-nmnagenent
practices.

Anal ysis of the problem should dictate the spatial and
tenporal scales for the nodeling analysis. Division of the water
body into appropriately sized segnents was di scussed in Section

"Model Network." The user nust try to extend the network
upstream and downstream beyond the influence of the waste | oads
being studied. |If this is not possible, the user should extend

the network far enough so that errors in specifying future
boundary concentrati ons do not propogate into the reaches being
st udi ed.

The user al so should consider aligning the network so that
sanpling stations and points of interest (such as water
w thdrawal s) fall near the center of a segnment. Point source
waste | oads in streans and rivers with unidirectional flow should
be | ocated near the upper end of a segnent. In estuaries and
ot her water bodies with oscillating flow, waste | oads are best
centered within segnents. If flows are to be input from DYNHYDS5,
then a WASP4 segnent nust coincide with each hydrodynam c
junction. Benthic segnents, which are not present in the
hydr odynam ¢ network, may neverthel ess be included in the WASP5
networ k. WASP5 segnent nunbering does not have to be the sane as
DYNHYD5 junction nunbering. Segnents stacked vertically do not
have to be nunmbered consecutively fromsurface water segnents
down.

Once the network is set up, the nodel study will proceed
t hrough four general steps involving, in sonme manner,
hydr odynam cs, mass transport, water quality transformations, and
envi ronnmental toxicology. The first step addresses the question
of where the water goes. This can be answered by a conbi nation
of gagi ng, special studies, and hydrodynam c nodeling. Flow data
can be interpol ated or extrapol ated using the principle of
continuity. Very sinple flow routing nodels can be used; very
conplicated mnulti-dinensional hydrodynam c nodels can al so be
used with proper averaging over tine and space. At present, the
nmost conpati bl e hydrodynam ¢ nodel is DYNHYDS.

The second step answers the question of where the nateri al
in the water is transported. This can be answered by a
conbi nation of tracer studies and nodel calibration. Dye and
salinity are often used as tracers.

The third step answers the question of how the material in
the water and sedinent is transforned and what its fate is. This
is the main focus of many studies. Answers depend on a
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conbi nation of |aboratory studies, field nonitoring, paraneter
estimation, calibration, and testing. The net result is
sonetinmes call ed nodel validation or verification, which are

el usi ve concepts. The success of this step depends on the skil
of the user, who nust conbi ne specialized know edge wi th common
sense and skepticisminto a nethodi cal process.

The final step answers the question of how this material is
likely to affect anything of interest, such as people, fish, or
t he ecol ogi cal balance. Oten, predicted concentrations are
sinply conpared with water quality criteria adopted to protect
the general aquatic community. Care nust be taken to insure that
the tenporal and spatial scales assuned in devel oping the
criteria are conpatible wth those predicted by the nodel
Sonetinmes principles of physical chem stry or pharmacoki netics
are used to predict chem cal body burdens and resulting
bi ol ogi cal effects. The biaccunul ati on nodel FGETS (Barber, et
al., 1991) and the WASTOX food chai n nodel (Connolly and Thomann,
1985) are good exanples of this.
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CHAPTER 2

CHEM CAL TRACER TRANSPORT

2.1 MODEL DESCRI PTI ON

| nt roducti on

A chem cal tracer is a nonreactive chemcal that is
passively transported throughout the water body. Exanples
include salinity or chlorides. Special dyes are used as tracers,
al though these often decay at a slowrate. Setting up and
calibrating a tracer is the first step in simulating nore conpl ex
water quality vari abl es.

Overvi ew of WASP5 Tracer Transport

A conservative tracer is Table 2.1 WASP5 State Vari abl es
general ly sinul ated using the for Toxicants.
sinmul ates the transport and
transformati on of one to three

chem cals and one to three SYSTEM | VARI ABLE

types of solids classes (Table

2.1). To sinulate a tracer, 1 CHEM CAL 1

t he user shoul d bypass solids

and simulate chemcal 1 wth 2 SOLIDS 1

no decay. A tracer is 3 SOLI DS 2

affected by transport,

boundary, and | oadi ng _ 4 SOLI DS 3

g;ﬁg&fses only, as described 5 CHEM CAL 2
6 CHEM CAL 3

WASP5 uses a mass bal ance
equation to cal cul ate chem cal
mass and concentrations for |
every segnment in a specialized
network that may include surface water, underlying water, surface
bed, and underlying bed. Sinulated chem cals undergo several
transport processes as specified by the user in the input
dataset. Chem cals are advected and di spersed anong water
segnents, and exchanged with surficial benthic segnents by
di spersive m xing. D ssolved chemcals mgrate dowward or
upward t hrough percol ati on and pore water diffusion.
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The transport, boundary, and | oadi ng processes for tracer
chem cal s are described below. These sane processes are al so
applied to the water quality variabl es desribed in subsequent
chapters.

Transport Processes

Wat er Col um Advecti on

Advective water colum flows directly control the transport
of dissolved and particulate pollutants in many water bodies. In
addi tion, changes in velocity and depth resulting fromvari able
flows can affect such kinetic processes as reaeration,
vol atilization, and photolysis. An inportant early step in any
nmodel ing study is to describe or sinmulate water columm advection
properly. In WASP5, water columm flow is input via transport
field one in Data Goup D. Circulation patterns may be descri bed
(flow options 1 and 2) or simulated by a hydrodynam c nodel, such
as DYNHYD5 (flow option 3). Flow options are specified in the
first record of Data G oup D.

For descriptive flows, WASP5 tracks each separate inflow
specified by the user fromits point of origin through the nodel
network. For each inflow, the user must supply a continuity or
unit flow response function and a tine function. The tine
function describes the inflowas it varies in tine. The
continuity function describes the unit flow response as it varies
t hroughout the network. The actual flow between segnents that
results fromthe inflowis the product of the time function and
the continuity function.

| f several inflow functions are specified, then the total
fl ow between segnents is the sum of the individual flow
functions. Segnent volunes are adjusted to maintain continuity.
In this manner, the effect of several tributaries, density
currents, and w nd-induced gyres can be descri bed.

In flow option 1, WASP5 suns all the flows at a segnent
interface to determne the direction of net flow, and then noves
mass in the ONE direction. In flow option 2, WASP5 nbves nass
i ndependently of net flow. For exanple, if opposite flows are
specified at an interface, WASP5 wil|l nove mass in BOTH
directions. This option allows the user to describe |arge
di spersive circul ation patterns.

Hydr odynam c Li nkage
For unsteady flow in |long networks, lag tines may becone
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significant, and hydrodynam c sinul ations may be necessary to
obtain sufficient accuracy. Real i stic simulations of unsteady
transport can be acconplished by |inking WASP5 to a conpati bl e
hydrodynam c simulation. This |inkage is acconplished through an
external file chosen by the user at sinmulation tinme. The
hydrodynam c file contains segnent volunmes at the begi nning of
each tinme step, and average segnent interfacial flows during each
time step. WASP5 uses the interfacial flows to cal cul ate nmass
transport, and the volumes to cal cul ate constituent
concentrations. Segnent depths and velocities may al so be
contained in the hydrodynamc file for use in calculating
reaeration and volatilization rates.

The first step in the hydrodynamc |linkage is to develop a
hydr odynam ¢ cal cul ati onal network that is conpatible with the
WASP5 network. The easiest |inkage is with |ink-node
hydr odynam ¢ nodel s that run on equival ent spatial networks. An
exanple is given in Figure 2.1. Note that each WASP5 segnent
corresponds exactly to a hydrodynam c vol une el enent, or node.
Each WASP5 segnent interface corresponds exactly to a
hydrodynam c |ink, denoted in the figure wwth a connecting |ine.
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Link-Node
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Hydrodynamic WASPS5
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/
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Hydrodynamic WASP4
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4 3
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6 5
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8 7
9 0
10 8
11 0
Figure 2.1 Link-node hydrodynam c |i nkage.
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The hydrodynam ¢ nodel cal culates flow through the |inks and
volunme within the nodes. Wthin the hydrodynam c nodel, the user
must specify the water quality time step, or the nunber of
hydrodynam c tinme steps per water quality time step. The
hydr odynam ¢ nodel nust then wite out node vol unes at the
begi nni ng of each water quality tinme step, and average link flows
during each water quality tine step. A network map such as the
one in Figure 2.1 nust be supplied by the user in the
hydrodynam ¢ nodel or in an external interface program This map
is used to create a hydrodynamc file that WASP5 can read and
interpret. The hydrodynam c nodel DYNHYD5, supplied with WASP5,
contains subroutines to produce a proper WASP5 hydrodynamc file.

It is inportant to note that the hydrodynam c nodel has
addi ti onal nodes outside of the WASP5 network. These additional
nodes correspond to WASP5 boundari es, denoted by nom nal segnent
nunmber "0." These extra hydrodynam c nodes are necessary because
while flows are calculated only within the hydrodynam c network,
WASP5 requires boundary flows fromoutside its network.
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Figure 2.2 Miltidinensional hydrodynam c |i nkage.

Mul ti di mensi onal hydrodynam ¢ nodels can al so be linked to
WASP5. A conpati bl e two-di nensional network is illustrated in
Figure 2.2. For the beginning of each water quality tine step,
the volunes within a WASP5 segnment nust be sumred and witten to
the hydrodynamc file. For the duration of each water quality
time step, flows across the WASP5 segnent boundari es nust be
averaged. Al of the averaged flows across a boundary nust then
be sumed and witten to the hydrodynamic file. Again, it is
inportant to note the presence of hydrodynam c el enents outside
t he WASP5 networ k generating boundary fl ows.

To i npl enent the hydrodynam c |inkage, the user nust specify

flowoption 3 in the input dataset. |[If IQOPT is set to 3, a nenu
of previously prepared hydrodynamc files (*.HYD) is presented.
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Foll owi ng the choice of a proper file, the sinulation tinme step
will be reset by the hydrodynamc file. The tinme steps read in
Data G oup Awll be ignored. Simlarly, water colum segnent
volumes will be read fromthe hydrodynamc file. The user nust
nevertheless enter a tinme step and volunes for each segnent in
the usual |ocation. During the sinulation, flows and vol unes are
read every tinme step.

The contents and format of the hydrodynamc file are
detailed in Part B, The WASP5 | nput Dataset, Section 5. 2.

Hydraulic Geonetry

A good description of segnment geonetry as a function of flow
conditions can be inportant in properly using WASP5 to sinul ate
rivers. For flow option 3, velocity and depth are conputed
wi thin the hydrodynam c nodel, and are read by WASP5. For fl ow
options 1 and 2, a set of user-specified hydraulic discharge
coefficients fromData G oup C defines the rel ati onship between
velocity, depth, and streamflow in the various segnents. This
met hod, described below, follows the inplenmentation in QUAL2E
(Brown and Barnwel |, 1987). In WASP5, these segnent velocities
and depths are only used for cal culations of reaeration and
vol atilization rates; they are not used in the transport schene.

Di scharge coefficients giving depth and velocity from stream
fl ow are based on enpirical observations of the streamfl ow
relationship with velocity and depth (Leopold and Maddox, 1953).
It is inportant to note that these coefficients are only
i nportant when cal cul ating reaeration or volatilization. The
velocity calculations are not used in tinme of travel, and wll
not affect the sinulation of tracers. The equations relate
vel ocity, channel wi dth, and depth to streanfl ow t hrough power
functions:

V*"aQqQb 2.1
D"c Q" 2.2
B e Qf 2.3
wher e:
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D is average depth, m
B is average width, m
a, b, ¢, d, e, and f are enpirical coefficients or exponents

Gven that area is a function of average width (B) and average
depth (D),

A"DB 2.4

it is clear fromcontinuity that:

Q" UIA " UiDIB " (aQ®) i(cQ%) i(eQ') = (aicle 2.5

and, therefore, the follow ng rel ati onshi ps hol d:

ace "1 2.6

bowdw%f "1 2.7

WASP5 only requires specification of the relationships for
vel ocity, Equation 2.1, and depth, Equation 2.2; the coefficients
for Equation 2.3 are inplicitly specified by Equations 2.6 and
2.7.

These options can be put into perspective by noting that,
for a given specific channel cross-section, the coefficients (a,
c, e) and exponents (b, d, f) can be derived from Manni ngs
equation. For exanple, if a channel of rectangular cross-section
is assuned, then wdth (B) is not a function of streanflow (Q,
t he exponent (f) is zero (0.00) and the coefficient (e) is the
wi dth of the rectangular channel (B). By noting that hydraulic
radius (R) is approximately equal to depth (D) for w de streans
and that A = D B, the discharge coefficients for rectangul ar
cross sections can be shown to be 0.4 for velocity and 0.6 for
wi dt h.

Leopold et al. (1964) have noted that stream channels in
hum d regions tend towards a rectangul ar cross-section because
cohesive soils pronote steep side slopes whereas noncohesive
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soi |l s encourage shal |l ow sl oped, al nost undefined banks.

Tabl e 2.2 Conparison of Hydraulic Exponents

Channel Cross-Section Exponent Exponent Exponent
for (b) for (d) for (f)
Vel ocity Dept h W dt h

Rect angul ar 0.40 0. 60 0. 00

Average of 158 U. S. 0.43 0. 45 0.12

Gagi ng Stations

Average of 10 Gaging 0.43 0.41 0.13

Stations on Rhine River

Epheneral Streans in 0.34 0. 36 0. 29

Semarid U S

Tabl e 2.2 conpares hydraulic exponents for a rectangul ar
channel with data reported by Leopold et al. (1964). Note that
the average velocity exponent is relatively constant for al
channel cross sections. The major variation occurs as a decrease
in the depth exponent and concomitant increase in the width
exponent as channel cross-sections change fromthe steep side
sl opes characteristic of cohesive soils to the shall ow sl opes of
arid regions wth noncohesive soils.

For bodies of water such as ponds, |akes, and reservoirs,
velocity and depth may not be a function of flow. For these
cases, both the velocity and depth exponents (b and d) can be
chosen to be zero (0.00). Because Qto the zero power is equa
to one (1.0), the coefficients a and ¢ nust be the velocity and
depth, i.e.,

IF b

0.0 THEN a

V, and
IFd=0.0 THEN ¢ = D

Wen the depth exponent is zero, WASP5 wi || adjust segnent
depths with segnment vol unmes assum ng rectangul ar sides.

For site-specific river or streamsinulations, hydraulic
coefficients and exponents nust be estimated. Brown and Barnwel |
(1987) recommended estimating the exponents (b and d) and then
calibrating the coefficients (a and c) to observed velocity and
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depth. The exponents nmay be chosen based on observations of
channel shape noted in a reconnai ssance survey. |If cross
sections are largely rectangular with vertical banks, the first
set of exponents shown in Table 2.2 should be useful. If
channel s have steep banks typical of areas with cohesive soils,
then the second set of exponents is appropriate. |If the stream
isin an arid region with typically noncohesive soils and shal | ow
sl opi ng banks, then the |last set of exponents is recomended.

The key property of the channel that should be noted in a
reconnai ssance survey is the condition of the bank sl opes or the
extent to which width would increase with increasing streanfl ow
Clearly the bank slopes and nmaterial in contact with the
streanflow at the flowrate(s) of interest are the main
characteristics to note in a reconnai ssance. Table 2.2 gives
general guidance but it should be noted that values are derived
for bankful flows. Even in streans with vertical banks, the | ow
flows may be in contact with a sand bed havi ng shal | ow sl oped,
al nost nonexi stent banks nore representative of epheneral streans
in sem-arid areas.

Pore Water Advection

Pore water flows into or out of the bed can significantly
i nfluence benthic pollutant concentrations. Depending on the
direction of these flows and the source of the pollutants, pore
wat er advection may be a source or sink of pollutants for the
overlying water colum.

| f benthic segnents are included in the nodel network, the
user may specify advective transport of dissolved chemcals in
the pore water. In WASP5, pore water flows are input via
transport field two. Pore water advection transports water and
di ssol ved chem cal ; sedinent and particul ate chem cal are not
transported. The nmass derivative of chem cal due to pore water

flow fromsegnment j to segnent i is given by:
My .
T Qi fy G/, 2.8
wher e:
M = mass of chemcal "k" in segnent "i," g
o = total concentration of chemcal "k" in

segment "j," ng/L (g/n)
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n, = porosity of segment j, L,/L
fo = di ssol ved fraction of chemcal in segnent "j"
Q; = pore water flowrate fromj to i, n¥/day

Di ssol ved fractions f, may be input by the user in Data
Goup J. In TOXI5, these are reconputed from sorption kinetics
each tinme step

WASP5 tracks each separate pore water inflow through the
bent hic network. For each inflow (or outflow), the user nust
supply a continuity function and a tine function. The actual
fl ow t hrough benthic segnents that results fromeach inflowis a
product of the tinme function and the continuity function. If a
floworiginates in or enpties into a surface water segnent, then
a correspondi ng surface water flow function nust be described in
flow field 1 that matches the pore water function.

Wat er Col umm Di spersion

Di spersive water columm exchanges significantly influence
the transport of dissolved and particulate pollutants in such
wat er bodi es as | akes, reservoirs, and estuaries. Even in
rivers, longitudinal dispersion can be the nost inportant process
di luting peak concentrations that may result from unsteady | oads
or spills. Natural or artificial tracers such as dye, salinity,
or even heat are often used to calibrate dispersion coefficients
for a nodel network.

I n WASP5, water column dispersion is input via transport
field one in Data G oup B. Several groups of exchanges nay be
defined by the user. For each group, the user nust supply a tine
function giving dispersion coefficient values (in nt/sec) as they
vary in time. For each exchange in the group, the user nust
supply an interfacial area, a characteristic mxing |ength, and
t he adj oi ni ng segnents between which the exchange takes pl ace.
The characteristic mxing length is typically the distance
bet ween the segnent m dpoints. The interfacial area is the area
normal to the characteristic mxing |l ength shared by the
exchangi ng segnents (cross-sectional area for horizontal
exchanges, or surface area for vertical exchanges). The actual
di spersive exchange between segnents i and j at tine t is given

by:
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M. Eij(t) @Aij

K L., (G &G 2.9
wher e:

M = mass of chemcal "k" in segnent "i," g

G Gk = concentration of chemcal "k" in segnent "i"
and "j," ng/L (g/n¥)

E;(t) = di spersion coefficient tinme function for
exchange "ij", nt/day

A = 1nt?r;$cial area shared by segnents "i" and
]

Leij = characteristic mxing | ength between segnents

“i"and "j," m

Pore Water Diffusion

Di ffusive pore water exchanges can significantly influence
bent hi ¢ pollutant concentrations, particularly for relatively
sol ubl e chem cals and water bodies wth little sedi ment | oading.
Dependi ng on the dissol ved concentration gradient, pore water
di ffusion may be a source or sink of pollutants for the overlying
wat er col um.

| f benthic segnents are included in the nodel network, the
user may specify diffusive transport of dissolved chemcals in
the pore water. |In WASP5, pore water diffusion is input via
transport field two in Data G oup B. Several groups of exchanges
may be defined by the user.

For each exchange group, the user nust supply a tine
function giving dispersion coefficient values (in nt/sec) as they
vary in time. For each exchange in the group, the user nust
supply an interfacial area, a characteristic mxing |ength, and
t he segnents between whi ch exchange takes place. The
characteristic mxing length is typically the distance between
two benthic segnent mdpoints (nmultiplied internally by the
tortuosity, which is roughly the inverse of porosity). For pore
wat er exchange with a surface water segnent, the characteristic
m xing length is usually taken to be the depth of the surficial
bent hi ¢ segnment. The interfacial area is the surficial area of
the benthic segnent (which is input by the user) multiplied
internally by porosity.
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There may be several surficial benthic segnents underlying a
wat er colum segnment, representing discrete benthic deposits (or
habitats). The concentration of chemcal diffusing is the
di ssol ved fraction per unit pore water volune. The actual
di ffusi ve exchange between benthic segnents i and j at tinet is
gi ven by:

IMy, . E; () Ay ny [ f C foik Cu

i] Dk “jk
Wt Leij/ Ny n, & n, 2. 10
wher e:

fow fok = di ssolved fraction of chemical "k" in
segnents "i" and "j"

N = average porosity at interface "ij", L,/L

E;(t) = di ffusion coefficient tinme function for
exchange "ij", nt/day

A = interfacial area shared by segnents "i" and
"j," n,_?

Leij = characteristic mxing | ength between segnents
“i"and "j," m

Boundary Processes

A boundary segnent is characterized by water exchanges from
outside the network, including tributary inflows, downstream
outfl ows, and open water dispersive exchanges. WASP5 determ nes
its boundary segnents by exam ni ng the advective and di spersive
segnent pairs specified by the user. |[|f an advective or
di spersive segnent pair includes segnent nunber "0," the other
segnent nunber is a boundary segnent. Thus, for advective flows,
the segnent pair (0,1) denotes segnent 1 as an upstream boundary
segnent; segnent pair (5,0) denotes segnent 5 as a downstream
boundary segnent.

Boundary concentrations G, (ng/L) nust be specified for
each sinmul ated variable "k" at each boundary segnent "i". These
concentrations may vary in tine. At upstream boundary segnents,
WASP5 applies the follow ng mass | oadi ng rates:
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ViSg T Gou(t) § Gy 2.11

wher e
Ssi« = boundary | oadi ng rate response of chem ca
"k" in segnent "i," g/n¥-day
V, = vol une of boundary segnent "i," n?
Qi(t) = upstreaminflow into boundary segnent "i,"

n¥/ day

At downstream boundary segnents, WASP5 applies the foll ow ng mass
| oadi ng rates:

ViSg T &G (1) Gy 2.12
wher e:
Qo(t) = downstream outfl ow from boundary segnent "i,"
n¥/ day
C« = internal concentration of chemcal "k" in
segnent "i," ng/L

Notice that the specified boundary concentration is not used to
cal cul ate the boundary | oading rate for the downtream boundary
segnent. If, however, the downstream outfl ow becones negati ve,
it becones in reality an inflow In this case, Equation 2.11
applies where Q;, = -Q,.

At exchange boundary segnents, WASP5 applies the foll ow ng
mass | oadi ng rates:

. Eio(t) B A,
L

V, S,

(Ca & Gy) 2.13

cio

where terns are as defined above. Wen a boundary concentration
exceeds the internal concentration, mass is added to the boundary
segnent ; when the boundary concentration falls bel ow the internal
concentration, mass is lost fromthe boundary segnent.
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Loadi ng Processes

WASP5 all ows the user to specify |loading rates for each
variable. Two types of |oadings are provided for -- point source
| oads and runoff |oads. The first set of |oads is specified by
the user in the input dataset. The second set of |loads is read
by WASP5 from a nonpoint source loading file created by an
appropriate | oading nodel. Both kinds of |oads, in kg/day, are
added to the designated segnents at the follow ng rates:

V, S, " 1000 0L, () 2.14

0]
i
I

| oadi ng rate response of chem cal "k" in
segnment "i," g/ nt-day

Li(t) | oading rate of chem cal "k" into segnent

"i," kg/day

Poi nt source loads are input as a series of |oading versus
time values. During a simulation, WASP5 interpol ates between
these points to provide tine-variable |oadings. The WASP5
cal cul ational time step should be set by the user to a val ue that
is divisible into the difference in tine entries in the point

source loading functions. |If evenly divisible tinme steps cannot
be specified, the user should specify maximumtinme steps at | east
5 times smaller than the point source tine entries. |If the user

is specifying daily |load variations, for exanple, the maxi num
time step should be 0.2 days.

The user should understand that nmass entered as |oads is not
directly acconpanied with inflow. No significant errors are
introduced if the inflow associated with a loading is smal
conpared with the water body flow |If a loading is associated
with significant inflow, then the user should generally enter the
associ ated fl ows separately under water columm advection, and
treat the | oading as a nodel boundary by specifying the boundary
concentration acconpanying the inflow |If a |arge nunber of
di ffuse | oads are being read in, the user can provide for the
increnmental flows using a flow continuity function that increases
downst r eam

Nonpoi nt Sour ce Li nkage

Real i stic sinulations of nonpoint source | oadi ngs can be
acconplished by linking WASP5 to a conpatible surface runoff
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simulation. This linkage is acconplished through a formatted
external file chosen by the user at sinmulation tinme. The
nonpoi nt source loading file contains information on which WASP5
systens and segnents receive nonpoi nt source | oads, and a record
of the nonzero | oads by system segnent, and day.

| f the user sets the nonpoint source |oading flag (Data
Goup F, Record 5) to 1, a nmenu of previously prepared nonpoi nt
source files (*.NPS) is presented. Followi ng the choice of a
proper file, nonpoint source |oads are read once a day throughout
a sinmulation froma loading file generated by a previous | oading
nodel sinulation. These |oads are treated as step functions that
vary daily. Wen the user inplenments the nonpoint source | oading
option, nodel tinme steps should be divisible into 1 day. (Tine
steps do not have to be exactly divisible into a day; if tine
steps are small, any errors associated with carrying the previous
day's loading rate into a new day will be snall.)

The contents and fornmat of the nonpoint source file are
detailed in Part B, The WASP5 | nput Dataset, Section 7.2.

Initial Conditions

Because WASP5 is a dynam c nodel, the user nust specify
initial conditions for each variable in each segment. |Initial
conditions include the chem cal concentrations at the begi nning
of the simulation. The product of the initial concentrations and
the initial volumes give the initial constituent masses in each
segnent. For steady sinulations, where flows and | oadi ngs are
hel d constant and the steady-state concentration response is
desired, the user may specify initial concentrations that are
reasonably close to what the final concentrations should be. For
dynam c sinul ati ons where the transient concentration response is
desired, initial concentrations should reflect neasured val ues at
t he begi nning of the sinulation.

In addition to chem cal concentrations, the dissolved
fractions nust be specified for each segnent at the begi nning of
the simulation. For tracers, the dissolved fractions wll
normally be set to 1.0. For tracers, as well as dissolved
oxygen, eutrophication, and sedi nent transport, the initial
di ssol ved fractions remain constant throughout the sinulation.
For organic chem cal simulations, the dissolved fraction wll be
internally calculated frompartition coefficients and sedi nent
concentrations.

The density of each constituent nust be specified under
initial conditions. For tracers, this value should be set to
1.0.
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2.2 MODEL | MPLEMENTATI ON

| nt r oducti on

To sinulate a tracer with WASP5, use the preprocessor or
text editor to create a TOXI5 input file. The preprocessor wll
create an input file with paraneters in the proper fields. Using
a text editor, the user nust take care to enter paraneters into
the proper fields. A general description of the input dataset is
given in Part B of this docunent. The nodel input paraneters are
organi zed bel ow as they are presented in the preprocessor. The
data group, record nunber, and input paranmeter nane are al so
gi ven for reference.

Mbdel | nput Paranmeters

This section sumrari zes the i nput paraneters that nust be
specified in order to solve the WASP5 nmass bal ance equati on.
| nput paranmeters are prepared for WASP5 in four major sections of
t he preprocessor -- environnent, transport, boundaries, and
transf ormati ons.

Envi ronnent Par ameters

These paraneters define the basic nodel identity, including
the segnentation, and control the sinulation.

Sinmul ati on Type-- The user nust specify which WASP5 nodel
Wil be run with the dataset. The present choices are "TOXI 4" or
"EUTRAM4." (Goup A Record 1, SIMIYP)

Sinulation Titles-- The user may specify a 2-line title for
the sinmulation. This title may include any descriptive
information on the water body, tinme frame, pollutants, sinulation
paraneters, etc. The user may al so specify the properly
positi oned names of the simulation switches input in Record 4.
This is for user convenience only. (Goup A Records 1, 2, 3;

TI TLEL, TITLE2, HEADER)

Nunber of Segnents-- The user nust specify the nunber of
segnents in the nodel network. (G oup A Record 4, NOSEG

Nunber of Systens-- The user mnust specify the nunber of
nodel systens (state variables) in the simulation. 1In the
preprocessor, select "simulate" for Chemcal 1, and "bypass" for
Chemcals 2 and 3 and Solids 1-3. For bypassed vari ables, the
bypass option SYSBY(l) is set to 1. (Goup A Record 4, NOSYS
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Record 10, SYSBY(1))

Restart Option-- The user nust specify the restart option,
whi ch controls the use of the sinmulation restart file. This
restart file stores the final conditions froma simulation, and
can be used to input initial conditions in a sequenti al
simulation. O = neither read fromnor wite to the restart file;
1 =wite final sinulation results to restart file; 2 = read
initial conditions fromrestart file created by earlier
simulation, and wite final sinmulation results to new restart
file. (Goup A Record 4, |ICFL)

Message Fl ag-- The user nust specify the option controlling
nmessages printed to screen during the sinulation. 0 = al
messages printed, including data input and sinmul ated
concentrations; 1 = sinmulated concentrations only printed; 2 = no
messages printed to screen. (Goup A Record 4, MFLG

Mass Bal ance Anal ysis-- The user should specify the system
nunmber for which a global mass bal ance analysis wll be
performed. A value of O will result in no mass bal ance table
bei ng generated. (G oup A Record 4, JMAS)

Negative Solution Option-- Normally, concentrations are not
all owed to becone negative. |If a predicted concentration at t +
)t is negative, WASP nmaintains its positive value by instead
hal ving the concentration at time t. The negative solution
option lets the user bypass this procedure, allow ng negative
concentrations. This may be desirable for sinulating dissolved
oxygen deficit in the benthos, for exanple. 0 = prevents
negati ve concentrations; 1 = allows negative concentrations.
(G oup A Record 4, NSLN)

Tine Step Option-- The user nust specify how tine steps wll
be determ ned during the sinulation. 0O = user inputs tine step
history; 1 = nodel calculates tine step. (G oup A Record 4,
| NTY)

Advection Factor, dinensionless-- The advection factor L can
be specified to nodify the finite difference approximation of
Mc/Mx used in the advection termby WASP. For L = 0, the
backward di fference approximation is used. This is nost stable,
and is recomended for nost applications. For L = 0.5, the
central difference approximation is used. This is unstable in
WASP, and is not recomended.

A nonzero advection factor is helpful in situations where
the network size and tine step produce |arge nuneri cal
di spersion. A nonzero advection factor reduces the nuneri cal
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di spersion produced by a particular velocity, length, and tine
step conbi nation. According to Bella and G enney (1970):

Em'%[(l&2<)L&U)t] 2.15

nu
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Table 2.3 Val ues of Nunerical

Di spersi on (nt/sec)

U (nlfsec)
L 0.1 0.2 0.4 0.6 0.8 1.0
)t = 1000 sec
0.0 95 180 320 420 480 500
0.1 75 140 240 300 320 300
0.2 55 100 160 180 160 100
0.3 35 60 80 60 0 - -
0.4 15 20 0 - - - - - -
)t = 2000 sec
0.0 90 160 240 240 160 0
0.1 70 120 160 120 0 --
0.2 50 80 80 0 - - --
0.3 30 40 0 -- - - - -
0.4 10 0 - - - - - - - -
)t = 4000 sec
0.0 80 120 80 -- - - - -
0.1 60 80 0 - - -- --
0.2 40 40 -- -- - - - -
0.3 20 0 -- - - - - - -
0.4 0 - - - - - - - - - -
)t = 8000 sec
0.0 60 40 -- -- - - - -
0.1 40 0 - - - - - - --
0.2 20 - - - - -- - -
0.3 0 - - - - - - -- --
0.4 - - - - - - - - - - -

Note that a L of O reduces this to Equation 2. 20.
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E.n for a length of 2000 nmeters and various conbi nations of
velocity and tine step are provided in Table 2.3. For a
particul ar velocity, say 0.4 nisec, nunerical dispersion can be
reduced by increasing the tinme step. For L = 0, increasing the
time step from 1000 to 4000 seconds decreases E,,, from 320 to 80
nt/sec. |If the tine step nust be 1000 seconds, however,

numeri cal dispersion can still be reduced by increasing L. In
this case, increasing L fromO to 0.4 decreases E,,from320 to O
nt/ sec. (Goup A Record 4, ADFC)

Initial Tinme, day, hour, mnute-- The tinme at the begi nning
of the simulation nust be specified in order to synchronize al
the time functions. The day, hour, and mnute can be input. The
begi nning of the sinmulation is day 1. (Goup A Record 4, ZDAY
ZHR, ZM N)

Final Tine, days--The elapsed tine at the end of the
simul ati on nust be specified in days (including decinal
fraction). The end of the sinulation occurs when the final tine
fromthe integration time step history is encountered. The final
tine is entered on the sanme record as the tine step. (Goup A
Record 7, T(NOBRK))

Transport Analysis Flag-- The user shoul d specify whet her
the transport analysis file will be generated during the
simulation. A value of 0 causes the file to be generated; a
value of 1 prevents the file from being generated. (G oup A
Record 4, TFLG

Runtinme Display Segnents-- The user nust specify up to six
segnents for display on the screen during the sinulation.
Concentrations in these segnents will be witten and updated on
the screen. These segnents can be changed during the sinulation.
(G oup A Record 5, | SEGOUT)

Integration Tine Step, days--A sequence of integration tinme
steps ()t) nust be specified, along with the tine interval over
which they apply. If tine step option (INTY) was set to O, these
time steps will be used during the sinulation. |[If the tine step
option was set to 1, the nodel will calculate tinme steps
internally; the tine steps given here are the maxi num al | owed.

G ven specific network and transport paraneters, tinme steps
are constrained within a specific range to maintain stability and
m nimze nunerical dispersion, or solution inaccuracies. To
mai ntain stability at a segnent, the advected, dispersed, and
transfornmed mass nust be | ess than the resident nass:
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(ECCHERCU%ES V) Dt <V, C 2.16

Solving for )t and applying the criterion over the entire
network with appropriate factors gives the maxi num stable step
si ze used by WASP5:

Vv

... "0.9Mn| 4 _ -
ma iQij%iRij%Sk(SKjij/Cj)

2.17

For purely advective systens, Equation 2.17 sets the tine
step to 90% of the m ni num segnent travel time. For purely
di spersive systens, Equation 2.17 sets the tine step to 90% of
the m ni num segnent flushing tinme. For a linear reactive system
with no transport, Equation 2.17 sets the tine step to 18% of the
reaction time. Usually )t is controlled by advective or
di spersive fl ows.

Nurmerical dispersion is artificial m xing caused by the
finite difference approxi mati on used for the derivatives. |If the

advection factor L = 0, the backward difference approxi mati on of
Mc/Mx is used in the advection term and

. UL
Eum * 5~ 2.18

wher e:
L = | ength of the segnment, m

For the Eul er schene, the forward difference approxi mation
of Mc/lNt is used, and

2
R A 2.19
The total nunerical dispersion, then, is
« U
Enum > (L& U)t) 2.20

34



Note that increasing the tinme step up to )x/U (or VIQ
decreases nunerical dispersionto 0. The conditions for
stability discussed above require a tine step sonmewhat |ess than
V/Q for nost segnents. So to maintain stability and mnim ze
nunerical dispersion in a water body subject to unsteady flow,
the sequence of tinme steps nust be as | arge as possible, but
al ways |l ess than )t . given in Equation 2.17. (G oup A Record
6, NOBRK; Record 7, DTS, T)

Print Intervals, days-- The user nust specify the print
intervals controlling the output density in the print file
transferred to the post-processor. The nodel will store al
di splay variables in all segnents after each print interval
t hroughout the sinulation. Different print intervals can be
specified for different phases in the sinulation. At |least two
print intervals nust be specified, one for tinme O and one for the
final time. NPRINT is the nunber of different print intervals to
input. PRINT(l) is the print interval to be used wuntil tinme
TPRINT(1). TPRINT(l) is the time up to when print interva
PRINT(1) will be used. (Goup A Record 8, NPRINT;, Record 9,
PRINT(1), TPRINT(I1))

Segnent Vol unes, n¥--Initial volunes for each segnent nust
be specified. These can be calculated from navigation charts or
froma series of transects neasuring depth versus width along the
river. Sonetinmes, volunmes can be estimated fromthe travel tine
of a well-m xed cloud of dye through a reach. For simnulations
usi ng hydrodynam c results from DYNHYD5, volunmes fromthe
hydrodynam ¢ summary file (#. HYD) are used and continuity is
mai ntai ned. (Goup C, Record 3, BVO.(I SEG)

Transport Paraneters

This group of paraneters defines the advective and
di spersive transport of sinulated nodel variables. |nput
paraneters include advective flows, sedinent transport
vel ocities, dispersion coefficients, cross-sectional areas, and
characteristic lengths. Although the nom nal units expected by
the nodel are SI, English or other units can be used along with
proper specification of conversion factors.

Nunber of Flow Fields-- Under advection, the user has a
choice of up to six flow fields. To sinulate surface water
transport, select water colum flow in the preprocessor or set
the nunmber of flow fields to 1. Wen sinulating pore water
flow, select this option in the preprocessor or set the nunber of
flow fields to 2. (Goup D, Record 1, NFIELD)
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Advective Flow, n¥/ sec--Steady or unsteady flows can be
speci fi ed between adjoi ning segnents, as well as entering or
| eaving the network as inflow or outflow. The user nust be
careful to check for continuity errors, as the nodel does not
require that flow continuity be maintained. For exanple, the
user may specify that nore flow enters a segnent than | eaves.
For simul ations using hydrodynam c results from DYNHYD5, fl ows
fromthe *. HYD file are used and flow continuity is automatically
mai ntained. (Goup D, Record 4, BQ Record 6, QI(K), TQK))

Nunber of Exchange Fi el ds-- Under dispersion, the user has a
choice of up to two exchange fields. To sinmulate surface water
t oxi cant and solids dispersion, select water columm dispersion in
t he preprocessor or set the nunber of exchange fields to 1. To
si mul ate exchange of dissolved toxicants with the bed, the user
shoul d al so sel ect pore water diffusion in the preprocessor or
set the nunber of exchange fields to 2. (Goup B, Record 1,
NRFLD)

Di spersion Coefficients, nt/sec--Di spersive mxing
coefficients can be specified between adjoi ning segnents, or
across open water boundaries. These coefficients can nodel pore
water diffusion in benthic segnments, vertical diffusion in |akes,
and | ateral and | ongitudinal dispersion in |arge water bodies.

Val ues can range from 10%° nt/sec for nolecul ar diffusion to 5x10?
nt/ sec for longitudinal mixing in sone estuaries. Values are
entered as a tinme function series of dispersion and tine, in
days. (Goup B, Record 6, RT(l), TR(I))

Cross-Sectional Area, nt--Cross-sectional areas are
specified for each dispersion coefficient, reflecting the area
t hrough which m xi ng occurs. These can be surface areas for
vertical exchange, such as in lakes or in the benthos. Areas are
not nodified during the simulation to reflect flow changes.
(Goup B, Record 4, A(K))

Characteristic Mxing Length, m-Mxing |l engths are
specified for each dispersion coefficient, reflecting the
characteristic length over which m xing occurs. These are
typically the | engths between the center points of adjoining
segnents. A single segnent may have three or nore m xing | engths
for segnents adjoining longitudinally, laterally, and vertically.
For surficial benthic segnents connecting water colum segnents,
the depth of the benthic layer is a nore realistic mxing length
than half the water depth. (G oup B, Record 4, EL(K))

Boundary Paraneters
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This group of paraneters includes boundary concentrations,
waste | oads, and initial conditions. Boundary concentrations
nmust be specified for any segnent receiving flow inputs, outputs,
or exchanges. Initial conditions include not only initial
concentrations, but also the density and solids transport field
for each solid, and the dissolved fraction in each segnent.

Boundary Concentrations, nmg/L--Steady or tinme-variable
concentrations nust be specified for each water quality
constituent at each boundary. A boundary is either a tributary
inflow, a downstreamoutflow, or an open water end of the nodel
net work across whi ch di spersive m xing can occur. Advective and
di spersive flows across boundaries are specified by the transport
paraneters. Values are entered as a tinme function series of
concentrations and tine, in days. (Goup E, Record 4, BCT(K)
T(K))

Wast e Loads, kg/day--Steady or tine-variable | oads may be
specified for each water quality constituent at several segnents.
These | oads represent municipal and industrial wastewater
di scharges, urban and agricultural runoff, precipitation, and
at nospheric deposition of pollutants. Values are entered as a
time function series of |loads and tine, in days. (G oup F,
Record 4, VWKT(K), T(K))

Initial Concentrations, ng/L--Concentrations of each
constituent in each segnent nust be specified for the tine at
whi ch the simulation begins. For those water bodies with | ow
transport rates, the initial concentrations of conservative
substances may persist for a long period of tinme. Accurate
simul ation, then, would require accurate specification of initial
concentrations. If initial concentrations cannot be determ ned
accurately, then longer sinulations should be run, and early
predi ctions discounted. (Goup J, Record 2, C(ISYS J))

Di ssolved Fractions--The initial fraction of chem cal
dissolved in the water portion of a segnent is input as a
fraction of total chem cal concentration. The dissolved fraction
is inmportant in determning the anobunt of chem cal transported by
pore water flow and dispersion, and by solids transport.

Di ssol ved fractions may be conputed from sorption kinetics in the
transformati on subroutines. (Goup J, Record 2, DI SSF(ISYS, J))

Solid Densities, g/cnt--The density of each type of solid is
needed to conpute the porosity of bed segnments. Porosity wll be
a function of sedinent concentration and the density of each
solid type. (Goup J, Record 1, DSED(K))

Maxi nrum Concentrati ons, ng/L--Mxi num concentrati ons nust be
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specified for each water quality constituent. The sinmulation is
automatically aborted if a cal culated concentration falls outside
these limts. This usually indicates conputational instability,
and the tinme step nust usually be reduced. (Goup J, Record 1
CVAX( K))

Transformati on Paraneters
This group of paraneters includes spatially variable
paraneters, constants, and kinetic tinme functions for the water

quality constituents being sinulated. None are necessary for
di ssol ved, conservative chem cal s.

External | nput Files

At the user's option, two external input files may be called
upon and used by WASP5 during a sinulation. These formatted
files may be created by a sinulation nodel, or by output froma
spreadsheet. As formatted ASCII files, they may be edited using
standard text editors. Hydrodynamic files are denoted by *.HYD
where the user specifies a 1 to 8 character nane for *. Nonpoint
source loading files are denoted by *. NPS. The contents and
format for these files are specified in Part B, Sections 5.2 and
7.2.
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CHAPTER 3
SEDI MENT TRANSPORT

3.1 MODEL DESCRI PTI ON

| nt r oducti on

Sedi nent transport is potentially a very inportant process
in aquatic systens. Excess sedinent can affect water quality
directly. Water clarity and benthic habitats can be degraded.
Sedi ment transport also influences chem cal transport and fate.
Many chem cals sorb strongly to sedi nent and thus undergo
settling, scour, and sedinentation. Sorption also affects a
chemcal's transfer and transformation rates. Volatilization and
base-cat al yzed hydrolysis, for exanple, are slowed by sorption
Bot h sedi nent transport rates and concentrations nust be
estimated in nost toxic chem cal studies.

In general, the streamtransport capacity for suspended
sedinment is in excess of its actual |oad, and the problemis one
of estimating sedi ment source | oading--nanely, watershed erosion.
In areas of backwater behind danms or in sluggish reaches, the
streamtransport capacity may drop enough to all ow net
deposition. Strongly sorbed pollutants nay build up
significantly. Because sedinment transport can be conpl ex,
site-specific calibration of the settling, scour, and
sedi mentation rates is usually necessary.

Overvi ew of WASP5 Sedi nent Transport

Sedi nent size fractions, or solids types, are sinmulated
using the TOXI5 program Sinulations may incorporate tota
solids as a single variable, or, alternately, represent from one
to three solids types or fractions. The character of the three
solids types is user-defined. They may represent sand, silt, and
clay, or organic solids and inorganic solids. The user defines
each solid type by specifying its settling and erosion rates, and
its organic content.

WASP5 performnms a sinple nmass bal ance on each solid variable
in each conpartnent based upon specified water col um advection
and di spersion rates, along with special settling, deposition,
erosion, burial, and bed |oad rates. WMass bal ance conputations
are perfornmed in benthic conpartnents as well as water colum
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conpartnments. Bulk densities or benthic volunes are adjusted
t hroughout the sinul ation.

Al'l solids transport rates can be varied in space and tine
by the user. There are, however, no special process descriptions
for solids transport. FErosion rates, for exanple, are not
programmed as a function of sedi nent shear strength and water
col umm shear stress. Consequently, the TOXI5 sedi nent nobde
shoul d be considered descriptive, and nust be calibrated to site
dat a.

Sedi rent Transport Processes

Wat er Col um Transport

Sedi nent and particulate chemcals in the water colum may
settle to | ower water segnents and deposit to surficial bed
segnents. Settling, deposition, and scour rates in WASP5 are
described by velocities and surface areas in transport fields 3,
4, and 5. Particulate transport velocities may vary both in tine
and in space, and are nultiplied by cross-sectional areas to
obtain flow rates for solids and the particulate fractions of
chem cal s.

Settling velocities should be set within the range of
Stoke's velocities corresponding to the suspended particle size
di stribution:

v, 22%9(D, &D,) d} 3.1
wher e:
V, = St okes velocity for particle with dianeter d, and
density D,, nday
g = accel eration of gravity = 981 cnf sec?
VI = absol ute viscosity of water = 0.01 poi se
(g/ cnmi-sec) at 20 EC
D, = density of the solid, g/cn?
D, = density of water, 1.0 g/cm
d, = particle dianmeter, nm

37



Val ues of V, for a range of particle sizes and densities are

Table 3.1 Stoke's Settling Velocities (in mday) at 20 EC

Particle Particle Density, g/cn?
D aneter, mm 1.80 2. 00 2. 50 2. 70
Fi ne Sand
0.3 300. 00 400. 00 710. 00 800. 00
0.05 94. 00 120. 00 180. 00 200. 00
Silt
0.05 94. 00 120. 00 180. 00 200. 00
0.02 15. 00 19. 00 28. 00 32. 00
0.01 3.80 4. 70 7.10 8.00
0. 005 0.94 1.20 1.80 2.00
0. 002 0. 15 0.19 0. 28 0. 32
day
0. 002 0. 15 0.19 0. 28 0. 32
0. 001 0.04 0.05 0. 07 0. 08

provided in Table 3. 1.

Bent hi ¢ Exchange

Bent hi ¢ exchange of sedinent and particulate chemcals is
driven by the net scour and deposition velocities:

W © A (W: S

wher e:
W, =
S

& Wy S;)

net sedinment flux rate, g/day

sedi nent concentration, g/m

38

3.2



W, = deposition velocity, n day
W = scour velocity, m day

A, = benthic surface area, nf

i = bent hi ¢ segnment

j = wat er segnent

The deposition velocity can be cal cul ated as the product of
the Stokes settling velocity and the probability of deposition:

w, "V, 3.3

"5 probability of deposition upon contact with the
bed.
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The probability of deposition depends upon the shear stress
on the benthic surface and the suspended sedi nent size and
cohesi veness. Likew se, the scour velocity depends upon the
shear stress, the bed sedi nent size and cohesiveness, and the
state of consolidation of surficial benthic deposits. Figure 3.1
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Figure 3.1 Sedinent transport regines (Gaf, 1971).

is offered as initial guidance in specifying initial deposition
and scour velocities. For exanple, coarse silt of 0.05 nm

di aneter may settle at 100 to 200 nfday, but should not deposit
where nean streamvelocity is above 0.5 cnisec. Were nean
velocity rises above 30 cm sec, erosion is expected, and nonzero
scour velocities should be specified. For fine silt of 0.005 mm
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di aneter settling at 1 to 2 niday, deposition is not expected,
even under qui escent conditions. Nonzero scour velocities should
be specified where nean velocity is above 2 msec. Site specific
calibration is necessary to refine the initial estinmates.

Sedi nent Loadi ng

Sedi nent | oading derives primarily from wat ershed erosion
and bank erosion. These can be neasured or estimated by several
techni ques, and input into each segnent as a point source | oad.
For sone problens, |long term average sedi nent | oads can be
cal cul ated using the Universal Soil Loss Equation (Wschneier and
Smth, 1978). A useful treatnent of this process is given by
MIls et al. (1985). This technique works poorly for short term
or inherently dynam c probl ens because nmuch of the sedi nent
| oadi ng occurs during a few extrene stormor snow nelt events.
| f avail abl e, suspended sedi nent data at | ocal gaging stations
can be extrapol ated to provi de areaw de | oadi ng esti nates.

Al ternatively, daily runoff |oads can be sinmulated with a
wat er shed nodel and read in directly froman appropriately
formatted nonpoint source |loading file.

The Sedi nent Bed

The bed sedi nent plays an inportant role in the transport
and fate of water quality constituents. Sedi nent-sorbed
pol lutants may be buried in the bed by deposition and
sedi nentation, or they may be released to the water colum by
scour. In WASP5, the novenent of sedinent in the bed is governed
by one of two options. 1In the first option, bed segnment vol unes
remai n constant and sedi ment concentrations vary in response to
deposition and scour. No conpaction or erosion of the segnent

volune is allowed to occur. In the second option, the bed
segnent volune is conpacted or eroded as sedinent is deposited or
scoured. Sedinent concentration in the bed remains constant. In

both options chem cal nmay be transported through the bed by pore
water flow and di spersion.

The Constant Bed Vol une Option--The first bed option,
referred to as the constant volunme option, allows the sedinent
concentration of the bed to change according to the net flux of
sediment. Bed segnents are located in reference to the rising or
falling bed surface. The rate at which the bed rises or falls is
represented by a sedinentation velocity, input in flow fields 3,
4, and 5 for each sedinent size fraction. Sedinent in the bed is
added t hrough deposition and | ost through scour and
sedi nent ati on.
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Assum ng the depth of the bed remains constant and
negl ecting di spersive m xing, the mass bal ance of sedinent in a
stationary upper bed is given by:

di%;?'. WS, & (Wg % W) S 3.4
wher e:
W, = sedi nentation velocity of the upper bed, nifday
S = sedi nent concentration in the upper bed, g/n?
S = sedi nent concentration in the water, g/n?
d = depth of the upper bed, m

For a | ower bed | ayer,

s, .
de WS & w,, S, 3.5
wher e:
S = sedi nent concentration in the | ower bed, g/n?
W, = sedi nentation velocity of the |ower bed, mday
dy = depth of the | ower bed, m

I n nost applications the sedinment concentration of the bed
will be nearly constant over tine. |In this case the nmass
derivative NS/Mt will be zero. The resulting nmass bal ance in the
upper bed is:

WpS; T (wg %wg) S 3.6

In the | ower bed,

WS T ow, S, 3.7
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It should be noted that under the constant vol ume option
WASP5 does not require a bal ance of sedinment fluxes into and out
of a bed segnent. The user should, therefore, take care that
deposition, scour, and sedinentation velocities reflect the
i ntended mass flux of sedinent in the bed.

The constant vol une option also has a provision for a
novabl e upper bed layer. This layer is nodeled by specifying a
total advective flowrate (flow field one) between upper bed
segnents. Thus, when a flowrate Q; is specified fromupper bed

segnent | to upper bed segnent i, the sedinent, pore water, and
chemcal inj are transported to i. To maintain a mass bal ance
in segnent i, a simlar flow rate should be specified out of i.

This option allows for the lateral transport of sedi nent across
t he upper bed, and can be used to represent bed | oad transport.

The Variable Bed Vol une Option--The second bed vol une
option, referred to as the variable bed volune option, allows bed
volunmes to change in response to deposition and scour. Two types
of bed |ayers are assuned: an upper unconpacted |ayer, and one
or nore | ower conpacted |ayers. \When deposition exceeds scour,

t he upper |ayer increases in volune as the surface of the bed
rises. After a period of tine, the added vol une of upper bed
conpresses and becones part of the |lower bed. Wen scour exceeds
deposition, the volune of the upper |ayer decreases as the
surface of the bed drops. Wen the upper |ayer erodes
conpletely, the next |ayer of bed is exposed to scour.
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In locations where sedi nent deposition exceeds scour (Figure
3.2), bed conpaction is triggered by a sedinentation tine step.
This sedinmentation tine step is input by the user and wll
generally be nmuch larger than the sinulation tine step. As
sedi nrent and sorbed chem cal settle fromthe water columm, the
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Figure 3.2 WASP4 sedi nent burial (variable volune option).

top bed segnent increases in volune, sedinent mass, and chemni cal
mass. Sedi ment concentrations remain constant. The vol une of

t he upper bed continues to increase until the end of the
sedinmentation tinme step. At this tinme, the volunme of the upper
bed that has been added by net deposition is conpressed to the
density of the lower bed. Since the porosity of the unconpressed
bed is greater than the porosity of the conpressed bed, pore

wat er and di ssol ved chem cal are squeezed into the water col um.

During conpression, the |ower bed segnents rise to include
t he conpressed portion of the upper bed. The vol unes and
sedi nent concentrations of these | ower bed segnents remain
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constant. A portion of the bottom bed segnent is buried out of
t he network, however, as bed segnents rise in response to

sedi nentation. Thus, chemcal nmass in the | ower bed is added

t hrough conpression of the upper bed, and |ost through sedi nent
buri al .

After conpression, the top bed segnent returns to its
origi nal predeposition volunme. Sedinent and chem cal
concentrations in the upper bed are not changed by conpacti on.
In the | ower beds, segnent vol unmes and sedi nent concentrations
are unchanged. Chem cal mass fromthe conpacted portion of the
bed is added to the | ower bed, and chem cal mass in the bottom
bed segnent is buried out of the nodel network.

Over several sedinentation time steps, the density and
vol unme of the upper bed segnent remain constant, so that:
NV

S T AWS & A (WhwW) S T 0 38
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and

W, T (WS & W:S) /S

3.9
For a | ower bed |ayer, volunes are held constant along with
density. To maintain mass bal ance, the average sedi nentation
velocity is, effectively:
b bt
\ |
W ATER (1]
COLUMN
SURFACE J
BED ‘
SUBSURFACE r
BED \‘
Tie=t0 Tie=t, Tie=t2+At
Segn ent Depth Ders ity Corrc. Depth Ders ity Corrc. Depth Ders ity Corrc.
1 dq 1.0 0.0 di+d,(0) 1 c@ di+d,(0) 10 1
5 d, 5y C,0) ) ’2 Cc,0) dy h2 €@
3 d3 3 c;0) dg 3 C30) d3 ‘3 c,®
4 4, ” c, ) dy ‘4 c,0) d, ’4 0.
Figure 3.3 WASP sedi nent erosion (variable volune option).
W, " WS /S, 3.10

For | ocations where sedi nent scour exceeds deposition, WASP
responds as in Figure 3.3. As sedinment and sorbed chem cal erode
fromthe bed, the top bed segnent decreases in volune, depth,
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chem cal mass, and sedinent mass. |Its density remains constant.
When the sedinent mass in the top bed |ayer equals zero, then
segnent renunbering is triggered. All the properties of the
remai ni ng bed segnents, including chem cal concentration, remain
unaf fected by renunbering. The new top bed segnent, for exanple,
has the sane depth, volune, sedinent and chem cal concentration
as the old second bed segnent. A new bottom bed segnent is
created with the sane physical properties as the other bed
segnents. |Its chem cal concentration, however, is zero.
Renunbering and creation of a new bottom segnent conpletes the
WASP5 erosion cycle (or tinme step).

As a consequence of the way the variable bed vol unme option
treats sedinmentation, certain constraints are inposed on the bed
segnent properties defined in the input data set. The density
(or sedinent concentration) of a top bed segnment nust be |ess
than or equal to the density of the | ower bed segnents within a
vertical stack. Since the conpaction routine inplicitly handl es
sedi nentation, no sedinentation velocities to | ower beds may be
specified in the sedinent transport fields. Finally, the user
must sinulate sedinent as a state variable in order to use this
option. Sedinent is a state variable in the toxics program but
not the eutrophication program

3.2 MODEL | MPLEMENTATI ON

| nt roducti on

To sinul ate sedinment transport with WASP5, use the
preprocessor or a text editor to create a TOXI5 input file.
Sinple datasets are provided for use as tenplates to edit and
adapt. The nodel input dataset and the input paraneters wll be
simlar to those for the conservative tracer nodel as described
in Chapter 2. To those basic paraneters, the user wll add
bent hi c segnents and solids transport rates. During the
simulation, solids variables will be transported both by the
wat er col um advection and di spersion rates and by these solids
transport rates.

In WASP5, solids transport rates in the water columm and the
bed are input via up to three solids transport fields. These
fields describe the settling, deposition, scour, and
sedinentation flows of three kinds of solids. The transport of
particul ate chem cals or the particulate fraction of sinulated
chemcals follows the solids flows. The user nust specify the
di ssolved fraction (i.e. 0.0) and the solids transport field for
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each sinmulated solid under initial conditions. To sinulate total
solids, solids 1 nust be used.

Mbdel | nput Paranmeters

This section sumrarizes the i nput paraneters that nust be
specified in order to solve the sedi nent bal ance equations in
TOXI5. Input paraneters are prepared for WASP5 in four major
sections of the preprocessor -- environnment, transport,
boundari es, and transformation. Basic nodel paraneters are
described in Chapter 2, and will not be repeated here.

Envi ronnent Par ameters

These paraneters define the basic nodel identity, including
the segnentation, and control the sinulation.

Systens-- To sinulate total solids only, select "sinulate"
for Solids 1 and "bypass" for the other five systens. To
simulate two solids types, select "sinmulate" for both Solids 1
and Solids 2. To sinulate three solids types, select "sinulate"
for all three. The chem cal systens can be simnulated or
bypassed. (G oup A Record 4, NOSYS;, Record 9, SYSBY)

Bed Volune Option-- The user nust determ ne whet her bed
volunmes are to be held constant or allowed to vary. Vol unes may
be held constant by specifying 0, in which case sedi nent
concentrations and porosities in the bed segnments wll vary.
Alternatively, sedinment concentrations and porosities may be held
constant by specifying 1, in which case surficial bed segnent
volunmes wll vary. (Goup C, Record 1, |BEDV)

Bed Tinme Step-- Wiile nmass transport cal cul ations are
repeated every nodel tinme step, certain benthic calculations are
repeated only at this benthic tinme step, in days. |If the
constant bed volune option is chosen, sedinent concentrations are
updat ed every nodel tine step, but porosities are recal cul ated
every benthic tinme step. |If the variable bed volune is chosen,
upper benthic segnment volunmes are updated every tinme step, with
conpaction occurring every benthic tinme step. (Goup C, Record 1
TDI NTS)

Transport Paraneters

Nunber of Flow Fields-- To sinulate total solids, the user
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shoul d select solids 1 flow under advection. To sinmulate three
sedi nent types, the user should select solids 1 flow, solids 2
flow, and solids 3 flow. In addition, the user should sel ect
water colum flow. (Goup D, Record 1, NFlIELD)

Sedi nent Transport Velocities, nmsec-- Tinme variable
settling, deposition, scour, and sedinentation velocities can be
specified for each type of solid. |If the units conversion factor
is set to 1.157e-5, then these velocities are input in units of
m day. These velocities are nultiplied internally by cross-
sectional areas and treated as flows that carry solids and sorbed
chem cal between segnments. Settling velocities are inportant
conponents of suspended sedinent transport in the water colum.
Scour and deposition velocities determne the transfer of solids
and sorbed chem cal between the water columm and the sedi nent
bed. Sedinentation velocities represent the rate at which the
bed is rising in response to net deposition. (Goup D, Record 6

Qr)

Cross-Sectional Areas, nt-- The interfacial surface area
must be specified for adjoining segnments where sedi nent transport
occurs. These surface areas are multiplied internally by
sedi ment transport velocities to obtain sedinent transport flows.
(Goup D, Record 4, BQ

Boundary Paraneters

This group of paraneters includes boundary concentrations,
waste | oads, and initial conditions. Boundary concentrations
nmust be specified for any segnent receiving flow inputs, outputs,
or exchanges. Initial conditions includes not only initial
concentrations, but also the density and solids transport field
for each solid, and the dissolved fraction in each segnent.

Boundary Concentrations, ng/L-- At each segnent boundary,
time variable concentrations nust be specified for total solids,
or for each solids type sinmulated. A boundary segnent is
characterized by water exchanges from outside the network,
including tributary inflows, downstream outflows, and open water
di spersive exchanges. (G oup E, Record 4, BCT)

Wast e Loads, kg/day-- For each point source discharge, tine
vari abl e sedi nent | oads can be specified for total solids, or for
each solids type sinmul ated. These |oads can represent mnuni ci pal
and industrial wastewater discharges, or urban and agricultural
runoff. (G oup F.1, Record 4, VKT)

Solids Transport Field-- The transport field associated with
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total solids or each solids type nmust be specified under initial
conditions. (Goup J, Record 1, |FIELD)

Solid Density, d/cn¥-- The average density of the total
sediment, or the density of each solids type nust be specified.
This information is used to conpute the porosity of benthic
segnents. Porosity is a function of sedinent concentration and
the density of each solids type. (Goup J, Record 1, DSED)

Initial Concentrations, ng/L-- Concentrations of total
sedi nent or of each solids type in each segnent nust be specified

for the time at which the sinmulation begins. |If the variable
bent hi c vol une option is used, the benthic sedi nent
concentrations specified here wll remain constant for the entire

simulation. (Goup J, Record 2, O

D ssol ved Fraction-- The dissolved fraction of each solid in
each segnent should be set to 0. (Goup J, Record 2, DI SSF)

Transformati on Par anet ers

This group of paraneters includes spatially variable
paraneters, constants, and kinetic tinme functions for the water
quality constituents being sinulated. None are necessary for
sedi ment transport.

Data G- oup Descriptions

An input dataset to sinulate three sedinent types in a river
is given with the nodel software. A conprehensive |listing of the
WASP5 data groups, records, and variables is given in Part B of
t his docunentation
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CHAPTER 4

DI SSOLVED OXYGEN

4.1 MODEL DESCRI PTI ON

| nt r oducti on

Di ssol ved oxygen (DO is one of the nost inportant variabl es
in water quality analysis. Low concentrations directly affect
fish and alter a healthy ecol ogi cal bal ance. Because DO is
affected by many other water quality paraneters, it is a
sensitive indicator of the health of the aquatic system

DO has been nodel ed for over 70 years. The basic steady-
state equations were devel oped and used by Streeter and Phel ps
(1925). Subsequent devel opnent and applications have added terns
to their basic equation and provided for tinme-variable analysis.
The equations inplenented here are fairly standard. As expl ai ned
bel ow, the user may inplenent sonme or all of the processes that
are described with terns in these equations.

Overvi ew of WASP5 Di ssol ved Oxygen

Di ssol ved oxygen and associ ated vari ables are sinul ated
usi ng the EUTRO5 program
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Several physical-chem cal processes can affect the transport and
interaction anong the nutrients, phytopl ankton, carbonaceous
material, and dissol ved oxygen in the aquatic environnent.

Figure 4.1 presents the principal kinetic interactions for the
nutrient cycles and dissol ved oxygen.
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Figure 4.1 EUTROS state variable interactions.

EUTRO5 can be operated by the user at various |evels of
conplexity to sinmulate sone or all of these variables and
interactions. To sinulate only carbonaceous bi ochem cal oxygen
demand (BOD) and DO, for exanple, the user nay bypass
cal cul ations for the nitrogen, phosphorus, and phytopl ankton
vari ables. Simulations nmay incorporate carbonaceous bi ochem cal
oxygen demand (CBOD) and either ammonia (NH3) or nitrogenous
bi ochem cal oxygen demand (NBOD) expressed as ammoni a. Sedi nent
oxygen demand may be specified, as well as photosynthesis and

respiration rates.
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Four levels of conplexity are identified and docunented at
the end of this section: (1) Streeter-Phelps, (2) nodified
Streeter-Phel ps, (3) full linear DO bal ance, and (4) nonlinear DO
bal ance. The actual sinmulation of phytoplankton is described in
Chapt er 5.

Di ssol ved Oxygen Processes

Five EUTRCb state variables can participate directly in the
DO bal ance: phytopl ankt on carbon, anmmonia, nitrate, carbonaceous
bi ochem cal oxygen demand, and di ssol ved oxygen. The reduction
of dissol ved oxygen is a consequence of the aerobic respiratory
processes in the water colum and the anaerobic processes in the
under |l yi ng sedi ments. Because both these sets of processes can
contribute significantly, it is necessary to fornulate their
kinetics explicitly.
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Table 4.1

CBOD and DO Reaction Terns

Val ue from
Pot omac Estuary

Descri ption Not ati on Model Units
Oxygen to carbon acc 32/ 12 mg O/ng C
ratio

Phyt opl ankt on ane 0. 25 mg NNng C
nitrogen-carbon ratio

Deoxygenation rate @ kg 0.21-0. 16 day-
20EC, Tenp. coeff. 1, 1. 047 -

Hal f saturation (N 0.5 mng O/L
constant for oxygen

[imtation

Nitrification rate @ Kk, 0.09-0. 13 day-
20EC, Tenp. coeff. 1, 1.08 -

Hal f saturation KuTt 0.5 mg N L
constant for oxygen

[imtation

Denitrification rate Koo - day-

@ 20EC, Tenp. coeff. 1, 1.08 -

Hal f saturation Kies 0.1 nmg N L
constant for oxygen

[imtation

Phyt opl ankt on growt h G, 0.1-0.5 day-
rate

Phyt opl ankt on resp- Kir 0. 125 day-
iration rate, 20EC,

Tenperature coeff. 1, 1. 045 -

Sedi nent Oxygen SOD 0.2-4.0 g/ nt- day
Demand, Tenp. coeff. 1, 1.08 -
Reaeration rate @ k, Eq. 4.1-4.7 day-
20EC, Tenp. coeff. 1, 1.028 -

DO saturation C Egq. 4.8 mg O/L
Fraction dissol ved fos 0.5 none
CBOD

organic matter Vs - n day

settling velocity
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5. CARBONBACEQUS Bl OCHEM CAL OXYGEN DEMAND

[N ot C V. (1&F )

- (T&20) 6 s3 D5

e a,.KpC & kply K %G, & _____TS_____C%
deat h oxi dati on settling

14 Knos 0 Cs

5 32 Knos
& Z kZDl(ZE&ZO) ] CZ
denitrification

6. DI SSOLVED OXYCGEN

NG . T&20 Co 64 T&20 G
reaeration oxi dati on nitrification
& S ez Gpl( 32 % 22 22 (18Pyy) ) C, & 2k, 118°C,
sedi nent demand phyt opl ankt on growt h respiration

Figure 4.2 Oxygen bal ance equati ons.

The net hodol ogy for the anal ysis of dissolved oxygen
dynam cs in natural waters, particularly in streans, rivers, and
estuaries is reasonably well-devel oped (O Connor and Thomann,
1972). The major and m nor processes incorporated into EUTRCG
are discussed below. The reader should refer to the kinetic
equations summari zed in Figure 4.2, and the reaction paraneters
and coefficients in Table 4.1.

53



Reaer ati on

Oxygen deficient, i.e., below saturation, waters are
repl eni shed via atnospheric reaeration. The reaeration rate
coefficient is a function of the average water velocity, depth,
wi nd, and tenperature. In EUTRO5, the user may specify a single
reaeration rate constant, spatially-variable reaeration rate
constants, or allow the nodel to calculate variable reaeration
rates based upon flow or wind. Calculated reaeration will follow
either the flowinduced rate or the wi nd-induced rate, whichever
is larger.

EUTROG cal cul ates fl ow i nduced reaerati on based on the Covar
met hod (Covar, 1976). This nmethod cal cul ates reaeration as a

function of velocity and depth by one of three fornulas -- Onens,
Churchill, or O Connor- Dobbins, respectively:
ky (20EC) * 5.349 vj°- 67 Dj&l- 85 4.1
ky (20EC) * 5. 049 vj°- o7 Dj&l- 67 4.2
or
ky (20EC) * 3.93 vj°- 50 Dj&l- 50 4.3
wher e:
Ky = fl owinduced reaeration rate coefficient at 20EC
day?
v, = average water velocity in segnent j, nisec
D = aver age segnent depth, m

The Onens formula is automatically selected for segnents
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with depth less than 2 feet. For segnents deeper than 2 feet,

t he O Connor-Dobbins or Churchill fornmula is selected based on a
consi deration of depth and velocity. Deeper, slowy noving
rivers require O Connor-Dobbins; noderately shallow, faster
nmoving streans require Churchill. Segnent tenperatures are used
to adjust the flowinduced k,; (20 EC) by the standard fornul a:

- T&20
ki (T) 7 kg (20EC) 1, 4.4
wher e:
T = wat er tenperature, EC
Ky (T) = reaeration rate coefficient at anbient

segnent tenperature, day!
1, = tenperature coefficient, unitless
W nd-i nduced reaeration is determ ned by O Connor (1983).

This nethod cal cul ates reaeration as a function of w nd speed,
air and water tenperature, and depth using one of three fornul as:

« - 86400 | Doy)*°[ D, | "% gv
)

W 1095 | = 2= /C; (1005w 4.5
|

W W,

Ky " igg%o [( TERMLi100W & % ( TERVR /TOOVY &
J
wher e
D 2/ 3 D 1/ 2 1/3
TERML = | =W _a =6_ /Ca 4.6
<W DW u d
D D < 1/ 2
TERWR = | 2 2 2 [C
6z, Dy<w
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or

« - 86400

D,y D,<

" 10005

wher e:

|

1/2
ow Ya<a J J/IOOW 4.7

d
6z, D,<y

wi nd-i nduced reaeration rate coefficient, day"*

time-varying wind speed at 10 cm above surface,
n sec

air tenperature, EC

density of air, a function of T, g/cn?
density of water, 1.0 g/cn?

viscosity of air, a function of T, cnf/s
viscosity of water, a function of T, cnt/s

diffusivity of oxygen in water, a function of T,
cnt/ s

von Karman's coefficient, 0.4

transitional shear velocity, set to 9, 10, and 10

for small, nedium and | arge scales, cnis

critical shear velocity, set to 22, 11, and 11 for
smal |, nmedium and |arge scales, cnis

equi val ent roughness, set to 0.25, 0.35, and 0.35
for small, nedium and | arge scales, cm

effective roughness, a function of z, ", GC; Vv,

<, and W cm

i nverse of Reynold's nunber, set to 10, 3, and 3
for small, nedium and | arge scal es

nondi nensi onal coefficient, set to 10, 6.5, and 5
for small, nedium and | arge scal es
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u = nondi nensi onal coefficient, a function of *, v
C, and W

G = drag coefficient, a function of z, *, <, 6, v,
and W

Equation 4.5 is used for wind speeds of up to 6 nisec, where
interfacial conditions are snooth and nmonentumtransfer is

dom nated by viscous forces. Equation 4.7 is used for w nd
speeds over 20 m sec, where interfacial conditions are rough and
momentumtransfer is dom nated by turbul ent eddies. Equation 4.6
is used for wind speeds between 6 and 20 m sec, and represents a
transition zone in which the diffusional sublayer decays and the
roughness hei ght increases.

The user is referred to O Connor (1983) for details on the
calculation of air density, air and water viscosity, the drag
coefficient, the effective roughness, and ", Small scale
represents |aboratory conditions. Large scale represents open
ocean conditions. Medium scale represents nost |akes and
reservoirs.

Di ssol ved oxygen saturation, C, is determned as a function
of tenperature, in degrees K, and salinity S, in ng/L (APHA,
1985) :

InC, " &139.34 % (1.5757 # 10°) T3 & ( 6.6423
% (1.2438 § 101°) T# & (8.6219 § 10" 4.8
& 0.5535S(0. 031929 & 19. 428T % % 3¢

Car bonaceous Oxi dati on

The I ong history of applications have focused primarily on
the use of BOD as the neasure of the quantity of oxygen demandi ng
material and its rate of oxidation as the controlling kinetic
reaction. This has proven to be appropriate for waters receiving
a het erogeneous conbi nati on of organi c wastes of municipal and
industrial origin since an aggregate neasure of their potenti al
effect is a great sinplification that reduces a conpl ex problem
to one of tractabl e dinensions.
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The oxi dati on of carbonaceous material is the classical BOD

reaction. Internally the nodel uses ultimte carbonaceous
bi ochem cal oxygen demand CBOD as the indicator of equival ent
oxygen demand for the carbonaceous material. A principal source

of CBOD, other than man-nmade sources and natural runoff, is
detrital phytoplankton carbon, produced as a result of algal
death. The primary | oss nechani sm associated with CBOD is
oxi dati on:

C,H,C, 6 CC, % H,C 4.9

The ki netic expression for carbonaceous oxidation in EUTRO5
contains three terns -- a first order rate constant, a
tenperature correction term and a | ow DO correction term The
first two terns are standard. The third termrepresents the
decline of the aerobic oxidation rate as DO | evel s approach O.
The user may specify the hal f-saturation constant Kz Which
represents the DO | evel at which the oxidation rate is reduced by
hal f. The default value is zero, which allows this reaction to
proceed fully even under anaerobic conditions.

Di rect conparisons between observed BOD, data and node
out put cannot be nade using the internal CBOD conputed by EUTRO5,
since field neasurenents nay be tainted by algal respiration and
t he decay of algal carbon. Therefore a correction nust be nmade
to the internally conputed nodel CBOD so that a valid conparison
to the field nmeasurenent may be nade. This results in a new
vari abl e, known as the bottle BOD,, which is conputed via
equation 4.10.

64 C,( 1&e&Sknbot)

- &Kanory g O%
Bottle BOD, " C,(1&e ) %4 4.10

% a,.C,(1l&e “kir)

wher e:
G = the internally conputed CBOD, ng/L
C = the internally conputed NH,, ng/L
C, = t he phyt opl ankton bi omass in carbon units, ng/L
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a,, = t he oxygen to carbon ratio, 32/12 ng O/ng C

Kipot = the | aboratory "bottle" deoxygenation rate
constant, day

Kibot = the | aboratory "bottle" nitrification rate
constant, day™

ki = the algal respiration rate constant at 20EC, day™*

Equation 4.10 can provide a | ow estimate of the observed
bottl e BOD because it does not include a correction for the decay
of detrital algal carbon, which in turn depends upon the nunber
of non-vi abl e phytopl ankton. Please note that |aboratory
"bottle" CBOD and nitrification rates are used here, as specified
by the user. The default |aboratory rate constant for
nitrification is 0, reflecting the use of a nitrifying inhibitor.

Nitrification

Addi tional significant | osses of oxygen can occur as a
result of nitrification:

NHY % 20, 6 NO, % H,0 % H* 4.11

Thus for every ng of amoni a nitrogen oxidized, 2 (32/14) ng of
oxygen are consuned.

The kinetic expression for nitrification in EUTROG contains
three ternms -- a first order rate constant, a tenperature
correction term and a |low DO correction term The first two
terms are standard. The third termrepresents the decline of the
nitrification rate as DO | evel s approach 0. The user may specify
the hal f-saturation constant Ky, which represents the DO | evel
at which the nitrification rate is reduced by half. The default
value is zero, which allows this reaction to proceed fully even
under anaerobi c conditions.

Denitrification

Under | ow DO conditions, the denitrification reaction
provi des a sink for CBOD:
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5CH,0 % 5H,0 % 4NO, % 4H" 6 5C0, % 2N, % 12H, 4.12

Thus for each ng of nitrate nitrogen reduced, 5/4 (12/14) ng of
carbon are consuned, which reduces CBOD by 5/4 (12/14) (32/12)
mg. Denitrification is not a significant loss in the water
colum, but can be inportant when sinulating anaerobic benthic
condi ti ons.

The kinetic expression for denitrification in EUTROb
contains three ternms -- a first order rate constant (with
appropriate stoichionetric ratios), a tenperature correction
term and a DO correction term The first two terns are
standard. The third termrepresents the decline of the
denitrification rate as DO |l evels rise above 0. The user may
specify the half-saturation constant Kyg Wwhich represents the DO
| evel at which the denitrification rate is reduced by half. The
default value is zero, which prevents this reaction at all DO
| evel s.

Settling

Under qui escent flow conditions, the particulate fraction of
CBOD can settle downward through the water colum and deposit on
the bottom In water bodies, this can reduce carbonaceous
deoxygenation in the water colum significantly. The deposition
of CBOD and phyt opl ankt on, however, can fuel sedi nent oxygen
demand in the benthic sedinment. Under high flow conditions,
particul ate CBOD fromthe bed can be resuspended.

The kinetic expression for settling in EUTRGG is driven by
the user-specified particulate settling velocity v,; and the CBOD
particul ate fraction (1 - f), where f is the dissol ved
fraction. Settling velocities that vary with time and segnent
can be input as part of the advective transport field.
Resuspensi on can al so be input using a separate velocity tine
function. Segment-variable dissolved fractions are input with
initial conditions.

Phyt opl ankt on Growt h

A byproduct of photosynthetic carbon fixation is the
production of dissolved oxygen. The rate of oxygen production
(and nutrient uptake) is proportional to the gromh rate of the
phyt opl ankton since its stoichionetry is fixed. Thus, for each
mg of phytopl ankton carbon produced by growth, 32/12 ng of O are
produced. An additional source of oxygen from phytopl ankton

60



grow h occurs when the avail abl e anmonia nutrient source is
exhausted and t he phytopl ankton begin to utilize the available
nitrate. For nitrate uptake the initial step is a reduction to
ammoni a whi ch produces oxygen:

2NC, 6 2NH, % 30, 4.13

Thus, for each ng of phytopl ankton carbon produced by growh
using nitrate, ay nmg of phytopl ankton nitrogen are reduced, and
(48/14) a ng of O, are produced.

Phyt opl ankt on Respiration

Oxygen is dimnished in the water colum as a result of
phyt opl ankton respiration, which is basically the reverse process
of phot osynt hesi s:

C, % C, 6 CC, 4. 14

where C, i s phytopl ankton carbon, in ng/L. Thus for every ng of
phyt opl ankt on carbon consuned by respiration, 32/12 ng of oxygen
are al so consuned.

Phyt opl ankt on Deat h

The deat h of phytopl ankton provi des organi c carbon, which
can be oxidized. The kinetic expression in EUTRCE recycles
phyt opl ankt on carbon to CBOD using a first order death rate and
the stoichionetric oxygen to carbon ratio 32/12.

Sedi nent Oxygen Demand

The deconposition of organic material in benthic sedinent
can have profound effects on the concentrati ons of oxygen in the
overlying waters. The deconposition of organic material results
in the exertion of an oxygen demand at the sedinent-water
interface. As a result, the areal fluxes fromthe sedi nent can
be substantial oxygen sinks to the overlying water columm.

EUTROS provides two options for oxygen fluxes: descriptive
i nput and predictive calculations. The first option is used for
net wor ks conposed of water columm segnments only. The kinetic
equation is given in Figure 4.2. Qobserved sedi nent oxygen demand
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fl uxes nmust be specified for water segnents in contact with the
benthic | ayer. Seasonal changes in water tenperature can affect
SOD t hrough the tenperature coefficient.

The cal cul ati onal franmework incorporated for benthic-water
col um exchange draws principally froma study of Lake Erie,
whi ch incorporated sedi ment-water colum interactions, perforned
by DI Toro and Connolly (1980). For a single benthic layer with
t hi ckness, Dj, the CBOD and DO nmass bal ance equations are
summarized in Figure 4.3. The equival ent SOD generated for the
overlying water columm segnent is also given. Subscripts "j" and

i" refer to a benthic segnent and the overlying water col um
segnent, respectively.

WASP5 allows a nore detail ed paraneterization of settling
into the benthos that includes not only a downward settling
vel ocity but an upward resuspension velocity as well. In this
context, then, the net particulate flux to the sedinent is due to
the difference between the downward settling flux and the upward
resuspensi on fl ux.

One of the first decisions to be nmade regarding the benthic
layer is to determne its depth. Two factors influence this
decision. The first is to adequately reflect the thickness of
the active layer, the depth to which the sedinent is influenced
by exchange with the overlying water colum. Secondly one w shes
the nodel to reflect a reasonable tinme history or "nmenory" in the
sedinent layer. Too thin a |ayer and the benthos wll "renenber"
or be influenced by deposition of material that would have
occurred only within the |ast year or two of the period being
anal yzed; too thick a layer and the nodel will "average" too |ong
a history, not reflecting substantial reductions resulting from
reduced di scharges from sewage treatnent plants. The choice of
sedi ment thickness is further conplicated by spatially variable
sedinentation rates. The benthic |ayer depths, together with the
assigned sedi nentation velocities, provide for a nulti-year
detention tinme or "nmenory', providing a reasonabl e approxi mtion
of the active layer in light of the observed pore water
gradi ent s.

The deconposition reactions that drive the conponent mass
bal ance equations are the anaerobic deconposition of the
phyt opl ankt on carbon, and the anaerobi c breakdown of the benthic
organi c carbon. Both reactions are sinks of oxygen and rapidly
drive its concentration negative, indicating that the sedinent is
reduced rather than oxidized. The negative concentrations
conputed can be considered the oxygen equival ents of the reduced
end products produced by the chains of redox reactions occurring
in the sedi nment.
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Because the cal cul ated concentration of oxygen is positive
in the overlying water, it is assuned that the reduced carbon
speci es (negative oxygen equival ents) that are transported across
the benthic water interface conbine with the avail abl e oxygen and
are oxidized to CO, and HOw th a consequent reduction of oxygen
in the overlying water col um.

Figure 4.3 and Table 4.2 summari ze the benthic CBOD and DO

reactions and paraneters. |Illustrative paranmeter values from an
early Potomac Estuary nodeling study are provided.
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Figure 4.3 Benthic |ayer oxygen bal ance equati ons.
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TABLE 4.2 Benthic Layer CBOD and DO Reaction Terns

Descri ption Not ati on Val ue Units
Organi ¢ carbon (as CBQOD) Kos 0. 0004 day?
deconposition rate

Tenperature coefficient 1 1.08 none
Denitrification rate K,p day*!
Tenperature coefficient 1,5 none
Phyt opl ankt on deconposition Ke,p day_,
rate

Tenperature coefficient 1.0 none
Di f fusi ve exchange coefficient Eo 2.0 x 10* nt/ day
Bent hic | ayer depth D 0.2-0.7 m
Bent hic | ayer j

Wat er col um i

4.2 MODEL | MPLEMENTATI ON

To sinul ate dissol ved oxygen with WASP5, use the
preprocessor to create a EUTROG i nput dataset. For the portions
of the dataset describing environnent, transport, and boundari es,
EUTROG nodel input will be simlar to that for the conservative
tracer nodel as described in Chapter 2. To those basic
paraneters, the user will add conbi nati ons of transformation
paraneters and perhaps solids transport rates.

EUTROG ki netics can be inplenmented using sonme or all of the
processes and kinetic terns described above to anal yze di ssol ved
oxygen problens. For convenience, four |evels of conplexity are
identified here: (1) Streeter-Phelps, (2) nodified Streeter-
Phel ps, (3) full linear DO bal ance, and (4) nonlinear DO bal ance.
Pl ease note that the discrete levels of sinulation identified
here are anong a continuum of |levels that the user could
i npl enent .

65



The four inplementation |levels are described briefly bel ow,

Table 4.3 Summary of EUTROG Vari abl es Used in DO Bal ance

Vari abl e Notation Concentration Units
1. Amonia N trogen NH3 C mg N L
2. Nitrate Nitrogen NO3 C mg N L
4. Phyt opl ankt on Car bon PHYT C, nmg CL
5. Carbonaceous BOD CBOD G mg O/L
6. Di ssolved Oxygen DO G mg O/L
6. Organic N trogen ON C nmg N L

along with the input paraneters required to solve the DO bal ance
equations in EUTROb. Input paraneters are prepared for WASP5 in
four major sections of the preprocessor -- environnent,

transport, boundaries, and transformation. Basic nodel
paraneters are described in Chapter 2, and will not be repeated
here. Six of the eight EUTRCH state variables that can
participate in DO bal ance sinmulations, with abbreviations used in
this text, are listed in Table 4. 3.

Str eet er - Phel ps

The sinpl est di ssol ved oxygen bal ance sol ves the
Streeter-Phel ps BOD-DO equations in a slightly nodified form

%
S " &k, 1182°C, & —53(1 & f ) Cg 4.15
SOD
S " %k,1189(C_ & C)) & k,11%°C, & DT 4.16
where S,; is the source/sink termfor variable "i" in a segnent,

in ng/L-day. Kinetic rate constants and coefficients are as
defined in Table 4.1, except that G is interpreted as total (not
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j ust carbonaceous) bi ochem cal oxygen demand, BOD. These
equations are usually applied in well-defined | ow fl ow desi gn
condi ti ons.

Envi ronnent Par ameters

These paraneters define the basic nodel identity, including
the segnentation, and control the sinulation.

Systens-- Select "sinulate" for CBOD and DO and "bypass" for
the other six systens. For this inplenentation, the CBOD system
is used to represent total ultimte BOD. (G oup A Record 4,
NOSYS; Record 9, SYSBY)

Segnent s-- Water columm segnents should be defined in the
standard fashion. |[|f BOD settling is to be sinulated, the user

shoul d add a single benthic segnment underlying all water colum
segnents. This benthic segnent will nerely act as a conveni ent
sink for settling BOD. Model calculations within this benthic

segnent should be ignored. (G oup A Record 4, NOSEG G oup C
Record 3, ISEG |[|BOTSG |TYPE, BVvVOL, DMUILT)

Transport Paraneters

This group of paraneters defines the advective and
di spersive transport of sinulated nodel variables.

Nunber of Flow Fields-- To simulate settling, the user
shoul d select solids 1 flow under advection. The user shoul d
al so select water colum flow. (Goup D, Record 1, NFIELD)

Particulate Transport, n¥/ sec-- Time variable settling and
resuspension rates for particulate BOD can be input using the
Solids 1 continuity array BQ and the tinme function QI. For each
solids flow field, cross-sectional exchange areas (nf) for
adj acent segnent pairs are input using the spatially-variable BQ
Time-vari able settling velocities can be specified as a series of
velocities, in nisec, versus tine. |If the units conversion
factor is set to 1.157e-5, then these velocities are input in
units of nmday. These velocities are nultiplied internally by
cross-sectional areas and treated as flows that carry particul ate
organic matter out of the water colum. (G oup D, Record 4, BQ

JQ 1Q Record 6, QI, TQ

Boundary Paraneters
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This group of paraneters includes boundary concentrations,
waste | oads, and initial conditions. Boundary concentrations
nmust be specified for any segnent receiving flow inputs, outputs,
or exchanges. Initial conditions include not only initial
concentrations, but also the density and solids transport field
for each solid, and the dissolved fraction in each segnent.

Boundary Concentrations, ng/L-- At each segnment boundary,
time variable concentrations nust be specified for BOD and DO A
boundary segnent is characterized by water exchanges from outside
the network, including tributary inflows, downstream outfl ows,
and open water dispersive exchanges. (Goup E, Record 4, BCT)

Wast e Loads, kg/day-- For each point source discharge, tine
vari abl e BOD and DO | oads can be specified. These |oads can
represent nmnunicipal and industrial wastewater discharges, or
urban and agricultural runoff. (Goup F.1, Record 4, VKT)

Solids Transport Field-- The transport field associated with
particul ate BOD settling nust be specified under initial
conditions. Field 3 is recomended. (Goup J, Record 1, |FIELD)

Solid Density, g/cn?-- A value of 0 can be entered for the
nom nal density of BOD and DO. This information is not used in
EUTRGG. (G oup J, Record 1, DSED)

Initial Concentrations, ng/L-- Concentrations of BOD and DO
in each segnent nust be specified for the tinme at which the
si mul ati on begins. Concentrations of zero for nonsinmul ated
vari ables -- NH3, NO3, PX, PHYT, ON, and OP -- will be entered
by the preprocessor. (Goup J, Record 2, O

D ssol ved Fraction-- The dissolved fraction of BOD and DO in
each segnent nust be specified. Values for DO should be 1.0.
Only the particulate fraction of BOD will be subject to settling.
(Goup J, Record 2, DI SSF)

Transformati on Par anet ers

This group of paraneters includes spatially variable
paraneters, constants, and kinetic tine functions for the water
quality constituents being sinmulated. Paraneter values are
entered for each segnent. Specified values for constants apply
over the entire network for the whole sinulation. Kinetic tine
functions are conposed of a series of values versus tinme, in
days.

Wat er Tenperature, EC - Segnent vari able water tenperatures
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can be specified using the paraneter TMPSG (paraneter TMPFN and
time functions TEMP(1-4) should be omtted). Tenperatures wll
remain constant intime. (Goup G Record 4, PARAMI, 3))

Sedi nent Oxygen Demand, g/ nt-day-- Segnment vari abl e sedi nent
oxygen demand fl uxes can be specified using the paraneter SODLD.
Val ues shoul d be entered for water columm segnents that are in
contact with the bottomof the water body. (G oup G Record 4,
PARAM I, 9))

BOD Deoxygenation Rate, day!-- The BOD deoxygenation rate
constant and tenperature coefficient can be specified using
constants KDC and KDT, respectively. (Goup H, Record 4,
CONST(72), CONST(73))

Reaeration Rate, day’-- There are three options for
specifying reaeration rate constants in EUTRO5. In the first
option, a single reaeration rate constant can be specified using
constant K2 (Constant 82). An internal tenperature coefficient
of 1.028 is used with this option.

If K2 is not entered (or is set to 0), the second option is
attenpted by EUTRO5. In this option, variable reaeration rate
constants can be input using paraneter REARSG and tine function
REAR. The product of spatially-variable REARSG and tinme-variable
REAR gi ves the segnent and tine specific reaeration rate
constants used by EUTRO5. These reaeration val ues are not
nodi fied by a tenperature function

The third option is invoked if neither K2 nor REARSG is
entered. In this option, reaeration rates will be cal cul ated
fromwater velocity, depth, wind velocity, and water and air
tenperature. The actual reaeration rate used by EUTRC6 w il be
either the flow or w nd-induced val ue, whichever is |argest.

For rivers, segnent water velocities and depths are
calculated as a function of flow using the hydraulic coefficients
entered under the topic "environnent” (Goup C, Record 3, a, b,

c, d). For lakes and estuaries, anbient velocities in nlsec can
be i nput using paraneter VELFN and tine functions VEL(1-4). The
paranet er VELFN i ndi cates which velocity function will be used by
the nodel for each segnent. Values of 1.0, 2.0, 3.0, or 4.0 wll
call time functions VELN(1), VELN(2), VELN(3), and VELN(4),

respectively. Water velocities should then be entered via these
time functions as a series of velocity versus tine val ues.

For open bodies of water, w nd-driven reaeration can be
significant. The user should input anbient wi nd speed, in nisec,
and air tenperature, in EC, using tinme functions WND and Al RTVP.
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The default values for wind speed and air tenperature are 0.6

m sec and 15 C. The scale of the water body shoul d be input
usi ng constant WIYPE. Values of 1.0, 2.0, and 3.0 indicate

| aboratory scale, |ake and reservoir scale, and open ocean scal e,
respectively. The default value is 2.

For estuaries, where salinity affects DO saturation
significantly, salinity values in g/L can be input using
paranmeter SAL and tine function SALFN. The product of spatially-
vari abl e SAL and time-variable SALFN gives the segnent and tine
specific salinity values used by EUTRO5. Average segnment
salinity values can be input to SAL, while relative variations in
time, if significant, can be input to SALFN

For northern climtes, where ice cover can affect reaeration
during winter nonths, the user may input the fraction of water
surface avail able for reaeration using tinme function XICECVR A
value of 1.0 indicates that the entire surface area is avail able
for reaeration. The time variable value of XICECVR w || be
mul tiplied by the reaeration rate constants for options 1 and 3.
For option 2, it is assuned that ice cover is built into the tine
functi on REAR

WYPE and K2 are identified in EUTROG as constants 1 and 82.
VELFN, SAL, and REARSG are identified in EUTRO6 as paraneters 1
2, and 14, respectively. WND, VELN(1-4), SALFN, Al RTMP
XI CECVR, and REAR are identified in EUTRCG as tine functions 7,
15-18, 20, 21, 22, and 23 respectively. (Goup G Record 4,
PARAM I, 1), PARAMI,2), PARAMI,14); Goup H Record 4,
CONST(82); Goup I, Record 2, VALT(7,K), VALT(15-18, K),

VALT( 20, K), VALT(21,K), VALT(22,K), VALT(23,K))

Mbdi fied Streeter-Phel ps

The nodified Streeter-Phel ps equations divide biochem cal
oxygen demand into carbonaceous and nitrogenous fractions, and
allow tine-variable tenperatures to be specified. This allows
for nore realistic calibration to observed data. Waste | oad
al l ocations, however, are usually projected for design | owflow
condi ti ons.

VsS

Ses © &Ky 170 C5 &

(1&f) C 4.17
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VsS

Sa " &k, 110 C & 2

(1&f,) C 4.18

S " Uk, 11820 (C_ & C,) &k, 1780 C,

4.19
64 SOD
& ﬂkn 171820 C, & o 11820
where S,; is the source/sink termfor variable "i" in a segnent,

in ng/L-day. Kinetic rate constants and coefficients are as
defined in Table 4.1, except for the follow ng:

C = ni trogenous bi ochem cal oxygen demand (NBOD), as
expressed by TKN, ng/L (use System 1)

K, = ni trogenous deoxygenation rate constant, day*

1, = tenperature coefficient

foo = NBOD di ssol ved fraction

To i npl enent these equations in EUTROG, System 1 (nom nally NH3)
must be interpreted as nitrogenous BOD rather than ammoni a.

Here, NBOD is expressed by total Kjeldahl nitrogen (TKN). |If
directly measured NBOD data are avail abl e, val ues shoul d be

di vided by 4.57 before use in this nodel. Likew se, System1
nmodel predictions should be nultiplied by 4.57 before conparison
wi th NBOD dat a

Envi ronnent Par ameters

These paraneters define the basic nodel identity, including
the segnentation, and control the sinulation.

Systens-- Select "simulate" for NH3, CBOD and DO and
"bypass" for the other five systens. For this inplenentation,
the NH3 systemis used to represent nitrogenous BOD, as expressed
by TKN. (G oup A Record 4, NOSYS, Record 9, SYSBY)

Segnent s-- Water columm segnents should be defined in the
standard fashion. |If CBCOD or NBOD settling is to be sinulated,
t he user should add a single benthic segnent underlying all water
colum segnents. This benthic segnent will nerely act as a
convenient sink for settling BOD. Mbdel calculations within this
bent hi ¢ segnent should be ignored. (G oup A Record 4, NOSEG
Goup C, Record 3, ISEG I|BOISG |TYPE, BVOL, DMILT)
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Transport Paraneters

This group of paraneters define the advective and di spersive
transport of nodel vari abl es.

Nunber of Flow Fields-- To simulate settling, the user
shoul d select solids 1 flow under advection. The user should
al so select water colum flow. (Goup D, Record 1, NFIELD)

Particul ate Transport, n¥/sec-- Tine variable settling and
resuspension rates for particulate CBOD and NBOD can be i nput
using the Solids 1 continuity array BQ and the tine function QT.
For each solids flow field, cross-sectional exchange areas (nt)
for adjacent segnment pairs are input using the spatially-variable
BQ Tinme-variable settling velocities can be specified as a
series of velocities, in nisec, versus tine. |If the units
conversion factor is set to 1.157e-5, then these velocities are
input in units of mday. These velocities are multiplied
internally by cross-sectional areas and treated as flows that
carry particulate organic matter out of the water colum. (G oup
D, Record 4, BQ JQ 1Q Record 6, QI, TQ

Boundary Paraneters

This group of paraneters includes boundary concentrations,
waste | oads, and initial conditions. Boundary concentrations
nmust be specified for any segnent receiving flow inputs, outputs,
or exchanges. Initial conditions include not only initial
concentrations, but also the density and solids transport field
for each solid, and the dissolved fraction in each segnent.

Boundary Concentrations, ng/L-- At each segnment boundary,
time variable concentrations nust be specified for CBOD, NBQOD,
and DO, The NH3 systemis used to represent NBOD, which is
expressed as TKN. A boundary segnent is characterized by water
exchanges from outside the network, including tributary inflows,
downstream out f | ows, and open water dispersive exchanges. (G oup
E, Record 4, BCT)

Wast e Loads, kg/day-- For each point source discharge, tine
vari abl e CBOD, NBOD, and DO | oads can be specified. These | oads
can represent nunicipal and industrial wastewater discharges, or
urban and agricultural runoff. The NH3 systemis used to
represent NBOD, which is expressed as TKN. (Goup F. 1, Record 4,
VIKT)

Solids Transport Field-- The transport field associated with
particul ate CBOD and NBOD settling nust be specified under
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initial conditions. Field 3 is recommended for both. (G oup J,
Record 1, |FIELD)

Solid Density, g/cn?-- A value of 0 can be entered for the
nom nal density of CBOD, NBOD, and DO This information is not
used in EUTRGG. (G oup J, Record 1, DSED)

Initial Concentrations, ng/L-- Concentrations of CBOD, NBOD,
and DO in each segnent nust be specified for the tinme at which
the sinmulation begins. The NH3 systemis used to represent NBQOD,
which is expressed as TKN. Concentrations of zero for non-
sinmul ated variables -- NG3, PO4, PHYT, ON, and OP -- will be
entered by the preprocessor. (Goup J, Record 2, O

Di ssol ved Fraction-- The dissolved fraction of CBOD, NBOD,
and DO in each segnent nust be specified. Values for DO should
be 1.0. Only the particulate fraction of CBOD and NBOD wi |l be
subject to settling. (Goup J, Record 2, DI SSF)

Transformati on Par anet ers

This group of paraneters includes spatially variable
paraneters, constants, and kinetic tinme functions for the water
quality constituents being sinulated. Paraneter values are
entered for each segnment. Specified values for constants apply
over the entire network for the whole sinulation. Kinetic tine
functions are conposed of a series of values versus tinme, in
days.

Water Tenperature, EGC - Tine and segnent vari abl e water
t enperatures can be specified using the paraneters TMPSG and
TMPEN, and the tinme functions TEMP(1-4). |If tenperatures are to
remain constant in tinme, then the user should enter segnent
tenperatures using the parameter TMPSG  TMPFN and TEMP(1-4)
shoul d be omtted.

I f the user wants to enter tine-variable tenperatures, then
val ues for the parameter TMPSG should be set to 1.0. The
paranmeter TMPFN i ndi cates which tenperature function will be used
by the nodel for each segnent. Values of 1.0, 2.0, 3.0, or 4.0
will call time functions TEMP(1), TEMP(2), TEMP(3), and TEMP(4),
respectively. Water tenperatures should then be entered via
these tine functions as a series of tenperature versus tinme
val ues. The product of TMPSG and the selected TEMP function wll
give the segnent and tine specific water tenperatures used by
EUTRCG.

TMPSG and TMPFN are identified in EUTROG as paraneters 3 and
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4, respectively. TEMP(1-4) are identified in EUTROG as tine
functions 1-4. (Goup G Record 4, PARAM I, 3), PARAM I, 4); G oup
|, Record 2, VALT(1-4,K))

Sedi nent Oxygen Demand, g/ nt-day-- Segnment vari abl e sedi nent
oxygen demand fl uxes and tenperature coefficients can be
specified using the paraneters SODLD and SCDTA, respectively.

Val ues shoul d be entered for water columm segnments that are in
contact with the bottomof the water body. |f tenperatures
remain constant in tinme, then SODTA can be omtted. (Goup G
Record 4, PARAM |, 9), PARAM I, 11))

CBOD Deoxygenation Rate, day'-- The CBOD deoxygenation rate
constant and tenperature coefficient can be specified using
constants KDC and KDT, respectively. (Goup H, Record 4,
CONST(72), CONST(73))

NBOD Deoxygenation Rate, day !-- The NBOD deoxygenation rate
constant and tenperature coefficient can be specified using
constants K12C and K12T, respectively. (Goup H Record 4,
CONST(11), CONST(12))

Reaeration Rate, day’-- There are three basic options for
specifying reaeration -- a single rate constant, segnent and tine
vari able rate constants, and flow and wind calculated rate
constants. These options are described in the Streeter-Phel ps
section.

Full Linear DO Bal ance

The full DO bal ance equations divide the NBOD process into
m neralization and nitrification, and add the effects of
phot osynt hesi s and respiration from gi ven phytopl ankton | evel s:

\'

S, " &k, 1720 C & 53(1 &f,) C, 4. 20
Sy " %k, 1780 C, & k,, 1150 C, 4.21
S, " %k, 11%%° C, 4.22
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\
S " &k, 17820 C, & _53(1 & f ) Co 4.23

Ses ™ Uk, 1520 (C, & C) & ky 15720 Cg & 20k,
4. 24
& 217820 o (K, 1150 & Ky 118%9) S2
where S, is the source/sink termfor variable "i" in a segnent,
in ng/L-day. Kinetic rate constants and coefficients are as
defined in Table 4.1. In addition, the follow ng are used:
k,, = organic nitrogen mneralization rate constant,
day?
1, = tenperature coefficient
kic = aver age phytopl ankton growh rate constant, day
(user nust input light and nutrient limted val ue)
1., = tenperature coefficient
for = organi c nitrogen dissolved fraction

Const ant phyt opl ankt on concentrations to be used in the DO
bal ance are input under initial conditions as Fg/L chlorophyll a.
| f the carbon to chlorophyll ratio is not input, then a default
value of 30 is used. The particulate fractions of CBOD and ON
are associated with transport field 3, organic matter settling.

Envi ronnent Par ameters

These paraneters define the basic nodel identity, including
the segnentation, and control the sinulation.

Systens-- Select "sinulate" for NH3, NO3, CBOD, DO and ON
Sel ect "constant" for PHYT, and "bypass"” for PO4 and OP. (G oup
A, Record 4, NOSYS; Record 9, SYSBY)

Segnent s-- Water columm segnents should be defined in the
standard fashion. |[|f CBOD or ON settling is to be sinmulated, the
user should add a single benthic segnent underlying all water
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colum segnents. This benthic segnent will nerely act as a
convenient sink for settling organic matter. Model cal cul ations
within this benthic segnment should be ignored. (Goup A Record
4, NOSEG Goup C, Record 3, ISEG [|BOISG |TYPE, BvO., DMUILT)

Transport Paraneters

This group of paraneters define the advective and di spersive
transport of nodel vari abl es.

Nunber of Flow Fields-- To sinmulate settling, the user
shoul d select solids 1 flow under advection. The user shoul d
al so select water colum flow. (G oup D, Record 1, NFIELD)

Particulate Transport, n¥/sec-- Time variable settling and
resuspension rates for particulate CBOD and ON can be input using
the Solids 1 continuity array BQ and the tinme function QI. For
each solids flow field, cross-sectional exchange areas (nf) for
adj acent segnent pairs are input using the spatially-variable BQ
Time-vari able settling velocities can be specified as a series of
velocities, in nisec, versus tine. |If the units conversion
factor is set to 1.157e-5, then these velocities are input in
units of nmday. These velocities are nultiplied internally by
cross-sectional areas and treated as flows that carry particul ate
organic matter out of the water colum. (G oup D, Record 4, BQ

JQ 1Q Record 6, QI, TQ

Boundary Paraneters

This group of paraneters includes boundary concentrations,
waste | oads, and initial conditions. Boundary concentrations
nmust be specified for any segnent receiving flow inputs, outputs,
or exchanges. Initial conditions include not only initial
concentrations, but also the density and solids transport field
for each solid, and the dissolved fraction in each segnent.

Boundary Concentrations, ng/L-- At each segnent boundary,
time variable concentrations nust be specified for NH3, NO3, ON,
CBOD, and DO. A boundary segnment is characterized by water
exchanges from outside the network, including tributary inflows,
downstream out fl ows, and open water dispersive exchanges. (G oup
E, Record 4, BCT)

Wast e Loads, kg/day-- For each point source discharge, tine
vari abl e NH3, NG3, QN, CBOD, and DO | oads can be specifi ed.
These | oads can represent nunicipal and industrial wastewater
di scharges, or urban and agricultural runoff. (Goup F.1, Record
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4, VKT)

Solids Transport Field-- The transport field associated with
particul ate CBOD and ON settling nmust be specified under initial
conditions. Field 3 is recommended for both. (Goup J, Record
1, |FIELD)

Solid Density, g/cn?-- A value of 0 can be entered for the
nom nal density of NH3, NO3, O\, CBOD, and DO This information
is not used in EUTRG. (Goup J, Record 1, DSED)

Initial Concentrations, ng/L-- Concentrations of NH3, NGB,
ON, CBOD, and DO in each segnment must be specified for the tine
at which the sinulation begins. Average concentrations of PHYT,
expressed as Fg/L chlorophyll a, nust be specified as well.
These are converted to ng/L phytopl ankton carbon in EUTROS using
a default carbon to chlorophyll ration of 30. Phytopl ankton
concentrations will remain constant throughout the sinulation and
af fect DO t hrough photosynthesis and respiration. Concentrations
of zero for non-sinulated variables -- P04 and OP -- will be
entered by the preprocessor. (Goup J, Record 2, O

D ssolved Fraction-- The dissolved fraction of NH3, NG3, ON,
CBOD, and DO in each segnent nust be specified. Values for DO
should be 1.0. Only the particulate fraction of CBOD and ON wi | |
be subject to settling. (Goup J, Record 2, DI SSF)

Transformati on Par anet ers

This group of paraneters includes spatially variable
paraneters, constants, and kinetic tine functions for the water
quality constituents being sinmulated. Paraneter values are
entered for each segnment. Specified values for constants apply
over the entire network for the whole sinulation. Kinetic tine
functions are conposed of a series of values versus tinme, in
days.

Water Tenperature, EGC- - Tine and segnent vari abl e water
t enperatures can be specified using the paraneters TMPSG and
TMPEN, and the tine functions TEMP(1l-4), as described in the
nmodi fied Streeter-Phel ps section.

Sedi nent Oxygen Demand, g/ nt-day-- Segnment vari abl e sedi nent
oxygen demand fl uxes and tenperature coefficients can be
specified using the paraneters SODLD and SCDTA, respectively.

Val ues shoul d be entered for water columm segnents that are in
contact with the bottomof the water body. (G oup G Record 4,
PARAM |, 9), PARAM I, 12))
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Ni trogen M neralization Rate, day'-- The mineralization
rate constant and tenperature coefficient for dissolved organic
nitrogen can be specified using constants K71C and K71T,
respectively. (Goup H Record 4, CONST(91), CONST(92))

Nitrification Rate, day'-- The nitrification rate constant
and tenperature coefficient for dissolved ammonia nitrogen can be
speci fied using constants K12C and K12T, respectively. (Goup H,
Record 4, CONST(11), CONST(12))

CBOD Deoxygenation Rate, day'-- The CBOD deoxygenation rate
constant and tenperature coefficient can be specified using
constants KDC and KDT, respectively. (Goup H, Record 4,
CONST(72), CONST(73))

Reaeration Rate, day’-- There are three basic options for
specifying reaeration -- a single rate constant, segnent and tine
vari able rate constants, and flow and wind calculated rate
constants. These options are described in the Streeter-Phel ps
section.

Phot osynthesis Rate, day'-- The average phytopl ankton
grow h rate constant and tenperature coefficient can be input
usi ng constants K1C and K1T, respectively. For DO bal ance
si mul ati ons where phytopl ankton dynam cs are bypassed, the growth
rate constant nust reflect average light and nutrient limtations
in the water body. (Goup H Record 4, CONST(41), CONST(42))

Respiration Rate, day’-- The average phytopl ankton
respiration rate constant and tenperature coefficient can be
i nput using constants KIRC and K1RT, respectively. (Goup H,
Record 4, CONST(50), CONST(51))

Nonl i near DO Bal ance

The nonlinear DO bal ance equations add feedback from DO
concentratons to terns in the |inear DO bal ance equations
presented above. This feedback can becone inportant in
inhibiting nitrification and carbonaceous oxidation and in
pronoting denitrification where | ow DO concentrations occur

For this level of analysis, the linear DO bal ance equations
present ed above are supplenmented with nonlinear terns for
carbonaceous oxidation, nitrification, and denitrification.
These terns are presented in Figure 4.2 and Table 4.1. The
environnent, transport, and boundary paraneters required to
i npl enent the nonlinear DO bal ance are the sane as those in the
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i near DO bal ance presented above. The user shoul d suppl enent
the transformati on paraneters presented above with the foll ow ng.

Nitrification Rate, day'-- The nitrification rate constant
and tenperature coefficient for dissolved ammonia nitrogen can be
speci fied using constants K12C and K12T, respectively. The half-
saturation constant for oxygen limtation of nitrification can be
specified using constant KNIT. The default value for KNIT is
0.0, indicating no oxygen limtation. (Goup H Record 4,
CONST(11), CONST(12), CONST(13))

Denitrification Rate, day!-- The denitrification rate
constant and tenperature coefficient for dissolved nitrate
nitrogen can be specified using constants K20C and K20T,
respectively. The half-saturation constant for oxygen |[imtation
of denitrification can be specified using constant KNO3. The
default value for KNO3 is 0.0, indicating no denitrification at
oxygen concentrations above 0.0. (G oup H, Record 4, CONST(21),
CONST(22), CONST(23))

CBOD Deoxygenation Rate, day'-- The CBOD deoxygenation rate
constant and tenperature coefficient can be specified using
constants KDC and KDT, respectively. The half-saturation
constant for oxygen limtation of carbonaceous deoxygenation can
be specified using constant KBOD. The default value for KBOD is
0.0, indicating no oxygen limtation. (Goup H Record 4,
CONST(72), CONST(73), CONST(75))

Data G- oup Descriptions

| nput datasets to sinmulate DO balance in a river are given
with the nodel software. A conprehensive listing of the WASP5
data groups, records, and variables is given in Part B of this
docunent ati on.
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CHAPTER 5

EUTROPHI CATI ON

5.1 MODEL DESCRI PTI ON

| nt roducti on

Nutrient enrichment and eutrophication are continuing
concerns in many water bodies. Hi gh concentrations of nitrogen
and phosphorus can |l ead to periodic phytopl ankton bl oons and an
alteration of the natural trophic balance. D ssolved oxygen
| evel s can fluctuate widely, and | ow DO concentrations in bottom
waters can result.

Eut r ophi cati on has been nodel ed for approximtely 30 years.
The equations inplenented here were derived fromthe Potomac
Eut r ophi cati on Model, PEM (Thomann and Fitzpatrick, 1982), and
are fairly standard. Sections of this text are nodified fromthe
PEM docunent ati on report.

Overvi ew of WASP5 Eutrophi cation
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The nutrient enrichnent, eutrophication, and DO depletion
processes are sinulated using the EUTROG program  Sever al
physi cal -chem cal processes can affect the transport and
interaction anong the nutrients, phytopl ankton, carbonaceous
material, and dissol ved oxygen in the aquatic environnent.

NO
2 3
<
ON
7
@
NH3

1 PHYT N\
J C:N:P
4(as carbon) \J

CBOD

DO

| <—

atmosphere

|
o

Figure 5.1 EUTROS state variable interactions.

Figure 5.1 presents the principal kinetic interactions for the
nutrient cycles and dissol ved oxygen.

EUTRO5 can be operated by the user at various |levels of
conplexity to sinulate sone or all of these variables and
interactions. Four levels for simulating the DO bal ance were
described in Chapter 4. Three levels of conplexity for
simul ating eutrophication are identified and docunented at the
end of this section: (1) sinple eutrophication kinetics, (2)

i nternmedi ate eutrophication kinetics, and (3) internedi ate
eut rophi cati on kinetics wth benthos. The user should becone
famliar wwth the full capabilities of EUTROG even if sinpler
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si mul ati ons are planned.

EUTROS sinul ates the transport and transformation reactions
of up to eight state variables, illustrated in Figure 5.1. They
can be considered as four interacting systens: phytopl ankton
ki netics, the phosphorus cycle, the nitrogen cycle, and the
di ssol ved oxygen bal ance. The general WASP5 nmass bal ance
equation is solved for each state variable. To this general
equation, the EUTROS subroutines add specific transformation
processes to custom ze the general mass bal ance for the eight
state variables in the water colum and benthos. Follow ng a
short summary of the material cycles, the rest of Section 5.1
covers the specific details for the several transformation
sources and si nks.

Phosphorus Cycl e

Di ssol ved or avail abl e i norgani c phosphorus (DI P) interacts
with particul ate inorgani c phosphorus via a sorption-desorption
mechanism DIP is taken up by phytopl ankton for growh, and is
i ncorporated into phytopl ankton bi omass. Phosphorus is returned
fromthe phytopl ankton bi omass pool to dissolved and particul ate
or gani ¢ phosphorus and to dissol ved i norgani c phosphorus through
endogenous respiration and nonpredatory nortality. Organic
phosphorus is converted to di ssolved inorgani c phosphorus at a
t enper at ur e- dependent m neralization rate.

Ni trogen Cycle

The kinetics of the nitrogen species are fundanentally the
sane as the phosphorus system Ammopnia and nitrate are taken up
by phyt opl ankton for growth, and incorporated into phytoplankton
bi omass. The rate at which each is taken up is a function of its
concentration relative to the total inorganic nitrogen (amonia
plus nitrate) available. N trogen is returned fromthe
phyt opl ankt on bi omass pool to dissolved and particul ate organic
nitrogen and to ammoni a t hrough endogenous respiration and
nonpredatory nortality. Organic nitrogen is converted to ammoni a
at a tenperature dependent mneralization rate, and ammonia is
then converted to nitrate at a tenperature- and oxygen-dependent
nitrification rate. N trate nmay be converted to nitrogen gas in
t he absence of oxygen at a tenperature- and oxygen-dependent
denitrification rate.

Di ssol ved Oxygen

Di ssol ved oxygen is coupled to the other state vari abl es.
The sources of oxygen considered are reaeration and evol ution by
phyt opl ankt on during growh. The sinks of oxygen are al gal
respiration, oxidation of detrital carbon and carbonaceous
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mat eri al
nitrification

Phyt opl ankt on Ki neti cs

Phyt opl ankt on ki netics assune a central
eutrophication, affecting all other systens.
systemis given in Figure 5.2.

fromwaste effluents and nonpoi nt di scharges,

| t

and

These processes are discussed in Chapter 4.

role in
An overview of this

i's convenient to express the reaction term of

PHYTOPLANKTON KINETICS

NH3
***** I Phyt %O C:N:P
+
NH4
PO4
ac
P = R R
5 ( Rg Rd Rs ) Cp
Cp = phytoplankton concentration (mL'3 )
Rg = growth rate (T -1 )
- -1
Rd = death (T)
R. = ; -1
g = settling (T )

Figure 5.2

phyt opl ankt on,

Phyt opl ankt on ki neti cs.

Siaj »

as a difference between the growh rate of

phyt opl ankton and their death and settling rates in the vol une

V. That is:
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Sk4j - (Gplj & DIOlJ & ks4j) I:’j 5. 1
wher e
Swj = reaction term ng carbon/L-day
P, = phyt opl ankt on popul ati on, ng carbon/L
Gy = growmh rate constant, day?
Dy = death plus respiration rate constant, day
Kegj = settling rate constant, day
] = segnent nunber, unitless

The subscript 1 identifies the quantities as referring to
phyt opl ankton type 1, (only one type is considered in this
particul ar nodel); the subscript j refers to the vol une el enent
bei ng considered. The bal ance between the magni tude of the
growh rate and death rate (together with the transport,
settling, and m xing) determ nes the rate at whi ch phytopl ankton
mass is created in the volune element V,. In subsequent text and
in figures, subscripts i and j will be omtted unl ess needed for
clarity.

Phyt opl ankt on Growt h

The growt h rate of a popul ati on of phytoplankton in a
natural environment is a conplicated function of the species of
phyt opl ankton present and their differing reactions to sol ar
radi ati on, tenperature, and the bal ance between nutrient
avai l ability and phytopl ankton requirenents. The avail able
information is not sufficiently detailed to specify the growh
kinetics for individual algal species in a natural environnent.
Rat her than considering the problemof different species and
their associated environnmental and nutrient requirenments, this
nmodel characterizes the popul ation as a whole by the total
bi omass of the phytopl ankton present.

A sinple neasure of total biomass that is characteristic of
al | phyt opl ankt on, chlorophyll a, is used as the aggregated
vari able. The principal advantages are that the neasurenent is
direct; it integrates cell types and ages, and it accounts for
cell viability. The principal disadvantage is that it is a
communi ty neasurenent with no differentiation of functional
groups (e.g., diatons, blue-greens); also, it is not necessarily
a good nmeasurenent of standing crop in dry weight or carbon units
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because the chl orophyll-to-dry-weight and carbon ratios are
vari abl e and non-active chl orophyl|l (phaeopi gnents) nust be
measured to determ ne viable chlorophyll concentrations.

As can be seen fromthe above di scussion, no sinple
aggregate neasurenent is entirely satisfactory. Froma practica
point of view, the availability of extensive chlorophyll data
essentially dictates its use as the aggregate neasure of the
phyt opl ankt on popul ati on or biomass for calibration and
verification purposes. For internal conputational purposes,
however, EUTROG uses phytopl ankton carbon as a neasure of al gal
bi omass. Using either a fixed or variable carbon to chlorophyll
mechani sm (di scussed subsequently), phytoplankton chl orophyll a
may be conputed and used as the calibration and verification
vari abl e to be conpared agai nst observed chlorophyll a field
dat a.

Wth a choice of biomass units established, a growh rate
t hat expresses the rate of production of bionass as a function of
the i nportant environnmental variables (tenperature, |ight, and
nutrients) may be devel oped. The specific growh rate, Gy;, in
segnent | is related to k;,, the maxi num 20EC growt h rate at
optimumlight and nutrients, via the foll ow ng equati on.

GPlj " Ky XRTj Xle XRNj 5.1
wher e:
Xerj = the tenperature adjustnent factor, dinensionless
Xaj = the light limtation factor as a function of I, f,

D, and K,, dinensionless:

Xay = the nutrient limtation factor as a function of
di ssol ved i norgani ¢ phosphorus and nitrogen (D P
and DI N), dinensionless:

T = anbi ent water tenperature, EC

I = i nci dent solar radiation, |y/day

f = fraction day that is daylight, unitless
D = depth of the water colum or nodel segnent, m
Ke = total light extinction coefficient, m?
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DP = di ssol ved i norgani c phosphorus (orthophosphate)
avai l able for growth, ng/L

DN = di ssol ved i norganic nitrogen (anmonia pl us
nitrate) available for gromh, ng/L

An initial estimate of k,. can be nmade based upon previous
st udi es of phytopl ankton dynam cs and upon reported literature
val ues (such as Bowie et al., 1985) and subsequently refined
during the calibration and verification process. This maximm
gromh rate constant is adjusted throughout the sinulation for
anbi ent tenperature, light, and nutrient conditions.

Tenperature -- Water tenperature has a direct effect on the
phyt opl ankton gromh rate. The selected maximumgrowh rate is
tenperature-corrected using tenporally- and spatially-variable
wat er column tenperatures as reported in field studies. The
tenperature correction factor is conputed using:

- T&20
xRTj 15¢ 51
wher e:
1,, = tenperature coefficient, unitless
Light -- In the natural environnent, the light intensity to

whi ch t he phytopl ankton are exposed is not uniformy at the
opti mum value. At the surface and near-surface of the air-water
interface, photoinhibition can occur at high light intensities,
whereas at depths bel ow the euphotic zone light is not avail able
for photosynthesis due to natural and algal-related turbidity.

Model i ng framewor ks devel oped by DI Toro et al. (1971), and
by Smith (1980), extending upon a |ight curve analysis fornul ated
by Steele (1962), account for both the effects of supersaturating
light intensities and |ight attenuation through the water col um.
The i nstant aneous depth-averaged growh rate reducti on devel oped
by DI Toro is presented in Equation 5.4 and is obtained by
integrating the specific gromh rate over depth:

S

o | |
Xy " ﬁ)f [expi& 2 exp( &K, D) p & exp(&2) 5.1
e S
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wher e:

= the average incident light intensity during
dayl i ght hours just bel ow the surface, assuned to
average 0.9 I/f, |y/day

s = the saturating light intensity of phytopl ankton,
| y/ day

K, = the light extinction coefficient, conmputed from
the sum of the non-algal |ight attenuation, K.,

and t he phytopl ankton sel f-shadi ng attenuation,
Keshg (@s cal cul ated by Equation 5.5), m?

Koeng = 0. 0088Pg, % 0. 054 Pg & 5.1

and Py, = phyt opl ankt on chl orophyl | concentration, Fg/L

Typi cal clear sky values of surface light intensity for
different |latitudes and nonths are provided in Table 5.1
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Table 5.1 Cal cul ated Sol ar Radi ant Energy Flux to a
Hori zontal Surface Under a Cear Sky (Il angl eys/ day)

Season
) Ti me ] ] Annual
Latitude of Day Spring Sumrer Fall W nt er Mean
30EN Mean! 680 750 530 440 600
M d- Day? 2100 2200 1700 1400 1900
40EN Mean 650 740 440 320 540
M d- Day 1900 2100 1400 1000 1600
50EN Mean 590 710 330 190 460
M d- Day 1700 1900 1000 650 1300

'cal cul at ed seasonal neans under a clear sky,
representing upper limts for solar radiant energy at
sea level. Reference: Wast and Astle (1980).

°M d-day flux extended over a 24-hour period, assuming an
at nospheric turbidity of 0, precipitable water content

of 2 cm and an atnospheric ozone content of .34 cm NTP
Ref erence: Robi nson (1966).

Equation 5.4 is quite simlar in formto that devel oped by

Smi t h,

Xe (1)

wher e:

I, (1)

which is also available as an option in this nodel:

| |
" _C _lexpi&-Cexp(&K, D)} & exp(& 5.1
K, D I, I,
« | Bl Bt -
(2] N5 o 5. 1
" 0, t "f &l
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and

Keshd " K

(%

the time variable incident light intensity just
bel ow t he surface, assunmed to follow a half sin
function over daylight hours, |y/day

the quantumyield, ng carbon fixed per nole of
i ght quanta absorbed

the extinction coefficient per unit of
chlorophyll, nt¥/ ng chlorophyll a

the light extinction coefficient, conmputed from
the sum of the non-algal |ight attenuation, K.,
and t he phytopl ankton sel f-shadi ng attenuation,
Keshg (@s cal cul ated by Equation 5.9), m?

units conversion factor (0.083, assum ng 43%
incident light is visible and 1 nole photons is
equi valent to 52,000 cal), nole photons/nt-ly

the ratio of carbon to chlorophyll in the
phyt opl ankt on, (ng carbon/ g chl orophyl | a)

the base of natural logarithnms (2.71828), unitless

Equations 5.6 - 5.9 give a light limtation coefficient that
varies over the day with incident light. This termis
nunmerically integrated over the day within the conputer program
to obtain daily average light limtation
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1
Xy ™ * X (t)dt 5.1
[0}

The term 1, the tenperature-dependent |ight saturation
paranmeter is an unknown in the Di Toro |light formulation, and
must be determ ned via the calibration-verification process. 1In
the Smth fornmulation, this termis calculated from paraneters
that are reasonably well docunented in the literature. As Smth
(1980) points out, since the early experinents of Warburg and
Negel ei n (1923), maxi mum phot osynthetic quantumyield (M, has
been neasured for a wide range of conditions (reviewed by Kok,
1960), and a nearly tenperature-independent value of 0.08 to 0.1
mol e O, per nole of photons absorbed is now wi dely accepted for
phot osynt hesi zing plants in general in the | aboratory. Bannister
(1974a) gives good argunents for adopting 0.06 nole carbon (0.07
mol e O,) per nole of photons as the maximumyield for plankton in
nature. Reported values for K, generally fall in the range 0.01
to 0.02 ntng!, and 0.016 ntny ! has been suggested as the
approxi mat e average (Bannister, 1974b).

A second feature incorporated in the nodeling franmework
derived fromSmth's work is the calculation of a variable carbon
to chlorophyll ratio based on the assunption that adaptive
changes in carbon to chlorophyll occur so as to maxim ze the
specific gromh rate for anbient conditions of |ight and
tenperature. Smth found that phytopl ankton adjust chl orophyll
conposition so that I, roughly equals 30% of the average
avai lable light. The expression used to calculate the carbon to
chl orophyl|l ratio is presented in Equation 5.11

1&e&KeD

MITBX KC f u
K.iD

Lo " 038 3t

i,

Cc

where the latter termis the average daily solar radiation within
a segnent during daylight hours, in ly/day. Note that
substituting Equation 5.11 into 5.8 gives an |, equal to 30% of

t he average avail able |ight.

A review of reported carbon/chlorophyll ratios in nature
(Eppl ey and Sl oane, 1966) suggests that physiological factors (in
part the energy cost of synthesizing chlorophyll as conpared with
ot her cellul ar conmpounds) conme into play to prevent 1, from goi ng
much bel ow 20, even in very low light. This lower limt of 20
has been included when determning a value for 1.. Previously
reported values of 1., from algal conposition studies conducted by
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EPA Region Ill's Central Regional Laboratory (CRL) are conpared
in Table 5.2 to cal cul ated values of using Equation 5.11. There
is general agreenent between the neasured and cal cul ated val ues.
Unfortunately, no winter algae conposition studies were avail able
for conparison purposes.

Nutrients -- The effects of various nutrient concentrations
on the growth of phytopl ankton have been investigated and the
results are quite conplex. As a first approximation to the
effect of nutrient concentration on the growth rate, it is
assuned that the phytopl ankt on popul ation in question follows
Monod growth kinetics with respect to the inportant nutrients.
That is, at an adequate |evel of substrate concentration, the
gromh rate proceeds at the saturated rate for the anbient
tenperature and light conditions present. At |ow substrate
concentration, however, the growh rate becones linearly
proportional to substrate concentration. Thus, for a nutrient
with concentration N in the j'" segment, the factor by which the
saturated growth rate is reduced is: N/(K,+ N). The constant,
K, (called the Mchaelis or half-saturation constant) is the
nutrient concentration at which the gromh rate is half the
saturated gromh rate. Because there are two nutrients, nitrogen
and phosphorus, considered in this framework, the
M chael i s- Menten expression is evaluated for the dissolved
inorganic fornms of both nutrients and the m nimum val ue i s chosen
to reduce the saturated growh rate, as given by Equation 5.12.
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Table 5.2 Carbon to Chlorophyll a Ratio

Car bon/ Chl or ophyl | a
Fg C Fg Chl orophyll a

Sanpling Period Cbserved Cbserved Predi cted
Mean Range Range

July 20-Cct. 6,1970° 45 25- 68 24- 28
August 1-29, 19772 28 12- 37 23-26
Sept. 7-28, 19782 21 15- 27 26- 30
Sept. 7-28, 19783 26- 30

1. El enental anal ysis of bl ue-green al gae

2. Laboratory el enental analysis of overal

phyt opl ankt on popul ati on
3. Esti mates of cell conposition based upon field data
DI N D P

%o Mn(KnN%DIN’ K_ % DI P

At the user's discretion, the nultiplicative fornulation for
nutrient limtation nmay be selected. This formulation nmultiplies
the two ternms in 5.12. It is not generally recomended.
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EFFECTS OF NUTRIENT LIMITATION ON GROWTH
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Figure 5.3 Effects of nutrient limtation on growth rate,
assumng K, = 25 Fg-NL, K, =1 Fg-P/L.
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Figure 5.3 presents plots of GN) versus DIN and DIP with
Kiw = 25 Fg-N L and K, = 1 Fg-P/L, respectively. The upper pl ot
shows the standard M chael i s-Menten response curve to various
concentrations of the inorganic nutrients. As can be seen, no
significant reduction in growh rate is achieved until DINis
| ess than 200 Fg/L (0.2 nmg/l) or until DIPis less than 8 Fg/L
(0.008 ny/l).

The |l ower plot on Figure 5.3 uses an expanded nutrient scale
and shows the Mchaelis-Menten fornulation in a slightly
different format. Here the inpact of the function may be
eval uated quite readily. For exanple, a particular reach of the
wat er body may have concentrations of DIN equal to 100 Fg/L.

This corresponds to a 20% reduction in the growh rate (Xg =
0.8). In order for phosphorus to becone the limting nutrient in
the same reach, dissolved inorganic phosphorus nust reach a |evel
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of 4 Fg/L or less. It should also be noted that if upstream
nitrogen controls were instituted such that DIN was reduced to 60
Fg/L for that sane reach, then a further reduction in DIP to 2.5
Fg/L would be required to keep phosphorus as the limting
nutrient. In other words, as water columm concentrations of D P
begin to approach growh limting | evels due to continued
reduction in point source phosphorus effluents, any nitrogen
control strategies that mght be instituted would require
additional |evels of phosphorus renpoval in order to keep
phosphorus as the limting nutrient.

Phyt opl ankt on Deat h

Numer ous nechani sns have been proposed that contribute to
t he bi omass reduction rate of phytopl ankton: endogenous
respiration, grazing by herbivorous zoopl ankt on, and
parasitization. The first two nechani sns have been included in
previ ous nodel s for phytopl ankt on dynam cs, and they have been
shown to be of general inportance.

The endogenous respiration rate of phytoplankton is the rate
at which the phytopl ankton oxidize their organic carbon to carbon
di oxi de per unit wei ght of phytopl ankton organi c carbon.
Respiration is the reverse of the photosynthesis process and, as
such, contributes to the reduction in the biomss of the
phyt opl ankt on popul ation. |If the respiration rate of the
phyt opl ankton as a whole is greater than the gromh rate, there
is a net |oss of phytoplankton carbon or biomass. The endogenous
respiration rate is tenperature dependent (Riley et at., 1949)
and is determ ned via Equation 5.13:

kK,(T) " k,x(20EC) 1{T&0) 5.1
wher e:
k,x(20EC) = t he endogenous respiration rate at 20EC,
day!
kir(T) = the tenperature corrected rate, day’
1.r = tenperature coefficient, dinensionless

Reported val ues of endogenous respiration at 20E vary from
0.02 day! to 0.60 day*, with nost values falling between 0.05
day ! and 0.20 day ' (Bowie et al., 1985). Di Toro and Matystik
(1980) report a value of 1.045 for 1,,, The total bionmass
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reduction rate for the phytoplankton in the jth segnent is
expressed via Equation 5. 14:

Dy " kip(T) % kyp % kyg Z(t) 5.1
wher e:
D, = bi omass reduction rate, day*
kip = death rate, representing the effect of
parasitization, i.e., the infection of algal cells

by ot her m croorgani sns, and toxic materials, such
as chlorine residual, day!

kig = grazing rate on phytopl ankton per unit zoopl ankton
popul ati on, L/ngC-day

Z(t)

her bi vor ous zoopl ankt on popul ati on grazi ng on
phyt opl ankt on, nmgC/ L

Note that the zoopl ankton popul ati on dynam cs are descri bed
by the user, not sinulated. |f population fluctuations are
inmportant in controlling phytoplankton levels in a particul ar
body of water, the user may want to sinul ate zoopl ankt on and
their grazing. On the other hand, many studies need only a
constant first order grazing rate constant, where grazing rates
are assuned proportional to phytoplankton Ievels. In that case,
k,c can be set to the first order constant with Z(t) omtted
(default value = 1). Reported grazing rates vary from0.1 to 1.5
L/ mgC-day (Bowie et al., 1985).

Phyt opl ankt on Settling

The settling of phytoplankton is an inportant contribution
to the overall nortality of the phytopl ankton popul ati on,
particularly in | akes and coastal oceanic waters. Published
val ues of the settling velocity of phytoplankton, nostly under
qui escent | aboratory conditions, range fromO0.07-18 mday. 1In
sone instances, however, the settling velocity is zero or
negative. Actual settling in natural waters is a conpl ex
phenonenon, affected by vertical turbul ence, density gradients,
and the physiological state of the different species of
phyt opl ankton. Al though the effective settling rate of
phyt opl ankton is greatly reduced in a relatively shallow, well
m xed river or estuary due to vertical turbulence, it still can
contribute to the overall nortality of the algal population. In
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addition, the settling phytoplankton can be a significant source
of nutrients to the sedinents and can play an inportant role in

t he sedi nent oxygen demand. |In EUTRO5, phytopl ankton are equated
to solid type 2. Tinme and segnent-vari abl e phyt opl ankt on
settling velocities can be input by the user, then, using
transport field 4, so that:

\V2
Kesy '% 5.1
J
wher e:
Kegj = the effective phytoplankton settling or |oss rate,
day?
Vesij= the net settling velocity of phytoplankton from
segnent j to segnent i, mday
D = depth of segnent j, equal to volume/surface area,
m
Summary

This conpl etes the specification of the growh and death
rates of the phytoplankton population in terns of the physical
variables: |ight, tenperature, and the nutrient concentrations
present. Table 5.3 sunmarizes the variables and paraneters in
the net growmh equations. Wth these variables known as a
function of time, it is possible to cal cul ate the phytopl ankt on
chl orophyl | throughout the year.
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Description
Extinction Coefficient
Segnent Depth

Wat er Tenmperature

Fraction of day that is
dayl i ght

Average Daily Surface
Sol ar Radi ati on

Zoopl ankt on Popul ati on
Rat e Const ants
Description
Maxi mrum Growt h Rat e
Tenperat ure Coefficient

Maxi mum Phot osynt heti c
Quantum Yi el d

Phyt opl ankt on Sel f -
Li ght Attenuation

Car bon- Chl or ophyl |

Rati o
Saturating Light
Intensity

Hal f - Saturati on
Constant for Nitrogen

Hal f - Saturati on
Constant for Phosphorus

Endogenous Respiration
Tenperat ure Coefficient
Settling Velocity
Death Rate

Grazing Rate

Exogenous Vari abl es

Table 5.3 Phytopl ankton Net G owth Terns

Not ati on Val ues
K, 0.1-5
D 0.1-30
T 0- 35

f 0.3-0.7
|, 200- 750
Z 0

Not ati on Val ues
K. 2.0

1, 1. 068

M e 720.0
K. 0. 017
1, 20-50

| o 200- 500
Ko 25.0
K.p 1.0

1,n 1. 045
Vg 0.1
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Units

| angl eys/ day

ngC/ L

Units
day-
none

mg C/ nol e

phot on
nt/ mg Chl

a

| angl eys/ day

Fg N L

Fg P/ L

-1

day
none
n day
day-

L/ ngC- day




The nutrients are not known a priori, however, because they
depend upon the phytopl ankt on popul ati on that devel ops. These
systens are interdependent and cannot be anal yzed separately. It
is necessary to fornulate a nass balance for the nutrients as
wel | as the phytoplankton in order to cal culate the chl orophyll
that woul d devel op for a given set of environnmental conditions.

Stoichionetry and Upt ake Kinetics

A principal conponent in the mass-bal ance equations witten
for the nutrient systens included in the eutrophication franmework
is the nutrient uptake kinetics associated wi th phytopl ankton
gromh. To specify the nutrient uptake kinetics associated with
this growth, however, it is necessary to specify the popul ation
stoichionetry in units of nutrient uptake/ mass of popul ation
synt hesi zed. For carbon as the unit of popul ation bi omass, the
rel evant ratios are the mass of nitrogen and phosphorus per unit
mass of carbon. A selection of these ratios presented by DI Toro
et al. (1971) indicates that their variability is quite |arge.
The use of constant ratios in the analysis, then, is
guesti onabl e.

Upon further investigation, however, it is clear that the

reason these ratios vary is the varying cellular content of
nutrients, which is, in turn, a function of the external nutrient
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concentrations and the past history of the phytopl ankton

popul ation. Large ratios of carbon to nitrogen or phosphorus
correspond to that nutrient limting growh; small ratios reflect
excess nutrients. Thus, the choice of the relevant rati os can be
made with the specific situation in mnd

The operational consequence of this choice is that the
popul ati on stoichionetry under non-limting conditions may be
underestimated, but under limting conditions should be estinmated
correctly. Hence the trade off is a probable |lack of realism
during a portion of the year versus a correct estimte of
phyt opl ankt on bi omass during periods of possible nutrient
limtations. Because this is usually the critical period and
because nost questions to be answered are usually sensitive to
maxi mum sumrer popul ations, this choice is a practical expedient.
A conparison of carbon-to-nitrogen and carbon-to-phosphorus
rati os neasured in the Potomac Estuary is provided in Table 5. 4.

Table 5.4 Phosphorus-to-Carbon and Nitrogen-to-Carbon Rati os

Phosphor us/ Car bon Ni t rogen/ Car bon
ng P/ng C ng NNng C
Sanpling Period bserved bserved bserved (Observed
Mean Range Mean Range
July 20-Cct. 6, 0. 023 0. 010- 0. 046 0. 26 0. 10-0. 48
1970*
August 1-29, 19772 0.024 0.012-0. 028 0.24 0. 15-0. 36
Sept. 7-28, 19782 0. 030 0.017-0. 047 0. 26 0.18-0.35
Sept. 7-28, 19782 0.031 0. 26
Mbdel 0. 025 0. 25
1. El enental anal ysis of bl ue-green al gae
2. Laboratory el enental analysis of overal
phyt opl ankt on popul ati on
3. Esti mates of cell conposition based upon field data
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Once the stoichionetric ratios have been determ ned, the
mass bal ance equations may be witten for the nutrients in nuch
the same way as is done for the phytopl ankton bi omass. The
primary interaction between the nutrient systens and the
phyt opl ankton systemis the reduction or sink of nutrients
associ ated with phytopl ankton gromh. A secondary interaction
occurs wherein the phytopl ankton system acts as a source of
nutrients due to release of stored cellular nitrogen and
phosphorus during algal respiration and deat h.

The Phosporus Cycle

Three phosphorus vari abl es are nodel ed: phytopl ankton
phosphorus, organi c phosphorus, and inorganic (orthophosphate)
phosphorus. Organic phosphorus is divided into particulate and
di ssol ved concentrations by spatially variabl e dissol ved
fractions. Inorganic phosphorus also is divided into particul ate
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Table 5.5 Phosphorus Reaction Terns

Descri ption Not ati on Val ue Units
Phyt opl ankt on bi omass as carbon P, - mg C/L
Speci fic phytopl ankton grow h Gy (eq 5.2) day*
rate

Phyt opl ankton | oss rate D,y (eq 5.14) day!
Phosphorus to carbon ratio apc 0. 025 2? P/ nmg
Di ssol ved organi ¢ phosphorus Kgs 0. 22 day-?

m neralization at 20EC

Tenperature coefficient 1, 1.08 none
Hal f saturation constant for Kope 1.0 ng CL

phyt opl ankton limtation of
phosphorus recycl e

Fraction of dead and respired fop 0.5 none
phyt opl ankton recycled to the
organi ¢ phosphorus pool

. . . recycled to the (1-f,) 0.5 none
phosphat e phosphorus pool

Fraction di ssol ved i norganic fos 0. 85, none
phosphorus in the water colum 0.70

Fraction di ssolved organic fos - none
phosphor us

Organic matter settling Vs - n day
vel ocity

| norgani ¢ sedi nent settling Vs - n day
vel ocity

and di ssol ved concentrations by spatially variable dissol ved
fractions, reflecting sorption. The phosphorus equations are
summarized in Figure 5.4.
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4. PHYTOPLANKTON PHOSPHORUS

I(C,a,.)
[

\
GPl apc CA & DPl apc CA & _54 apc CA

growt h deat h settling

8. ORGANI C PHOSPHORUS

C,
- T&20 4
DPlapcf opC4 & Kgylgs ( K c%CJ G &

deat h m neralization settling

£

vs3(lD&f w

=
—

3. | NORGANI C PHOSPHORUS

Ic, C
- 9 T&20 4
e " Dedgo( 181 ,) C, % kgy 175 ( C%CJ G & G, 2,,C,

deat h m neralization growt h

Figure 5.4 Phosphorus cycle equations.

Table 5.5 presents the reaction rate terns used in the Potonac
st udy.

Phyt opl ankt on Growt h

As phyt opl ankt on grow, dissol ved inorganic phosphorus is
taken up, stored and incorporated into biomass. For every ng of
phyt opl ankt on car bon produced, ap. ng of inorganic phosphorus is
t aken up.

Phyt opl ankt on Deat h

As phyt opl ankton respire and die, biomass is recycled to
nonliving organic and inorganic matter. For every ng of
phyt opl ankt on carbon consunmed or |ost, ap. nmg of phosphorus is
rel eased. A fraction f,, is organic, while (1 - f,) is in the
inorganic formand readily available for uptake by other viable
algal cells. In wrk on the Geat Lakes, f, was assigned at 50%
(Di Toro and Matystik, 1980).

op

M neralization

Nonl i vi ng organi ¢ phosphorus nust undergo m neralization or
bacterial deconposition into inorganic phosphorus before
utilization by phytoplankton. In their work on Lake Huron and
Sagi naw Bay, Di Toro and Matystik (1980) proposed a nutrient
recycle formulation that was a function of the |localized
phyt opl ankt on popul ation. This proposal was based on both an
anal ysis of available field data and the work of others (Hendry,
1977; Lowe, 1976; Henrici, 1938; Menon, 1972; and Rao, 1976) that
i ndi cat ed bacterial biomass increased as phytopl ankt on bi onass
i ncreased. EUTROG uses a saturating recycle nmechanism a
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conprom se between conventional first-order kinetics and a second
order recycle nechanismwherein the recycle rate is directly
proportional to the phytopl ankton bi omass present, as had been
indicated in pure culture, bacteria-seeded, |aboratory studies
(Jewell and McCarty, 1971).

Saturating recycle permts second order dependency at | ow
phyt opl ankt on concentrations, when P, << K,,, where Ky IS the
hal f-saturation constant for recycle, and permts first order
recycl e when the phytopl ankton greatly exceed the hal f-saturation
constant. Basically, this nmechanismslows the recycle rate if
t he phyt opl ankton population is small, but does not permt the
rate to increase continuously as phytopl ankton increase. The
assunption is that at higher population levels, recycle kinetics
proceed at the maximum first order rate. The default value for
K. 1S 0, which causes mineralization to proceed at its first
order rate at all phytopl ankton | evels.

Sorption

There is an adsorption-desorption interaction between
di ssol ved i norgani c phosphorus and suspended particul ate matter
in the water colum. The subsequent settling of the suspended
solids together with the sorbed inorgani c phosphorus can act as a
significant | oss nmechanismin the water colum and is a source of
phosphorus to the sedinent. Because the rates of reaction for
adsorption-desorption are in the order of mnutes versus reaction
rates in the order of days for the biological kinetics, an
equi l i brium assunption can be made. This equilibriumreaction
inplies that the dissolved and particul ate phosphorus phases
"I nstant aneousl y" react to any di scharge sources of phosphorus or
runoff or shoreline erosion of solids so as to redistribute the
phosphorus to its "equilibriunt dissolved and solids phase
concentrati ons.

Consider C,p, to be the concentration of dissolved inorganic
phosphorus in the water colum. It interacts with the
particul ate concentration, G,p,. The interaction may be an
adsor ption-desorption process with the solids or an
assim | ation-depuration process with the phytoplankton. |If the
total suspended solids is considered, the particul ate
concentration can be defined as:

Cop " Cop M 5.16
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wher e:

Cop = concentration of phosphorus sorbed to solids, ng
P/ kg M
M = concentration of solids, kg/L

The total inorganic phosphorus is then the sum of dissolved
i norganic and the particul ate inorgani c phosphorus

C, " Cyp % Cop 5.16

The underlying assunption that is nmade, as nenti oned
previously, is "instantaneous equilibriunt between the
adsor ption-desorption processes. The equilibrium between the
di ssol ved i norgani ¢ phosphorus in the water colum and the nass
concentration of inorganic phosphorus of the solids is usually
expressed in terns of a partition coefficient:

Ch

K . P 5.16
PI P CDIP
wher e:
Kop = partition coefficient for particul ate phosphorus,
(nmg PPkg M per (nmg P/L), or (L/'kg M
Substituting equation 5.18 into 5.16 gives:
Cop * Kpp MCpp 5.16

Equation 5.19 is the linear portion of the Langnuir
isotherm Al though not always representative of actual
conditions, it is a reasonabl e approximtion when the sorbed
phosphorus concentration is nmuch | ess than the ultimate adsorbing
capacity of the solids. Conbining Equations 5.17 and 5.19, the
total concentration nay be expressed as
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Cs " Chp % Kyp MCyp 5.16

The di ssolved and particul ate fractions may be expressed,
respectively, as

. Cop . 1
'w ™ < " TwK, ™ > 16

Coip . Kpjp M

Fos C, 1%K,pM 5.16

A wi de range of partition coefficients is found in the
literature. Thomann and Fitzpatrick (1982) report val ues between
1,000 and 16,000. Using a range in partition coefficients from
1,000 - 16,000 and a range of inorganic solids of from1l0 to 30
mg/L in the water columm leads to a range in the fraction
particul ate inorgani c phosphorus of fromO0.01 to 0.33. In
EUTRO5, the dissolved and particul ate phosphorus phases are
assigned as spatially-variable, tine-constant fractions of the
total inorganic phosphorus:

Corp,i " G 5.16
Goipi © (1 &fo) G 5.16
wher e:
G = the total inorganic phosphorus in segnent i, ng/L
foas = the fraction of the total inorganic phosphorus

assigned to the dissol ved phase in segnment i
Cop,i = the equilibriumdissolved inorgani c phosphorus in
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segnent i, available for algal uptake, ng/L

Goip,i = the equilibrium sorbed inorgani c phosphorus in
segnent i, which may then settle to the sedi nent
| ayer fromthe water colum, ng/L

Settling

Particul ate organi c and i norgani c phosphorus settle
according to user-specified velocities and particulate fractions.
Particul ate organi ¢ phosphorus is equated to solid type 1, which
represents organic matter. Tinme and segnent-vari abl e organic
matter settling velocities, v, can be input by the user using
transport field 3. Segnent-variable organi c phosphorus dissol ved
fractions, fg, are input with initial conditions.

Particul ate i norgani c phosphorus is equated to solid type 3,
whi ch represents inorganic sedinent. Tinme and segnent variable
i norgani ¢ phosphorus settling velocities, v, can be input by
the user using transport field 5. Segnent-variable inorganic
phosphorus di ssol ved fractions, fg, are input with initial
condi ti ons.

The N trogen Cycle

Four nitrogen vari abl es are nodel ed: phytopl ankt on
nitrogen, organic nitrogen, ammonia, and nitrate. A summary is
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4. PHYTOPLANKTON NI TROGEN

W(Ca,.)
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Figure 5.5 N trogen cycle equations.

illustrated in Figure 5.5. Table 5.6
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Table 5.6 Nitrogen Reaction Terns

Val ue
o ) from Pot omac )
Description Not at 1 on Est uary Model Units
Nitrogen to carbon ratio ay 0. 25 mg NVgmC
Organi ¢ nitrogen Ko, 0. 075 day?
m neralization rate
@ 20EC
Tenperature coefficient 1, 1.08 -
Nitrification rate Ki, 0. 09-0. 13 day?
Tenperature coefficient 1, 1.08 -
Hal f saturation constant Ky; 2.0 mg O,/ L
for oxygen limtation of
nitrification
Denitrification rate at Kop 0.09 day?
20EC
Tenperature coefficient 1, 1. 045 -
M chaelis constant for Ko 0.1 mg O/L
denitrification
Fraction of dead and
respired phytopl ankton
recycled ...
to the organic nitrogen fon 0.5 -
pool
to the ammoni a nitrogen (1-f o 0.5 -
pool
Pref erence for ammonia Pus eq. 5.30 -
upt ake term
Fraction dissol ved f o7 1.0 -
organi ¢ ni trogen
Organic matter settling Vs - n day

vel ocity
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summarizes the terns used in the nitrogen system kinetics.
Phyt opl ankt on Growt h

As phytopl ankt on grow, di ssolved inorganic nitrogen is taken
up and incorporated into biomass. For every ng of phytopl ankton
carbon produced, ay nmg of inorganic nitrogen is taken up. Both
ammonia and nitrate are avail able for uptake and use in cel
growt h by phytopl ankt on; however, for physiol ogi cal reasons, the

A1 o Prkfrrce Stnct re
S
1.0
% NH; =200 F g /1
< 0.8 100 F o/l
s
Q 5 F g/l
W V6
Q 25F ¢ /1
';.:U 0.4
L 10 Fg/1
4
T 0.2t
0 | | | | | | | | |
0 0 80 120 160 200
NO, (F ¢ /1)

Figure 5.6 Ammoni a preference structure (Thomann and
Fitzpatrick, 1982).

preferred formis amonia nitrogen. The anmonia preference term
Pwg 1S given in Figure 5.5.

The behavi or of this equation, for a Mchaelis value, K,
of 25 Fg NVL, is shown in Figure 5.6. The behavior of this
equation is nost sensitive at | ow values of ammonia or nitrate.
For a given concentration of anmonia, as the available nitrate
i ncreases above approximtely the Mchaelis limtation, the
preference for anmmoni a reaches an asynptote. Also as the
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concentration of available ammonia increases, the plateau | evels
off at values closer to unity, i.e., total preference for
anmoni a.

Phyt opl ankt on Deat h

As phyt opl ankton respire and die, living organic material is
recycled to nonliving organic and inorganic matter. For every ng
of phytopl ankt on carbon consumed or |ost, ay nmg of nitrogen is
rel eased. During phytoplankton respiration and death, a fraction
of the cellular nitrogen f_,, is organic, while (1 - f,) is in the
i norganic formof amonia nitrogen. The fraction recycled to the
i norgani ¢ pool for Great Lakes nodel s has been assigned at 50%
(Di Toro and Matystik, 1980).

M neralization

Nonl i vi ng organic nitrogen nust undergo m neralization or
bacterial deconposition into amonia nitrogen before utilization
by phytoplankton. In EUTRO5, the first order, tenperature-
corrected rate constant is nodified by a saturated recycle term
as explained in the phosphorus mneralization section. This
mechani sm slows the mneralization rate if the phytopl ankton
popul ation is small, but does not permt the rate to increase
conti nuously as phytopl ankton increase. The default value for
the hal f-saturation constant Ky, i s 0, which causes
m neralization to proceed at its first order rate at al
phyt opl ankt on | evel s.

Settling

Particul ate organic nitrogen settles according to
user-specified velocities and particulate fractions. Particul ate
organic nitrogen is equated to solid type 1, which represents
organic matter. Tinme and segnent-variable organic matter
settling velocities, vy, can be input by the user using
transport field 3. Segnent-variable organic nitrogen dissolved
fractions, f, are input with initial conditions.

Nitrification

Ammoni a nitrogen, in the presence of nitrifying bacteria and
oxygen, is converted to nitrate nitrogen (nitrification). The
process of nitrification in natural waters is carried out by
aerobi c autotrophs; N trosononas and Nitrobacter predom nate in
fresh waters. It is a two-step process with N trosononas
bacteria responsible for the conversion of ammonia to nitrite and
Ni t robacter responsible for the conversion of nitrite to nitrate.
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Essential to this reaction process are aerobic conditions.
Also this process appears to be affected by high or | ow val ues of
pH that inhibit Nitrosononas growh, particularly for pH below 7
and greater than 9. As with phytoplankton, the nitrifying
bacterial popul ations are sensitive to flow. During periods of
high flow or stormrunoff, upstream bacteria may be advected
downstream wth sone lag tinme after a flow transient before they
can build up to significant |evels again.

The process of nitrification in natural waters, then, is
conpl ex, dependi ng on di ssol ved oxygen, pH, and flow conditions,
which in turn leads to spatially and tenporally varying rates of
nitrification. To properly account for this conplex phenonenon
in the nodeling framework would be difficult and would require a
data base that is usually unavail abl e.

The kinetic expression for nitrification in EUTRO5 contains
three ternms -- a first order rate constant, a tenperature
correction term and a |low DO correction term The first two
terms are standard. The third termrepresents the decline of the
nitrification rate as DO | evel s approach 0. The user may specify
the hal f-saturation constant Ky, which represents the DO | evel
at which the nitrification rate is reduced by half. The default
value is zero, which allows this reaction to proceed fully even
under anaerobi c conditions.

Denitrification

Denitrification refers to the reduction of NGO, (or NO) to N,
and ot her gaseous products such as N O and NO This process is
carried out by a |l arge nunber of heterotrophic, facultative
anaer obes. Under normal aerobic conditions found in the water
col umm, these organi snms use oxygen to oxidize organic materi al
Under the anaerobic conditions found in the sedi nent bed or
during extrenely | ow oxygen conditions in the water colum,
however, these organisns are able to use NO, as the el ectron
acceptor.

The process of denitrification is included in the nodeling
framework sinply as a sink of nitrate. The kinetic expression
for denitrification in EUTRG contains three terns -- a first
order rate constant, a tenperature correction term and a DO
correction term The first two terns are standard. The third
termrepresents the decline of the denitrification rate as DO
| evel s rise above 0. The user may specify the hal f-saturation
constant Kyg, Which represents the DO | evel at which the
denitrification rate is reduced by half. The default value is
zero, which prevents this reaction at all DO | evels.
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Denitrification is assuned to always occur in the sedinent |ayer
wher e anaerobi c conditions al ways exi st.

The D ssol ved Oxygen Bal ance

Five state variables participate in the DO bal ance:
phyt opl ankt on carbon, amoni a, nitrate, carbonaceous bi ochem cal
oxygen demand, and di ssol ved oxygen. A summary is illustrated in
Figure 4.2. The reduction of dissolved oxygen is a consequence
of the aerobic respiratory processes in the water colum and the
anaer obi ¢ processes in the underlying sedinents. Both these
processes contribute significantly and, therefore, it is
necessary to fornulate their kinetics explicitly.

The di ssol ved oxygen processes in EUTROG are discussed in
Chapter 4. The CBOD and DO reaction terns are sunmarized in
Tabl e 4. 1.

Benthic - Water Columm | nteractions

The deconposition of organic material in benthic sedinent
can have profound effects on the concentrations of oxygen and
nutrients in the overlying waters. The deconposition of organic
material releases nutrients to the sedinent interstitial waters
and also results in the exertion of an oxygen demand at the
sedinment-water interface. As a result, the areal fluxes fromthe
sedi ment can be substantial nutrient sources or oxygen sinks to
the overlying water colum. Additionally, the occurrence of
anoxia, due in part to the sedi nent oxygen demand, may
dramatically increase certain nutrient fluxes through a set of
conpl ex redox reactions that change the state and concentrations
of various nutrients and netals thereby rel easi ng bound
nutrients. The relative inportance of the sedinent oxygen
demand and nutrient fluxes vis-a-vis future nutrient control
strategies requires the incorporation of a dynam c sedi nent |ayer
and its associated interactions with the overlying water colum
in a framework that is consistent with that discussed in the
previ ous sections.
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EUTROS provides two options for nutrient and oxygen fl uxes:
descriptive input and predictive calculations (Fig. 5.7). The
first option is used for networks conposed of water col umm
segnents only. Spatially-variable observed fluxes nmust be
specified for amoni a, phosphate, and sedi nent oxygen denmand.

SEDMW ENT -W ATER EXCHANG E

1. OBSERVED FLUXES

WaterColbn n
Segn erk
123
1. AAMONIKLOAD = +FNH4'A5'TFNH
2. PHOSPHATE LOAD = +FPO4-AS-TFPO
3. DBS OXYGEN LOAD =-SOD - Aq
FlI xSirE ce Tie
Aei Fu rctbn

2. CACULATED FLUXES

WiaterColn NnSeyn ent

Berthic Segn ent

1,2,3,6,7,8

Figure 5.7 Sedi nment - wat er exchange.

Time functions may be specified for ammoni a and phosphat e,
refl ecting seasonal changes. Seasonal changes in water
tenperature can affect SOD through its tenperature coefficient.

Benthic Si nul ati on

The cal cul ati onal franmework incorporated for benthic-water
col um exchange draws principally froma study of Lake Erie,
whi ch incorporated sedi ment-water colum interactions, perforned
by DO Toro and Connolly (1980). For a surficial benthic |ayer
with thickness D, the nitrogen and phosphorus mass bal ance
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]

FLUX, "

(for benthic segnment j, water segnent i)

Figure 5.8 Benthic nutrient equations.

equations are sunmmarized in Figure 5.8 and Table 5.7. The
bent hi c CBOD and DO equations were summarized in Figure 4.3 and
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Table 5.7 Benthic Nutrient Reaction Coefficients

Val ue from

oL ) Pot omac )
Description Not at i on Est uary Study Units
Anaer obi ¢ al gal K b0 0.02 day!
deconposition rate
Tenperature coefficient 10 1.08 none
Organi ¢ nitrogen Koo 0. 0004 day*
deconposition rate
Tenperature coefficient lao 1.08 none
Or gani ¢ phosphorus K orp 0. 0004 day*!
deconposition rate
Tenperature coefficient 1o 1.08 none
Fraction inorganic f 0. 045-0. 001 none
phosphorus di ssolved in
bent hic | ayer
Di f f usi ve exchange Eo 2-2.5 x 10* nt/ day
coefficient
Benthic | ayer depth D 0.1-0.3 m
Bent hic | ayer ]

Wat er col um i

Table 4.2 in the previous chapter.

WASP5 allows a nore detail ed paraneterization of settling
into the benthos that includes not only a downward settling
velocity but an upward resuspension velocity as well. In this
context, then, the net particulate flux to the sedinent is due to
the difference between the downward settling flux and the upward
resuspensi on fl ux.

Benthic Depth -- One of the first decisions to be nade
regarding the benthic layer is to determne its depth. Two
factors influence this decision. The first is to adequately
reflect the thickness of the active |layer, the depth to which the
sedinment is influenced by exchange wth the overlying water
colum. Secondly one wi shes the nodel to reflect a reasonable
time history or "nmenory" in the sedinent layer. Too thin a
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| ayer and the benthos will "renmenber" or be influenced by
deposition of material that would have occurred only within the
| ast year or two of the period being anal yzed; too thick a |ayer
and the nodel will "average" too long a history, not reflecting,
as in the case of phosphorus, substantial reductions in

sedi nent ary phosphorus resulting fromreduced phosphorus

di scharges from sewage treatnent plants. The choice of sedi nent
thickness is further conplicated by spatially variable
sedinmentation rates. The benthic |ayer depths, together with the
assigned sedi nentation velocities, provide for a nulti-year
detention tinme or "nmenory", providing a reasonabl e approxi mation
of the active layer in light of the observed pore water
gradi ent s.

Benthic Nitrogen -- The next consideration is the
application of these mass bal ance equations to the nitrogen
species in a reducing sedinment (Berner, 1974). Particulate
organic nitrogen is hydrolyzed to ammoni a by bacterial action

within the benthos. 1In addition to the ammoni a produced by the
hydrol ysis of particulate organic nitrogen in the benthos,
ammoni a i s generated by the anaerobic deconposition of algae. In

a study of this reaction, Foree and McCarty (1970) showed t hat
the anaerobic rate of decay of algae is substantial (0.007-0.022
day'). However, the end product initially is not exclusively
ammoni a. Rather, a fraction of the algal nitrogen becones
particul ate organic nitrogen, which nust undergo hydrolysis

bef ore becom ng ammoni a.

Amoni a produced by the hydrolysis of non-al gal organic
nitrogen and the deconposition of detrital algal nitrogen may
t hen be exchanged wth the overlying water columm via diffusion.
No nitrification occurs in the sedinent due to the anaerobic
conditions present in the sedinent. Denitrification, the
conversion of nitrate to nitrogen gas, may occur, however.
Nitrate 1is present in the benthos due to diffusive exchange with
t he overlying water colum.

The anal ysis of the benthic nitrogen concentrations and the
resulting flux of ammonia is relatively straightforward because
of the sinmplicity of the kinetics: hydrolysis and anaerobic
al gal decay produce a stable end product, ammonia, which does not
undergo further reactions in the anaerobic sedinment. The
equations resulting fromthe above franework are presented in
Figure 5.9, and the coefficients are sunmarized in Table 5.7.

Bent hi ¢ Phosphorus -- A conpl ete analysis of the phosphorus
fluxes fromsedinents would require a rather conplex and
el aborate conputation of solute-precipitate chem stry and its
interaction with the mass transport of the dissol ved species. The
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reasons for this are twofold: first, it is well known (Nriagu,
1972) that for phosphorus the formation of precipitates affects
the interstitial water concentrations, thereby affecting the
interstitial water transport of the various phosphorus forns or
speci es; second, the dissolved concentrations are affected by the
redox reactions, which in turn, affect the phosphorus fluxes that
occur during aerobic and anaerobic conditions. (Phosphorus

fl uxes are enhanced under anaerobic conditions.)

A conputation of solute-precipitate chem stry was judged to
be outside the scope of this nodel. Instead, a sinplified
approach was taken, which to a |arge degree relies on enpiricism
Anaer obi ¢ deconposition of detrital algal phosphorus is assuned
to occur using the sane rate expressions and rate constants as
those for detrital algal nitrogen, yielding both organic and
i norgani ¢ phosphorus. Anaerobic deconposition of organic
phosphorus then proceeds. A spatially-variable fraction of the
end product, dissolved inorganic phosphorus, remains in the
interstitial water and is not involved in the fornmation of
precipitates and is not sorbed onto the benthic solids. This
spatial variation reflects the ionic chem cal makeup of the
benthos in various regions of the water body.

Usi ng observed total and interstitial dissolved inorganic
phosphorus val ues, the fraction dissolved inorgani c phosphorus
can be assigned to each segnent, with the particul ate and
di ssol ved i norgani ¢ phosphorus conputed for each tinme step in a
manner simlar to the overlying water colum inorgani c phosphorus
(equations 5.25 through 5.27). Exchange of the dissol ved
phosphorus forns with the overlying water colum is also simlar
to that of ammonia, nitrate, and dissol ved oxygen. Mss fl ux
equations are presented in Figure 5.9. The effects of anoxia
upon sedi ment phosphorus flux were not included in the nodeling
framewor k. The approach used to generate sedi nent phosphorus
flux, although not entirely satisfactory, is at |east consistent
with the framework within which the fluxes of other materials are
bei ng gener at ed.

Bent hic Carbon -- The reactions that convert algal and
refractory carbon to their end products are conplex. The initial
step in which the algal and refractory carbon are converted to
reactive internedi ates appears to be simlar to the refractory
organic and al gal nitrogen degradation, and in the subsequent
cal cul ations, the rates for carbon and nitrogen deconposition are
assuned to be equal. The reactive internedi ates, however
participate in further reactions: for exanple, volatile acids
react to beconme nethane, and the nmechani sns that control these
reactions are sonewhat uncertain. |In addition, few nmeasurenents
of these internedi ate species are avail able and a cal cul ation
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that incorporates their concentrations explicitly would of
necessity be speculative. Thus, one uses a sinplified, yet
realistic, fornmulation of these reactions.

The met hod proposed by Di Toro and Connolly (1980), and
hi ghli ghted here, is based upon separating the initial reactions
that convert sedinentary organic material into reactive
i nternedi ates and the remai ni ng redox reactions that occur. Then
using a transformation variable and an orthogonality
relationship, Di Toro and Connol |y derive mass bal ance equati ons
that are independent of the details of the redox equations.
Rat her they are only functions of the conponent concentration,
and it suffices to conpute only the conponent concentrations,
whi ch can be treated in exactly the sane way as any ot her
variable in the mass transport cal cul ati on.

The conveni ent choice of conponents for the calculation are
those that parallel the aqueous variables -- carbonaceous BOD and
di ssol ved oxygen. Restricting the calculation to these
conponents, however, elimnates the possibility of explicitly
including the effects of other reduced species such as iron,
manganese, and sulfide, which play a role in overall redox
reactions and may be involved in the generation of sedinent
oxygen demand. This sinplification appears reasonable in |ight
of the prelimnary nature of the benthic cal cul ation.

The deconposition reactions that drive the conponent mass
bal ance equations are the anaerobi c deconposition of the al gal
carbon, and the anaerobic breakdown of the benthic organic
carbon. Both reactions are sinks of the oxygen and rapidly drive
its concentration negative, indicating that the sedinent is
reduced rather than oxidized. The negative concentrations
conputed can be considered the oxygen equival ents of the reduced
end products produced by the chains of redox reactions occurring
in the sedi nent.

Because the cal cul ated concentration of oxygen is positive
in the overlying water, it is assuned that the reduced carbon
speci es (negative oxygen equival ents) that are transported across
the benthic water interface conbine with the avail abl e oxygen and
are oxidized to CO, and HOw th a consequent reduction of oxygen
in the overlying water colum. The sedi nent mass bal ance
equations for carbonaceous BOD and DO, together with the equation
for sedi nent oxygen demand, are presented in Figure 4.3 and Tabl e
4. 2.
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5.2 MODEL | MPLEMENTATI ON

To simul ate eutrophication with WASP5, use the preprocessor
to create a EUTRCG input dataset. For the portions of the
dat aset describing environnment, transport, and boundaries, EUTRO5
nmodel input will be simlar to that for the conservative tracer
nodel as described in Chapter 2. To those basic paraneters, the
user will add conbinations of transformation paraneters and
per haps solids transport rates.

EUTROG ki netics can be inplenmented using sonme or all of the
processes and kinetic terns described above to anal yze
eut rophi cation problens. For convenience, three | evels of
conplexity are identified here: (1) sinple eutrophication
kinetics, (2) internediate eutrophication kinetics, and (3)
i nternedi ate eutrophication kinetics wth benthos. Please note
that the discrete levels of simulation identified here are anong
a continuum of levels that the user could inplenent.

The three inplenentation | evels are described briefly bel ow,
along with the input paraneters required to solve the
eutrophi cati on equations in EUTRO5. |nput paraneters are
prepared for WASP5 in four major sections of the preprocessor --
envi ronnment, transport, boundaries, and transformation. Basic
nodel paraneters are described in Chapter 2, and will not be
repeated here. The eight state variables, with abbreviations
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used in this text, are listed in Table 5. 8.

Table 5.8 Summary of EUTROG Vari abl es

Vari abl e Notati on Concentration Units
1. Amonia N trogen NH3 C mg N L
2. Nitrate Nitrogen NO3 C mg N L
3. Inorgani c Phosphorus pPO4 G ng P/L
4. Phyt opl ankt on Car bon PHYT C, ng CL
5. Carbonaceous BOD CBOD G mg O/L
6. Di ssolved Oxygen DO G mg O/L
7. Organic N trogen ON C ng N L
8. Organi ¢ Phosphorus oP G ng P/L

Si npl e Eut r ophi cation Kinetics

Sinpl e eutrophication kinetics sinulate the growh and death
of phytopl ankton interacting with one of the nutrient cycles.
Gowh can be imted by the availability of inorganic nitrogen
or inorgani c phosphorus, and light. Equations include
phyt opl ankt on ki netics:

\
S " | Gy & Dy & —54 C, 5.25

and either the phosphorus cycle:
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VsS

Sis " %DpapcC, & kga15520C, & B (1&f ) Cq 5.25
%
Sis " %kgy152°C, & Gy, ap.C, & —55(1&f o) Cs 5.25
or the nitrogen cycle:
v
S.; " %Dp,a,.C, & k,, 1782°C, & 53(1&f o) C; 5.25
S " %k, 173%°C; & GPlaPCPNHSC4&k121-JI:§ZOCl 5.25
Sy, " %k,,118°C, & G, a( 1&PNH3) C, 5.25
where S,; is the source/sink termfor variable "i" in a segnent,

in ng/L-day. Kinetic rate constants and coefficients are as
defined in Tables 5.3, 5.5, and 5.6.

Phyt opl ankt on plus either three nitrogen variables or two
phosphorus variabl es are used in sinple eutrophication
simul ations. Wile phytoplankton are sinulated internally as
mg/ L carbon, initial concentrations and boundary concentrations
are input by the user as Fg/L chlorophyll a. EUTRO5 converts
t hese i nput concentrations to internal concentrations using a
user-specified carbon to chlorophyll ratio. |If the carbon to
chl orophyll ratio is not input, then a default value of 30 is
used. Internal concentrations of phytoplankton nitrogen and
phyt opl ankt on phosphorus are cal cul ated from user-specified
nitrogen to carbon and phosphorus to carbon ratios. |If these
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ratios are not input, then default values of 0.25 and 0.025 are
used.

Sinpl e eutrophication kinetics assune that death returns
phyt opl ankt on nitrogen and phosphorus entirely to the organic
ni trogen and organi ¢ phosphorus pools. Mneralization is a
sinple first order function that is unaffected by phytopl ankton
levels, and nitrification is a sinple first order function
unaf fected by di ssolved oxygen. Denitrification is not
si mul at ed.

Light limtation is described by the DO Toro fornul ation,
equation 5.4, and the user nust calibrate the saturating |ight
intensity Iq.

The particulate fractions of ON and OP are associated with
transport field 3, organic matter settling. Particulate PHYT is
associated wth transport field 4. The particulate fraction of
PO4 is associated with transport field 5, inorganic settling.

Envi ronnent Par ameters

These paraneters define the basic nodel identity, including
the segnentation, and control the sinulation.

Systens-- Select "sinulate" for PHYT and either ON, NH3, and
NO3, or OP and PO4. Select "constant” for the nonsinul at ed
nutrients and "bypass" for CBOD and DO. During calibration, the
user may select "constant" or "bypass" for any sel ected
variables. (G oup A Record 4, NOSYS; Record 9, SYSBY)

Segnent s-- Water colum segnents should be defined in the
standard fashion. |[If settling is to be simulated (i.e., for ON,

OP, PHYT, or PO4), the user should add a single benthic segnment
underlying all water colum segnents. This benthic segment wll
merely act as a convenient sink for settling organic matter.
Model cal culations within this benthic segnent shoul d be ignored.
(Goup A Record 4, NOSEG Goup C, Record 3, |SEG |BOIsG

| TYPE, BVOL, DMULT)

Transport Paraneters

This group of paraneters defines the advective and
di spersive transport of nodel vari ables.

Nunber of Flow Fields-- To sinulate settling of ON and OP,
the user should select solids 1 flow under advection. To
simul ate settling of PHYT, the user should select solids 2 flow
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To sinulate PO4 settling, the user should select solids 3 flow
The user should al so select water colum flow. (G oup D, Record
1, NFI ELD)

Particul ate Transport, n¥/sec-- Tine variable settling and
resuspension rates for solids 1, solids 2, and solids 3 can be
i nput using the continuity array BQ and the time function Q.
For each solids flow field, cross-sectional exchange areas (nt)
for adjacent segnent pairs are input using the spatially-variable
BQ Tinme-variable settling velocities can be specified as a
series of velocities, in nsec, versus tine. |If the units
conversion factor is set to 1.157e-5, then these velocities are
input in units of mday. These velocities are multiplied
internally by cross-sectional areas and treated as flows that
carry particulate organic matter out of the water colum. (G oup
D, Record 4, BQ JQ 1Q Record 6, QI, TQ

Boundary Paraneters

This group of paraneters includes boundary concentrations,
waste | oads, and initial conditions. Boundary concentrations
nmust be specified for any segnent receiving flow inputs, outputs,
or exchanges. Initial conditions include not only initial
concentrations, but also the density and solids transport field
for each solid, and the dissolved fraction in each segnent.

Boundary Concentrations, ng/L-- At each segnent boundary,
time variable concentrations nmust be specified for PHYT,
expressed as Fg/L chlorophyll a. Tinme variable concentrations
must al so be specified for either ON, NH3, and NG3, or OP and
PO4. A boundary segnent is characterized by water exchanges from
outside the network, including tributary inflows, downstream
outfl ows, and open water dispersive exchanges. (G oup E, Record
4, BCT)

Wast e Loads, kg/day-- For each point source discharge, tine
vari abl e PHYT, ON, NH3, NO3, OP, and PO4 | oads can be specifi ed.
These | oads can represent nunicipal and industrial wastewater
di scharges, or urban and agricultural runoff. |[If any
phyt opl ankt on | oads are specified, they should be in units of kg
carbon/day. (Goup F.1, Record 4, VKT)

Solids Transport Field-- The transport fields associated
with particulate settling nust be specified under initial
conditions. Solids 1 (Field 3) is recomended for ON and OP.
Solids 2 (Field 4) is recommended for PHYT. Solids 3 (Field 5)
is reconmended for PO4. (Goup J, Record 1, |FIELD)
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Solid Density, g/cn?-- A value of 0 can be entered for the
nom nal density of PHYT, ON, NH3, NO3, OP, and PO4. This
information is not used in EUTRG. (G oup J, Record 1, DSED)

Initial Concentrations, ng/L-- Concentrations of PHYT,
expressed as Fg/L chlorophyll a and either ON, NH3, and NO3, or
OP and P4 in each segnent nust be specified for the tine at
whi ch the simulation begins. For the nonsinulated nutrients held
constant, average concentrations nust be specified. These
nutrient concentrations will remain constant throughout the
simul ati on and can affect PHYT through growh rate [imtation
(al though nonsimul ated nutrients should be in excess and
therefore not affect growth). Concentrations of zero for
bypassed variables -- CBOD and DO -- will be entered by the
preprocessor. (Goup J, Record 2, O

D ssol ved Fraction-- The dissolved fraction of PHYT, ON,
NH3, NO3, OP, and PO4 in each segnent nust be specified. The
di ssolved fraction of PHYT should be set to 0. Only the
particul ate fractions of the nutrients wll be subject to
settling. (Goup J, Record 2, D SSF)

Transformati on Par anet ers

This group of paraneters includes spatially variable
paraneters, constants, and kinetic tinme functions for the water
quality constituents being sinmulated. Paraneter values are
entered for each segnment. Specified values for constants apply
over the entire network for the whole sinulation. Kinetic tine
functions are conposed of a series of values versus tinme, in
days.

Wat er Tenperature, G- Tinme and segnent vari abl e water
t enperatures can be specified using the paraneters TMPSG and
TMPEN, and the tinme functions TEMP(1-4). |If tenperatures are to
remain constant in tinme, then the user should enter segnent
tenperatures using the parameter TMPSG  TMPFN and TEMP(1-4)
shoul d be omtted.

If the user wants to enter tine-variable tenperatures, then
val ues for the parameter TMPSG should be set to 1.0. The
paranmeter TMPFN i ndi cates which tenperature function will be used
by the nodel for each segnent. Values of 1.0, 2.0, 3.0, or 4.0
will call time functions TEMP(1), TEMP(2), TEMP(3), and TEMP(4),
respectively. Water tenperatures should then be entered via
these tine functions as a series of tenperature versus tinme
val ues. The product of TMPSG and the selected TEMP function wll
give the segnent and tine specific water tenperatures used by
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EUTRCG.

TMPSG and TMPFN are identified in EUTROG as paraneters 3 and
4, respectively. TEMP(1-4) are identified in EUTROG as tine
functions 1-4. (Goup G Record 4, PARAM I, 3), PARAM I, 4); G oup
|, Record 2, VALT(1-4,K))

Sol ar Radi ation, |angleys/day-- Tine-variable solar
radi ation at the water surface can be described using tinme
functions I TOT and FDAY. Seasonally-varying val ues of solar
radi ation at the surface can be entered using ITOT wwth a series
of radiation versus tine values. FDAY gives the seasonally-
varying fraction of day that is daylight, entered as a series of
fraction versus tinme values. Internally, EUTRCH uses the
guotient |TOT/FDAY for the average radiation intensity during
daylight hours. (Goup I, Record 2, VALT(5,K), VALT(6, K))

Light Extinction, m!- Tine and segnent variable |ight
extinction coefficients can be specified using the paraneters
KESG and KEFN, and the tinme functions KE(1-5). |If extinction
coefficients are to remain constant in tinme, then the user should
enter segnment coefficients using the paraneter KESG  KEFN and
KE(1-4) should be omtted.

If the user wants to enter tinme-variable extinction
coefficients, then values for the paranmeter KESG should be set to
1.0. The paraneter KEFN indicates which |ight extinction
function wll be used by the nodel for each segnent. Val ues of
1.0, 2.0, 3.0, 4.0, or 5.0 will call time functions KE(1), KE(2),
KE(3), KE(4), and KE(5), respectively. Light extinction
coefficients should then be entered via these tinme functions as a
series of coefficient versus tinme values. The product of KESG
and the selected KE function will give the segnent and tine
specific light extinction coefficients used by EUTRCE.

KESG and KEFN are identified in EUTROG as paraneters 5 and
6, respectively. KE(1-4) are identified in EUTRCG as tine
functions 8-12. (Goup G Record 4, ISC, PARAMI,5), PARAM I, 6);
Goup I, Record 2, VALT(8-12,K))

Gowh Rate, day’-- The maxi mum phytopl ankton growth rate
constant and tenperature coefficient can be input using constants
K1C and K1T, respectively. (Goup H Record 4, CONST(41),
CONST(42))

Carbon to Chlorophyll Ratio, mg G ng Chl-- The average
carbon to chlorophyll weight ratio in phytopl ankton can be
specified using constant CCHL. A default value of 30 is provided
for in EUTRG. (Goup H Record 4, CONST(46))
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Light Limtation-- Available light is specified using tine
functions describing seasonal |ight at the water surface and
segnent- and tinme-variable |ight extinction coefficents. These
are described above.

The Di Toro light limtation option can be specified using a
value of 1.0 for LGHTS. The saturating light intensity can then
be specified using constant |S1. Default values for LGHTS and
| S1 are 1 and 300, respectively. (Goup H Record 4, CONST(43),
CONST(47))

Respiration Rate, day'-- The average phytopl ankton
respiration rate constant and tenperature coefficient can be
i nput using constants KIRC and K1RT, respectively. (Goup H,
Record 4, CONST(50), CONST(51))

Death Rate, day'-- The non-predatory phytopl ankt on death
rate constant can be input using constant K1D. No tenperature
dependance is assuned. (G oup H, Record 4, CONST(52))

Phosphorus to Carbon Ratio, mg P/ng G- The average
phosphorus to carbon weight ratio in phytoplankton can be
speci fied using constant PCRB. The EUTRO default value for PCRB
is 0.025. (Goup H Record 4, CONST(57)

Phosphorus M neralization Rate, day'-- The mineralization
rate constant and tenperature coefficient for dissolved organic
phosphorus can be specified using constants K83C and K83T,
respectively. (Goup H Record 4, CONST(100), CONST(101))

Phosphorus Hal f-Saturation Constant, nmyg P/L-- The phosphorus
hal f-saturation constant for phytopl ankton growth can be
speci fied using constant KMPGL. Wen inorgani ¢c phosphorus
concentrations are at this |evel, the phytoplankton growh rate
is reduced by half. (Goup H Record 4, CONST(49))

Nitrogen to Carbon Ratio, mg NNnmg G- The average nitrogen
to carbon weight ratio in phytoplankton can be specified using
constant NCRB. The EUTRCH default value for NCRB is 0.25.
(Goup H Record 4, CONST(58)

Ni trogen M neralization Rate, day'-- The mineralization
rate constant and tenperature coefficient for dissolved organic
nitrogen can be specified using constants K71C and K71T,
respectively. (Goup H Record 4, CONST(91), CONST(92))

Nitrification Rate, day'-- The nitrification rate constant
and tenperature coefficient for dissolved ammonia nitrogen can be
speci fied using constants K12C and K12T, respectively. (Goup H,
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Record 4, CONST(11), CONST(12))

Nitrogen Half-Saturation Constant, ng NNL-- The nitrogen
hal f-saturation constant for phytopl ankton growth can be
speci fied using constant KMNGL. Wen inorganic nitrogen
concentrations are at this |evel, the phytoplankton growh rate
is reduced by half. This paraneter also affects amoni a
preference Py; as outlined in Figures 5.5 and 5.6. Wen KWGL =
0, Pyg = 1.0. Wien KMNGL becones very | arge, Pyg approaches a
value of C/(C, + GC). (Goup H Record 4, CONST(48))

| nt ernedi ate Eutrophication Kinetics

| nt er medi at e eutrophication kinetics sinulate the growth and
deat h of phytopl ankton interacting wth the nitrogen and
phosphorus cycles and the dissol ved oxygen bal ance. Gowh can
be limted by the availability of inorganic nitrogen, inorganic
phosphorus, and |ight.

I nt er medi at e eutrophication kinetics add CBOD and DO
equations as well as certain nonlinear terns and functions to the
si npl e eutrophication kinetics described above. The oxygen
bal ance equations and kinetic paraneters are sumrarized in Figure
4.2 and Table 4.1. The phosphorus cycle equations and kinetic
paranmeters are summarized in Figure 5.4 and Table 5.5. The
nitrogen cycle equations and paraneters are sunmarized in Figure
5.5 and Table 5.6. Phytopl ankton equati ons are presented
t hroughout Section 5.2, with paraneters summari zed in Table 5. 3.

Light limtation can be described by either the DO Toro or
the Smith formulation. The Smth formulation inplenents
equations 5.6 through 5.11. These equations predict the carbon
to chlorophyll ratio based on the availability of light, then
predict the saturating light intensity based on the carbon to
chl orophyl | ratio.

QG her terns included in the internedi ate kinetics equations
are the phytopl ankton effect on mneralization of organic
phosphorus and nitrogen, the dissolved oxygen limtation on
nitrification, the denitrification reaction, and zoopl ankton
grazing. The nonlinear DO bal ance equations can becone i nportant
ininhibiting nitrification and carbonaceous oxidation and in
pronoting denitrification where | ow DO concentrations occur

Al'l eight state variables are sinmulated in internedi ate
eutrophication sinmulations. During calibration of the nodel to
observed data, however, the user nmay want to bypass certain
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vari abl es or hold them constant. Nutrients can be held at
observed concentrations, for instance, while phytoplankton growth
and death rates are cali brated.

Envi ronnent Par ameters

These paraneters define the basic nodel identity, including
the segnentation, and control the sinulation.

Systens-- Select "simulate" for all variables. During
calibration, the user may select "constant"” or "bypass" for any
sel ected variables. (Goup A Record 4, NOSYS, Record 9, SYSBY)

Segnent s-- Water columm segnents should be defined in the
standard fashion. |[If settling is to be simulated (i.e., for ON,

OP, PHYT, PO, or CBOD), the user should add a single benthic
segnent underlying all water colum segnents. This benthic
segnent will nmerely act as a convenient sink for settling organic
matter. Model calculations within this benthic segnent should be
ignored. (Goup A Record 4, NOSEG Goup C, Record 3, |ISEG

| BOTSG | TYPE, BVOL, DMJLT)

Transport Paraneters

This group of paraneters defines the advective and
di spersive transport of nodel variables.

Nunber of Flow Fields-- To simulate settling of QN, OP, and
CBOD, the user should select solids 1 flow under advection. To
simul ate settling of PHYT, the user should select solids 2 flow
To sinulate PO4 settling, the user should select solids 3 flow
The user should al so select water colum flow. (G oup D, Record
1, NFI ELD)

Particul ate Transport, n¥/sec-- Tine variable settling and
resuspensi on velocities can be specified for particulate ON, OP,
CBOD, PHYT, and PO4, as described in the sinple eutrophication
section above.

Boundary Paraneters

This group of paraneters includes boundary concentrations,
waste | oads, and initial conditions. Boundary concentrations
nmust be specified for any segnent receiving flow inputs, outputs,
or exchanges. Initial conditions include not only initial
concentrations, but also the density and solids transport field
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for each solid, and the dissolved fraction in each segnent.

Boundary Concentrations, ng/L-- At each segnent boundary,
time variable concentrations nust be specified for PHYT,
expressed as Fg/L chlorophyll a. Tinme variable concentrations
must al so be specified for either ON, NH3, NO3, OP, PO4, CBOD,
and DO. A boundary segnent is characterized by water exchanges
fromoutside the network, including tributary inflows, downstream
outfl ows, and open water dispersive exchanges. (G oup E, Record
4, BCT)

Wast e Loads, kg/day-- For each point source discharge, tine
vari abl e PHYT, ON, NH3, NG3, OP, P4, CBOD, and DO | oads can be
specified. These |oads can represent nunicipal and industrial
wast ewat er di scharges, or urban and agricultural runoff. |If any
phyt opl ankt on | oads are specified, they should be in units of kg
carbon/day. (Goup F.1, Record 4, VKT)

Solids Transport Field-- The transport fields associated
with particulate settling nust be specified under initial
conditions. Solids 1 (Field 3) is recomended for QN, OP, and
CBOD. Solids 2 (Field 4) is recommended for PHYT. Solids 3
(Field 5) is recomrended for PO4. (G oup J, Record 1, |FIELD)

Solid Density, g/cn?-- A value of 0 can be entered for the
nom nal density of PHYT, ON, NH3, NO3, OP, PO4, CBOD, and DO
This information is not used in EUTROG. (Goup J, Record 1
DSED)

Initial Concentrations, ng/L-- Concentrations of al
vari ables in each segnment nust be specified for the tinme at which
the sinul ation begins. Concentrations of PHYT are expressed as
Fg/L chlorophyll a. (Goup J, Record 2, O

D ssolved Fraction-- The dissolved fraction of each variable
in each segnment nust be specified. The dissolved fraction of
PHYT should be set to 0, and the dissolved fraction of DO should
be set to 1. Only the particulate fractions of CBOD and the
nutrients will be subject to settling. (Goup J, Record 2,

Dl SSF)

Transformati on Par anet ers

This group of paraneters includes spatially variable
paraneters, constants, and kinetic tine functions for the water
quality constituents being sinmulated. Paraneter values are
entered for each segnment. Specified values for constants apply
over the entire network for the whole sinulation. Kinetic tine
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functions are conposed of a series of values versus tine, in
days.

Water Tenperature, C - Tinme and segnent variable water
tenperatures can be specified using the paraneters TMPSG and
TMPEN, and the tine functions TEMP(1-4), as described in the
si npl e eutrophication section above.

Sol ar Radi ation, |angleys/day-- Tine-variable solar
radi ation at the water surface can be described using tinme
functions I TOT and FDAY, as described in the sinple
eut rophi cation section above.

Light Extinction, m!- Tine and segnent variable |ight
extinction coefficients can be specified using the paraneters
KESG and KEFN, and the tinme functions KE(1-5), as described in
t he sinple eutrophication section above.

Gowh Rate, day’-- The maxi mum phytopl ankton growth rate
constant and tenperature coefficient can be input using constants
K1C and K1T, respectively. (Goup H Record 4, CONST(41),
CONST(42))

Carbon to Chlorophyll Ratio, mg G ng Chl-- The average
carbon to chlorophyll weight ratio in phytopl ankton can be
specified using constant CCHL. A default value of 30 is provided
for in EUTROG. If the Smth light limtation option is chosen,
then CCHL will be variable, recal cul ated daily throughout the
simulation. (Goup H Record 4, CONST(46))

Light Limtation-- Available light is specified using tine
functions describing seasonal |ight at the water surface and
segnent- and tinme-variable |ight extinction coefficents. These
are descri bed above.

The Di Toro light limtation option can be specified using a
value of 1.0 for LGHTS. The saturating light intensity, in
| angl eys/ day can then be specified using constant |S1. Default
val ues for LGHTS and I1S1 are 1 and 300, respectively. (Goup H,
Record 4, CONST(43), CONST(47))

The Smith light Iimtation option can be specified using a
value of 2.0 for LGHTS. Two ot her paraneters nust then be
specified. The maxi mum quantumyield constant, in ng C nole
phot ons, can be specified using constant PH MX. The chl orophyl |
extinction coefficient, in (ng chl a/n?) 'm?' can be specified
usi ng constant XKC. Default values for PH MX and XKC are 720 and
0.017, respectively. (Goup H Record 4, CONST(43), CONST(44),
CONST(45))
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Nitrogen Half-Saturation Constant, ng NNL-- The nitrogen
hal f-saturation constant for phytopl ankton growth can be
speci fied using constant KMNGL. Wen inorganic nitrogen
concentrations are at this |evel, the phytoplankton growh rate
is reduced by half. This paraneter also affects amoni a
preference Py; as outlined in Figures 5.5 and 5.6. Wen KWGL =
0, Pyg = 1.0. Wien KMNGL becones very |arge, Pyg approaches a
value of C/(C, + GC). (Goup H Record 4, CONST(48))

Phosphorus Hal f-Saturation Constant, nmg P/L-- The phosphorus
hal f-saturation constant for phytopl ankton growth can be
speci fied using constant KMPGL. Wen inorgani ¢c phosphorus
concentrations are at this |evel, the phytoplankton growh rate
is reduced by half. (Goup H Record 4, CONST(49))

Nutrient Limtation Option-- The nutrient limtation
formul ati on can be specified using constant NUTLIM A value of O
selects the m nimum fornul ati on, which is recormended. A val ue
of 1.0 selects the nultiplicative forrmulation. The default val ue
is 0. (Goup H Record 4, CONST(54))

Respiration Rate, day’-- The average phytopl ankton
endogenous respiration rate constant and tenperature coefficient
can be input using constants KIRC and KLRT, respectively. (G oup
H, Record 4, CONST(50), CONST(51))

Death Rate, day!-- The non-predatory phytopl ankton death
rate constant can be input using constant K1D. No tenperature
dependance is assuned. (G oup H, Record 4, CONST(52))

G azing Rate, day!-- Zoopl ankton grazing can be specified
usi ng paraneter ZOOSG tine function ZOO and constant K1G
Time- and segnent-vari abl e herbi vorous zoopl ankt on popul ati ons
are described as the product of the tine variable popul ati on ZOQ
in ng zooplankton C/L, and segnent specific ratios ZOOSG  The
grazing rate per unit zoopl ankton popul ation, in L/ ng zoopl ankton
C-day, can be input using constant KIG The resulting grazing
rate constant for phytoplankton is the product of the variable
zoopl ankt on popul ation and the unit grazing rate. (Note that ZOO
can al so be expressed as cells/L if KIGis expressed as L/cell-
day). (Goup G Record 4, PARAM1,15); Goup H Record 4,
CONST(53); Goup |, Record 2 VALT(19,K))

Phosphorus to Carbon Ratio, my P/ng G- The average
phosphorus to carbon weight ratio in phytoplankton can be
speci fied using constant PCRB. The EUTRO default value for PCRB
is 0.025. (Goup H Record 4, CONST(57)

Phyt opl ankt on Phosphorus Recycl e-- The fraction of dead and
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respi red phytopl ankt on phosphorus that is recycled to the organic
phosphorus pool can be specified using constant FOP. The default
value is 1. The fraction of phytopl ankton phosphorus recycl ed
directly to inorganic phosphorus is 1 - FOP. (Goup H £ Record 4,
CONST(104))

Phosphorus M neralization Rate, day'-- The mineralization
rate constant and tenperature coefficient for dissolved organic
phosphorus can be specified using constants K83C and K83T,
respectively. Phytoplankton effects on mneralization can be
descri bed using constant KMPHY, the hal f-saturation constant for
m neral i zati on dependence on phytoplankton, in ng CL. This
causes mneralization rates to increase as phytoplankton | evels
increase. |If KMPHY is zero, there is no phytopl ankton effect on
m neralization. |If KMPHY is |arge, then |large concentrations of
phyt opl ankton are needed to drive mneralization, and thus
relatively | ow phytopl ankton | evels can | ead to | ow
mneralization rates. (Goup H Record 4, CONST(100),
CONST(101), CONST(59))

Bent hi ¢ Phosphorus Flux, nu/nf-day-- The segment- and ti nme-
vari abl e bent hi c phosphorus flux can be specified using paraneter
FPO4 and tinme function TFPO4. The product of the spatially-
vari able FPO4 and tine-variable TFPO4 gives the segnent and tine
specific benthic flux for PO4 used by EUTRO5. Flux versus tine
val ues can be entered using TFPO4, while unitless segnent ratios
can be entered using FPO4. Val ues should be entered for water
columm segnents that are in contact with the bottom of the water
body. (G oup G Record 4, PARAMI1,8); Goup |, Record 2,

VALT( 14, K))

Nitrogen to Carbon Ratio, nmg NNnmg G- The average nitrogen
to carbon weight ratio in phytoplankton can be specified using
constant NCRB. The EUTRCH default value for NCRB is 0.25.
(Goup H Record 4, CONST(58)

Phyt opl ankt on Nitrogen Recycle-- The fraction of dead and
respired phytopl ankton nitrogen that is recycled to the organic
ni trogen pool can be specified using constant FON. The default
value is 1. The fraction of phytoplankton nitrogen recycled
directly to ammonia is 1 - FON. (Goup H Record 4, CONST(95))

Ni trogen M neralization Rate, day'-- The mineralization
rate constant and tenperature coefficient for dissolved organic
nitrogen can be specified using constants K71C and K71T,
respectively. Phytoplankton effects on mneralization can be
descri bed using constant KMPHY, the hal f-saturation constant for
m neral i zati on dependence on phytopl ankt on, as expl ai ned above in
t he phosphorus m neralization section. (Goup H Record 4,
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CONST(91), CONST(92), CONST(59))

Nitrification Rate, day'-- The nitrification rate constant
and tenperature coefficient for dissolved ammonia nitrogen can be
speci fied using constants K12C and K12T, respectively. The half-
saturation constant for oxygen limtation of nitrification can be
specified using constant KNIT. The default value for KNIT is
0.0, indicating no oxygen limtation. (Goup H Record 4,
CONST(11), CONST(12), CONST(13))

Denitrification Rate, day!-- The denitrification rate
constant and tenperature coefficient for dissolved nitrate
nitrogen can be specified using constants K20C and K20T,
respectively. The half-saturation constant for oxygen |[imtation
of denitrification can be specified using constant KNO3. The
default value for KNO3 is 0.0, indicating no denitrification at
oxygen concentrations above 0.0. (G oup H, Record 4, CONST(21),
CONST(22), CONST(23))

Benthic Nitrogen Flux, nu/nt-day-- The segnent- and tine-
vari abl e benthic nitrogen flux can be specified using paraneter
FNH4 and tinme function TFNH4. The product of the spatially-
vari able FNH4 and tinme-variable TFNH4 gi ves the segnent and tine
specific benthic flux for NH3 used by EUTRO5. Flux versus tine
val ues can be entered using TFENH4, while unitless segnent ratios
can be entered using FNH4. Val ues should be entered for water
columm segnents that are in contact with the bottom of the water
body. (G oup G Record 4, PARAMI,7); Goup |, Record 2,
VALT(13, K))

Sedi nent Oxygen Demand, g/ nt-day-- Segnment vari abl e sedi nent
oxygen demand fl uxes and tenperature coefficients can be
specified using the paraneters SODLD and SCDTA, respectively.

Val ues shoul d be entered for water columm segnments that are in
contact with the bottomof the water body. (G oup G Record 4,
PARAM |, 9), PARAM I, 12))

Reaeration Rate, day’-- There are three basic options for
specifying reaeration -- a single rate constant, segnent and tine
vari able rate constants, and flow and wind calculated rate
constants. These options are described in Section 4.2, under the
Streeter-Phel ps transformati on paraneters.

CBOD Deoxygenation Rate, day’-- The CBOD deoxygenation rate
constant and tenperature coefficient can be specified using
constants KDC and KDT, respectively. The half-saturation
constant for oxygen limtation of carbonaceous deoxygenation can
be specified using constant KBOD. The default value for KBOD is
0.0, indicating no oxygen limtation. (Goup H Record 4,
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CONST(72), CONST(73), CONST(75))

| nternedi ate Eutrophication Kinetics with Bent hos

Simul ating benthic interactions requires the addition of
bent hic segnents to the nodel network. All state variables are
sinmulated in the benthic segnents. Dissolved fractions of NH3,
N3, PO4, CBOD, DO, ON, and OP may exchange with the water col um
by diffusion. Particulate fractions of PHYT, PO4, CBOD, ON, and
OP may deposit to or be scoured fromthe benthic segnents.
Benthic | ayer deconposition rates for OP, ON, PHYT, and CBOD nust
be specified. The equations used are those presented in Figures
4.3 and 5.9. Rate paraneters are summarized in Tables 4.2 and
5.7.

Many of the environnment, transport, boundary, and
transformation paraneters required to inplenent this option are
the sane as those in the internedi ate eutrophication option
present ed above. The benthic nitrogen and phosphorus fl ux
functions should be omtted, and the follow ng should be nodified
or added.

Segnent s-- Water colum segnents should be defined in the
standard fashion. In addition, the user should add a benthic

segnent underlying each water colum segnent (or stack of water
colum segnents). These benthic segnents will receive settling
organic and inorganic matter fromthe water colum above, and can
return material to the water colum via resuspension or by pore
water diffusion. (Goup A Record 4, NOSEG Goup C, Record 3,

| SEG, | BOTSG | TYPE, BVOL, DMJLT)

Phyt opl ankt on Deconposition, day!-- The user nmay specify
the rate constant and tenperature coefficient for phytoplankton
deconposition in benthic segnents using constants KPZDC and
KPZDT. (G oup H Record 4, CONST(55), CONST(56))

Car bonaceous BOD Deconposition, day!-- The user may specify
the rate constant and tenperature coefficient for CBOD
deconposition in benthic segnents using constants KDSC and KDST.
(Goup H Record 4, CONST(73), CONST(74))

Organic Nitrogen Deconposition, day!- The user may specify
the rate constant and tenperature coefficient for organic
ni trogen deconposition in benthic segnents using constants KONDC
and KONDT. (Goup H Record 4, CONST(93), CONST(94))
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Organi ¢ _Phosphorus Deconposi tion, day!-- The user may
specify the rate constant and tenperature coefficient for organic
phosphorus deconposition in benthic segnents using constants
KOPDC and KOPDT. (Goup H, Record 4, CONST(102), CONST(103))

Data Group Descriptions

| nput datasets to sinulate eutrophication in a | ake are
given with the nodel software. A conprehensive listing of the
WASP5 data groups, records, and variables is given in Part B of
this report.
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CHAPTER 6
SI MPLE TOXI CANTS

6.1. MODEL DESCRI PTI ON

| nt roducti on

Sone organi c and inorganic chem cals can cause toxicity to
aquatic organisns, or bioconcentrate through the food chain.
Humans may be affected by ingesting contam nated water or fish.
Criteria for protecting human heal th and i ndi gi nous aquatic
communi ties have been pronul gated for specific chemcals and for
general toxicity.

The sinmul ati on of toxicants has beconme common only in the
past decade. Near-field m xing zone nodels sinulate the dilution
and di spersal of waste plunes, along with associ ated toxicants.
Far-field nodels, such as WASP5, sinulate the transport and
ultimate fate of chem cals throughout a water body. At a
m ni mum these nodels sinulate the water colum and a bed | ayer,
and i nclude both chem cal degradation and sorption to solids.
The sinpler nodels use first-order decay constants and
equilibriumpartition coefficients. Mre conplex nodels may
enpl oy second-order decay nechani sns and either nonlinear
sorption isotherns or first-order sorption and desorption rate
const ants.

Several physical-chem cal processes can affect the transport
and fate of toxic chemcals in the aquatic environnment. Sone
chem cal s undergo a conpl ex set of reactions, while others behave
inanore sinplified manner. WASP5 allows the sinulation of a
variety of processes that may affect toxic chem cals. The node
is designed to provide a broad framework applicable to many
environmental problens and to allow the user to match the nodel
conplexity wwth the requirenments of the problem

Al though the potential anpbunt and variety of data used by
WASP5 is |large, data requirenents for any particular sinulation
can be quite small. For exanple, it is possible to sinulate a
chem cal using no reactions, or using only sorption and one or
two transformation reactions that significantly affect a
particular chemcal. Indeed, for enpirical studies, all chem cal
constants, tinme functions, and environnental paraneters can be
ignored and a sinple user-specified transformati on rate constant
used. Thus, WASP5 can be used as a first-order water pollutant
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nodel to conduct sinulations of dye tracers, salinity intrusion,
or coliformdie-off.

Overvi ew of Sinple WASP5 Toxi cants

Si npl e toxi cants and Table 6.1 WASP5 State Vari abl es
associ ated solids are for Toxi cants.

program TOXI5 sinulates the
transport and transformation

of one to three chem cals and SYSTEM | VAR ABLE

one to three types of

particul ate material (solids 1 CHEM CAL 1
cl asses, Table 6.1). The

three chenicals may be 2 SOLIDS 1

i ndependent or they may be 3 SOLI DS 2

linked with reaction yields,

such as a parent 4 SOLI DS 3

conpound- daught er product

sequence. The sinmul ation of ° CHEM CAL 2
solids is described in Chapter 6 CHEM CAL 3

3. The sinulation of sinple
toxi cants is described bel ow.
The sinmul ation of nore conpl ex
organic chemcals is described
in Chapter 7.

In an aquatic environment, toxic chem cals may be
transferred between phases and may be degraded by any of a nunber
of chem cal and biol ogical processes. Sinplified transfer
processes defined in the nodel include sorption and
vol atilization. Transformation processes include biodegradati on,
hydrol ysi s, photolysis, and oxidation. Sorption is treated as an
equilibriumreaction. The sinplified transformation processes
are described by first-order rate equations.

WASP5 uses a mass bal ance equation to cal cul ate sedi nent and
chem cal mass and concentrations for every segnent in a
speci ali zed network that may include surface water, underlying
wat er, surface bed, and underlying bed. In a sinulation,
sedi nent is advected and di spersed anong water segnents, settled
to and eroded from benthic segnents, and noved between benthic
segnents through net sedinentation, erosion, or bed | oad as
detailed in Chapter 3.

Si mul ated chem cal s undergo several physical or chem ca
reactions as specified by the user in the input dataset.
Chem cal s are advected and di spersed anong wat er segnents, and
exchanged with surficial benthic segnents by dispersive m xing.
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Sorbed chem cals settle through water columm segnments and deposit
to or erode fromsurficial benthic segnments. Wthin the bed,

di ssol ved chem cals m grate downward or upward through
percol ati on and pore water diffusion. Sorbed chemcals magrate
downward or upward through net sedinentation or erosion. Rate
constants and equilibriumcoefficients nust be estimated from
field or literature data in sinplified toxic chem cal studies.
Their calculation fromlaboratory and field data is described in
Chapter 7.

Sonme limtations should be kept in mnd when applying TOXI 5.
First, chem cal concentrations should be near trace levels, i.e.,
bel ow half the solubility or 10° nolar. At higher
concentrations, the assunptions of linear partitioning and
transformati on begin to break down. Chem cal density may becone
i nportant, particularly near the source, such as in a spill.
Large concentrations can affect key environnental
characteristics, such as pH or bacterial popul ations, thus
altering transformation rates.
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Table 6.2 Concentration Related Synbols Used in Mathemati cal

Equati ons.

Synbol Definition Units

oy Concentration of total chemcal i in ng./ L
segnent j.

Cuij Concentration of dissolved chemcal i in ngJ/L
segnent j.

Cuij Concentration of dissolved chemical i in ngJ/L,
water in segment j. Cu,; = G,/n

Gij Concentration of sorbed chemical i on ng./ L
sedi nent type "s" in segnent j.

Ci Concentration of sorbed chemical i on ny./ kg,
sedi nent type "s" in segment j.
Ca; = Gyl My,

m,; Concentration of sedinent type "s" in ng./ L
segnent j.

M, Concentration of sedinent type "s" in kg./ L
segrent j. M =m § 10°

My Concentration of sedinent type "s" in kg./ L,
water in segnent j.

n, Porosity or volunme water per vol une L/ L
segnent j.

Kosi Partition coefficient of chemcal i on L,/ kgs
sedi nent type "s" in segnent j.

fo Fraction of chemcal i in segnent j in -
di ssol ved phase

faij Fraction of chemcal i in segnent j in -

solid phase "s"
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In TOXI5, it is convenient to define concentration rel ated
synbols as in Table 6.2. Please note that in the general

devel opment of the equations bel ow, subscripts "i" and "j" are
sonetimese omtted for convenience.

Sinpl e Transfornmation Kinetics

TOXI5 allows the user to specify sinple first-order reaction
rates for the transformation reactions of each of the chem cals
sinmulated. First order rates may be applied to the total
chem cal and varied by segnent. Alternatively, constant first
order rates may be specified for particul ar processes, including
bi odegr adati on, hydrolysis, photolysis, volatilization, and
oxi dation. These constant rates may be used exclusively or in
conbi nation with nodel conputed rates as described in Chapter 7.
For exanple, the user may specify a first-order rate for
bi odegradati on and have TOXI5 conpute a | oss rate for
vol atilization.

Option 1: Total Lunped First Order Decay

The sinplest rate expression allowed by TOXI5 is | unped,
first-order decay. This option allows the user to specify
spatially-variable first order decay rate constants (day?') for
each of the chem cals sinulated. Because these are |unped decay
reactions, chemcal transformations to daughter products are not
si mul at ed.

NG, | .
It reaction Kij Cij 6.1
wher e:
Ki; = | unped first order decay constants (day?') for

chemcal i in segnent j.
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The | unped decay rate constant is a nodel paraneter that may be
vari ed between nodel segnents. |If a |lunped decay rate constant
is specified, the chemcal will react at that rate regardl ess of
ot her nodel i nput.

Option 2: Individual First Order Transformation

This option allows the user to input a global first-order
reaction rate constant separately for each of the follow ng
processes: volatilization, water colum biodegradation, benthic
bi odegradati on, al kaline hydrolysis, neutral hydrolysis, acid
hydrol ysi s, oxidation, photolysis, and an extra reaction. The
total reaction is then based on the sum of each of the individual
reactions as given by

MCl] % - _N
Wt reaction kll Kki Cij 6.2

wher e:

Kui

first order transformati on constants for reaction
k of chemical i, day*?

The user may input half-lives rather than first-order decay
rate constants. |If half-lives are provided for the

transformation reactions, they wll be converted internally to
first order rate constants and used as above:

Ko " 0.693/ T,y 6.3

wher e:

Tui = hal f-1ife of reaction k for chemcal i, days.

Equi |l i brium Sorption

Sorption is the bonding of dissolved chemcals onto solid
phases, such as benthic and suspended sedi nent, bi ol ogi cal
mat eri al, and sonetine dissolved or colloidal organic materi al
Sorption can be inportant in controlling both the environnental
fate and the toxicity of chemcals. Sorption may cause the
chem cal to accunulate in bed sedi nent or bioconcentrate in fish.
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Sorption may retard such reactions as volatilization and base
hydrol ysis, or enhance other reactions including photolysis and
aci d-cat al yzed hydrol ysi s.

Sorption reactions are usually fast relative to other
envi ronnent al processes, and equilibriummy be assuned. For
environnental |y rel evant concentrations (less than 10> M or one-
hal f water solubility), equilibriumsorptionis linear with
di ssol ved chem cal concentration (Karickhoff, 1984) or:

QK IC (6.4)

At equilibrium then, the distribution anong the phases is
controlled by the partition coefficients K. As developed in
Chapter 7, the total mass of chem cal in each phase is controlled
by K,s and the anount of solid phase present (ignoring here any
DOC phase), so that

foo n
D n % ;KpS@I\/L (6.5)
and
K
Fs 0 ES@MS (6.5)
nA)SKpS@I\/L :

These fractions are determned in time and space throughout
a sinmulation fromthe partition coefficients, internally
cal cul ated porosities, and sinul ated sedi nent concentrations.
G ven the total concentration and the phase fractions of chem ca
i in segnment j, the dissolved and sorbed concentrations are
uni quel y det erm ned:

Cuj - G B fp; (6.7)

Csi .Clj@fsij (6.8)
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In addition to the assunption of instantaneous equilibrium
inplicit in the use of these equations is the assunption of
reversibility. Laboratory data for very hydrophobic chem cals
suggest, however, that a hysteresis exists, with desorption being
a much sl ower process than adsorption. Karickhoff suggests that
this effect may be the result of intraparticle kinetics in which
the chemcal is slowy incorporated into conponents of the
sorbant. This phenonmenon is not well understood and no
quantitative nodeling franework is available to characterize it.

Val ues for the partition coefficients can be obtained from
| aboratory experinments or field data. TOXI5 allows the input of
either a single constant partition coefficient, or a set of
spatially-variable partition coefficients. These options are
descri bed under "Mbdel |nplenentation” below. The cal cul ation of
partition coefficients for organic chemcals is described in
Chapter 7.

Tr ansf or mati ons and Daught er Products

The three chem cals that may be sinmulated by TOXI5 may be
i ndependent, or they may be linked with reaction yields, such as
a parent conpound-daughter product sequence. Linked
transformati ons may be inplenented by sinulating two or three
chem cal s and by specifying appropriate yield coefficients for
each process:

Skcl i : ; ch Cc chl ! c"23 (6 9)
Sk<:2 i : ; ch Cc ch2 ! c"13 (6 10)
Sk<:3 . : ; ch Cc ch3 ! c* 1’ 2 (6 11)
wher e
Seei = production of chemcal "i" fromchemcal "c"

under goi ng reaction "k," ny;/L-day
Kee = effective rate coefficient for chemcal "c,"
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reaction "k," day!

Yeei = yield coefficients for production of chemcal "i"
fromchem cal "c" undergoing reaction "k," ng;/ ng.

Figure 6.1

133
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Lo ) sorbed
external : internal

Figure 6.1. Potential Reaction Products in WASP5
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illustrates sone of the |inked reactions that can be sinul ated
by specifying appropriate yield coefficients.

6.2 MODEL | MPLEMENTATI ON

| nt roducti on

To sinulate sinple toxicants with WASP5, use the
preprocessor to create a TOXI5 input file. The nodel input
dataset and the input paraneters will be simlar to those for the
conservative tracer nodel as described in Chapter 2. To those
basi c paraneters, the user will add benthic segnents, solids
transport rates, and transfornmation paranmeters. During the
simul ation, solids and toxicants will be transported both by the
wat er col um advection and di spersion rates and by these solids
transport rates.

In WASP5, solids transport rates in the water columm and the
bed are input via up to three solids transport fields, as
described in Chapter 3. The transport of the particul ate
fraction of toxicants follows the solids flows. The user nust
specify the dissolved fraction (i.e. 0.0) and the solids
transport field for each sinmulated solid under initial
conditions. To sinmulate total solids, solids 1 nust be used.

Mbdel | nput Paraneters

This section sumrari zes the i nput paraneters that nust be
specified in order to solve the sinple toxicant equations in
TOXI5. The user is referred to Chapter 3 for a summary of input
paraneters for the sedi nent bal ance equations. |nput paraneters
are prepared for WASP5 in four major sections of the preprocessor
-- environnent, transport, boundaries, and transformation. Basic
nodel paraneters are described in Chapter 2, and will not be
repeat ed here.

Envi ronnent Par ameters

These paraneters define the basic nodel identity, including
the segnentation, and control the sinulation.

Systens-- To sinulate a toxicant, select "sinulate" for
chem cal 1 and "bypass" for chemcal 2 and chemcal 3. To
sinmulate total solids along with the toxicant, select "simulate"
for solids 1 and "bypass" for solids 2 and solids 3. To sinulate
two or nore toxicants or solids, select "sinmulate" for the
appropriate variable. (Goup A Record 4, NOSYS, Record 9, SYSBY)
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Bed Volune Option-- The user nust determ ne whet her bed
volunmes are to be held constant or allowed to vary. Vol unes may
be held constant by specifying 0, in which case sedi nent
concentrations and porosities in the bed segnments wll vary.
Alternatively, sedinment concentrations and porosities may be held
constant by specifying 1, in which case surficial bed segnent
volunmes wll vary. (Goup C, Record 1, |BEDV)

Bed Tine Step-- Wiile mass transport cal cul ations are
repeated every nodel tinme step, certain benthic calculations are
repeated only at this benthic tinme step, in days. |If the
constant bed volune option is chosen, sedinent concentrations are
updat ed every nodel tine step, but porosities are recal cul ated
every benthic tinme step. |If the variable bed volune is chosen,
upper benthic segnment volunmes are updated every tinme step, with
conpaction occurring every benthic tinme step. (Goup C, Record 1
TDI NTS)

Transport Paraneters

Nunber of Flow Fields-- Under advection, the user has a
choice of up to six flow fields. To sinulate surface water
toxi cant and solids transport, select water colum flow. \Wen
simulating total solids, the user should also select solids 1
flow To simulate three sedinent types, the user should sel ect
solids 1 flow, solids 2 flow, and solids 3 flow. (Goup D
Record 1, NFIELD)

Water Colum Flows, ni/sec-- Tinme variable water colum
flows can be specified, as detailed in Chapter 2. (Goup D
Record 6, QI, TQ Record 4, BQ JQ 10Q

Sedi nent Transport Velocities, nmsec-- Tinme variable
settling, deposition, scour, and sedinentation velocities can be
specified for each type of solid. |If the units conversion factor
is set to 1.157e-5, then these velocities are input in units of
m day. These velocities are nultiplied internally by cross-
sectional areas and treated as flows that carry solids and sorbed
chem cal between segnments. Settling velocities are inportant
conponents of suspended sedinent transport in the water colum.
Scour and deposition velocities determne the transfer of solids
and sorbed chem cal between the water columm and the sedi nent
bed. Sedinentation velocities represent the rate at which the
bed is rising in response to net deposition. (Goup D, Record 6

Qr, TQ

Cross-Sectional Areas, nt-- The interfacial surface area
must be specified for adjoining segnments where sedi nent transport
occurs. These surface areas are multiplied internally by
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sedi ment transport velocities to obtain sedinent transport flows.
(Goup D, Record 4, BQ JQ 10Q

Nunber of Exchange Fi el ds-- Under dispersion, the user has a
choice of up to two exchange fields. To sinmulate surface water
t oxi cant and solids dispersion, select water columm dispersion.
To sinul ate exchange of dissolved toxicants with the bed, the
user should also select pore water diffusion. (Goup B, Record
1, NRFLD)

Wat er Col unm Di spersion, n¥/sec-- Time variable water colum
di spersion can be specified, as detailed in Chapter 2. (G oup B,
Record 6, RT, TR Record 4, A EL)

Pore Water Diffusion Coefficients, nt/sec-- Tine variable
pore water diffusion coefficients can be specified for dissolved
t oxi cant exchange within the bed or between the bed and the water
colum. If the units conversion factor is set to 1.157e-5, then
t hese coefficients are input in units of nt/day. Diffusion
coefficients are nultiplied internally by cross-sectional areas
di vided by characteristic mxing lengths, and are treated as
flows that carry dissolved toxicants between benthic segnments and
the water colum. (Goup B, Record 6, RT, TR)

Cross-Sectional Areas, nt-- The interfacial surface area
must be specified for adjoining segnents where pore water
di ffusion occurs. These surface areas are nmultiplied internally
by diffusion coefficients and divided by characteristic m xing
| engths to obtain pore water exchange flows. (G oup B, Record 4,
A)

Characteristic Mxing Lengths, m- The characteristic m xing
| ength nust be specified for adjoining segnents where pore water
di ffusion occurs. The value for a mxing length is typically
equal to the average depth of the pore water segnents involved in
t he exchange. These mxing |lengths are divided into the product
of the diffusion coefficients and cross-sectional areas to obtain
pore water exchange flows. (Goup B, Record 4, EL)

Boundary Paraneters

This group of paraneters includes boundary concentrations,
waste | oads, and initial conditions. Boundary concentrations
nmust be specified for any segnent receiving flow inputs, outputs,
or exchanges. Initial conditions includes not only initial
concentrations, but also the density and solids transport field
for each solid, and the dissolved fraction in each segnent.

Boundary Concentrations, ng/L-- At each segnent boundary,
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time variabl e concentrations nust be specified for each toxicant
and for each solids type sinulated. A boundary segnent is
characterized by water exchanges from outside the network,
including tributary inflows, downstream outflows, and open water
di spersive exchanges. (G oup E, Record 4, BCT)

Wast e Loads, kg/day-- For each point source discharge, tine
vari abl e toxi cant and solids | oads can be specified. These |oads
can represent nunicipal and industrial wastewater discharges, or
urban and agricultural runoff. (Goup F.1, Record 4, VKT)

Solids Transport Field-- The transport field associated with
total solids or each solids type nmust be specified under initial
conditions. (Goup J, Record 1, |FIELD)

Solid Density, d/cn¥-- The average density of the total
sedinment, or the density of each solids type nust be specified.
This information is used to conpute the porosity of benthic
segnents. Porosity is a function of sedinent concentration and
the density of each solids type. (Goup J, Record 1, DSED)

Initial Concentrations, ng/L-- Concentrations of toxicant
and each solids type in each segnent nust be specified for the
time at which the sinulation begins. |If the variable benthic
volunme option is used, the benthic sedi nent concentrations
specified here will remain constant for the entire sinulation.
(Goup J, Record 2, O

D ssolved Fraction-- The dissolved fraction of each solid in
each segnent should be set to 0. The dissolved fraction of
toxicant wll be controlled by the partition coefficient and
solids concentrations. (Goup J, Record 2, DI SSF)

Transformati on Par anet ers

This group of paraneters includes spatially variable
paraneters, constants, and kinetic tine functions for the water
quality constituents being sinulated. None are necessary for
sedi ment transport.

First-Order Degradation-- There are two options to input
first-order toxicant degradation:

Option 1: Total Lunped First O der Decay

The use of the sinple lunped first-order decay rate requires
the user to input a decay rate constant for the chem cal for each
nmodel segnent. If a sinple lunped first order rate is specified
for a particular chemcal, the chemcal wll decay at that rate
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regardl ess of other input. For exanple, if both a |unped decay
rate and either a sinple first order or second order
transformation rate are specified, the sinple first or second
order rates will only be used if the lunped rate is zero. (G oup
G Record 4, PARAM | SEG 16), PARAMISEG 17), PARAM I SEG 18)

Option 2: Individual First Order Transformation

Table 6.3. TOXI5 Rate Coefficients for Sinple Reactions.

Const ant | C C, G

KV, day! 140 740 1340 Vol atilization
THV, day \ 1452 | 7452 | 13452

KBW day-! 141 | 741 | 1341 || water Col um
THBW day ‘ 143 | 743 | 1343 “ Bi odegradati on
KBS, day! 142 742 1342 Bent hi c

THBS, day ‘ 144 | 744 | 1344 “ Bi odegradati on
KHOH, day? 181 781 1381 Al kal i ne
THHOH, day 252 | 852 | 1452 “ Hydrolysi s
KHN, day-! 182 | 782 | 1382 || Neutral

THHN, day “ 253 | 853 | 1453 “ Hydrolysi s
KHH, day! 183 | 783 | 1383 || Acid

THHH, day “ 254 | 854 | 1454 “ Hydrolysis

KO, day! 256 856 1456 Oxi dati on

THO, day “ 257 | 857 | 1457 “

KF, day! 287 887 1482 Phot ol ysi s
THF, day “ 289 | 889 | 1489 ‘

KE, day! 571 1171 1771 Extra Reaction
THE, day “ 572 | 1172 | 1772 ‘

The use of the sinple first-order transformation rate
requires the user to input a global rate constant (day?!) or
half-l1ife (day) for each particular processes simulated. If a
sinple first-order transformation rate is specified, it wll take
priority over other input for that particular processes. For
exanple, if both a first order and a second order transformation
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rate constant is specified, the second order rate wll only be
used if the first-order rate constant is zero. First-order
transformati on rate constant nunbers are given in Table 6. 3.
(Goup H Record 4, CONST(i))

Partition Coefficients-- TOXI5 allows the input of either a
single constant partition coefficient, or a set of spatially-
variable partition coefficients:

Option 1: Constant Partition Coefficient.

This option allows the user to directly input constant
partition coefficients that
apply over the entire nodel o
network. These partition Tabl e 6_. 4 Constant Partition
coefficients are input using Coefficients Pl XC
the set of constants PI XC, in
units of L/kgs (not in |og
units). If only one chem cal C, C, C

and one solids type is being .
sinul ated, then the partition Solids 1 |111 |711 |1311

coefficient can be input by Solids 2 | 116 716 | 1316
specifying a value for
Constant 111 -- PIXC(1,1). Solids 3 |121 721 1321

Al'l other partitioning
i nformati on should be omtted

|f three chem cals are being sinmulated, the user may specify
val ues for their partition coefficients to solids 1 using three
separate PI XC values -- Constants 111, 711, and 1311
respectively.

If multiple solids types are being sinulated, then separate
partition coefficients may be input for each of the three solids
types. The constant partition coefficients for chemcal 1 to
solids type 2 and 3 can be input by specifying appropriate PIXC
val ues for Constants 116 and 121, respectively.

Const ant nunbers for partitioning of chemcal i to solid |
are summari zed in Table 6. 4.

Option 2: Spatially-Variable Partition Coefficients.

This option allows the user to directly input spatially-
vari able partition coefficients for chemcal 1. These partition
coefficients are input using the paranmeter FOC, in units of
L/ kgs (not in log units). |If only one chem cal and one solids
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type is being simulated, then the partition coefficients can be

i nput by specifying segnent-variable values for Paraneter 7 --
FOC(I SEG 1). Constant 101, LKOC, should be given a small nonzero
val ue, such as 1. Oe-20.

If multiple solids types are being sinulated, then separate
sets of partition coefficients may be input for each of the three
solids types. The constant partition coefficients for chemcal 1
to solids type 2 and 3 can be input by specifying segnent-
vari abl e values for FOC(I SEG 2) and FOC(I SEG 3) -- Paraneters 8
and 9, respectively.
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Table 6.5 TOXI5 Yield Constants for Chem cal Reactions.

FRCNI| to C to C to G REACTI ON
C Wat er Col umm
C, Bi odegr adati on
YBW,

C,

C, Bent hi c

C, Bi odegr adati on

c YBS,,

C, Al kal i ne

C, Hydr ol ysi s

c, YHOH,

G Neut r al

C, Hydrol ysi s
YHN;;

C,

C, Aci d

C, Hydrol ysi s
YHH,

C,

G Oxi dat i on

C,

C Phot ol ysi s

C\Q YFCi

C,

C 596 597 Extra

C, 1196 1197 R?(ECCt Ion

C, 1796 1797 '

Reaction Yields-- The input yield constants that may be
specified are YHOH,, YHN,, YHH,, YBW,, YBS., YF.,, YOX;, and YE,
where ¢ is the chemcal reactant (1, 2, or 3) and i is the
chem cal product (1, 2, or 3) in units of my/ngy,. Yield
coefficients may be provided for all possible conbinations of
chem cals and for the reactions, as listed in Table 6.5.
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CHAPTER 7

ORGANI C CHEM CALS

7.1 MODEL DESCRI PTI ON

| nt r oducti on

I n nodern technol ogi cal societies, synthetic organic
chem cal s have been manufactured, used, and di sposed of in |arge
quantities. The |arge nunber and variety of organic conpounds
i ncl ude such major classes as pesticides, polychlorinated
bi phenyl s, hal ogenated aliphatic hydrocarbons, hal ogenated
et hers, nonocyclic aromatics, phthalate esters, polycyclic
aromati ¢ hydrocarbons, and nitrosam nes. O ganic chem cals can
enter the aquatic environnent by various pathways, including
poi nt source waste di scharges and nonpoi nt source runoff. Sone
of these organic chemcals can cause toxicity to aquatic
organi sns, or bioconcentrate through the food chain. Humans may
be affected by ingesting contam nated water or fish. Criteria
for protecting human health and i ndi gi nous aquatic comunities
have been pronul gated for sone organic chem cal s.

Several environnmental processes can affect the transport and
fate of organic chemcals in the aquatic environnment. The nost
i nportant include physical processes such as hydrophobic
sorption, volatilization, and sedi nentation; chem cal processes
such as ionization, precipitation, dissolution, hydrolysis,
photol ysi s, oxidation and reduction; and biol ogi cal processes
such as bi odegradati on and bi oconcentration. WASP5 explicitly
handl es nost of these, excluding only reduction and
precipitation-dissolution. |If the kinetics of these reactions
are described by the user, they also can be included as an extra
reaction.

WASP5 allows the sinmulation of a variety of processes that
may affect toxic chemcals. However, WASP5 nakes relatively few
assunptions concerning the particul ar processes affecting the
transport, transformations, and kinetic reactions. The nodel is
designed to provide a broad framework applicable to many
environmental problens and to allow the user to match the nodel
conplexity wwth the requirenments of the problem

Al t hough the potential anobunt and variety of data used by
WASP5 is |large, data requirenents for any particular sinulation
can be quite small. Mst often, organic chem cal sinulations use
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only sorption and one or two transformation processes that
significantly affect a particular chemcal. Wat is gained by
t he second-order process functions and resulting input data
burden is the ability to extrapolate nore confidently to future
conditions. The user nust determ ne the optinmm anmount of
enpirical calibration and process specification for each
appl i cation.

Overvi ew of WASP5 Organic Chem cal s

Organic chem cal s and Table 7.1 TOXI5 State Vari abl es
associ ated solids are for Toxicants

program TOXI5 sinul ates the

transport and transformation

of one to three chemcals and SYSTEM | VAR| ABLE
one to three types of I B
particul ate material (solids 1 CHEM CAL 1
cl asses, Table 7.1). The

three chem cals may be 2 SOLIDS 1
i ndependent or they may be 3 SOLI DS 2
linked with reaction yields,

such as a parent 4 SOLI DS 3
conpound- daught er product

sequence. The sinulation of ° CHEM CAL 2
solids is described in Chapter 6 CHEM CAL 3

3. The sinulation of organic
chem cals is described bel ow
Organi c chem cal process
routines are closely derived
fromthe Exposure Anal ysis Mdeling System EXAMS (Burns, et al.
1982; Burns and dine, 1985).

Each organic chem cal may exist as a neutral conpound and up
to four ionic species. The neutral and ionic species can exi st
in five phases: dissolved, sorbed to dissolved organic carbon
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(DOC), and sorbed to each of the up to three types of solids
(Figure 7.1). Local equilibriumis assuned so that the
distribution of the chem cal between each of the species and
phases is defined by distribution or partition coefficients. In
this fashion, the concentration of any specie in any phase can be

WASP4 (Toxics) EQUILIBRIUM REACTIONS

K

K

KOWK ocC

K

AL A2

Bl’K B2

Chemical Constants

C

Environmental Parameters

DOC

OR ~
SR
1

SR

SR

RH ~

ORH ~
SRH ~
SRH

SRH ~
3

RH™

ORH™

SRH*"
"

SRH;

SRH™
3

4

Phase

Aqueous

DOC

lonic Anionic Neutral Cationic

Species

Figure 7.1 Equi | i bri um speci ati on.

calculated fromthe total chem cal concentration. Therefore,
only a single state vari able (WASP systen) representing total
concentration is required for each chemcal. The nodel, then, is
conposed of up to six systens -- three chem cals and three solids
-- for which the general WASP5 mass bal ance equation is sol ved.

There are often other factors that may influence the
transport and transformations of the chem cals sinmulated. For
exanpl e, water tenperature affects reaction kinetics, sorption
may al so occur onto dissol ved organi c carbon, and pH can affect
ioni zation and hydrol ysis reactions. These concentrations or
properties are included in TOXI5 through the use of node
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paraneters and tinme functions. They are specified to the nodel

(described) rather than sinmulated. They may be varied over space
(e.g. between nodel segnents) and/or over tine. Exanpl es of the
concentrations or properties that are described to the nodel are

Table 7.2 Exanples of TOXI5 Paraneters and Tinme Functions.

Par anet er or Ti me Af f ect ed

Ti me Functi on Units Vari abl e Ki netic
Processes

Wat er °C Y Al l

Tenper at ure

Di ssol ved ng/ L N Sor pti on,

Organic Phot ol ysi s

Car bon

Fraction none N Sorption

Organi c

Car bon

pH - Y Hydr ol ysi s

Oxi dant mol es/ L N Oxi dati on

Concentration

Bacteri al vari abl e Y Bi odegr adati on

Concentration

Extra vari abl e N Extra 2nd

Property O der Reaction

Wnd Velocity m sec Y Vol atilization

Alr °C Y Vol atilization

Tenper at ur e

Chl orophyl | a ng/ L Y Phot ol ysi s
Concentration

Nor mal i zed None Y Phot ol ysi s
Li ght (Option 2
Intensity Onl y)

provided in Table 7. 2.
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TOXI 5 Reactions and Transformati ons

I n an aquatic environnment, an organic chem cal may be
transferred between phases and may be degraded by any of a nunber
of chem cal and biol ogi cal processes. lonization may speciate
the chemcal into multiple forns. Transfer processes defined in
t he nodel include sorption and volatilization. Defined
transformati on processes include biodegradation, hydrolysis,
phot ol ysi s, and chem cal oxidation. Sorption and ionization are
treated as equilibriumreactions. Al other processes are
described by rate equations. Rate equations may be quantified by
first-order constants or by second-order chem cal specific
constants and environnent-specific paraneters that may vary in
space and ti ne.

WASP5 uses a mass bal ance equation to cal cul ate sedi nent and
chem cal mass and concentrations for every segnent in a
speci ali zed network that may include surface water, underlying
wat er, surface bed, and underlying bed. In a sinulation,
sedi nent is advected and di spersed anong water segnents, settles
to and erodes from benthic segnents, and noves between benthic
segnents through net sedinentation, erosion, or bed | oad.
Chapter 3 details the TOXI5 sedinent transport processes.

In a sinulation, the chem cal can undergo several physica
or chemcal transformations. It is convenient to group these
into fast and sl ow reactions. Fast reactions have characteristic
reaction tinmes that are much faster than, or on the sanme order as
the nodel tinme step, and are handled with the assunption of |ocal
equilibrium Slow reactions have characteristic reaction tines
much | onger than the nodel tine step. These are handled with the
assunption of local first order kinetics using a |unped rate
constant specified by the user, or calculated internally, based
on summati on of several process rates, sone of which are
second-order. Thus, the effective first order decay rate can
vary with time, and space, and is recalculated as often as
necessary throughout a sinulation.

The chem cal is advected and di spersed anong water segnents,
and exchanged with surficial benthic segnents by dispersive
m xi ng. Sorbed chem cal settles through water colum segnents
and deposits to or erodes fromsurficial benthic segnents.
Wthin the bed, dissolved chem cal m grates downward or upward
t hrough percol ati on and pore water diffusion. Sorbed chem cal
m grates downward or upward through net sedinmentation or erosion
Both rate constants and equilibrium coefficients nmust be
estimated in nost toxic chem cal studies. Although these can be
calculated internally fromchem cal properties and | ocal
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envi ronnental characteristics, site-specific calibration or
testing is desirable.

Sonme limtations should be kept in mnd when applying TOXI 5.
First, chem cal concentrations should be near trace levels, i.e.,
bel ow half the solubility or 10° nolar. At higher
concentrations, the assunptions of linear partitioning and
transformati on begin to break down. Chem cal density may becone
i nportant, particularly near the source, such as in a spill.
Large concentrations can affect key environnental
characteristics, such as pH or bacterial popul ations, thus
altering transformation rates. TOXI 5 does not include such
f eedback phenonena.

7.2 MODEL | MPLEMENTATI ON

| nt r oducti on

To sinmulate organic chemcals with WASP5, use the
preprocessor or text editor to create a TOXI5 input file. The
nodel input dataset and the input paraneters will be simlar to
those for the conservative tracer nodel as described in Chapter
2. To those basic paraneters, the user will add benthic
segnents, solids transport rates, and transformation paraneters.
During the sinulation, solids and organic chemcals wll be
transported both by the water colum advection and di spersion
rates and by these solids transport rates.

In WASP5, solids transport rates in the water columm and the
bed are input via up to three solids transport fields, as
described in Chapter 3. The transport of the particul ate
fraction of organic chemcals follows the solids flows. The user
nmust specify the dissolved fraction (i.e. 0.0) and the solids
transport field for each sinmulated solid under initial
conditions. To simulate total solids, solids 1 nust be used.

Mbdel | nput Paranmeters

| nput paraneters are prepared for WASP5 in four nmajor
sections of the preprocessor -- environnent, transport,
boundari es, and transformation. The organic chem cal input
paraneters conprising the first three sections are identical to
those in the sinple toxicant nodel. The user is referred to
Section 6.2 for a summary of these input paraneters. This
section, and the rest of this chapter, describes the organic
chem cal reaction paraneters.

Transformati on Par anet ers
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This group of paraneters includes spatially variable
paraneters, constants, and kinetic tinme functions for the water
quality constituents being sinmulated. The organic chem cal
reactions and nodel input paraneters are described in individual
sections bel ow Because water tenperature can affect every
chem cal reaction, it is described here.

Water Tenperature, EC-- Water tenperature can vary in space
and tinme, affecting the rates of all chem cal reactions. Tine
and segnent variable water tenperatures can be specified using
the paraneters TEMP and TMPEN, and the tinme functions TEVPN(1-4).
| f tenperatures are to remain constant in tine, then the user
shoul d enter segnent tenperatures using the paranmeter TEMP
TMPEN and TEMPN( 1-4) should be omtted.

If the user wants to enter tine-variable tenperatures, then
val ues for the paranmeter TEMP should be set to 1.0. The
paranmeter TMPFN i ndi cates which tenperature function will be used
by the nodel for each segnent. Values of 1.0, 2.0, 3.0, or 4.0
will call time functions TEMPN(1), TEWMPN(2), TEMPN(3), and
TEMPN(4), respectively. Water tenperatures should then be
entered via these tine functions as a series of tenperature
versus tine values. The product of TEMP and the sel ected TEWVPN
function wll give the segnent and tine specific water
t enperatures used by TOXI 5.

TEMP and TMPFN are identified in TOXI5 as paraneters 3 and
2, respectively. TEMPN(1-4) are identified in TOXI5 as tine
functions 1-4. (Goup G Record 4, PARAM I, 3), PARAM I, 2); G oup
|, Record 2, VALT(1-4,K))

Not ati on
In TOXI5, it is convenient to define concentration rel ated
synbols as in Table 7.3. Please note that in the general

devel opment of the equations in the sections bel ow, subscripts
"i" and "}" are sonmetinmes omtted for convenience.
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Table 7.3

Concentration Rel ated Synbols Used in Mt hemati cal

Equati ons.

Synbol Definition Units

oy Concentration of total chemcal i in ng./ L
segnent j.

Cuij Concentration of dissolved chemcal i in ngJ/L
segnent j.

Cuij Concentration of dissolved chemical i in ngJ/L,
water in segnment j; GC,;/n;

Gij Concentration of sorbed chemical i on ng./ L
sedi nent type "s" in segnent j.

Ci Concentration of sorbed chemical i on ny./ kg,
sedi nent type "s" in segnent j; GC;;/M

G Concentration of DOC-sorbed chemcal i in ng/L
segnent j.

Cy Concentration of DOC sorbed chemical i in ng./kgg
segnent j; Gy/B

m,; Concentration of sedinent type "s" in ng./ L
segnent j.

M, Concentration of sedinent type "s" in kg./ L
segment j; m § 10°

My Concentration of sedinent type "s" in kg./ L,
water in segnment j; M;/n

B Concentration of DOC in segnent j. kgg/ L

B Concentration of DOC in water in segnent kgg/ L,
j; B/n

n, Porosity or volunme water per vol une L/ L
segnent j.

Kosi Partition coefficient of chemcal i on L,/ kgs
sedi nent type "s" in segnent j.

Kogi j Partition coefficient of chemcal i on L/ kgg
DOC in segnent j.

fo Fraction of chemcal i in segnent j in -
di ssol ved phase

fo Fraction of chemcal i in segnent j in -
DOC- sor bed phase

faij Fraction of chemcal i in segnent j in -

solid phase "s"
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7.3 | ONI ZATI ON

| nt r oducti on

loni zation is the dissociation of a chemcal into nultiple
charged species. In an aquatic environnment sonme chem cal s may
occur only in their neutral formwhile others may react with
wat er nolecules to formpositively (cationic) or negatively
(anionic) charged ions. These reactions are rapid and are
generally assuned to be at (local) equilibrium At equilibrium
the distribution of chem cals between the neutral and the ionized
species is controlled by the pH and tenperature of the water and
t he ionization constants.

| oni zation can be inportant because of the different
t oxi col ogi cal and chem cal properties of the neutral and ionized
species. For exanple, in sone cases only the neutral formof the
chem cal may react or be transported through biotic nenbranes
resulting intoxicity. As aresult, it is often necessary to
conpute the distribution of chem cals anong ionic forns as well
as to allow themto react or transformat different rates. For
exanple, in TOXI5 different sorption and reaction constants (e.g.
for hydrolysis, biodegradation, photolysis, etc.) nay be
specified for each ionic formof the chem cal.

Overview of TOXI5 loni zati on Reacti ons

In TOXI5, each of the three possible chem cals being
simul ated may occur in up to five fornms, including 1) the neutral
nmol ecul e, 2) singly charged cations, 3) doubly charged cations,
4) singly charged anions, and 5) doubly charged anions. Each of
the neutral or ionic species may al so occur in the dissolved
phase or sorbed to dissolved organic carbon (DOC) or the three
solids types. A total of 25 forns of each chem cal nmay occur
Each chem cal formmay have different reactivities as reflected
by different degradation or transformation rates. TOXI5 nmakes no
di rect assunptions as to the formation of the ionic species or
their reactivity. The formation is controlled by the user by
speci fication of nodel input.

A chem cal being nodeled by TOXI5 is presuned to exist as

neutral nol ecul es that may, or may not, react with water
nol ecules to formsingly and, possibly, doubly charged cations
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and anions. To illustrate, an organic acid (A°) may react with
wat er as descri bed by:

AH, % H,OW AH;® % OH* (7.6)
AHS % H,OW AH,™ % OH* (7.6)
AH, % H,0 W AH® % H,0" (7.6)
AH® % H,OW A% 9% H,O" (7.6)

so that the chem cal may exist in fromone to a maxi nrum of five
speci es sinmultaneously (A-, AH, AH, AH;*, AH,”). The | aw of
mass action can be used to describe |ocal chem cal equilibrium
for each of these reactions:

[ AHZ] [ OH]

. ] (7.6)
" [AH[L%'Z“\]H[S%?*&] -
Ky " % (7.6)
Ko, " % (7.6)

where Kis the equilibriumconstant for the formation of the acid
(K,), or anionic species, or the base (K,) or cationic species.

The total concentration of the particular chemcal is the

149



sum of the concentration of each of these forns, as given by

C ™ AH, % AHY % AH® % AHE % A% (7.6)

whi ch may be conbined with the | aw of mass action to form

Kbl % Kbl Kb2 % Kal % Kal Ka2

[OH © [OH92 " [H] (M2 (-0

C'AW[

By definition, [H] = 10" and [OH] = 10*P* the bracketed term
in equation 7.10, denoted D, can be witten

Kbl 0 Kbl Kb2 0 Kal 0 Kal Ka2

1QPH&14 ( 10PH&14y 2 10%pH (10%H) 2

(7.6)

Equations 7.10 and 7.11 may be conbined with equations 7.5 - 7.8
and solved for the fraction of the total chemical f* occurring in
each of the chem cal species k, given the total chem ca
concentration, the pH, and the equilibrium constants:

o= 1
f D (7.6)

Kb]_/ 10pH&l4

% - 7.6
f . (7.6)
f 6 Kp1 Koo/ ( 10PHete) 2 (7.6)
D
&pH
¢ « Kat/ 10 (7.6)

D
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K,y Ko,/ (10%0H) 2

&8 =
f D

(7.6)

The rates of chem cal reactions may also vary with
tenperature so that the equilibriumconstants are a function of
tenperature. The functional dependence of these constants on
tenperature may be described by the Van't Hoff equati on:

dinK; _ E,
T, RT2 (7.6)
or inits integrated form
logK (T,) " logK (Tg) % S @TK&TR’ " & (7.6)
PhoK AR 2.303 R'| T,Ty '
wher e
K = equi | i brium const ant
A = frequency factor
E.i = standard ent hal py change for reaction, kcal/nole
R = the universal gas constant, kcal/nole EK
Tk = wat er tenperature, EK
T = reference tenperature at which input ionization

reacti on constant was observed, EK
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Table 7.4 TOXI5 lonization Data.

o . Common S.|.
Descri ption Not at | on Range Units
Negative | og of hydrogen pH 5-9 -
ion activity [H]

Negative | og of ionization PK.i - -
constants for acid

Negative | og of ionization PKy;i - -
constants for base

Ent hal py change for E.i 4-8 kcal / nol e
i oni zation reactions

Water tenperature T 4- 30 EC

Ref erence tenperature Ts 20- 25 EC

| npl enent ati on

The data required for the inplenentation of ionization in
TOXI5 are sunmarized in Table 7.4. They include first
identifying whether or not a particular ionic specie is to be
included in the simulation and then, if a particular specie is
sel ected, the information necessary to conpute its formation.
For exanple, to conpute a particular ionic specie, it is
necessary to input the pK (negative log) of the equilibrium
constant for the formation of the acid and/or base, and the
activation energy used in the Van't Hoff Equation to adjust the

equilibriumconstant with tenperature. |If the activation energy
is not input, then no tenperature correction will occur. |[If no
data are input for ionization, none will occur and the reactions

and transformations wll be applied to the total or dissolved
formof the chem cal, as appropriate.

In addition to the constants for the formation of the ionic
species, the pH and tenperature (if the rate is to be tenperature
corrected) are required. The pH and tenperature are nodel
paraneters, which are specified for each nodel segnent. They may
be constant or tine variable.

If ionization is specified in input, separate transformation
and reaction rates nmay be specified for each ionic specie. For
exanpl e, where necessary, different sorption, biodegradation,
hydr ol ysi s, oxidation, and photolysis constants nmay be specified
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for each ionic specie,

provi di ng considerable flexibility in the

nmodel application.
Table 7.5 TOXI 5 Constants for |lonization Reactions.
| ONI C C C G | NPUT
VARI ABLE

SPECI E
n i n
Speci es
Fl ag,
SFLG

Negati ve Log
of lonization
Const ant ,

PKA

+ | oni zati on

++ Reacti on
Ent hal py,

' EPKA ,
kcal / nol e

Ref erence Tenp
TREFI, EC

The transformation i nput paranmeters for ionization are
summari zed bel ow. Constant nunbers are given in Table 7.5.

| oni zation Switches-- The user nmay choose to sinulate ionic
speci es by specifying values of 1.0 for constant SFLG

| oni zati on Constants-- For each ionic specie being
si mul ated, the user should provide a value for the negative |og
of the frequency factor in the Van't Hoff equation using constant

PKA. |If the activation energy is 0, then this is equivalent to
t he pK, or pK,.
Reacti on Ent hal py, kcal/nole-- To sinulate tenperature

dependence for ionization, the user can specify the standard
ent hal py change of the dissociation reaction using constant EPKA.
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Hi gher reaction enthal pi es cause nore tenperature dependence.

pH - The user may specify segnent and tinme variable
bacterial concentrations using paranmeter 11, PH, and tine
funcions 10 and 11, PHNWand PHNS. If pHis to remain constant
in time, the user should enter segnent nean val ues using
paraneter PH  PHNW and PHNS shoul d be omtted.

The user may enter tine-variable water columm and benthic pH
values via tinme functions PHNW and PHNS, respectively, as a
series of concentration versus tinme values. Paraneter PH w ||
then represent the ratio of each segnment pHto the tinme function
val ues. The product of PH and the PHNWor PHNS function gives
the segnent and tinme specific pH values used by TOXI5. (Goup G
Record 4, PARAMI,11); Goup |, Record 2, VALT(10,K), VALT(11,K))

7.4 EQU LI BRI UM SORPTI ON

| nt r oducti on

Sorption is the bonding of dissolved chemcals onto solid
phases, such as benthic and suspended sedi nent, bi ol ogi cal
mat eri al, and sonetine dissolved or colloidal organic materi al
Sorption can be inportant in controlling both the environnental
fate and the toxicity of chemcals. Sorption may cause the
chem cal to accunulate in bed sedi nent or bioconcentrate in fish.
Sorption may retard such reactions as volatilization and base
hydrol ysis, or enhance other reactions including photolysis and
aci d-cat al yzed hydrol ysi s.

Sorption reactions are usually fast relative to other
envi ronnent al processes, and equilibriummy be assuned. For
environnental |y rel evant concentrations (less than 10> M or one-
hal f water solubility), equilibriumsorptionis linear with
di ssol ved chem cal concentration (Karickhoff, 1984) or:

C; " Ky [ G, (7.6)

At equilibrium then, the distribution anong the phases is
controlled by the partition coefficients K,. The total mass of
chem cal in each phase is controlled by K, and the anount of
solid phase present (including any DOC phase).

In addition to the assunption of instantaneous equilibrium
inplicit in the use of equation 7.19 is the assunption of
reversibility. Laboratory data for very hydrophobic chem cals
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suggest, however, that a hysteresis exists, with desorption being
a much sl ower process than adsorption. Karickhoff suggests that
this effect may be the result of intraparticle kinetics in which
the chemcal is slowy incorporated into conponents of the
sorbant. This phenonmenon is not well understood and no
quantitative nodeling franework is available to characterize it.

Overview of TOXI5 Sorption Reactions

Di ssol ved chemical in water colum and benthic segnents
interacts with sedinment particles and di ssol ved organic carbon to
formfive phases-- dissolved, DOC-sorbed, and sedi nent-sorbed
(three sedinent types "s"). The reactions can be witten with
respect to unit volune of water

M % C, - C/n (7.6)

B % C, : Cg/n (7. 6)

w

where n is the porosity (volunme of water divided by total
vol une) ,

The forward reaction is sorption and the backward reaction
is desorption. These reactions are usually fast in conparison
with the nodel tine step, and can be considered in |ocal
equi librium The phase concentrations C,, C, and C; are governed
by the equilibriumpartition coefficients K, and Ky (L/kg):

. C/n _ C;

Kpso M C. C (7.6)
C./n C;

“oe B'B C, ?B (7.6)

These equations give the linear formof the Freundlich
i sotherm applicable when sorption sites on sediment and DOC are
pl entiful:
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C. " K, C (7.6)

Cs " K G, (7.6)

The total chem cal concentration is the sumof the five
phase concentrations

C"C,n%*"C: M%C;B (7.6)
S
Substituting in equations 7.24 and 7.25, factoring, and
rearranging terns gives the dissolved fraction f

C, n n
- 7.
C NhKGIBH "KM (7.6)

Simlarly, the sedinent-sorbed and DOC-sorbed fractions are

f L Cé I\/L - KpS@I\/L
s C N % KgiB % - K i M (7.6)
S
C LGB K,gf B
B TC  nN%KB % "KM (7.6)
S
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These fractions are determned in time and space throughout
a sinmulation fromthe partition coefficients, internally
cal cul ated porosities, sinmulated sedi nent concentrations, and
speci fied DOC concentrations. Gven the total concentration and
the five phase fractions, the dissolved, sorbed, and bi osorbed
concentrations are uni quely determ ned:

C, " Cif, (7.6)
C " Cify (7.6)
C,"Cifyg (7.6)

These five concentrations have units of ng/L, and can be
expressed as concentrations within each phase:

C, " C,/n (7.6)
C, " C/M (7.6)
Cy, " C,/B (7.6)

These concentrations have units of ng/L, ng/kg,, and ng/ kg,
respectively.

In some cases, such as near discharges, the user may have to
alter input partition coefficients to describe the effect of
i nconpl ete sorption. As guidance, Karickhoff and Mrris (1985)

found that typical sorption reaction tines are related to the
partition coefficient:

k& = 0.03 kq (7. 6)

where kg is the desorption rate constant, hr?
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Thus, conpounds with high, nedium and |low K, s of 10° 103
and 10 sorbing onto 2% organi ¢ sedi nent shoul d have reaction
times of a day, a half hour, and seconds. Gven that tinme to
equi libriumis roughly three tines the reaction tinme, the three
conpounds shoul d reach equilibriumwthin 3 days, 1 hour, and 30
m nut es.

Conput ation of Partition Coefficients

Val ues for the partition coefficients can be obtained from
| aboratory experinments. For organic chem cals, |ab studies have
shown that the partition coefficient is related to the
hydr ophobicity of the chem cal and the organic matter content of
the sedinent. TOXI5 provides several optional nethods for the
description or conputation of the partition coefficients. These
options are identified by the data input, as described bel ow

Option 1. Measured Partition Coefficients.

This option allows the user to directly input a partition
coefficient. Separate partition coefficients may be input for
each of the three solids types. The partition coefficient is
input in units of L/kgs (not in log units).

Option 2. Input of Organic Carbon Partition Coefficient.

Normal i zation of the partition coefficient by the organic-
carbon content of the sedi nent has been shown to yield a
coefficient, Ky (the organic carbon partition coefficient), that
is relatively independent of other sedinment characteristics or
geographic origin. WMany organic pollutants of current interest
are non-pol ar, hydrophobi ¢ conpounds whose partition coefficients
correlate quite well with the organic fraction of the sedi nent.
Rao and Davi dson (1980) and Karickhoff et al. (1979) have
devel oped enpirical expressions relating equilibriumcoefficients
to |l aboratory neasurenents leading to fairly reliable nmeans of
estimating appropriate values. The correlations used in TOXI5
are

KpsO i focs Koc (7. 6)
K ™ 1.0 K, (7.6)
wher e:
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Kee = organi c carbon partition coefficient, L,/Kkg,
focs = organi c carbon fraction of sedi nent
1.0 = organi c carbon fraction of DOC

Option 3. Conputation of the Organic Carbon Partition
Coefficient.

Correlation of K, with the water solubility of the chem ca
or the octonal/water partition coefficient of the chem cal has
yi el ded successful predictive tools for incorporating the
hydr ophobicity of the chemcal in an estimate of its
partitioning. |If no log K, values are avail able, one is
generated internally using the following correlation with the
octanol -water partition coefficient K,, (L Loe):

log K. " a, % a, log K, (7.6)

where a, and a, are typically considered to be log 0.6 and 1.0,
respectively. Once the value of K, is determ ned, the
conputation of the partition coefficient proceeds as in Option 2.

Option 4. Conputation of Solids Dependant Partitioning.

The value of the partition coefficient is dependent on
numerous factors in addition to the fraction organi c carbon of
the sorbing particles. O these, perhaps the nost potentially
significant and the nost controversial is the effect of particle
concentration, which was first presented by O Connor and Connolly
(1980). Based on enpirical evidence, O Connor and Connolly
concluded that the partition coefficient was inversely related to
the solids concentration. Mich research has been conducted to
prove or disprove this finding. At present, the issue remains
contentious. A particle interaction nodel has been proposed (D
Toro, 1985) which describes the effects of particle
concentration. This nodel was shown to be in conformty with
observations for a |large set of adsorption-desorption data. At
present, this should be considered an enpirical relationship.
The equation defining partition coefficient is:

K
K w pSO 7. 6
b 1% NL KpsO/ <x ( )

wher e:
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Kso = [imting partition coefficient wwth no particle
interaction (f,, K, for neutral organic chem cal s)

M = solids concentration, kg/L
L, = ratio of adsorption to particle-induced desorption
rate

D Toro found that L, was of order 1 over a broad range of

chem cal and solids types. This fornulation has been included in
TOXI5. If L, is specified to be 1.0, then TOXI5S will predict a
maxi mum particul ate fraction in the water colum of 0.5 for all
hydr ophobi c chem cals (K,;g\ > 10).

| npl enent ati on

Table 7.6 TOXI5 Sorption Data.

o ) Common S 1.
Descri ption Not at | on Range Units
Suspended sedi nent m 10- 100 ng/ L
concentration
Bent hi ¢ sedi nent M 0.5-2 kg/ L
concentration
Di ssol ved organi c carbon DCC, B 0-10 ng/ L
Partition coefficient, Koi 10°*-10° L/ kg
phase i
Lunped netal distribution Ko 10°-10° L/ kg
coefficient
Cct anol -water partition Kow 10°-10° -
coefficient
Organi c carbon fraction, foci 0.005-0.5 -
phase i
Particle interaction L, 1- 10* -
par anet er
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Table 7.7 TOXI5 Constants for Sorption Reactions

\ C, C, C, ‘ DEFI NI TI ON
VARI ABLE

LKOW 84 684 1284 Log,, oct anol - wat er
partition coefficient

LKOC 101 701 1301 Log,, organi ¢ carbon
partition coefficient

A0 102 702 1302 Intercept in the K, - K.
correl ation

Al 103 703 1303 Slope in the K, - K,
correl ation

NUX, 106 706 1306 Sol i ds dependent
partitioning paraneter

Pl XC, , 111 711 1311 Sol i ds i ndependent

(l'imting) partition
coefficient to solids 1

PI XC, ; 116 716 1316 Sol i ds i ndependent
(l'imting) partition
coefficient to solids 2

Pl XGC; , 121 721 1321 Sol i ds i ndependent
(l'imting) partition
coefficient to solids 3

TOXI 5 data specifications for sorption are sunmarized in
Table 7.6. For each chem cal nodeled, up to 20 partition
coefficients are defined representing the five species of
chem cal (neutral plus four ionic) and the four sorbants (DOC and
three types of solids). Normally, only a subset of these would
be used, as defined by those species and solids bei ng nodel ed.
Sorption of the neutral chemcal to DOC and the solids is defined
by the f,. of the sorbant (assuned to be 1 for DOC), the
octanol -water partition coefficient of the chemcal (K,), the
user defined relationship between K,, and K,,, and the particle
interaction paraneter L, values for each species. The input
ionic species partition coefficients are used as the limting
partition coefficients in equation 7.40. Constant nunbers for
the different coefficient options are given in Table 7.7.
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Option 1: Measured Partition Coefficients.

For each chem cal sinulated, separate partition coefficients
may be entered for sorption of the neutral nolecule and up to 4
i oni c species onto each of the three possible solids types and
DOC. The partition coefficient is input in units of L,/kg, (not
inlog units). |If a partition coefficient is specified it wll
be used regardless. The user is referred to Chapter 6 for
details on directly specifying partition coefficients.

Solids Partition Coefficient, L/kg-- The user may directly
specify partition coefficients to solids using constant Pl XC
Const ant nunbers for sorption of the neutral nolecule are given
in Table 7.7. Constant nunbers for sorption of ionic species are
given in Part B of this docunent.

DOC Partition Coefficient-- The user may specify partition
coefficients for sorption of ionic species to DOC using constant
PI DOC. Constant nunbers are given in Part B of this docunent.
For sorption of the neutral nolecule, the organic carbon
partition coefficient is used.

Option 2: Input of Organic Carbon Partition Coefficient.

Under this option the user inputs the | og (base 10) of the
organi c carbon partition coefficient (K,). |In addition, the
user should also input the fraction organic carbon for each of
the solids types simulated. The fraction organic carbon for
di ssol ved organic carbon is assuned to be 1.0. The fraction
organi ¢ carbon and di ssol ved organi c carbon concentration are
nmodel paraneters, which nmay be specified for each nodel segnent.
If a value for the partition coefficient (K, Option 1) is input,
then K,, will not be used.

Organic Carbon Partition Coefficient, L/kg-- The user may
specify the 1og,, of the organic carbon partition coefficient
usi ng constant LKOC. Constant nunbers are given in Table 7.7.

Fraction Organic Carbon-- The user should specify the
segnent variable fraction organic carbon for each solids type
si mul ated using parameters FOC(1,1), FOC(l,2), and FOC(I, 3).
Par anet er nunbers for solids 1, 2, and 3 are 7, 8, and 9,
respectively.

D ssolved Organic Carbon, ng/L-- The user may specify
segnent vari abl e di ssol ved organi ¢ carbon concentrations using
paraneter 6, DOC.
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Option 3: Conputation of the Organic Carbon Partition
Coefficient.

Under this option, the user allows the nodel to conpute the
K. froma specified octanol water partition coefficient (K,).
The nodel then conputes the K, using equation 7.39. This option
will not be used if values for the log (K,) are input.

Cct anol -Water Partition Coefficient, L/L,-- The user may
specify the | og,, of the octanol-water partition coefficient
usi ng constant LKOC. Constant nunbers are given in Table 7.7.

Correlation Coefficients-- The user should specify
correlation coefficients relating K,, wth K, using constants AO
and A1l. A0 and Al are the intercept and the slope in the
correl ation described by equation 7.39. Default values are |og
0.6 and 1.0, respectively. |If these constants are not entered,
then, the correlation becones K,, = 0.6 K,, Constant nunbers are
given in Table 7.7.

Fraction Organic Carbon-- The user should specify the
segnent variable fraction organic carbon for each solids type
si mul ated using parameters FOC(1,1), FOC(l,2), and FOC(1, 3).
Par anet er nunbers for solids 1, 2, and 3 are 7, 8, and 9,
respectively.

D ssolved Organic Carbon, ng/L-- The user may specify
segnent vari abl e di ssol ved organi ¢ carbon concentrations using
paraneter 6, DOC.

Option 4: Solids Dependant Partitioning.

The user may include the effect of solids concentration on
adsorption by using a value of L, of order 1 (see DI Toro, 1985
for nore detail). |If the user does not provide an input val ue
for L, the default value will elimnate any solids effect on the
partition coefficient. Since collision induced desorption is
only expected to occur in the water colum, solids dependant
partitioning is only conputed for water columm segnents (where
porosity is greater that 0.99). 1In addition to the partical
interaction paraneter, the user nust provide for a partition
coefficient followng option 1, 2, or 3 described above.

Particle Interaction Paraneter-- The user may i npl enment
sol i ds dependent partitioning by specifying an appropriate val ue
for constant NUX. A value of order 1 will cause the input
partition coefficient to decrease with increasing suspended
solids, follow ng equation 7.40. Larger values of NUX w ||
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reduce the solids effect on partitioning. The default val ue of
10'? effectively eliminates this behavior. Constant nunbers for
the solids effect on the neutral nolecule are given in Table 7.7.
Const ant nunbers for the solids effect on sorption of ionic
species are given in Part B of this docunentation.

7.5 VOLATI LI ZATI ON
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| nt r oducti on

Vol atilization is the novenent of chem cal across the
air-water interface as the dissolved neutral concentration
attenpts to equilibrate wth the gas phase concentrati on.

Equi I i brium occurs when the partial pressure exerted by the
chem cal in solution equals the partial pressure of the chem cal
in the overlying atnosphere. The rate of exchange is
proportional to the gradi ent between the dissolved concentration
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and the concentration in the overlying atnosphere and the
conductivity across the interface of the two fluids. The
conductivity is influenced by both chem cal properties (nolecul ar
wei ght, Henry's Law constant) and environnmental conditions at the
air-water interface (turbul ence-controlled by wind speed, current
vel ocity, and water depth).

Overview of TOXI5 Volatilization

The di ssolved concentration attenpts to equilibrate with the

gas phase concentration, as illustrated in Figure 7.2 and given
by

NC, . K C,

Tt v D | TaC& - (7.6)

RT,

wher e
K, = the transfer rate, mday
D = segnent depth, m
fyq = fraction of the total chem cal that is dissolved,
C, = at nospheric concentration, ug/L
R = uni versal gas constant, 8.206x10° atm n¥/ nole °K
Tk = wat er tenperature, °K
H = Henry's | aw coefficient for the air-water

partitioning of the chenical, atm n¥/ nole.

Equi I i bri um occurs when the dissol ved concentration equals the
partial pressure divided by Henry's Law Const ant.

In TOXI5, the dissolved concentration of a chemcal in a
surface water colum segnent can volatilize at a rate determ ned
by the two-layer resistance nodel (Witman, 1923). The
t wo-resi stance net hod assunes that two "stagnant filns" are
bounded on either side by well m xed conpartnents. Concentration
di fferences serve as the driving force for the water |ayer
diffusion. Pressure differences drive the diffusion for the air
| ayer. From mass bal ance considerations, it is obvious that the
sanme mass nust pass through both filnms, thus the two resistances
conbine in series, so that the conductivity is the reciprocal of
the total resistance:
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K, " (R.%RY -

H &1 &1
KL&l%(K ] ‘ (7.6)

G RT,
wher e
R = liquid phase resistance, day/m
K. = Iiquid phase transfer coefficient, nfday
Rs = gas phase resistance, day/m
Ks = gas phase transfer coefficient, mday.

There is actually yet another resistance involved, the
transport resistance between the two interfaces, but it is
assuned to be negligible. This may not be true in two cases:
very turbulent conditions and in the presence of surface active
contam nants. Although this two-resistance nethod, the Witman
nodel, is rather sinplified in its assunption of uniformlayers,
it has been shown to be as accurate as nore conpl ex nodel s.

The val ue of K, the conductivity, depends on the intensity
of turbulence in a water body and in the overlying atnosphere.
Mackay and Lei nonen (1975) have di scussed conditions under which
the value of K, is primarily determned by the intensity of
turbulence in the water. As the Henry's Law coefficient
i ncreases, the conductivity tends to be increasingly influenced
by the intensity of turbulence in water. As the Henry's Law
coefficient decreases, the value of the conductivity tends to be
increasingly influenced by the intensity of atnospheric
t ur bul ence.

Because Henry's Law coefficient generally increases with
i ncreasi ng vapor pressure of a conmpound and general |y decreases
wWith increasing solubility of a conmpound, highly volatile | ow
solubility conpounds are nost likely to exhibit mass transfer
[imtations in water and rel atively nonvolatile high solubility
conpounds are nore likely to exhibit mass transfer limtations in
the air. Volatilization is usually of relatively | ess magnitude
in |lakes and reservoirs than in rivers and streans.

In cases where it is likely that the volatilization rate is
regul ated by turbulence Ievel in the water phase, estimates of
vol atilization can be obtained fromresults of |aboratory
experinments. As discussed by MII et al. (1982), small flasks
containing a solution of a pesticide dissolved in water that have
been stripped of oxygen can be shaken for specified periods of
time. The anount of pollutant |ost and oxygen gai ned through
vol atilization can be neasured and the ratio of conductivities
(KVOG) for pollutants and oxygen can be cal cul ated. As shown by

168



Tsivogl ou and Wal | ace (1972), this ratio should be constant
irrespective of the turbulence in a water body. Thus, if the
reaeration coefficient for a receiving water body is known or can
be estimated and the ratio of the conductivity for the poll utant
to reaeration coefficient has been neasured, the poll utant
conductivity can be estinmated.

The i nput conmputed volatilization rate constant is for a

tenperature of 20EC. It is adjusted for segnent tenperature
usi ng the equation:

K T i KZO lT&ZO (7 6)

V,

wher e

1,
T

tenperature correction factor
wat er tenperature, EC

Directly input volatilization rates are not tenperature adjusted.

Conput ati on of the Transfer Rates

There have been a variety of nethods proposed to conpute the
liquid (K) and gas phase (Ky transfer coefficients, several of
which are included in TOXI5. The particular nethod to be
enployed is identified by the nodel through the user's selection
of one of six volatilization options, each of which is briefly
descri bed bel ow.

Vol atilization Option 1.

This option allows the use of neasured volatilization rates.
The rates (K, niday) are input as a paraneter (which nay be
vari ed by segnents) and may be tine variable.

Vol atilization Option 2.

This option allows the user to i nput an oxygen reaeration
constant which is then adjusted to represent the liquid film
transfer constant for the particular chemcal. The adjustnent is
made in one of two ways. First, the user may input a neasured
rati o of oxygen to chem cal exchange so that the rate (K) is
conputed from

KL ) Ka@Kvo (76)
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wher e

K, = reaeration velocity, nfday
Ko = ratio of volatilization rate to reaeration rate.

If K, is not provided, TOXI5S will conpute the ratio based on the
nmol ecul ar weights of O and the that of the chem cal as shown
bel ow

K ™ K 327N, (7.86)

where M, = nmol ecul ar wei ght of the chem cal, g/nole.

Under this option, the gas transfer rate (Kgy is calcul ated
using O Conner's nethod (see Option 4).

Vol atilization Option 3.

If this option is specified, the liquid filmtransfer
coefficient wll be conputed as in Option 2. However, the gas
filmtransfer coefficient will be conmputed using Mackay's net hod
(see Option 5).

Vol atilization Option 4.

The liquid and gas filmtransfer coefficients conputed under
this option vary with the type of waterbody. The type of
wat erbody is specified as one of the volatilization constants and
can either be a flowing stream river or estuary or a stagnant
pond or |lake. The primary difference is that in a flow ng
wat er body the turbulence is primarily a function of the stream
velocity, while for stagnant waterbodies wind shear may dom nat e.
The formul ati ons used to conpute the transfer coefficients vary
with the waterbody type as shown bel ow.

a) Flowing Stream River or Estuary: For a flow ng system
(type 0) the transfer coefficients are controlled by flow

i nduced turbulence. For flowng systens, the liquid film
transfer coefficient (K) is conputed using the Covar nethod
(Covar, 1976) in which the equation used varies with the
velocity and depth of the segnent. First the transfer
coefficient for dissolved oxygen is conputed using the
formul ati ons provi ded bel ow and then K_cal cul ated from
equation 7.44 or 7.45.

For segnments with depths less than 0.61 mthe Omens formul a
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is used to cal cul ate the oxygen reaeration rate:

0. 67

K,6 " 5349 2 (7. 6)

DO. 85

wher e
u
D

velocity of the water, nm's
segnent depth, m

For segnments with a velocity less than 0.518 nis or a depth
(n) greater than 13.584 u®°?®, the O Connor-Dobbins fornula
IS used:

Dul%°®
KL'(—IVDV) 8.64 § 10* (7.6)

where D, is the diffusivity of the chemical in water (nt/s),
conputed from

. 220 10%°
D, TvEE (7.6)
In all other cases, the Churchill fornmula is used to
cal cul ate reaeration rate:
. uO. 969

The gas transfer coefficient (Ky is assuned constant at 100
m day for flow ng systens.

b) Stagnant Lake or Pond: For a stagnant system (type 1)
the transfer coefficients are controlled by w nd i nduced
turbul ence. For stagnant systens, the liquid filmtransfer
coefficient (K) is conputed using the O Connor equations:
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(7.6)

(7.6)

where u” is the shear velocity (m's) conputed from

. ~0.5
ut " CY° W,

wher e

=
I

O
=
I

8,

drag coefficient (0.0011)

(7.6)

wi nd velocity 10 m above water surface, msec
density of air, internally calculated from

air tenperature, kg/nt

density of water, internally calculated from

wat er tenperature, kg/m

von Karnmen's constant (0.74)

di mensi onl ess vi scous subl ayer thickness (4)

S, and S,, are air and water Schm dt Nunbers, conputed

from

wher e

m-nsomo
I nu

Tl
=
I

diffusivity of chemcal in air,

(7.6)

(7.6)

nt/ sec

diffusivity of chemical in water, nt/sec
viscosity of air, internally calculated from

air tenperature, kg/ msec

viscosity of water, internally cal cul ated

fromwater tenperature, kg/ msec
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The diffusivity of the chemcal in water is conputed using
Equation 7.48 while the diffusivity of the chemcal in air
(D,, nf/sec) is conputed from

&4
D - 1.9 10

a Wls (7.6)

Thus K; is proportional to wind and inversely proportional
to nmol ecul ar weight to the 4/9 power.

Vol atilization Option 5.

As wth Option 4, the liquid and gas filmtransfer
coefficients conputed under this option vary with the type of
wat er body. The type of waterbody is specified to the water as
one of the volatilization constants and can either be a flow ng
stream river or estuary or a stagnant pond or |ake. The primary
difference is that in a flow ng waterbody the turbulence is
primarily a function of the streamvelocity, while for stagnant
wat er bodi es wi nd shear nmay dom nate. The formulations used to
conpute the transfer coefficients vary wwth the waterbody type as
shown bel ow.

a. Flowing Stream River or Estuary. The liquid and gas
filmtransfer coefficients for fl ow ng waterbodi es are
conputed identically to those described under Option 4.

b) Stagnant Pond or Lake. Under this option, the liquid and
gas filmtransfer coefficients are conputed using
formul ati ons descri bed by Mackay and Yeun (1983). The
Mackay equations are:

K, " 10% % 0.00341 u¢ Sc 2° ul>.3m's (7.6)
K, " 10% % 0.0144 u("* sc 5 ul<.3ms (7.6)
K ™ 10% % 0. 0462 u ¢ Sc 57 (7.6)

| npl enent ati on
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Table 7.8 TOXI5 Vol atilization |Input.

Descri ption Not at i on Range Units

Measured or calibrated K, 0.6-25 nfday
conduct ance

Henry's Law Const ant H 107-10* atm ¥/ nol e
Concentration of C, 0- 1000 Fg/L
chem cal in atnosphere

Mol ecul ar wei ght M, 10-10° g/ nol e
Reaer ation coefficient K, 0. 6-25 n day
(conduct ance of oxygen)

Experimental | y neasured Kyo 0-1

ratio of volatilization

to reaeration

Current velocity u, 0-2 n sec
Wat er depth D 0.1-10 m
Water tenperature T 4- 30 EC

W nd speed 10 m above W, 0- 20 nm sec

surface

Al t hough there are many cal cul ations involved in determ ning
vol atilization, nost are perfornmed internally using a small set
of data. TOXI5 volatilization data specifications are summari zed

in Table 7.8. Not all of the constants are required. |If Henry's
Law constant is unknown, it will be calculated internally from
vapor pressure and solubility (provided in input). |If K, is not

measured, it will be calculated internally from nol ecul ar wei ght
and specified or conputed liquid filmtransfer coefficients.

Vol atilization is only allowed for surficial water colum
segnents as identified by the segnent type specified in input.
The segnent types are: 1) Surface water segnents (Type 1), 2)
Subsurface water segnents (Type 2), Surficial sedinment segnents
(Type 3), and 4) subsurface sedi nent segnents (Type 4).

Transformation i nput paranmeters that nust be specified by
the user are given below for each volatilization option.
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Table 7.9 TOXI5 Constants for Volatilization Reactions.

WI'YPE

G
VARI ABLE

G ‘ DEFI NI TI ON

Wat er body type (0 =
flowng;, 1 = quiescent)

Al RT\WP

Mul tiplier for air
tenperature tine
function

ATMOS

608

1208

At nospheric
concentration of
chem cal, ug/L

MOLWI

81

681

1281

Mol ecul ar wei ght of
chem cal

SCOLG

82

682

1282

Solubility of chem cal
in water, ng/L

VAPRG

83

683

1283

Vapor pressure of
chem cal, torr

136

736

1336

Vol atilization option:

0 = none; 1 = neasured;
2 = neasured reaeration
+ O Connor; 3 = neasured
reaeration + MacKay; 4 =
cal cul at ed by O Connor

5 = cal cul ated by MacKay

HENRY

137

737

1337

Henry's Law const ant,
at m n?/ nol e

KLT

138

738

1338

Vol atilization
tenperature correction
factor

KVOG

139

739

1339

Measured rati o of
volatilization to
reaeration rate

Constant nunbers are listed in Table 7.9.
be input for all

opti on nunber,
concentration.

Henry's Law Const ant,

Segnent depths (from Data G oup C) nust be
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speci fi ed.

Vol atilization Option-- The user should chose the
vol atilization option using constant XV. Specifying a value of 0
will prevent volatilization fromoccuring. Values of 1 - 5 wll
i nvoke volatilization options 1 - 5 as outlined in the text
above: (1) volatilization rates are input directly; (2)
vol atilization is conputed frominput reaeration rate constants
and O Connor's equation for gas transfer; (3) volatilization is
conputed frominput reaeration rate constants and MacKay's
equation for gas transfer; (4) in flow ng systens, volatilization
is conmputed using reaeration rates cal cul ated from Covar's net hod
and a gas transfer rate of 100 niday; in quiescent systens,
vol atilization is conmputed from O Connor's equations for liquid
and gas transfer; (5) in flowng systens, volatilization is
conputed using reaeration rates cal cul ated from Covar's net hod
and a gas transfer rate of 100 niday; in quiescent systens,
vol atilization is conputed from MacKay's equations for liquid and
gas transfer.

Henry's Law Constant, atm n?/ nole-- The user should specify
Henry's Law constant for air-water partitioning of the chem cal
usi ng constant HENRY.

At nospheric Concentration, ug/L-- The user should specify
t he nean at nospheric concentration of chem cal using constant
ATMOS. If this concentration is O, then volatilization w |
al ways cause a |l oss of chem cal fromthe water body.

Vol atilization Option 1

In this option, variable volatilization rate constants can
be input directly.

Vol atilization Rates, mday-- Wen XV is set to 1, the user
may then input segnent and tine variable volatilization rates
using paraneter 5, REAR, and tine function 12, REARN. The
product of spatially-variable REAR and tinme-vari abl e REARN gi ves
the segnent and tinme specific volatilization rate constants used
by TOXI5. These volatilization values are not nodified by a
tenperature function

Vol atilization Option 2

In this option, volatilization rates are cal culated from
user-input reaeration rate constants and O Connor's nethod for
gas transfer. |Input data required for option 2 are |isted bel ow.
For flowi ng systenms, w nd speed and air tenperature are not used
and nmay be omtted.
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Wat er Body Type-- The user should specify the water body
type using constant WIYPE. A value of O indicates a fl ow ng
wat er body, such as a stream river, or estuary. A value of 1
i ndi cates a qui escent water body, such as a pond, reservoir, or
| ake.

Reaeration Rates, miday-- Wen XV is set to 2, the user may
then i nput segnent and tine variable reaeration rates using
paranmeter 5, REAR and tine function 12, REARN. The product of
spatially-variabl e REAR and tine-vari abl e REARN gives the segnent
and tinme specific reaeration rate constants used by TOXI5. These
reaeration values are not nodified by a tenperature function.

Ratio of Volatilization to Reaeration-- The user may specify
an experinmental |l y-nmeasured ratio of volatilization to reaeration
usi ng constant KVOG If this constant is not given, the ratio
will be cal culated from nol ecul ar wei ght.

Mol ecul ar Wi ght g/ nole-- The user may specify the nol ecul ar
wei ght using constant MOLWI. This constant is used to calcul ate
the ratio of volatilization to reaeration if an experinentally-
measured value is not provided. It is also used in the
cal cul ation of diffusivities.

Wnd Speed, misec-- The user may specify the segnent and
tinme variable wind speed using paraneter 4, WEL, and tine
function 9, WNDN. The product of spatially-variable WEL and
time-variable WNDN gives the segnent and tine specific
reaeration rate constants used by TOXI5. Wnd speed should be
measured at 10 m hei ght above the water surface.

Air Tenperature, EGC - The user may specify tine-variable air
t enperat ure using constant AIRTMP and tinme function 13, Al RTMPN
The anmbient air tenperature is calculated as the product of
Al RTMP and AIRTMPN. For a constant air tenperature, AIRTMPN can
be omtted. For variable air tenperatures, the user should set
AIRTMP to 1.0 and input a series of air tenperature versus tine
val ues via Al RTWVPN

Vol atilization Option 3

In this option, volatilization rates are cal culated from
user-input reaeration rate constants and MacKay's net hod for gas
transfer. Input data required for the sane as for option 2,
listed above. For flow ng systens, w nd speed and air
tenperature are not used and may be om tted.

Vol atilization Option 4
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In this option, volatilization rates in flow ng systens are
cal cul ated using reaeration rates cal culated from Covar's net hod

and a gas transfer rate of 100 nfday. |In quiescent systens,
vol atilization is conputed from O Connor's equations for liquid
and gas transfer. |Input data required for option 4 are |isted

bel ow. For flow ng systens, wind speed and air tenperature are
not used and may be omtted. For quiescent systens, water
velocity may be omtted.

Water Velocity, msec-- Variable current velocities are
calculated fromflow using hydraulic geonetry coefficients as
described in Chapter 2. For nost situations, no further input is
required fromthe user. |[If an estuary is being sinulated under
tidal -average conditions, however, the net flows do not provide
realistic anbient water velocities for use in volatilization
calculations. In this case, the user should enter tinme and
segnent variable water velocities using paraneter 1, VELFN and
time functions 5-8, VELN(1-4).

The paraneter VELFN indicates which velocity function wll
be used by the nodel for each segnent. Values of 1.0, 2.0, 3.0,
or 4.0 wll call time functions VELN(1), VELN(2), VELN(3), and
VELN(4), respectively. Water velocities should then be entered
via these tine functions as a series of velocity versus tinme
val ues.

Wat er Body Type-- see Option 2 above.

Ratio of Volatilization to Reaeration-- see Option 2 above.

Mol ecul ar Wi ght g/ nole-- see Option 2 above.

Wnd Speed, nmisec-- see Option 2 above.

Air Tenperature, G- see Option 2 above.

Vol atilization Option 5

In this option, volatilization rates in flow ng systens are
cal cul ated using reaeration rates cal culated from Covar's net hod

and a gas transfer rate of 100 nfday. |In quiescent systens,
vol atilization is conputed from MacKay's equations for liquid and
gas transfer. |Input data required for option 5 are the sane as

for option 4 above. For flowi ng systens, wi nd speed and air
tenperature are not used and nay be omtted. For quiescent
systens, water velocity may be omtted.
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7.6 HYDROLYSI S

| nt roducti on

Hydrol ysis, or reaction of the chemcal with water, is known
to be a nmgjor pathway for degradation of nmany toxic organics.
Hydrolysis is a reaction in which cleavage of a nol ecul ar bond of
the chem cal and formation of a new bond with either the hydrogen

HYDROLYSIS
Neutral C+H9 P+P
Acid- gt :
Catalysis C+HO > P+P
SERE C+HO OH " P +P
Catalysis 2
EXAMPLE

O-C-H-H OH

CH,
OH -
OQ Ho OQ +HNCH, + CO,

carbaryl + water—>» naphthanol + methylamine + carbon dioxide

Figure 7.3 Hydrol ysi s reactions.

or the hydroxyl conponent of a water nolecule occurs. Hydrolytic
reactions are usually catalyzed by acid and/or base and the
overriding factor affecting hydrolysis rates at a given
tenperature is generally hydrogen or hydroxide ion concentration
(Wlfe, 1980). An exanple reaction is shown in Figure 7.3. The
reaction can be catalyzed by hydrogen ions or proceed by
consum ng hydroxide ions. Figure 7.4 illustrates the effects of
base hydrol ysis on carbaryl, neutral hydrolysis on chl oronet hane,
and acid and base hydrolysis on 2,4-D.
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CHy
o)
n CH
12 P
CH,C N
1L . 0-CH,,-CH ,-0-CH _
o CH

3

0 Carbaryl

Chloromethane

(]
]

A 2,4-D(2-butoxylethyl

ester)

Figure 7.4 pH dependence of hydrolysis rate constants.
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Overview of TOXI5 Hydrol ysis Reactions

Hydrol ysis may be sinulated by TOXI5 using sinple decay.
Al ternatively, hydrolysis can be sinulated using rates that are
first order for the neutral chem cal and second order for its
ionic forms. The second order rates are pH and tenperature
dependant .

Option 1. First Order Hydrolysis.

Under this option, the user inputs a first order rate
constant for either neutral, alkaline, or acid hydrolysis. The
first order rate termconstant is then applied to the total
chem cal concentration (see Section 6.3).

Option 2. Second Order Hydrolysis.

Under this option, hydrolysis by specific-acid-catal yzed,
neutral, or base pathways is considered for the various species
and phases of each chemcal. The reactions are first order for
the neutral chem cal and second order for the acidic or basic
forms of the chem cal

Kin © i-j-knij fij (7.6)
K i-j-kaij [HY] fij (7.6)
K * i-j-kbij [ OH] fij (7.6)
wher e:
Kin = net neutral hydrolysis rate constant, day*
Ky = net acid catal yzed hydrolysis rate constant,
day!
Kooy = net base catal yzed hydrol ysis rate constant,
day!
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Kaijr Kpij = specific acid catal yzed and base rate
constants for ionic specie i in phase j,
respectively, nolar?! day?

Knij = neutral rate constant for ionic specie i in
phase j, day!

fi = fraction of chemcal as ionic specie i in
phase |

The rates are also affected by tenperature. TOXI5 adjusts
the rates using the tenperature-based Arrhenius function

K(T,) " k(Tg exp[1000 E_ (T, & TR) / (RT, TR 1] (7.6)
wher e:

Tk = wat er tenperature, EK

Tr = reference tenperature for which reaction rate is
reported, EK

En = Arrhenius activation energy for hydrol ysis
reaction, kcal/nmole EK

R = 1.99 cal/nmole EK

1000 = cal / kcal

| npl enent ati on
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Table 7.10 TOXI 5 Hydrol ysis Data.

Descri ption Not ati on Range Units

Negative | og of hydrogen pH 5-9 -
ion activity [H]

Acid hydrolysis rate K 0- 10’
constant for specie i,
phase |

Neutral hydrolysis rate K 0- 102 day"
constant for specie i,
phase |

Base hydrolysis rate K 0- 107
constant for specie i,
phase |

Water tenperature T 4- 30 EC

Activation energy for E.u 15- 25
hydrol ysis reaction for
speci e |

TOXI 5 hydrol ysis data specifications are sunmarized in Table
7.10. In addition, the sinple first order rates may be specified
as described under Option 1 and the section on sinple TOXI 5
reactions. |If no hydrolysis data are input, then the effect of
hydrolysis will not be included in simnulations.

Option 1.

Under this option, the user inputs one or nore of the
follow ng: an acid, neutral, and base hydrolysis rate constant.

First-Order Hydrolysis Rate Constants, day!-- The user may
i nput overall base, neutral, and acid hydrolysis rate constants
using constants 181, 182, and 183 for chem cal 1, constants 781,
782, and 783 for chemcal 2, and constants 1381, 1382, and 1383
for chemcal 3. The rates are first order, and are applied to
the total chemcal. |If any one of these first order rates are
specified in input they will be used regardl ess of whether other
hydrol ysis constants are specifi ed.

Option 2.
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Table 7.11 TOXI5 Constants for Hydrolysis Reactions.

PHASE C (o C, | NPUT
"i" oor VARI ABLE
REACTI ON
" kll
al | Ref er ence
Tenper at ure
TREFH, EC
agueous Al kal i ne
Hydr ol ysi s
boc KH2O, |
sedi ment Miday !
agueous Neut r al
Hydrol ysi s
boc KH2O, |
sedi nment day?
aqueous Acid
Hydrol ysi s
boc KH2O, |
sedi ment Mida
Al kal i ne 231 831 1431 Activation
tral 2 14 Energy B,
Neu_ra 36 836 36 kcal | ol o o
Aci d 241 841 1441

Under this option, the reaction coefficients can be
specified as constants. |If the chem cal sinulated does not
ionize (as controlled by input of the ionization constants), then
acid, base and neutral hydrolysis constants nmay be input for the
di ssol ved, DOC sorbed and sedi nent sorbed phases of the chem cal,
as summarized in Table 7.11. If ionization of the chemcal is
al l oned, then constants may be input for the dissolved, DOC
sorbed and sedi nent sorbed phases of each ionic specie sinmulated.
In addition, the pH nust be supplied in order to conpute acid and
base hydrolysis. The pHis input as a paraneter, which nust be
specified for each nodel segnent and nay be constant or tine
vari able. Separate pHtinme functions may be specified for
surface water and benthic segnents.

If the user wants TOXI5 to adjust the rates based on
tenperature, then non-zero activation energies should be
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specified which will invoke the tenperature-based Arrhenius
function. Activation energies may be specified for each ionic
speci e and each hydrolysis reaction (acid, neutral, base)
sinmulated. |If no activation energies are given, then rates
constants will not be adjusted to anbient water tenperatures.

Base Hydrolysis Rate Constants, M'day *-- The user may
speci fy second order base hydrolysis rate constants for each
phase (dissolved, DOC-sorbed, and sedi nent-sorbed) and each ionic
speci e using constant KH20. Constant nunbers for the neutral
nol ecul e are summarized in Table 7.11. KH20,,, refers to the
di ssol ved neutral chem cal; KH20,,, refers to the DOC-sorbed
neutral chem cal; KH20, ;, refers to the sedi nent-sorbed neutral
chem cal . Cbnstant numbers for the ionic species are given in
Part B of this docunent.

Neutral Hydrolysis Rate Constants, day’-- The user may
specify first order neutral hydrolysis rate constants for each
phase (dissol ved, DOC-sorbed, and sedi nent-sorbed) and each ionic
speci e usi ng constant KH20. Constant nunbers for the neutral
nol ecul e are summarized in Table 7.11. KH20,,, refers to the
di ssol ved neutral chem cal; KH20,,, refers to the DOC-sorbed
neutral chem cal; KH20, ;, refers to the sedi nent-sorbed neutral
chem cal . Cbnstant numbers for the ionic species are given in
Part B of this docunent.

Aci d- Catal yzed Hydrolysis Rate Constants, M'day!-- The
user may specify second order acid-catalyzed hydrolysis rate
constants for each phase (dissolved, DOC sorbed, and sedi nent-
sorbed) and each ionic specie using constant KH20. Const ant
nunbers for the neutral nolecule are summarized in Table 7.11
KH20; , , refers to the dissolved neutral chemcal; KH20;,, refers
to the DOC-sorbed neutral chem cal; KH20;,;, refers to the
sedi nent - sorbed neutral chem cal. Constant nunbers for the ionic
species are given in Part B of this docunent.

Arrhenius Activation Enerqgy, kcal/nole-EK-- The user nmay
specify activation energies for each chem cal using constant
EHOH.  Constant nunbers are sunmarized in Table 7.11. |If EHOH is
omtted or set to O, hydrolysis rates will not be affected by
t enper at ur e.

Ref erence Tenperature, EC-- The user nay specify the
reference tenperature at which hydrolysis rates were neasured
usi ng constant TREFH. Constant nunbers are sunmarized in Table
7.11. If a reference tenperature is not supplied, then a default
of 20 EC i s assuned.

pH- The user may specify tinme and segnent variable pH
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val ues using paraneter 11, PH, and tinme functions 10 and 11, PHNW
and PHNS. The pHin a water segnent will be the product of PH
and PHNW the pH in a benthic segnment will be the product of PH
and PHNS. For constant pH, the user should enter values via
paraneter PH  Tinme functions should be omtted. For tinme

vari abl e pH, the user should enter a series of pH versus tine

val ues via PHNWand PHNS. The paranmeter PH values will then
represent the ratio of pHin each segnent to the tinme function.

7.7 PHOTOLYSI S

| nt r oducti on

Phot odegr adati on (photolysis) is the transformation or
degradation of a conpound that results directly fromthe

PHOTOLYSIS

Photochemical pathways of an excited molecule

Ag t heat o+ heat

!:rg)tﬁ\r/ré?:lslon Internal
conversion
Phosphorescence
Fluorescence

A Intersystem crossing = p*

Chemical reaction

Absorptlon &nchmg wnchmg
+
Qo
*
Chemical reaction Apt Q

Ao — ground state of reactant molecule

A" — excited state

Q0 — ground state of quenching molecule
*

Q — excited molecule

PHOTOCHEMICAL PATHWAYS OF AN EXCITED MOLECULE.
EXCITED MOLECULES DO NOT ALWAYS CHEMICALLY REACT.

Figure 7.5 Photolysis reactions.
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adsorption of light energy. An exanple of several photochem cal
pathways is given in Figure 7.5. It is a function of the
guantity and wavel ength distribution of incident [ight, the Iight
adsorption characteristics of the conpound, and the efficiency at
whi ch absorbed |ight produces a chem cal reaction. Photolysis is
classified into two types that are defined by the nmechani sm of
energy absorption. Direct photolysis is the result of direct
absorption of photons by the toxic chem cal nolecule. Indirect
or sensitized photolysis is the result of energy transfer to the
toxi c chem cal from sone other nol ecul e that has absorbed the
radi ati on.

Overview of TOXI5 Photol ysis Reacti ons

Photolysis is the transformation of a chem cal due to
absorption of light energy. The first order rate coefficient for
phot ol ysis can be calculated fromthe absorption rate and the
gquantumyield for each ionic specie and phase:

Ko © i-j-kai Ni; fij (7.6)
wher e:

Kic = first order photolysis rate coefficient at anbient
light intensity, day*

K. = specific sunlight absorption rate for specie i,
E/ nol e-day or (E/L)/(nole/L)/day

M| = reaction quantumyield for specie i in phase j,
nmol e/ E

fi = fraction of chemcal as specie i in phase |j

The user may specify that the nodel calculate the first order
photol ysis rate constant or the user may provide a near water
surface rate (for presuned cloudl ess conditions). |If the user-
supplied rate constant is representative of conditions at a

| ocation other than the water body bei ng nodel ed, the nodel
corrects the rate for the difference in |atitude between the two
and any difference in cloud cover. The options for conputing the
| osses due to photolysis are briefly described bel ow.

Photol ysis Option 1.
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Under this option, the photolysis rate is calculated from
nol ar absorptivities, calculated light intensity, and quantum
yield of the chemcal. To calculate the rate constant, TOXI5
di vi des the wavel ength spectrum between 280 and 800 nminto 46
intervals. For each interval the user nust specify a nolar
absorptivity. The light intensity at each of the 46 wavel engths
is internally calculated fromthe |ocation of the water body
(i.e., latitude), the time of year, and the atnospheric
conditions (air mass type, relative humdity, atnospheric
turbidity and ozone content, cloudiness). The location and tine
of year are used to define the light intensity at the outer edge
of the atnosphere. The atnospheric conditions are used to define
the light decay through the atnosphere. The light intensities
and the nolar absorptivities are used with a user defined optical
path (d) to calculate the specific sunlight absorption rate. The
first order rate constant is then cal cul ated using equation 7.63.
This cal culation was taken directly from EXAMS Il (Burns and
Cline, 1985) and is based on fornul ati ons published by G een,
Cross and Smth (1980).

The specific sunlight absorption rate is the integral or
summation over all bandw dths of the average light nultiplied by
the nol ar absorptivity and the optical path:

Ky ™ " lg - d(2303) (86400)/ (6.022 x 10% (7.6)
k
wher e:

| & = average light intensity of wavel ength Kk,
phot ons/ cnt- sec

" ki = decadi ¢ nol ar absorptivity of wavel ength
k by specie i, L/nmole-cmlIn 10

d = ratio of the optical path to the
vertical path, cmcm

2303 = (cn?/L) (In 10/In e)

86400 = sec/ day

6. 022 x 107 = Avagadr o' s nunmber, photons/E

Li ght extinction is calculated with the integrated
Beer - Lanbert formul ation for each wavel ength k:
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l o . 1 & exp(&d K, D

o d K, D (7.6)
wher e:
Lok = light intensity of wavel ength k just bel ow water
surface, photons/cnt-sec
Ke = spatially variable |ight extinction coefficient,
ml
D = depth of water segnent, m
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Table 7.12 Wavel ength Intervals and Specific Light Extinction
Coefficients Used in the Photolysis Cal culation. Val ues Taken
From EXAMS |l (Burns and Cine, 1985).

Specific Light Extinction Coefficients

Pure Water Chl or ophyl | DOC Solids
Nunber Wavel engt h [/ m L/ gmm L/ mg-m L/ ng-m
1 280.0 0. 288 145 7.90 0. 34
2 282.5 0. 268 138 7.65 0. 34
3 285.0 0. 249 132 7.41 0. 34
4 287.5 0.231 126 7.11 0. 34
5 290.0 0. 215 120 6. 95 0. 34
6 292.5 0. 194 115 6.73 0. 34
7 295.0 0.174 109 6. 52 0. 34
8 297.5 0. 157 106 6. 30 0. 34
9 300.0 0. 141 101 6. 12 0. 34
10 302.5 0.133 95 5.94 0. 34
11 305.0 0.126 90 5.76 0. 34
12 307.5 0. 119 85 5.57 0. 34
13 310.0 0. 105 80 5.39 0. 34
14 312.5 0. 0994 78 5.22 0. 34
15 315.0 0. 0952 75 5. 06 0. 34
16 317.5 0. 0903 72 4.90 0. 34
17 320.0 0. 0844 70 4.74 0. 34
18 323.1 0. 0793 68 4.56 0. 34
19 330.0 0. 0678 64 4. 17 0. 34
20 340.0 0. 0561 59 3. 64 0. 34
21 350.0 0. 0463 55 3.15 0. 34
22 360.0 0. 0379 55 2.74 0. 34
23 370.0 0. 0300 51 2.34 0. 34
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Table 7.13 Wavelength Intervals and Specific Light Extinction
Coefficients Used in the Photolysis Cal culation. Val ues Taken
From EXAMS || (Burns and dine, 1985, conpleted).

Specific Light Extinction Coefficients

Pure Water Chl or ophyl | DOC Solids
Nunber Wavel engt h [/ m L/ gmm L/ mg-m L/ ng-m
24 380.0 0. 0220 46 2.00 0. 34
25 390.0 0. 0191 42 1. 64 0. 34
26 400.0 0.0171 41 1.39 0. 34
27 410.0 0. 0162 39 1.19 0. 34
28 420.0 0. 0153 38 1.02 0. 34
29 430.0 0. 0144 35 0. 870 0. 34
30 440.0 0. 0145 32 0. 753 0. 34
31 450. 0 0. 0145 31 0. 654 0. 34
32 460. 0 0. 0156 28 0.573 0. 34
33 470.0 0. 0156 26 0. 504 0. 34
34 480. 0 0.0176 24 0. 444 0. 34
35 490. 0 0. 0196 22 0. 396 0. 34
36 503. 75 0. 0295 19 0. 357 0. 34
37 525.0 0. 0492 14 0. 282 0. 34
38 550.0 0. 0638 10 0. 228 0. 34
39 575.0 0. 0940 0.188 0. 34
40 600. 0 0.244 0. 158 0. 34
41 625.0 0. 314 0.0 0. 34
42 650. 0 0. 349 0.0 0. 34
43 675.0 0. 440 13 0.0 0. 34
44 706. 25 0. 768 0.0 0. 34
45 750.0 2. 47 0.0 0. 34
46 800.0 2. 07 0.0 0. 34
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|« 1S calculated for each wavel ength based upon the tine of
year, latitude, ground el evation, cloud cover, air mass type,
relative humdity, atnospheric turbidity, and ozone content. The
at nospheric characteristics can vary nonthly, or be specified as
an annual average. The value of d, the ratio of the optical path
to the vertical depth is difficult to conpute, but a probable
best value is 1.19 (Hutchinson, 1967). However, in the presence
of a large concentration of scattering particles, it may approach
2.0. In order to ensure that an inproper value is not |oaded and
used in conputations, the input value is checked and set to 1.19
if the input is invalid.

The photolysis rate constants for each water columm segnent
are determ ned fromthe cal cul ated near-surface rate constant and
the rate of light decay in the water colum (K,). The val ue of
K. is calculated for each wavel ength based on a fornul ati on taken
fromEXAMS |1 :

Ke ™ Koy % 0, CHL % O, DOC % O, 1r (7.6)
wher e
Kew = pure water extinction coefficient, 1/m
CHL = phyt opl ankt on chl orophyl| concentration, ng/L
DCC = di ssol ved organi c carbon concentration, ng/L
m = solids concentration, ng/L

01, 02, 03

specific extinction coefficients, L/ng-m

Val ues of K,, 01, 02, 03 for each of the 46 wavel engths are
supplied in the programas data statenents in subroutine BEER and
are shown in Tables 7.12 and 7.13. Segnent average photolysis
rate constants are conputed for each wavel ength and then sumed
to yield an overall rate.

Phot ol ysis Option 2.

Under this option, a reference surface sunlight absorption
rate k, (E/ nole-day) is input by the user for each specie
simulated. As with EXAVMSII, the input rate is then adjusted as
shown bel ow
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Ky " " " Ky 1o (1d1,) (1&0.056C) X, (7.6)

al
i

wher e
| = user specified normalized light intensity tinme
function, which is the ratio of anbient |ight
intensity to the reference light intensity.
C = cl oud cover (in tenths, 0-10)
X = | atitude correction factor, calcul ated by:
X - 19169. 65 % 87054. 63 cos(0.039L) 7 6
L |19169. 65 % 87054. 63 cos(0. 039L ) (7.6)
wher e
L = | ati tude of the waterbody
Ly = reference | atitude at which the surface photolysis

rate was neasur ed.

The average light intensity attenuation, |41, is conputed
as above fromthe Beer-Lanbert fornulation (equation 7.65).
Therefore, the light intensity has a value for each nodel segnent
rangi ng fromzero to one.

The extinction coefficient may be directly specified as a
nodel paraneter, which may be varied by nodel segnent. |If the
extinction coefficient is not specified, it is determned froma
user-specified wavel ength of maxi mum|light absorption for the
particul ar chem cal species (neutral, anionic or cationic) using
equation 7.66 and the values listed in Tables 7.12 and 7.13. |If
t he wavel engt h of maxi mum absorption is outside of the rel evant
spectral range (280-825 nn) then TOXI5 assunes a wavel engt h of
300 nm

After adjusting the reference sunlight absorption rate to
anbi ent conditions, the first order photolysis rate is conputed
fromthese and reaction quantumyields foll ow ng equation 7.63.

Photol ysis option 2 is often inplenented using reference
first order photolysis rate constants rather than reference
sunlight absorption rates. |If reference first order rate

193



constants are input for k,y, then equation 7.67 cal cul ates k, as
first order rate constants (day!) adjusted to anbient |ight
conditions. The overall first order photolysis rate constant is
then cal cul ated foll ow ng equation 7.63 where quantumyields are
set to 1.0.
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Table 7.14 TOXI5 Photol ysis Dat a.

Descri ption Not at i on Range Units
Cbserved rate constant for a  Kg 0 - 10 day*
chem cal at reference |ight

intensity Ig

bserved sunlight absorption K.r ? E/ nol e-
rate for a chem cal at day
reference light intensity Iy

Ref erence light intensity | 10°7-2x10°® E/ cnt-sec
causi ng photolysis rate Ky or

absorption rate k.

Ratio of surface |ight I 0 - 10 -
intensity to reference |ight

intensity (1,/1g)

Li ght extinction coefficient Ke 0.1 -5 m?
in water colum

Chl orophyl | a concentration CHL 10°® - 10 ny/ L
Di ssol ved organi c carbon DCC - 10 ng/ L
Depth of water columm segnent D 0.1 - 10 m
Reaction quantumyield M| 0- 0.5 mol es/ E
fraction for specie i in

phase |

Mol ar absorptivity by " Ki 0o- 7 L/ nol e-
wavel ength k by specie i cmlin 10
Wat er body el evati on ELEVG 0 - 5000 m
Wat er body | atitude L 0 - 90 degr ees
Ref erence | atitude Ly 0 - 90 degr ees
Cl oud cover, fraction of sky Cs 0 - 10 tent hs
Air type (rural, urban, Al RTYG 1- 4 -
maritime, or tropospheric)

Rel ative humdity RHUMG 0 - 100 per cent
At nospheric turbidity, in ATURBG - ? km
equi val ent aerosol |ayer

t hi ckness

Ozone cont ent QZONEG 0- 7 cm NTP
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| npl enent ati on

The TOXI5 photolysis data specifications are sunmari zed in

Table 7.14. In addition, an overall first-order rate constant
may be supplied by the user for each chemical, as presented in
Chapter 6. If the overall first order rate constant is

specified, it will be used regardl ess of other input
specifications. For the photolysis conputations described in
this chapter, input requirenments are described bel ow
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Photol ysis Option 1

In option 1, TOXI5 conputes the sunlight absorption and the
surface photolytic decay rate.

Phot ol ysis Option-- The user should select the photolysis
option using constant XPHOTO. 0 = no photolysis; 1 = photolysis
rates will be conputed from nolar absorptivity; 2 = photolysis
rates wll be extrapolated from neasured surface rates. Use
constant nunbers 286, 886, and 1486 for chem cals 1, 2, and 3,
respectively.

Mol ar Absorptivity, L/nole-cmlnl0-- The user may specify
nmol ar absorptivity values for each ionic specie over 46
wavel engt hs usi ng constant ABS. The wavel engths by nunber are
listed in Tables 7.12 and 7.13. Absorptivity values for each
ionic specie apply across all phases (aqueous, DOC-sorbed,
sedi nent -sorbed). Constant nunbers for the neutral ionic specie
are summari zed in Table 7.15.

Quantum Yield, noles/einstein-- The user may specify
reacti on quantumyield val ues for each phase (dissolved, DOC
sor bed, sedinent-sorbed) and each ionic specie using constant
QUANTG. Constant nunbers for the neutral nolecule are summari zed
in Table 7.15. QUANTG,; refers to the dissolved neutra
chem cal; QUANTG,, refers to the DOC-sorbed neutral chem cal
QUANTG;, refers to the sedi nent-sorbed neutral chem cal

Julian Date-- The user should specify the Julian date for
t he beginning of the sinmulation using constant 1 - TO.

El evation, m- The user should specify the average ground

Tabl e 7.15 Photolysis 1 Constants.

VARI ABLE C, C, C,

ABS, | 301- 346 901 - 946 1501- 1546
QUANTG;, 551 1151 1751
QUANTG,, 556 1156 1756
QUANTG;, 561 1161 1761

el evati on using constant 3 - ELEVG
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Latitude, degrees and tenths-- The user should specify the
| ati tude of the waterbody using constant 4 - LATG

Li ght Option-- Using constant 6 - XLITE, the user has a
choi ce of options controlling how TOXI5 conputes and uses |ight
intensity: O = do not conpute light; 1 = conpute annual average
light intensity; 2 = conpute average light intensity for the
month indicated by TO, 3 = conpute nonthly light intensity as a
step function.

Qptical Path-- The user may specify the ratio of the optical
path to the vertical depth using constant 7 - DFACG A default
value of 1.17 is assuned.

G oud Cover, tenths-- The user should specify the nean
nmont hl y or annual average cl oud cover using constant CLOUDG
Mont hly val ues can be entered using constant nunbers 11-22; the
annual average can be entered using nunber 23.

Air Type-- The user should specify the nean air nass type
using constant AIRTYG  Values of 1, 2, 3, or 4 wll select
rural, urban, maritinme, or tropospheric, respectively. Mnthly
val ues can be entered using constant nunbers 24-35; the annual
average can be entered using nunber 36.

Rel ative Hum dity, percent-- The user should specify the
mean nonthly daylight relative humdity using constant RHUMG
Mont hly val ues can be entered using constant nunbers 37-48; the
annual average can be entered using nunber 49.

At nospheric Turbidity, km- The user should specify the nean
at nospheric turbidity (in equival ent aerosol |ayer thickness, km
usi ng constant ATURBG  Monthly val ues can be entered using
constant nunbers 50-61; the annual average can be entered using
nunber 62.

Ozone Content, cm NTP-- The user should specify the nean
ozone content (cm NTP) using constant OZONEG. Monthly val ues can
be entered using constant nunbers 63-74; the annual average can
be entered using nunber 75.

D ssolved Organic Carbon, ng/L-- The user may specify
segnent vari abl e di ssol ved organi ¢ carbon concentrations using
paraneter 6 - DOC. (G oup G Record 4, PARAM I, 6))

Chl orophyll a, nmg/L-- Time and segnent vari abl e
phyt opl ankt on chl orophyl| a concentrati ons can be specified using
paranmeter 10, CHPHL and tinme function 14, CHLN. [If chlorophyll
concentrations are to remain constant in tine, the user should
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enter segnent nean concentrations using paraneter CHPHL. CHLN
shoul d be omtted.

The user may enter tinme-variable chlorophyll a
concentrations via tinme function CHLN as a series of
concentration versus tine values. Paraneter CHPHL will then
represent the ratio of each segnent concentration to the tine
function values. The product of CHPHL and the CHLN function
gi ves the segnent and tinme specific chlorophyll concentrations
used by TOXI5. (Goup G Record 4, PARAM1,10); Goup I, Record
2, VALT(14, K)

Phot ol ysis Option 2

In option 2, TOXI5 extrapol ates either observed sunlight
absorption rates or photolytic decay rates under "reference"
conditions to anbient conditions. Required input data are
descri bed bel ow.

Phot ol ysis Option-- The user should select the photolysis
option using constant XPHOTO. 0 = no photolysis; 1 = photolysis
rates will be conputed from nolar absorptivity; 2 = photolysis
rates wll be extrapolated from neasured surface rates. Use
constant nunbers 286, 886, and 1486 for chem cals 1, 2, and 3,
respectively.

Measured Photolysis Rate, day!-- The user may specify the
measur ed photolysis rate constant under reference conditions
usi ng constant KDPG  Val ues for the neutral nolecul e of
chemcals 1, 2, and 3 can be entered using constants 291, 891,
and 1491, respectively. Separate values can be entered for each
i oni c specie; constant nunbers are listed in Part B of this
docunent. If a reference first order rate constant is input, the
quantumyield should be set to 1.0.

Measured Sunlight Absorption Rate, einstein/nole-day-- The
user may specify nmeasured sunlight absorption rates under
reference conditions using constant KDPG  Values for the neutra
nol ecul e of chemcals 1, 2, and 3 can be entered using constants
291, 891, and 1491, respectively. Separate values can be entered
for each ionic specie; constant nunbers are listed in Part B of
this docunent. |If a reference sunlight absorption rate is input,
the correspondi ng quantumyield nust be specified.

Quantum Yield, noles/einstein-- The user may specify
reacti on quantumyield values for each phase (dissolved, DOC
sor bed, sedi nent-sorbed) and each ionic specie using constant
QUANTG. Constant nunbers for the neutral nolecule are summari zed
in Table 7.15. QUANTG,; refers to the dissolved neutra

199



chem cal; QUANTG,, refers to the DOC-sorbed neutral chem cal
QUANTG;, refers to the sedi nent-sorbed neutral chem cal
Separate val ues can be entered for each ionic specie; constant
nunbers are listed in Part B of this docunent.

Ref erence Latitude, degree and tenths-- The user may specify
the latitude at which the reference surface water photolytic
rates were neasured using constant RFLATG  Val ues for chem cals
1, 2, and 3 can be entered using constant nunbers 288, 888, and
1488, respectively.

Maxi num Absor ption Wavel ength, nm - The user should specify
t he wavel engt h of maxi num absorption using constant LAMAXG
Val ues for the neutral specie of chemcals 1, 2, and 3 can be
entered using constants 296, 896, and 1496, respectively.
Separate val ues can be entered for each ionic specie; constant
nunbers are listed in Part B of this docunent.

Latitude, degrees and tenths-- The user should specify the
| atitude of the waterbody using constant 4 - LATG

G oud Cover, tenths-- The user should specify the nean
nmont hl y or annual average cl oud cover using constant CLOUDG
Mont hly val ues can be entered using constant nunbers 11-22; the
annual average can be entered using nunber 23.

Light Intensity-- The user can specify time-variable
normalized light intensity (dinmensionless) using tinme function
15, PHTON. This function is used to adjust the neasured rate
constant under controlled reference light intensity to a
predi cted rate constant under anbient light intensity. The
default value for this function is 1.0.

Li ght Extinction Coefficient, m?!- The user can specify
segnent |ight extinction coefficients for the photochemcally
active light using paraneter 12, XKE2. Wen this nunber is zero,
the extinction coefficients are calculated fromsolids, DOC and
chl orophyll a concentrations for the wavel ength of maxi mum
absorption. DOC and chlorophyll a are specified as nodel
paraneters which may vary between segnents and over tinme. Their
input is describe in the Photolysis OQption 1 section above.

Light is set to zero under ice cover, which is assuned when water
tenperatures reach 0 EC

7.8 OXI DATI ON

| nt r oducti on

200



Chem cal oxidation of organic toxicants in aquatic systens
can be a consequence of interactions between free radicals and
the pollutants. Free radicals can be forned as a result of
phot ochem cal reactions. Free radicals that have received sone
attention in the literature include al kyl peroxy radicals, RO.;
CH radi cal s; and singlet oxygen.

Overview of TOXI5 Oxidati on Reactions

In TOXI5, oxidation is nodel ed as a general second-order
process for the various species and phases of each chem cal:

Ko ™ [RC)] i-j-koijfij (7.6)
wher e:
K, = net oxidation rate constant, day*
[RO] = nmol ar concentration of oxidant, noles/L
Koij = second order oxidation rate constant for chem cal
as specie i in phase j, L/nole-day

The reaction coefficients nay be specified as constants,
wi th activation energy constants left as 0. |If the user wants
TOXI5 to determ ne rates based on the tenperature based Arrhenius
function, then non-zero activation energies specified as
constants will invoke the follow ng calculation for each rate
constant k:

k(T " k(Tg exp[1000 E, (T & TR/ (RT, TR ] (7.6)

wher e:

an

Arrheni us activation energy for oxidation
reaction, kcal/nole-EK

Activation energies may be specified for each ionic specie
sinmulated. |If no activation energies are given, then rate
constants will not be adjusted to anbient water tenperatures.

Because of the | arge nunber of al kyl peroxy radicals that
potentially exist in the environnment, it would be inpossible to
obtain estimates of k, for each species. MII et al. (1982)
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propose estimtion of a rate coefficient using t-butyl

hydr operoxi de as a nodel oxidizing agent. They argue that other

al kyl peroxi des exhibit simlar reactivities to within an order of
magni tude. The second-order rate coefficients are input to TOXI5
as constants.

In addition to estimating a rate coefficient, an estimte of
free radical concentrations nust be nmade to conpletely define the
expression for free radical oxidation. MIIl et al. (1982) report
RO, concentrations on the order of 10° M and OH concentrations on
the order of 10 Mfor a limted nunber of water bodies. Zepp
and dine (1977) report an average value on the order of 10 M
for singlet oxygen in water bodies sanpled. The source of free
radicals in natural waters is photolysis of naturally occurring
organic nolecules. |If a water body is turbid or very deep, free
radicals are likely to be generated only near the air-water
interface, and consequently, chem cal oxidation wll be
relatively less inportant. |In such cases, the concentrations
cited above are appropriate in only the near-surface zones of
wat er bodies. The nolar oxidant concentrations are input to
TOXI 5 usi ng paraneter OXRADG (I SEG) .

| npl enent ati on

Table 7.16 TOXI5 Oxi dati on Dat a.

Descri ption Not at i on Range Units
Oxidation rate constant Ky L/ nol e- day
for specie i, phase |j

Activation energy for E.oi 15- 25 kcal / nol e EK
oxi dation of specie i

Water tenperature T 4- 30 EC
Concentration of [ RO 10°17-10¢8 nmol es/ L
oxi dant s

TOXI 5 oxi dation data specifications are summari zed in Table
7.16. The water tenperature and concentration of oxidants are
i nput paraneters, which nmay be specified for each nodel segnent.
The tenperature may be tinme variable as well (input as a tine
series). |If an activation energy is not supplied, no tenperature
corrections will be perfornmed. Input data are described bel ow
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Oxidation Rate, L/ nole-day-- The user may specify second
order oxidation rate constants for each phase (dissolved, DOC

Table 7.17 Oxidati on Constants.

VARI ABLE o C, C,
TREFO 258 858 1458
KOX20,, 261 861 1461
KOX20,, 266 866 1466
KOX20,, 271 871 1471

EOX, 276 876 1476

sor bed, and sedi nent-sorbed) and each ionic specie using constant
KOX20. Constant nunbers for the neutral nolecule are summarized
in Table 7.17. KOX20,, refers to the dissolved neutral chem cal;
KOX20,, refers to the DOC-sorbed neutral chem cal; KOX20;, refers
to the sedinment-sorbed neutral chem cal. Constant nunbers for
the ionic species are given in Part B of this docunent.

Activation Energy, kcal/nole-EK-- The user may specify
activation energies for each chem cal using constant EOX
Const ant nunbers are summarized in Table 7.17. If EOXis omtted
or set to 0, oxidation rates will not be affected by tenperature.

Ref erence Tenperature, EC-- The user nay specify the
reference tenperature at which oxidation rates were neasured
usi ng constant TREFO. Constant nunbers are sunmarized in Table
7.17. |If areference tenperature is not supplied, then a default
of 20 EC i s assuned.

Oxi dant Concentration, nole/L-- The user should specify
segnent vari abl e oxi dant concentrations using paraneter 13,
OXRAD. (G oup G Record 4, PARAM I, 13)

7.9 Bl ODEGRADATI ON

| nt r oducti on
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Bacterial degradation, sonetines referred to as m crobi al
transformation, biodegradation or biolysis, is the breakdown of a
conpound by the enzyne systens in bacteria. Exanples are given
in Figure 7.6. Although these transformations can detoxify and

BIODEGRADATION
Microbial Transformations of Toxic Chemicals
(Potential Toxin) (Less Toxic Substance)
O(CH2)3 COOH OH
c Defusing cl
Cl Cl
Detoxication
OCHZCHZOSO3 H OCHZCOOH
\
cl Activation cl
Cl Cl
(Potential Toxin) (Toxin)
CO,+H, O+ CI”
2 2

Figure 7.6 Mcrobial transformations of toxic chemcals
(Al exander 1980).

m neralize toxins and defuse potential toxins, they can al so
activate potential toxins.

Bi odegradati on enconpasses the broad and conpl ex processes
of enzymatic attack by organi sns on organic chemcals. Bacteria,
and to a | esser extent fungi, are the nedi ators of biol ogical
degradation in surface water systens. Dehal ogenation
deal kyl ati on, hydrolysis, oxidation, reduction, ring cleavage,
and condensation reactions are all known to occur either
met abolically or via organisns that are not capable of utilizing
the chem cal as a substrate for grow h.
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Two general types of biodegradation are recogni zed--growh
met abol i sm and conetabolism G owh nmetabolismoccurs when the
organi ¢ conpound serves as a food source for the bacteria.
Adaptation tines from2 to 20 days were suggested in MIlIs et
al ., 1985. Adaptation may not be required for sone chem cals or
in chronically exposed environnents. Adaptation tines may be
lengthy in environnents with a lowinitial density of degraders
(MIlls et al., 1985). For cases where biodegradation is limted
by the degrader popul ation size, adaptation is faster for high
initial mcrobial populations and slower for low initial
popul ati ons. Follow ng adaptation, biodegradation proceeds at
fast first-order rates. Conetabolismoccurs when the organic
conmpound is not a food source for the bacteria. Adaptation is
sel dom necessary, and the transformation rates are sl ow conpared
wi th growt h netabolism

The growt h kinetics of the bacterial popul ation degrading a
toxi c chem cal are not well understood. The presence of
conpeting substrates and of other bacteria, the toxicity of the
chem cal to the degrading bacteria, and the possibilities of
adaptation to the chem cal or co-netabolism nmake quantification
of changes in the population difficult. As a result, toxic
chem cal nodels assume a constant biological activity rather than
nodel i ng the bacteria directly. Oten, neasured first order
bi odegradation rate constants from ot her aquatic systens are used
directly.

Overvi ew of TOXI 5 Bi odegradati on Reacti ons

In TOXI5, first order biodegradation rate constants or half
lives for the water colum and the benthos may be specified. |If
these rate constants have been neasured under sim/lar conditions,
this first order approach is likely to be as accurate as nore
conplicated approaches. If first order rates are unavail able, or
if they nust be extrapolated to different bacterial conditions,
then the second-order approach may be used. It is assuned that
bacterial popul ations are unaffected by the presence of the
conpound at | ow concentrations. Second-order kinetics for
di ssol ved, DOC-sorbed, and sedi ment-sorbed chem cal are
consi der ed:

Kaw ™ Poac (1) i-j-kBijfij j 712 (7.6)
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Kgs ™ Ppac(t) i-j-kBijfij j "3 (7.6)

wher e:

Kaw = net bi odegradation rate constant in water,
day?

Kas = net bi odegradation rate constant on sedi nent,
day?

Kpgij = second order biodegradation rate constant for
specie i, phase j, nml/cell-day

Ppac(t) = active bacterial population density in
segnent, cell/m

fi = fraction of chemcal as specie i in phase |j

In TOXI5, the biodegradation rate may be adjusted by
t enperature as shown bel ow

kBij (T) - kBij (iTj&zo)/lo (7.6)
wher e:
Qi = "Q 10" tenperature correction factor for
bi odegradati on of specie i, phase |j
T = anbi ent tenperature in segnent, EC

The tenperature correction factors represent the increase in
t he bi odegradation rate constants resulting froma 10EC
tenperature increase. Values in the range of 1.5 to 2 are
conmmon.

Envi ronmental factors other than tenperature and popul ation
size can limt bacterial rates. Potential reduction factors nust
be considered externally by the user. Nutrient limtation can be
i nportant in oligotrophic environnents.

Low concentrations of dissolved oxygen can al so cause
reductions in biodegradation rates and this effect is not
sinmulated in TOXI5. Below DO concentrations of about 1 ng/L, the
rates start to decrease. Wen anoxic conditions prevail, nost
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organi ¢ substances are bi odegraded nore slowy. Because

bi odegradation reactions are generally nore difficult to predict
t han physical and chem cal reactions, site-specific calibration
beconmes nore inportant.

Bi odegradati on can be inpl enented using segnent vari able
first order rate constants rather than bacterial populations. |If
first order rate constants are input for P,. then second order
rate constants kg; should be set to 1.0 in equations 7.71 and
7.72.

| npl enent ati on

Table 7.18 TOXI5 Bacterial Degradation Data.

Comon
Descri ption Not at i on Range Units
bserved first order degradation Kg, 0-0.5 day*
rate in water columm
bserved first order degradation Kg 0-0.5 day!
rate in benthos
Bacterial activity or Poac 10%-10" cells/nL
concentration of bacterial agent
(bserved second-order rate Kpgij 0-10° m./cell -
coefficients for specie i day
Bi odegradati on tenperature Qrij 1.5-2.5 -
coefficients for specie i, phase
J
Water tenperature T 4- 30 EC

TOXI 5 bi odegradati on data specifications are sunmari zed in
Table 7.18. The second order rate constants for water and for
bed segnents can be specified as constants. Tenperature
correction factors can be left at 0. |If the user wants TOXI5 to
correct the rate constants for anbient segment tenperatures, then
nonzero tenperature correction factors should specified as
constants. User input for inplenenting biodegradation is given
bel ow.
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First Order Rates, day!-- The user may specify first order
bi odegradation rate constants for water colum and benthic

Tabl e 7. 19 Bi odegradati on Constants.

VARI ABLE C, C, C,

KBW 141 741 1341
KBS 142 742 1342
KBI C20,, 146 746 1346
KBI O20,, 151 751 1351
KBl 020, 156 756 1356
QLODI S, 161 761 1361
QLODOC, 166 766 1366
QLOPAR, 171 771 1371

segnents using constants KBWand KBS. |f nonzero val ues are

specified for these constants, they will be used directly,
bypassi ng second order cal cul ations. Constant nunbers are given
in Table 7.19.

Second Order Rate Coefficients, ni/cell-day-- The user may
speci fy second order biodegradation rate constants for each phase
(di ssol ved, DOC-sorbed, and sedi nent-sorbed) and each ionic
speci e using constant KBI Q20. Constant nunbers for the neutral
nol ecul e are summarized in Table 7.19. KBIQ20,, refers to the
di ssol ved neutral chem cal; KBIQ20,, refers to the DOC- sorbed
neutral chem cal; KBIQ20;, refers to the sedi nent-sorbed neutral
chem cal. Constant nunbers for the ionic species are given in
Part B of this docunent.

Tenperature Coefficients-- The user may specify tenperature
correction factors for the dissolved, DOC sorbed, and sedi nent-
sorbed phase of each chem cal using constants QLOD S, QL02DQCC,
and QLOPAR, respectively. These constants represent the
mul tiplication factor for biodegradation rates corresponding to a
10 EC tenperature increase. Constant nunbers are summarized in
Table 7.19. If QL0 values are omtted or set to O,
bi odegradation rates will not be affected by tenperature.
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Bacterial Population Levels, cell/nl-- The user may specify
segnent and tine variable bacterial concentrations using
paraneter 14, BAC, and tine funcions 16 and 17, BACNW and BACNS.
Typi cal popul ation size ranges are given in Table 7.19.
| f bacterial concentrations are to remain constant in tine, the
user should enter segnment nmean concentrations using paraneter
BAC. BACNW and BACNS should be omtted.

Table 7.20 Size of Typical Bacterial Popul ations in Natural
Wat er s.

Bact eri al Nunbers

Wat er Body Type (cells/m) Ref .
A igotrophic Lake 50 - 300 a
Mesot rophi ¢ Lake 450 - 1, 400 a
Eur t ophi ¢ Lake 2000 - 12,000 a
Eut r ophi ¢ Reservoir 1000 - 58, 000 a
Dystrophi c Lake 400 - 2, 300 a
Lake Surficial Sedinents 8x10° - 5x10%° a

cells/100 g dry wt
40 Surface Waters 500 - 1x10° b
St ream Sedi nent s 107 - 108 c
cells/100 ¢

Rur River (winter) 3x10* d

Ref er ences:
*Wet zel (1975). Enuneration techni ques uncl ear

bParis et al (1981). Bacterial enuneration using plate
counts.

‘Her bes & Schwal | (1978). Bacterial enuneration using
pl at e counts.

dLarson et al. (1981). Bacterial enumeration using plate
counts.

The user may enter tine-variable water colum and benthic
bacterial concentrations via tinme functions BACNW and BACNS,

209



respectively, as a series of concentration versus tinme val ues.
Paranmeter BAC will then represent the ratio of each segnent
concentration to the tine function values. The product of BAC
and the BACNW or BACNS function gives the segnent and tine
specific bacterial concentrations used by TOXI5. (Goup G
Record 4, PARAMI,14); Goup |, Record 2, VALT(16,K), VALT(17,K))

7.10 EXTRA REACTI ON

| nt roducti on.

An extra second-order reaction is included in TOXI5. The
second order reaction allows the user to sinulate the effect of
processes not considered by TOXI5. The reaction depends upon a
rate constant and a envirommetal paranmater which nay be taken to
represent, for exanple, sonme reducing or oxidizing agent. The
rate of reaction may also vary with tenperature

Overview of TOXI5 Extra Reaction

TOXI5 allows the user to specify an additional second order
reaction for the various species and phases of each chem cal:

Ke * [El :;keu fu (7.6)
wher e:
Ke = net extra reaction rate constant, day!
[E] = intensity of environnental property driving this
reaction
Keij = second order rate constant for chem cal as specie

in phase j, in [E* day*?
fi = fraction of chemcal as specie i in phase |j

The reaction coefficients nay be specified as constants,
wi th activation energy constants left as 0. |If the user wants
TOXI5 to determ ne rates based on the tenperature based Arrhenius
function, then non-zero activation energies specified as
constants will invoke the follow ng cal culation for each rate
constant k:
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k(T " k(Tp exp[1000 E, (T, & T/ (RT, Tp) (7.6)

wher e:

Eae

Arrhenius activation energy for extra reaction,
kcal / nol e- EK

Activation energies may be specified for each ionic specie
sinmulated. |If no activation energies are given, then rate
constants will not be adjusted to anbient water tenperatures.

An exanple of a kinetic process that may be nodel ed as this
extra reaction is reduction. |If reduction is nodeled, [E] may be
interpreted as the concentration of environnental reducing agents
RH,, so that

C%RH, 6P (7.6)
and

[E] = concentration of RH, noles/L

Ke = second order rate constant, L/nole-day

P = reduced product

The identity of the reducing agent and the second order rate
constant nust be identified and quantified by | aboratory kinetics
studies. |If both the environnental oxidizing and reduci ng agents
are in excess, then two chem cals nmay be sinulated as a redox
pair:

C, % RC, W C, % RH, (7.6)
wher e:

C = reduced chenica

G = oxi di zed chemi ca

RO, = oxi di zi ng agent

RH, = reduci ng agent
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Laboratory kinetics studies can control the concentrations
of RO, and RH, to determ ne rate constants for both oxidation and
reduction. These may be specified as constants k, and ke Yield
coefficients Yy, and Y, nust al so be specified as constants.

The spatially variable concentrations [RO] and [RH,] mnust be
speci fied as paraneters.

| npl enent ati on

The i nput data requirenents for the second order reactions
i nclude the second order reaction rate constants which may be
specified for each specie and sorbed form (di ssol ved, DOC sorbed
and sorbed to particulate). |If the rates are to be tenperature
corrected, then the user nmay supply the reference tenperature at
whi ch the extra reaction rates were neasured and the activation
energy for the reaction. The rates will then be adjusted using a
t enper at ure- based Arrhenius function. |[|f an activation energy is
not supplied, no tenperature corrections will be perforned. The
"extra" property of the aquatic environnent that affects the
extra reaction is specified to the nodel as a paraneter which may
vary between segnents. The units of the "extra" property nust be
consistent wth those used for the second-order rate constant.
The product of the extra property and second-order rate constant
must have units of day! The tenperature may be tine variable
as well (input as a tine series). |Input data are descri bed
bel ow.

Extra Reaction Rate, L/nole-day-- The user may specify
second order extra rate constants for each phase (dissolved, DOC

Table 7.21 Extra Reaction Constants.

VARI ABLE o C, C,
TREFE 573 1173 1773
KE20,, 576 1176 1776
KE20,, 581 1181 1781
KE20,, 586 1186 1786

EEX, 591 1191 1791

sorbed, and sedi nent-sorbed) and each ionic specie using constant
KE20. Constant nunbers for the neutral nolecule are summari zed
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in Table 7.21. KE20,, refers to the dissolved neutral chem cal
KE20,, refers to the DOC-sorbed neutral chem cal; KE20;, refers to
t he sedi nent-sorbed neutral chemcal. Constant nunbers for the
ionic species are given in Part B of this docunent.

Activation Energy, kcal/nole-EK-- The user may specify
activation energies for each chem cal using constant EEX
Const ant nunbers are summarized in Table 7.21. |If EEXis omtted
or set to 0, oxidation rates will not be affected by tenperature.

Ref erence Tenperature, EC-- The user nay specify the
reference tenperature at which oxidation rates were neasured
usi ng constant TREFE. Constant nunbers are summarized in Table
7.21. If areference tenperature is not supplied, then a default
of 20 EC i s assuned.

Extra Environnmental Concentration, nole/L-- The user shoul d
specify segnent variable extra environnental concentrations using
paraneter 15, EXENV. (Goup G Record 4, PARAM I, 15)
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