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Figure 2 Overview of Models

Watershed-scale loading Models

(Section 2 3)
l
I | L
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Simple Method GWLF « ANSWERS

Regression Method Urban Catchment Model DR3M-QUAL
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Federal Highway SLAMM HSPF

Aministration Model
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Field-Scale Loading Models Integrated Modeling Systems
(Section 2 4) (Section 2 6)
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Recerving Water Models
(Section 2 5)
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l | ! !
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Table 6 A Descriptive List of Model Components — Simple Methods

¢

Erosion/
Model Main |Hydrolog Sedimen Pollutant Pollutants Time
Land Use y ) Load | Scale
EPA Mixed N/A USLE-  |Loading Wide range |Mean
Screening  jwatershed MUSLE |functions, ' annual
Procedures potency
factors
The Simple {Urban Runoff N/A Mean NURP data |Variable
Method coefficient concentration|TSS, P, (annual,
metals, monthly,
0&G event)
Regression |Urban N/A N/A Regression  [TSS N, P, |Storm event
Method equations  |COD,
matalc
SLOSS/PH [Rural N/A USLE Loading P Annual
OSP functions
Watershed |Mixed N/A USLE Unit area Wide range |Annual
watershed loaing
PHWA Highways [Runoff N/A Median TSS,N, P, |[Storm event
coefficient, concentration|organics,
observed metals
data
WMM Mixed Runoff N/A Event mean |N, P lead, |Annual
watershed |coefficient concentration|zinc

1 Depends on available pollutant parameters and default data
N=mtrogen O&G=o1l and gas P=phosphorus TSS=total susnended sohds
COD=chemicai oxygen demand
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Table 7 A Descriptive List of Model Components — Mid-Range Methods

Main Erosion/| Pollutant | n 1 Time
Model |1 and Use | BYdrology |Sediment|  Load | Polluwants | goaie
SITEMAP  |Mixed SCS curve N/A Runoff NP Storm event
watershed  |number concentration Continuous
GWLF Mixed SCScurve  [Modified |Unitloadng |N P Storm event
watetshed  |number USLE rates Continuous
P8 UCM Uiban SCS curve N/A Nonlineas TSS NP Storm event
number accumulation  |metals Continuous
(modified) TR
20
Anto QI Utban Water balance |N/A Accumulation |Wide Range |Storm event
and wash off Continuous
AGNPS Agrcultwre  [SCScurve  |[Modified  |Potency factors (N P Storm event
number USLE
SLAMM Urban Small storm  [N/A Nonlmear N PCOD  |Storm event
watershed  |based accumulation  |bactera, Continuous
coefficient and wash off |metals

1 Depends on available pollutant parameters and default data

N=nitiogen 0&G=o01l and gas

COD=chemical oxygen demand

P=phosphorus  TSS=total suspended solids

Table 8 A Descriptive List of Model Components — Detailed Methods
Main Erosion/ ! Pollutant |Pollutant{ Time
Model Land Use Hydrology Sediment Load S Scale
STORM Urban Runoft USLE Buildup/wash- {PN, COD, |Continuous
coefficient- off functions  |metals
SCS cune
numbers - Unit
hy drograph
ANSWERS |Agnculture |Distributed Detachment iPotency factor [N/A Storm event
storage model |transport  i(correlation
equations  Iwith sediment)
DR3M Urban Surface storage |Related to  |Buildup/wash- [TSS, N, P, [Continuous
QUAL balance runoft ioft tunctions  |organics,
kinematic wave |volume and | metals
method peak ,
SWRRBWQ|Agriculture |SCS curnve Modified  Loading N,P, COD, |Continuous
/SWAT number USLE ifunctlons metals,
bacteria
SWMM  {Urban Nonlinear Modified  Buildup/wash |Wide range|Storm
resen ol USLE loft functions event
! continuous
HSPF Mied Water balance |Detachment'Buildup/wash |Wide range|Storm
watershed |of land surface |/wash-oft 'oft tunctions event
and soil equations land sub- continuous
processes Isurface

iconcentrations

I Depends on available pollutant parameters and detault data

N=nitrogen

O0& G=oll

and ga>

COD=chemical oxvgen demand

P=phosphort

—30—
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Table 9

[nput and Output Data - Simple Methods

Models Main Input Data Output Information
EPA Watershed and land use data Mean annual sediment and pollutant
Scieening  [Loading factors (default values) loads
Procedures
The Simple [Annual 1ainfall data Runoff volume and pollutant
Method Land use and imperviousness data  |concentration/load stoim or annual
Pollutant mean concentiation
BMP 1emoval efficiencies
Regression |[Mean annual 1aintall Mean annual storm event load and
Mean minimum January temperatuie |confidence interval
Drainage areas and land use
Percent imperviousness
SLOSS/  {Rainfall eiosivitv factor Mean annual loads of sediment and
PHOSPH  (Soil, ciop, topography, and land use  |phosphotus
data
Watershed |Rainfall e1osivity factor Mean annual pollutant loads, BMP
Land use and soil parameters cost-effectiveness
Unit loading rates
BMP cost information
FHWA Site and 1eceiving water data Statistics on storm 1unoff and
Flow and stoim event concentiations concentiations, impacts on recerving
watel
WMM Land use and soil data Annual urban and ruial pollutant

Annual prectpitation and evaporation
Inputs from baseflow and
precipitation

Event mean concentiations in runoff
Reservoii, lake, o1 stteam hydiaulic
chaiactenistics

Removal efficiencies of proposed
BMPs

loads fiom point and nonpoint
soutces, including septic tanks, load
reductions fiom combined effects of
multiple BMPs, in-lake nutiient
concentrations as 1elated to tiophic
state, concenttations of metals
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Table 10

Input and Output Data- Mid-Range Models

Models Main Input Data Output Information
SITEMAP |Meteorologic and hydrologic data,  |Runoff and nutrient loadings

hourly or daily (maximum one year)
Wateished and channel patameters
Point sources and pollutant
parameters (e g, decay)

Pollution load allocations

GWLF Meteorologic and hydiologic data,  |Monthly and annual time seties of
daily 1unoff, sediment, and nutiients
Land use and soil data parametets
Nuttient loading 1ates
P8 UCM [Meteoiologic and hydiologic data,  |Daily runoff and pollutant loads
houtly storm or storm sequence BMP removal efficiencies
Land use and sotl patameters
BMP information
Auto QI |Hourly/daily rainfall Continuous or storm event simulation
Watershed and land use data of runoff and selected pollutants
BMP 1emoval rates
AGNPS Wateished, land use, management Storm runoff volume and peak flow
and soil data Sediment, nutnent, and COD
Rainfall data, topography concentiations
BMP removal data
SLAMM  [Hourly rainfall data Pollutant load by souice aiea

Pollution source charactetistics aieas

soil type, imperviousness, and
tiaftic Structure

chatacteristics

BMP evaluation and cost esttmates
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Table 11

Input and Output Data - Detailed Models

Models Main Input Data Output Information
STORM  [Houtly 1ainfall data Event-based 1unoff and pollutant
Buildup and wash-off parameters loads
Runoff coefficient and soil type Storage and treatment utilization and
number of overflows
Houtly hydrogiaphs and
pollutogtaphs
ANSWERS [Houily 1ainfall data Predicts storm runoff (volume and
Wateished, land use, and soil data peak flow)
BMP design data Sediment detachment and tiansport
Analysis of 1elative effectiveness of
agticultural BMPs
DR3M Meteorologic and hydiologic data  |Continuous seties of 1unoff and
QUAL Wateished chaiacteristics related to | pollutant yield at any location in
runoff the drainage system
Channel dimensions and kinematic ~ [Summaries for storm events
wave palameters Hydiogiaphs and pollutographs
Characteristics of storage basins
Buildup and wash-off coefficients
SWRRBW |Meteorologic and hydiologic data ~ |Continuous water and sediment yield
Q/SWAT Wateished and receiving wateibody [Peak dischaige
parameters Water quality concentrations and
Land use and soil data loads
Pond and 1eservon data
SWMM  [Meteorologic and hydiologic data  |Continuous and event-based 1unoff

Land use distribution and
chatacteristics

Accumulation and wash off
parameters

Decay coefficients

and pollutant foads
Transport thiough streams and
1ESErvolts
Analysis of contiol strategies
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Table 12 Input Data Needs for Watershed Models

1 System Parameters
Watershed size
Subdivision of the watershed into homogenous subareas
Imperviousness of each subarea
Slopes
Fraction of impervious areas directly connected to a channel
Maximum surface storage (depression plus interception storage)
Soil characteristics including texture, permeability, erodibility, and
composition
Crop and vegetative cover
Curb density or street gutter length

Sewer system or natural drainage characteristics

2 State Variables
Ambient temperature
Reaction rate coefficients
Adsorption/desorption coefficients
Growth stage of crops
Daily accumulation rates of litter
Traffic density and speed
Potency factors for pollutants (polutant strength on sediment)

Solar radiation (for some models)

3 Input Variables
Precipitation

Atmospheric fallout

Evaporation rates

Source After Novotny and Chester, 1981
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Table 13

Range of Application of Watershed Models-Simple Methods

Watershed Analysis Control Analysis Recelving
Simple Water
Methods Scteening (Intermediate| Detalled | Planming | Design
Quality

EPA Scieening PY - - - - o
The Simple i ) i i
Method ¢ ©
Regression Py - - - - -
SLOSS/
PHOSPH ©
Watershed ° - - ) - -
FWHA P - - 0 - o
WMM ° o - = - =
e High ¢ Medium o Low - Not Available

Table 14 Range of Application of Watershed Models-Simple Methods

Mid-Range Watershed Analysis Contiol Analysis | Recetving
Watet
Methods Scieening |Intetmediate| Detailled | Planming | Design

Quality
SITEMAP ° o o O ] S
GWLF ° o o i ] ]
P8-UCM ° o o o o ]
Auto-Ql ° ° o o 5 R
AGNPS ° ° o o 5 .
SLAMM ° o o o o R

® High ¢ Medium 0O Low

- Not Incorporated
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Table 15 Range of Application of Watershed Models-Detailed Methods

Watershed Analysis Control Analysis Receiving
Detailed Wat
ater
Methods Scieening |Intermediate| Detalled | Planning Design
Quality
STORM [ L O ] @) O
ANSWERS ° o = o O o)
DR3M-QVAL (= o ° ) Qo =)
SWRRBQ/
= o [ L = =
SWAT
SWMM & L e o @
HSPF = L [ ® @ {

e High ¢ Medium © Low - NotlIncorporated

(R)EEEHAZKIENERREE
AR A TBEBRAIKBRESEFEA] KiEFELE2
KEEARERBERGES FHHERZEEKY KRE ~ 50
SB T HAR S BEE R EREITERZEIE - KE A
R BEAKEHEARGEREENETEZHIE - LE -~
BMEBBAXEHER4£16 - 1TRI8 - KE A - 45
FHARGEKRERAERIARE HEIEER K19~ 20
B2l e KRB -~ BRAKEFEARGEARERIER ~ &
St #r o %22~ 23824 -
GRIEETH A YTRHENERREE
o B AR B MR R KB AEERERABM » £
FEEAELEUTEERF

L BA2 Q4B ATAK L TWEREAHIIGE ki
—36—
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REYRRERZTEA -
2B OFEATRTEHEENIERE  HANHERRE
BAEFEFE T
3R Bl O4ERE - PERMAHR=RE-
4 FHTHAN GHFLEEFHFAL-
SHEAR B AN TS AL KBEARGAZITRERAMR
6 ERAMEXIRE  HERIEERELANEREIUERTH
BAE o
7 E A
UTZ &5 HEETTEREZEAETHIUIEAEZ
TEREEE R ZAR - KSR — IR FE L
OIEEMBRIBEEMZITFERT Ao R2TR282EHR —FEX
WMABRME T AHE—RSERBEAMT - K29RIERLY
FREFDREAZEEERGE OEER L - SRR AZ
A B MR R EREMBER ) SHBERREMER
FoBe BAE 23146 -
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Table 16 A Descriptive List of Model Components-Hydrodynamic Models

Horizontal | Vertical Vertical Solution
Model Dimension | Coordinate | Coordinate
Mixing Technique
System Svstem -
Externally Couple
RIVMOD H |1-D N/A N A N/A Tmplicit
dynhyds I-d Link Node  [N/A N/A Expheit
Runge-Kutta
EFDC 1-D, 2-D (x/y, |Cartesian, Staticase Tuibulence  |Implicit
xX/z),3-D orthogonal Cartesian, closure
boundary sigma
fitted, laterally |tiansformation
averaged to local
bathymetry
CH3D WES |{1-D, 2-D (x/y, |Cartesian, Staircase Tubulence  |Impheit
x/z), 3-D orthogonal Cartesian closure
boundary
fitted, laterally
averaged
Internally Coupled
CE-QUAL- |{1-D N/A N/A N/A Implicit
RIVI (RIVIH)
CE-QUAL 1-D 2-D (x/z) |Cartesian Stanicase Wind sheat Implicit
w2 laterally Cartesian
averaged
HSPF 1-D N/A N/A N/A lmplicit
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Table 17 A Descriptive List of Model Components-Steady-State Water

particle fate

Quality Models
Wateibod Processes Simulated
Model Type y Parameters Simulated Physical Chemical/Biologica
EPA River, lake/  [Waterbody nitrogen, Dilution, First-order decay
Scieening 1€SeIVOlr, phosphorus, chlotophyll or  |advention, empirncal
Methods estuary, chemical concentiations dispersion telationships between
coasta nutrient loading and
euttophication indices
EUTROMOD [Lake/teservorn Dilution Empincal
1elationships between
nutnent loading and
eutrophication indices
PHOSMOD  [Lake/ieservon [DO, phosphorus Dilution Empinical
relationships between
nutrient loading and
eutiophication indices
BATHTUB  |Lake/teservoi [DO, nit o%en, phosphorus, Dilution Empirical
chlorophyll 1elationships between
nutrient loading and
eutrophication indices
QUALZE Rivers, (well- [DO, CBOD, temperature, Dilution, First-order decay,
mixed/ organic N ammonia, mitrite  |advection DO-BOD cycle
shallow lakes |nitrate, oiganic P, dissolved  |dispetsion, heat  |nutnent-algal cycle
Ot estuaries) hospflon ous, phytoplankton, |balance
ecal coliform’ arbitrary
nonconservative substances,
three conservative substances
EXAMSIT — [Rivers Conservative and Dilution First-order decay,
nonconservative substances  |advection, process kinetics,
dispeision daughter products,
€Xposule assessment
TOXMOD  |Lake/ieservoir [Conservative and Dilution, First-order decay,
nonconservative substances  {advection, sediment burial and
dispersion 1elease
SYMPTOX4 [Rivei/ieservor |Conservative and Dilution, Fust-order decay,
1 nonconservative substances  |advection, sediment exchange
dispersion
TPM Estuartes DO, CBOD, NBOD, Dilution, First-order decay,
tempetature, ammonium, advection, DO-BOD cycle,
nifrate, nitnite, organic nittogen, |dispersion, heat  {nutrient-algal cycle,
total phosphate o1 ganic balance, particle {caibon cycle, silica
phosphorus, salinity, inorganic |fate cycle, benthic algae,
suspended solids, dissolved sediment digenesis
labile, and refiactory
particulate organic carbon,
dissolved silica, particulate
biogenic silica, fecal coliform,
total active metal
DECAL Coastal Sediment, conservativeand  |[Dilufion, Fust-order decay,
nonconservative substances  |advection,
disperston,
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Table 18

A Descriptive List of Model Components-Dynamic Water

Quality Models
Waterbody Processes Simulated
Model Type Parameters Simulated Physical Chemical/Bidlomaal
DYNTOX  [Ruver Conservative and Dilution, Fust-order decay
nonconservative substances  |advention
WASPS Estuary, nver |DO, CBOD, NBOD, Dilution, Fust-order decary
(well mixed/  |ammonium, nitrate, nifnte, advection, process kinetics,
shallow lake) |organic nittogen, total dispersion, daughter products,
phosphate, organic phosphorus,reaeration hydrolysis, oxidation
inorganic suspended solids, volatilization,
fecal coliform, conservative photolysts,
and nonconservative egullxbnum
substances adsorption Settling,
DO-CBOD, nutrient
algal cycle
CE QUAL-  |Rives DO, CBOD, tempetature, Dilution, Fust order decay,
RIVI ammonia, nitrate, algae, advection, DO-CBOD, nutrient
coliform, phosphate, organic  |dispersion, heat  |algal cycle
nitrogen balance
CE-QUAL- |Lakes DO, CBOD, NBOD, Dilution, First-order decay,
W2 temperature, ammonium, advection, DO-CBOD, nutrnent-
nitrate, nitnite, organic mitrogen, [dispeision, heat  {algal cycle, carbon
total phosphate, organic balance cycle
phosphorus, salinity, inoiganic
suspended solids, dissolved
labile, and refractory
particulate organic catbon,
dissolved silica, particulate
brogenic silica, fecal coliform,
total active metal
CE-QUAL-  |Estuares, DO, CBOD, NBOD, Dilution, First-order decay,
ICM nvets, lakes, |temperature, ammontum, advection, DO-BOD, nutrient-
coastal nittate nitnte organic nittogen |dispersion heat  |algal cycle carbon
total phosphate, o1ganic balance, particle  [cycle, silica cycle,
phosphorus, salinity, inotganic |fate, sediment  |zoo-plankton,
suspended solids, dissolved  |digenesis sediment digenesis
labile, and 1efiactory
pamculate organic catbon,
dissolved silica, particulate
biogenic stlica, fecal coliform,
total active metal
HSPF River, (well-  [DO, BOD nutrients, pesticide {Dilution Fust-oider decay

mixed/shallow
lakes)

sediment, organic chemucals,
and temperatute

advection, heat
balance, particle
fate, cohesive/
noncohesive
sediment transport

process kinetics,
daughter products
hydrolysts, oxidation
volatilization,
photolysts, benthic
demand 1espiration,
nutrient-algal cvcle !
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Table 19

Input and Output Data - Hydrodynamic Models

Model Main Input Data Output Information

Externally Coupled

RIVMOD-H  |River geometry and boundary |Water surface elevations
conditions, inflows, velocities, and temperatures
withdrawals, meteorologic data

DYNHYDS Waterbody geometry and Water surface elevations,
boundary conditions, inflows |velocities
withdrawals, meteorologic data

EFDC River geometry, bathymetry Water surface elevations,
geometric data, grid system,  |velocities magnitude and
and boundaty conditions orientation temperature
inflows, withdrawals, salinity, and conservative tracer
meteorologic data

CH3D-WES  River geometry, bathymetry, |Water surface elevations,
geometric data, grid system velocity magnitude and
and boundary conditions, orientation temperature
inflows, withdrawals,
meteorologic data

Internally Coupled

CE-QUAL- River geometry and boundary |Water surface elevations

RIV1 conditions, inflows, velocities, and temperatures
withdrawals, meteorologic data

CE-QUAL-W2 |Waterbody geometry, Water surface elevations
bathymetry, and boundary velocities longitudinal and
conditions, mflows, vertical, and temperature
withdrawals, meteorologic data

HSPF River geometry and boundary  |Water surface elevations
conditions, inflows, velocities, and temperatures
withdrawals, meteorologic data
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Table 20

Input and Output Data - Steady-

State Water Quality Model

Model Main Input Data Output Information
EPA Scieening |Climate, waterbody moiphometry, Watetbody nitrogen, phosphorus,
Methods external loading chlorophylla, or chemical concentiations
EUTROMOD |Climate, lake morphometry, watershed  |Lake DO, nitrogen, phosphorus, and
characteristics (land use) chlotophylla concentiations
PHOSMOD  |Chmate, lake morphometry, external Lake DO, phosphorus, and chlotophylla
loading, benthic flux concentrations
BATHTUB Climate lake morphometry exteinal Lake DO, nitiogen phosphorus, and
loadings chlorophylla concentiations
QUAL2E Climate, river geometry, stieam netwoik, {DO, CBOD, nitiogen, phosphorus
flow, boundary conditions, 26 physical,  |conservative and nonconservative
chemical and biological properties for ~ |constituent concenttations
each 1each, inflows/ withdrawals
EXAMSII Stieam geometry, flow, chemical loadings, |Chemical exposure, fate and peisistence
total pollutant and suspended solids
concentrations physical/ chemical
coefficients
TOXMOD Lake morphometry, initial conditions Conservative and nonconservative
external loadings, benthic flux substance concentiations
SYMPTOX4  |Stieam geometry, flow, total pollutant and |Conservative and nonconservative
suspended solids concentiations, physical/ {substance concentiations in total,
chemuical coefficients and rates dissolved and particulate forms, in the
water column and bed sediments
Suspended solids concentiation in watet
column
TPM Climate geometnc data boundary DO CBOD NBOD temperatute
conditions, up to 140 parameters for full  {ammonium, mtiate, nitrite, organic
simulation of water quality kinetics nitrogen total phosphate organic
phosphorus, salinity, inotganic suspended
solids, dissolved labile, and 1efiactory
particulate oiganic catbon, dissolved silica
partirculate biogenic silica fecal coliform,
total active metal
DECAL Coastal geometry tidal oscillations Contout plots of suspended particle

loadings 1mitial and boundary conditions

concentiations in lower watet layers Daily
averaged deposttion rates of oiganic
materal
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Table 21

Input and Output Data - Dynamic Water Quality Model

Model

Main Input Data

Qutput Information

DYNTOX

Ruver geometry, flow (continuous records
o1 statistical summanes), external
loadings boundary conditions

Conservative and nonconservative
substance concentrations, plots of retum
period for water quality violations below
each dischaige

WASPS

Wateibody geometry climate, watetbody
segmentation, flow (ot input from
hydrodynamic model), boundary
conditions, nitial conditions, benthic flux,
external loadings, spatially varable and
time-vartable functions, 1ate constants

DO, CBOD, NBOD, ammonium, nitiate,
nitrite, organic nittogen, total phosphate,
organic phosphorus, mnorganic suspended
solids, fecal coliform, conservative and
nonconservative substance concentiations
for each segment and uset-defined time
interval

CE-QUAL-
RIVI

River geometry, climate, nvel
segmentation, upstieam boundary
conditions, inttial conditions, external
loadings, benthic flux, spatially vanable
and time-vanable functions, rate constants

DO, CBOD, temperatute, ammonia
nitiate, algae, coliform, phosphate, organic
nitrogen concentrations for each segment
and usei-defined time interval

CE-QUAL-W2

Lake geometry, climate watetbody
segmentation, boundary conditions, initial
conditions external loadings o1
withdiawals, benthic flux, spatially
vanable and time-vanable functions, 1ate
constants

DO, CBOD, NBOD temperature,
ammonium, nitrate, nitrite, organic
mtrogen, total phosphate organic
phosphorus, salinity, inoiganic suspended
solids, dissolved, labile, and refractory
particulate organic catbon, dissolved silica
particulate biogenic silica, fecal coliform,
total active metal concentiations for each
segment and user-defined time inter: al

CE-QUAL-
ICM

Waterbody geometry, climate, grd, flow
(ot input fiom hydrodynamic model),
boundary conditions, initial conditions,
external loadings, spatially variable and
tume vanable functions, 1ate constants

DO, CBOD, NBOD, tempetatute,
ammonium, nitrate, nitrite, organic
nittogen, total phosphate, organic
phosphorus, salinity 1notganic suspended
solids, dissolved, labile, and refiactory
particulate organic catbon, dissolved silica.
particulate biogenic stlica, fecal coliform
total active metal concentrations for each
segment and usei-defined time inter al

HSPF

River, well-mixed/shallow lakes

DO, CBOD, nutrients, pesticide, sediment
and organic chemical concentrations for
each segment and user-defined time

interval
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Table 22  Range of Application--Hydrodynamic Models

Water Supply-Control
Model Hydrodynamic Analysis Analysis Operations/
anagement
Screening |Intermediate] Detailed Planning | Design
Exteinally Coupled
RIVMOD-H ° o o ° o
DYNHYD5 ° ° o o -
EFDC ®) @ ® o @
CH3D-WES o o ° ° o
Internally Couple
CE-QUAL-RIVI ° o o o o
CE-QUAL-W2 o ° ° ® °
HSPF @ L d @ g Q
e High © Medium © Low - NotIncorporated

Table 23  Range of Application--Steady-State Water Quality Models

Management
Model Screening | Intermediate Detailed Planning and
Analysis

EPA Scieening Methods ® o - o
EUTROMOD ° o - O
PHOSMOD ° O - o
BATHTUB ° o - °
QUALZE ° ° ° o
EXAMSII ° ° - c
TOXMOD ° ° - O
SMPTOX3 ® o ° o
TPM ° ° ° o
DECAL ° R ° .

e High © Medium © Low - Notlncorporated
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Table 24  Range of Application--Dynamic Water Quality Models

Water Quality Analysis

Management

Model Screening Int Detailed Plfnn;?yiind
DYNTOX ° o o
WASPS o o 5 .
CE-QUAL-RIVI ® ° ° °
CE-QUAL-W2 5 o o o
CE-QUAL-ICM o ® °
HSPF o o ° °

e High © Medium 0 Low

- Not Incorporated
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Table 25

A Descriptive List of Model/Technique Components -

Habitat Assessment Techniques

Technique/ Habitat Habaitat Habitat
Type Level Methodology
Model Parameter
assessed Assessed
HEP/HIS  [Tenestrial/ |Quantity and |Single or  |Modeling of habitat quantity and quality
quatic quahity multiple using key parameters collected from
species field can simulate effects of future
HES Tenestrial/  |Quantity and|{Community |Modeling of habitat quantity and quality
aquatic quality using abtotic and biotic field collected
data, can simulate effects of future
WET II Wetland Quality Single ot |Collection and analysis of physical,
multiple chemical, and biological predictors to
species assess wetland functions
HGM Wetland Quality Community |Data collection and classification,
development and compatison to
1eference conditions
Visual-based |Aquatic Quality Community [Multimetric collection and analysts,
Habitat compatison to reference conditions
Assessment
OHEI Aquatic Quality Community [Multimetiic collection and analysis
compatison to teference conditions
Rosgen's Aquatic Quantity and |N/A Collection and analysis of
Stieam quality morphological stream data,
Classificatio classification to predict stream behavior
[FIM Aquatic Quantity and [Single o [Modeling of aquatic habitat quantity
(PABSIM/ quality multiple and quahity using key parameters
TSLIB) species collected fiom field, can simulate
effects of future development/conditions
SNTEMP/  |Aquatic Quality N/A Modeling of stieam temperatuie using
SSTEMP stteam geometiic, hydiologic, and

meteorologic data
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Table 26 A Descriptive List of Model/Technique Components -

Species/ Biological Community Assessment Technigues

Technique/

Model Biota Assessed | Data Source Methodology
RBPI Benthic Field Visual only
macioinvertebiates
RBPII Benthic Field Analysis of eight metrics in the field, comparison
mactoinvertebiates to reference conditions
RBPIII Benthic Field Analysis of eight metrics in the field and
mactoinvertebiates laboratory, companson to 1eference condrtions
RBPIV Fish Questionnaire |Analysis of questionnaire data
RBP V(IBI) |Fish Field Analysis of 12 metrics in the field, comparison to
teference conditions
ICI Benthic Field Analysis of 10 metrics in the field, comparison to
macroinvertebrates teference conditions
IWB Fish Field Analysis of species abundance and diversity 1n the
field, comparison to reference conditions
PVA Any Field/literature Modeling of wildlife population stability using data
describing burth, death, and growth 1ates
FGETS Any Field/literature |Modeling of fish bioaccumulation of chemicals

based on brological attnibutes and physicochemical

properties
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Table 27

Input and Output

- Habitat Assessment Techniques

echnique/

Model Output Information Main Input Data
HEP/HIS  |A quantitative assessment [Data to be collected include delineation of cover types (e g,
of the quality and quantity |deciduous forest, coniferous forest, giassland, residential

of available habitat for
selected wildlife species in
terms of proposed o1
anticipated land use
changes, and the cost-
effectiveness of different
management alternatives
to achieve desued HUs for
a selected species

woodland) within the project atea, size (acreage) of existing
habitat for each evaluation species, selection of evaluation
spectes, Habitat Suitability Index CHIS) reflecting curtent
habitat conditions for each evaluation species, future habitat
conditions for each evaluation species

HIS data collection includes (1) species-specific habitat use
information such as genetal information (e g geographic
distribution), age, growth, and food 1equiiements, watet

quality, depth and flow, species-specific habitat requirements
reproductive information, (2) species-specific life history
information for each life stage Espawmng/ embryo, fry,
Juvent;{e, and adult), (3) suttabihity indices for each habitat
variable

HES A quantitative assessment [Baseline data on habitat tgpes and [and uses in the project aiea
of the quality and quantity |Size (acieage) of each habitat type and land use for existing
of available habitat for  ~ jand future conditions Measutements of key variables (e g,
entire wildhfe peicent understory, numbet of large trees, number of mast
communities in terms of  [tiees, species associations, number of snags) identified for
})Iogosed oranticipated  |each habitat and land use t¥pe for existing conditions
and use changes Projected measurements of same key variables for future
conditions
WETII A "broad-brush,” Baseline data (e g, water soutce, hydrodynamics, surface
quantitative assessment of {roughness, vegetation covet, soil type) charactenzing the
potential i)rO]eCt impacts |following wetland functions and values groundwatet
on sevetal wetland habitat [discharge, groundwater recharge sediment stabilization, flooa
functions flow alteration, sediment retention, toxicant retention, nutrient
transformation, production export, wildlife diversity, aquatic
diversity, 1ecieation, uniqueness/hentage
HGM A quantitative assessment [Baseline data to develop a 1eference set of wetlands
of the functioning of 1epresenting the 1ange of conditions that exist in a wetland
wetlands that uses the ecosystem and 1ts landscape 1n a reference domain Baseline
concepts of data'on the condition of assessment wetland variables (e g
hydiogeomorphic surface and subsurface water storage, nutrient cycling
cFas& ication, functional |1etention of particulates, organic matter export, spatia
capacity, 1eference structute of habitat, distribution and abundance of
domain, and 1eference  [invertebrates and vertebrates, plant community characteristics
wet/ands etc ) measured duectly or induectly using indicators to
develop a 1elationship between variable conditions in the
assessment wetland and functional capacity of the 1eference
set
Visual A quantitative assessment, {Data to be collected include instieam cover (fish) (nffle/run
based based on qualitative only), bottom substrate/available cover gghde/pool only),
Habitat information, of aquatic  |eptfaunal substrate (11ffle/run only), pool substiate
Assessment [habitat quality in wadable |chacterization (glide/pool only), embeddedness (nffle/run

stieams and nvers

on(liy), pool vanability (glide/pool only), channel alteration

sediment deposition, fiequency of niftles (nffle/run only)

channel sinuostty (glide/pool onlly), channel flow status, bank
|

veﬁeﬁatlve protection, bank stability, nparian vegetative zone
widt
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Table 27-1 Input and Output - Habitat Assessment Techniques(continued)

Techmique/
Model

Output Information

Main Input Data

QHEI

A quantitative assessment
based on quahtative
information Developed to
help distinguish the
influence of habitat effects
on fish communities in
midwestern streams

Data to be collected include substrate (type, ongn, and
quality), instream cover (type and amount), channel
morphology (sinuosity, development, channelization, stability,
modifications/other), niparian zone and bank eroston (r1paran
width, floodplain quality and bank eroston), glide/pool and
nffle/run quality (max depth, morphology, curient velocity,
nffle/run depth, nffle/run substiate, and nffle/run
embeddendness) gradient, diainage area, pexcent pool, percent
ghde, peicent nffle, peicent run

Rosgen's  |A quantified classification [Data to be collected depend on the level of classification
Stieam system that can be used to
Classificatiojpredict stieam behavior  (Level | landform, lithology, sails, climate, depositional
n and to apply interpietive  |history, basin relief, valley morphology, nver, profile
information morphology general nver pattern
Interpretations can be used
to evaluate a stream's Level 2 channel pattern, sinuosity (usually expressed as
sensitivity to disturbance, |Schumm's ratio), gradient or slope, entienchment or
1ecovery potential, entrenchment 1ation (width of floodplain the bankfull width
sediment supply, of channel surface), channel bed matenal, width/depth ratio
vegetation controlling
influence, and streambank [Level 3 npanan vegetation, depositional patterns, meander
eroston potential patterns, confinement featuies, fish habitat indices, flow
1egume, river size category, debris occurrence, channel stability
index, bank erodibihity
[FIM A quantitative assessment |Detailed data collection 1s required for both physical (e g
(PHABSIM (usually in graphical form)|depth velocity, sieam channel charactenstics, rparian cover)
/TSLIB)  |of the changes ina given |and biological (e g, life history and habitat preference
species' habiat with information for the species of concern) charactenistics of the
changes I hydiologic stream
tegime
SNTEMP/S [Minimum, mean, and 20 iput parameters are requued that describe the stieam
STEMP  |maximum daily water geometry (e g, segment length, elevation, 1oughness,

temperature for a stream
segment

shading), hydrology (e g, segment inflow and outflow dam
locations), and meteorology (e g , air temperatute, 1elativ e
humidity, solar radiation)
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Table 28

Input and Output - Species/Biological Community

Assessment Techniques

analysis, RBP II chaiactenzes the
severity of an impatiment into one
of three categories, gives a generic
indication of 1ts cause, and ranks
and prioritizes streams of further
assessment

Technique/Model Qutput [nformation Main Input Data
Scieening  [RBPT [Based on a macroinvertebrate Characterize and rate substrate/instieam
level community assessment, RBP1  |cover, channel moiphology, and
apptoaches determines whether an impairment [nparian/bank structuie, measure
exists 1n a stream (o1 whether conventional water quality parameters,
further investigation 1s needed) and |examine ghysncal charactenistics, determine
gives a generic indication of telative abundance of benthic
impatrment cause (e g, habitat,  |mactomnvertebrates
organic enrichment, toxicity)
RBP IV |Based on a fish community Characterize and 1ate substrate/instteam
assessment, RBP IV detetmimes  |covet, channel morphology, and
whether an impanment existsina |ripanian/bank structure, measute
stream (o1 whether further conventional watet quality parameters,
investigation 1s needed) and givers |examine physical chaiactenstics
a generic in dication of impairment |questionnaite survey 1egarding fish
cause communities survey ecoregional 1eference
reaches and randomly selected streams
Multimetric [RBPII' |Based on benthic macio- Charactenze and rate substrate/instream
approaches ivertebrate collection and cover, channel moi phology, and

riparian/bank structute, measure
conventional water quality parameters,
examine physical characteristics, examine
nffle/run community and sample coaise
particulate organic matter, 100-organism
subsample indentified 1n field to famly or
order level, functional feeding group analysis
of nffle/run and coarse particulate organic
matter 1n the field Data descnbing reference
conditions are also necessary

RBPIII

Based on benthic macro-
invertebrate collection and
analysis, RBP III characterizes the
severity of an impaiiment into one
of four categories, gives a generic
indication of its cause establishes a
basts for trend monitoring, and
priontizes streams for further
assessment

Characterize and 1ate substrate/instieam
cover, channel morphology, and
nparian/bank structure, measute
conventional water quality patameters,
examine physical chatacteristics, examine
nffle/run community and sample coarse
gamculate organic matter, collect riffle/run
enthos, collect coaise particulate organic
matter sample, determine shiedde:
abundance, perform riffle/run analysis in
laboratory, tdentify 100 orgamsm subsample
to spectes level and perform functional
feeding group analysis Data describing
1eference conditions aie also necessary

ICI

[CI piovides a quantitative
measute of ovetall macto-
invertebrate community condition

Data necessary for development of the ICD
include total number of taxa, number of
mayfly taxa, number of caddisfly tasa
number of dipteran taxa, peicent mayfly
composttion, percent caddisfly composition
percent tribe tanytarsini midge composition
percent other diptera and noninset
comgosmon, peircent tolerant organisms, and
number of qualitative EPT taxa Data for
rreference conditrons aie also reces.a—,
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Table 28-1

Input and Output - Species/Biological Community

Assessment Techniques(continued)

(continued)

quantitative index that incorporates
individual, population, communty,
zoogeogtaphic, and ecosystem
level information to evaluate
biological integnity as one of five
classes, 1t also gives a generic
indication of impairment cause
establishes a basis for trend
montitoring, and 1anks and
priontizes streams for further
assessment

Techmque/Model Output Information Main Input Data
Multimetnic|RBP V  |Based on fish collection and Data to be collected include
approaches |(IBI)  |analysis, RBP V computes a substrate/instream cover, channel

morphology, and nparian/bank structure,
conventiaonal water quality parameters,
physical characteristics, major habutats and
cover types, total number of native fish
spectes, number and 1dentity of darter
Ispectes, number and identity of sunfish
species, number and 1dentity of sucker
species, number and 1dentity of intolerant
species, proportion of individuals as tolerant
species, proportion of individuals as
omnivores, proportion of individuals as
insectivorous cyprinids, proportion of
individuals as piscivores (top caimivores),
numbet of individuals in sample, proportion
of individuals as hybrids, proportion of
individuals with disease tumors fin damage,
and skeletal anomalies Data describing
reference conditions are also necessary

IWB

The IWB providers a quantitative
measure of the quality of a fish
assemblage

Data to be collected include number of
individuals/kilometer, bromass of
individuals/kilometer, Shannon-Weaver
diversity index (number of individuals in
sample and number of individuals of species
inthe sample) Data describing reference
conditions are also necessary

Population Viability

PVAs supply a quantified analysis

Data requiied include the age structure of the

dynamucs of a fish's whole-body
concentiation of nonioonic,
nonmetabolized, organic chemicals
that are bioaccumulated fiom

watet and food

Analysis (PVA) of the stability of a specified population being studied, and the survival
population following a changen  [and fecundity of each age
environment, population structute,
ot behavior |

FGETS FG ETS predicts the temporal Data 1equued include morphological,

phystological, and tiophic parameters that
describe the gill morphometry, feeding and
metabolic demands, and body composition
for the species 1n questions, and 1elevant
physicochemical patameters that describe
partitioning to the fish's lipid and structural
organic fiactions for a specific chemical
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Table 29 Range of Application - Habitat Assessment Techniques and Models

Techmique/Model Terrestnial Hablticﬁls;tfzsmem Wetland
HEP/HIS ° ° -
HES PY ® -
WET II - - °
HGM - - °
Visual-based Habitat Assessment - o -
QHEI - o -
Rosgen's Stream Classification - o -
[FIM (PHABSIM/TSLIB) - e -
SNTEMP/SSTEMP - ° -

Level of complexity addressed e High © Medium © Low - Not Applicable

Table 30  Range of Application - Species/Biologic al Community

Assessment Techniques and Models

Assessment Type
Single-species

Technique/Model Benthic community| Fish community | (Bioaccumulation and

population modeling)
RBP I o - -
RBPII o - -
RBPII ° - -
RBPIV - o -
RBP V (IBI) - ° -
ICI o - -
IWB - ° -
PVB - - ®
FGETS - - -

Level of complexity addressed @ High © Medium © Low - Not Apbplicable
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BOD~DO) #4 A —twaigs (BPRBEMREFZIHEAL) &8
ANEH -~ R EMAER 0 FarFz 4R (BPBOD ~ DO
ZREENE) BEHEHILE  ZHEE AR BT L
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HAZEEMLHERE FERBEKRS  FIEXNERZFR
B BERFHEFR -
(B4 & % 4 X Z 3 2 8UR Z 7 # (Sensitivity Analysis )
AHTWHBEATAHARAZISE  HAHRHERERZETEM
THE-—SETHESN B ERAUESAE - S8
FAEBBERZBALBER DA ? 4RI EETRK
B ERAYE P Traoa bt 8HEAREL L&
Bl e Bt — Sl B B (B FTHEaRNgE
TER - EFR) UIgBAERZIEEN - RZ Pk
T A HEHBALRIYERREEL - HAESTHELTH
Bh AT EAT K EIRE ~ o -
(R)EEETHEAEIZER
HAEEAEBEMRSEK  @THAA RELEEFAZAKE
Bk~ TR s oA - AR REMAANMEER K PR
M#] &, (Physical constraints ) #£ X 2245484k 4o B3 - #R4F 5 4k
BiE R TRAREMEARTATEERP 2 5KKRER
S ERIBEKHER R ENBEXBELY > SLEBEANEK
“BeEEZSA -
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Figue 3 Principal components of modeling framework (a) Steos up through

verification (b) Postaudit of models

—56—

Mode!

adequacy in
forecasting
orecasting

I
Postaudit subsequent
examination and venfication



>

25 REEJE L R & E IR A

(—)2: R4 & 2 8 X R R

Bz g EHRBEHEGFEEHRERZAILER
BRBEHPRE - MEFEREFHRERIS» ARET
& &AL
1 18 B K842 X kKEE ) .0 5% /7 (assimilative capacity )

2 ARKBEAOSHRNNFE ST —RIFE15%E30%

3AKRBALSRARETFE S ERSFHANEE

4 ZRESEROIN  BRKRENEGE ~ REAS - 2F
MERF > BEHFPNECETELEITL/R WAL SER
MSHHRE B EMARAKRKLESHNREZETHE T LR -
LB BB E T -

BEESRT 40 KEHRARRRALRKBOLETRES L
o JKE A RN, T o A #E F A X (determinate models)Fo 4% ¥ £2 =
(stochastic models)fy A48 ' (2R £ &L T H - EKE X S A S
% & -F4#7(mass balance) B 32 - & » {RKBEKE Fo kB LB H
B BT AT FTEAAGERN  sREESP T AZX
M —t s Zfo =t R P HRALZIAKEEKXAINLF
Z B A Streeter-Phelps 2 47 /K #7DO-BODAE & - :@ w4V A =
BN BT TR A

aC @ o[ ac), af,. éC

9
E-——EY'(UYC)—E‘;(UZC)’PEX“[EX—&X—}+g‘i£la—z}i8(f z f) (1)
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A ¥ C=KRE RE[ML

t=6%F [T]

U=/ [L/T]

E=4%$14% #[L*/T]

S=# gk %A %K IA[M/LYT]
MR P EEFwm—BREEMAR AKAHDEELNE 2
ZCWIEAREHE REDFLEKTIER TRFMEL
1%z c B —EPIRERZMEARAFOALREBR R » sLIE
[EHE TR ME -

X E AN KBEFRA AN 0 JER AN AR — 4
KB o — 4 AAF(1)AX P A Mz k32 B T (Bp #fzIR 1 39)
IR LA KMy I RA LG T REETHAS
FRN Ry RIFBAE KRABRERE - AV BRERES
ERE o mEV)ARBE-BEMEEOECRENTE - Bk
FH 2 RERXEL - &7 AOEEAREH XA QUAL-IE
» WASP -~ CE-QUAL-W2 » & & & P98 £~ 2 7)) ZESTURY
% o £ MEPAR #7145 & 1 R eABASINE # # K, » 3% 2 4-GIS
$#2HSPF ~ QUAL-IIEf g * HSPFA R {63t £ KB & 4 25 P 81
ke Fz 54 % BAQUALNE# S KB K E fot B
TMDL(Total Maximum Daily Loads) > # — 5 1448 & & #) %
2R oo

=) I g R E E R AR A
* £ 3E25 B4 X, A SWMM -+ STORM + AGNPS + ANSWERS
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* HSPF VASTRVANTUH B4 X - £ PRBBIFHEALH
STORMYM £ ©H X & TH# » BB L E M H ASWMM
STORM & HSPF » 44 SSHAGNPS 4k % 3T » 4 4% 4 BOD & COD
I AGNPSFo ANSWERS 2 2 4b » H 8% TTH# > R A Z%4
A& TS B8/ ANSWERS$o VANTU $h 3 4248 R % 7T 4
# > DO SWMM - HSPF + VAST & VANTU % 4 2 T4 ## -
A /1SWMM ~ HSPF ~ VAST 2 4% % » STORM - AGNPS
* ANSWERS & 7T » ##E R A H 5 A SWMM ~ AGNPS -
ANSWERS -~ HSPF 2 & % # > VASTRVANTU & ¢ % »
STORMPFr F 42 » A4 X3 K USWMM - HSPF &5 45 2% -
M STORM ~ AGNPS ~ ANSWERS - VAST#s VANTU & & % o
FraERIEEE ARG EE B E R b & ko &3] o
#31  EZ TR R b

# ANSWE
41455 SWMM [STORM | AGNPS RS HSPF | VAST | VANTU
B A A O B
& i % "ki % g 5o ﬁ % 24 %
3\% &C_ *SFTFC PTFE- %\ C— F{?E 3}32{1}?’— g?@ %\¥E
=1o
prEE (ha| v v v v v v
EX]
R B i #fi v v v
SS v v v v v v
BOD v v v v v
w2 COD| v v v v v
I8 B N v v v v v v v
P v v v v v
DO v v v v
BMPiz 42 4E A 3 P P ¥ = = A
HIERANT X b 15 & v5 128 7 ¥
R ZARE ) i i 5 # &




(2)EEEHBAXER

MAEAEFTBHLEFOSLETE  THEMEEKREX
KEFKE > TUFLEEL SIS L FEEHEY X
JE o B FRABHEEEEOIE MREIE  BARRE - FU
RAEERNTILOIE IHABZIHE ~ KEFF - BEH
EE IR~ R e R F I~ KEFE TR - sRATHE 44
FEHEREMEHENETE[ELRL FH - BB IOBEE

JE 25 % s 1216 & 32 # 46 [BMP34 5645 2 fE AEAL % Fo 3T 45 1L
T2 ERFTEAAELREETHARBN 0 BBl T
| BB ARFBERUBMAFE  TRBRBARERTA E3)

KERE ok E B KT AR EPIRBOULT #5E
UBATESGFRIFEFARY TERALEITE » AIFLR
B~ R REZBRBERR IR R IEEE Fdo BIREAHMER ~ X E
BERELEERS  BFUBEAEEAS  A6TREN o
+

255

a —REEKEENE

b = 4 fiF KR B K &

S i 9 AL

=R

amyRABERE

b BEERE
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CIZH oA~ A FRERE S MEBMP R AE % B
2éuié%&&ﬁ%ﬁu&ﬂﬁﬁﬁﬁémQMWﬁ%mﬁ
EHGFEGKREREFERMUERE -
3BURAZITANBRGLBCEETE ) UWEEREFZE -
4EEH B FlaBEEa
(DR
Q)®AFE 32
(3) 4 3 T B 2k, 2 3)
(4) BUAT 4 A%
FaEARE S REEKETE R LBz 048 B
FERER > UBELAFTHEELHAZER -
SUEBAGEFTFRRAAALE > FZEEZHE > £5
ERATEERTAFTE UWELTHEFEELETIT o
+ ~ STREAM & ESTURY #4 & 4% 3+ & /& F
(—)STREAM# & #F 31 & /& A
STREAM# & £ 1960 & & £ B 2 » 48 £ % (Manhattan
College) A 48 & (Mueller, 1960) » A LA #F % Sacramento Riverz.
KE FIREEFTHEERIMEN TR ZEHE L > T
W Streeter-Phelps 8l 2 2 A K BB 2 R E 2 > @
fr—t s RRERIFERBAKEZARBRT » kBB F £ R
HIERAT AR 0 T8 A NBODRDOKE % 4z 45k » 3+ B L85 %
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#CBOD ~ NBOD -~ DO deficit (#2825 ) BRBOAE -

STREAM# X, (Mueller, 1960) » #1 R & & F 45 £ & 4 < 4

BN KRB Z AR Z » AR AR EITRKEHEE > b
& #1 ESTUARY & [ = & 77 #5% BOD 4 sx Nitrogenous
BOD(NBOD) & ultimate carbonaceous BOD(CBOD,) &% & » L=
RSN FTKREFKRZ FHF 0 B RAS 2R A O'Connor-
Dobbins 7 #2 X, + o h5 L BUAE#E BT & FIFKE ALk A ©
(=)ESTURY#£ (4R <1 & /& F

ESTURY# A X AR RS BELMEAERERZIETES
RESFN > THUBER R ARIFRATERZME RS
) #HEIE B L35I GF 4 E 4BOD ~ DO » 1775 14) & 4o B
Izt e B AR X A% UTFortran-77 EBSE 5 B 0 st B 059
FIETEA A2 BAREZ Az A FEE

ESTURY # X 73 &% & — & 439 A % & & Fo (Complete
Mixing) » LB R E R FRITHMEATW > EXKELHFIE > 7
N #)BOD A 2 KT UTF R &F

K=K ,~K,
Ed o KiAmAAH
Ky R A #.5 2,2BODE 1% 2

S X2 H EK, 0 BP R K34 ¢9BOD B 2 164F A M

B Lk — @8 R (K=1796%Q° ) B & B 15 E R (K=K

<1 04772985 4L 2 > H 8k £ 1% 2 81 3% A O'Connor-Dobbins 77 #2
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oo BB SHEATTHBEGEUME  WwBHE2 16 &
HAGHTHREEHEITRETZ  EA LABEB{E -

WA ERAR AT S A AKE A2 58 MR R R R
Sacramento Riverft 447 > B-& 4 £ 42 #) ' Manhattan College #&
MHEERE > LU EBAIHEE  MEH SR AY
KEHPE AP Rk > w0QUAL2 - WASP % 51 % » £ J&
AEBATEAR % R > Wu-Seng Lung(2000) g tASTREAM A 5 4%
3T & A Gettysburg#jRock Creek & Virginia i #3Roanoke River ¥
DO£CBOD - NBODF #) %1t » 1A4E 2 & 365 KR R 2 3%
HARBRZSE o

+— ~ QUAL2E# WASP5# ;\U?E%T&Fg% i
(—)QUAL2E# X 4£ 31 R /& A

7 4 &) QUAL-II & X, 75 & 4 1972 % Water Resources
Engmeers, Inc (WRE)4£$2U S Enviromental Protection Agency
WERZ T EHAERLEFD Masch and Associates & Texas
Water Development Board (1970)A7 % & &)QUAL-1 57 )l| & & 45
AMESL c TEARBEFEBZERENTE RAMBERTHS
REI IR A ko 213 EAE-FA- K A1F A 2 B 648 B4 A 15
iE §JSEMCOGHR % o £ ¥ » SEMCOG R Z QUAL-I14% & 4&
AE  HBRIEE TARBZWER  #ESERLMN—&
ERAMARMENEE  BFRRBHQUALIIE R E# 4 %
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AQUAL2E (Brown and Barnwell 1985) - B # QUAL2E# 471%

BATHFFOUR AT TEALE T - BAREZ
REEEWESAHREE « KT AAIRA ZQUAL2ERB 0kr) 73 &
42 Tuft University, Department of Civil Engineering $2 EPA
Center for Water Quality Modeling (CWOM), Environmental
Research Laboratory, Athens, Georglaz f4l &) &1 #5 F Fr 48 &
¢ B3t Tar—IRQUAL2EQ 2MR) % B R B S8 Rk & M4
»#7 (UNCAS) 82 & 7 BB AE -

QUAL2ER — 1B T % B B3 M & ST KB K o TIRAERA
ENFERESEBTIEKE st - BEBRO RN E SR
(Dissolved Oxygen) ~ &1t 7% 2, = (btochemical Oxygen Demand)

“BE >~ B Fa( £ FE) ~ A4 A (Organic Nitrogen) ~ £ £
(Ammonuia) ~ 3£ &5 8% F(Nitrite) ~ 24 &% 50 (Nitrate) ~ A #% &4 (Organic
Phosphorus) ~ /& # &% (Dissolved Phosphorus) ~ X % # (Coliforms)

v AR 47 JEAZ 4 M4 B (Arbitrary Nonconservative Constituent) -
Z #1377 M 49 G (Conservative Constituents) o pbts X, T 4 5% 7
B A E) AR AT o H 3R OA R 3% 1R R (Advection) Fo 2E HiE
(Dispersion) <z mfE ¥ EEM T AR AKA EE AT &
ETE)ER)EEEE o A F 5 AP (Discharge) ~ B2k
(Withdrawal) ~ % 4 (Tributary flows) ~ & i (Inflow) Fo & 4

(Outﬂow)éﬁfg% ° ’Z:ﬁﬁ%%‘]’%—ﬁ.’%?ﬁzﬁﬁﬁ%g‘é‘]ﬁ$§/ﬁ'§?J'/L

A
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HEEMBAAREN SR E - UKL ERR » QUAL2ER
BRANABRBITERNZARKAFOANSLATA T FES
Ak JLF (Steady state) °

QUAL2ExX & F R TNKE SRAF @z %L L4
KA JM— A % RARIEE KI5 A B8 TR
(Reaches) » & — T B A 48 [F] & — &M (Uniformitv) & 7k 32 4%
o BPA-TETHEMERBZAE ~ KX~ AEHR A48
Bl o &— TEX%F % hE8E k)3t & ¥ u(Elements) - B st
PR TR EEAHL T A% - LQUAL2EY » HE &
R R s FEi

1 /& 7k & jt.(Headwater element)

2 1% £ # 7t (Standard element)

3 [& Mm% a5z B su(Element just upstream from a junction)

4 & #25 ¥ 7t (Junction element)

5 % & T #% 8 7u(Last element in system)

6 AN E st(Input element)

7 Bk o # 5t (Withdrawal element)

RAKBETLAMAN IR~ LN % hzdeds o BHLE R
BRABE G- - BEEADARGE A NRE I
eI EL - BAEMMWERAEAER PEMAYT  ASig
MmBAFREELTR-—AFOMNAN - BRAZE L ZR R

=
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EAEARES EHEH—BEL BEALEL(HEHmPF —
B LA EN  EAHULA TN : AT RES —ETE
B, M ABUEZRA B - SR NEENKRET AANT
(ARABITRRERIA) FBAKR - MAERKXER TR
THRLETHE RE - LIRS A

1 & &%258&

2WEE AL BEFRALB20ME 0 KB FALH2501E

3 FRAKEL &ETME

4AEREETL K56

o

5 EANRAREER

~

T & %2548

QUAL2E4E 1A & % #E (Steady) 5, &) A& (Unsteady) 7k & 48 &
EoBEmA—FARANKERELTE - FUEFEENAE
Ao CTARARASLEAEGMHRENELR(E ~ F a4
B) L Fo ikt E/mAMER RETHFLERIL B4
MERSDEHM -  MUGHERFLEAST ERETHARE
AREZICHAKE (XEAL882E) VL TTHER
RAEE ERTRMEKRNED A% - 2% > £QUAL2E
& AR 0 RAKKARER BT BT ESHELILZTE -

QUAL2EM X4 T T AT AR B2 + B FKE 8 B 5
B OIE AT E A R

1 ZJE #4208~ ZAMBEER -
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2EE B REFRAZFGOER -
3 A TRZ ARG HHEBE
4 X5 TP F M E -
SEKREFBTUEE
EE ABEAL (Bl ERARNAE)
5 FTEE AR 81 AL ¢
6 UIBTH RERFEEBEANRE EHA SRR T REKRA
X EIR o
T 8IN/E E T AE A E Bk ) o] -
# 5 o AR R AR R M o7 4 X QUAL2E-UNCAS ¢ 37 4
L5 7
1 847 Z 747 (Sensttivity analysis)--#y A\ 4% 8% 8o pe e 2%
it E1EE o
2 — &R £ 5 # (First order error analysis)-- €2,3% 348 84 % &
BEERREEBER RS -
3 5k Bt (Monte Carlo simulation)-- €145 # i % 24
IR F Rt g -
QUALZE-UNCAS#R M5 F £ € KB BEF L4 R
B XS c ERETRUALSEAETEEIBMATHE
HMAREFAHEEMHEXBAENSE -  EATFRHR R
TR EAL BB TFLAKE AR o bR EMS#F &

:5
cmi
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REEREHRETHRRAVENMALE TR T EITR
ABENEFHURERAR -
(=)WASP5# X R R & A

WASP (Water Quality Analysis Simulation Program » f§ %%
WASP)# X A b &2 R ERAF F R ZSRER LR ARG KE o
#r ¥ X Ho A% 20 ™ B (Ambrose et al  1988) o #1970 Ff 45 2%
BREASH PRHIZBERANEH ) §RANREI AR (&4F 7))
e s ARASKREBEL) ZAKERE L BT R H
KBz 41t F A 8 BOD) » & A & (DO) -~ 4% 15 1 & M B
(conservative tracers)4w f1t4y ~ FH5HE4 ~ Bty 0 BlERAE
MY EREEH  R—BERHENEN - AFixHA WASPH)
% 3 PR KWASP5(Ambrose et al 1993) » N\~48 H s 45 R g B 42
NI EITE KA KEHEE -

WASP5 4 X, 41 A & %€ 4 Fx(dynamic compartment)#] 7 3 #}
AR KA EIT K E AR o B ARKRNEBRTHERZ R
KBEANTE AEERBRI -4 Z4HRE 44K
B X FERMERIFGEORE - FLRIFHLBE 2
BRIETEFE  TRAEHIFFTRNBHEN - ZAHFYL B
FEhHTHEETEMANETHAGR LR WwiEHAH - AE > &
B~ AAE - SRR mBHESF o WASPSE X TRER
A48 PrRABZKIEAKRE 7R ETHEE > TR B2 d)

—68—



HREOREAN A KB - RATNRERERE > @ T
BRENIBR O ERMSLEMRERME 5 -

1w WASPS % 4 F 60,45 T MEB L&) 2245 » 5 3] A 8 8k

EAEFF(DYNHYDS) B K E 4 # (WASPS) » &4 T WA 4 %] E 46

P TR S ARAE o FWASPSEMB KBS REMAN S £48
REBAER Y TILELDYNHYDS » 3t B KB EME A5 E
oo MBS R X 7R H 842 X (EUTROS) R 1440 & 4 4%
#2 S (TOXIS) R 24y »

W2 189N S Ak » WASPAERE Bk A E R E R
(EUTROS) & 4t #4542 A (TOXIS) - A x 42 /& A L4427k
% #)D0O ~ BODEfZ & > # R #EUTRO5#£ 143 o

EUTROSHE T HATH A ~ AT ~ KBEE 5 KB a4
A B4R T E RIS 0 THEAK % g(systems) » BT L
B RO E 3 4 %&(complexity level) » T £ # %32 - &g &
Thoo HARW B NEVEBET 0 ANEE AL A S R
Rl % SRmAGBRENERIESR  SREFAROER

' M F RN R KRR O K M A AN EJE 0 K Ao A
&5 o eI KB R % T 5 A30048 £ % (segments) ~ 5048 &
F(boundary conditions) ~ 5018 5 % 2k (waste loads) ~ 2118 £ #
(parameters) ~ 10448 /K & % %t (constants) & 178 8% [ .3, #¢ (time
functions) - EEHFTHEE - BE - EATAETE , metH
LHERBELRBREGLEMER  UBEAS MRS EAE
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B35 0 PR ZALR AT A% » bbb a2 AL — 8.5
EOBMLE ERAERAMRYN LK - KE T EK
B f.1% #(reaction rate constant ) K, £/t & A, & ¢4 5 £ (BOD
deoxygenation rate) ¥ , AHEA TN FE A EHERE L E -
AN TEMEANE > wKRAAE  ZRMABEALEH
RE >~ BERKRE KB EFEREEELANTE 872 5K
HEmAF -

#32 EYTROS#) A+ A 4 REEE DR

P Josy: . HETROER

4 r A £ 4 ] > 3 1 3 3
1 NH3 = X X X X X
2 NO3 B RE R X X X X
3 PO4 f8 M nh X X X
4 CHL LB X X X
5 CBOD #44Ff ¥ X X X X X X
6 DO Py X X X X X X
7 ON FH# A X X X X
8 OP B Mk X X X

XK EHFIEBEB B
KEEAWASPSIK EFEFR B &) KRBT — 4 ~ — R =
W 0 A BAKHEY ERE > T RMEAE e B, K
BYERS LT QLT QTR TRRARG Ty AR
B AIXANTN > LiEtEn&dtE > TUESNER B
FEMBEEHM > ATIAWASPSTT LA8E 5 &9 A 12 & 46 K58 | o
Yo SN~ A A KB BEE
(Z)WASP  QUAL2E R ESTURY bt #x
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#3324 WASP# X 52QUAL2ERESTUARY ) f§ £ tb8x - &
B33 7 WASPEZQUAL2E & A S A 32 A 4 Aet 0 4
HEBEB L STHRER FHMWETESEKRYT LR
M ESTUARY & 1ADO ~ BOD Streeter-Phlos 7 #2 % % & & & &

HEHEX  2HEBAOXZRY S

AEHE# DO ~ BODM &K 8 17

Q °
£33 WASP@ELHE T KTz A ik
WASP QUAL2E ESTUARY
te XIS FEFHaAHETH |—4%EA #H3LEE |BOBOD Streeter-
R TN Phips # 42 &
1 %78 B AEUTROS#eTOXIS |TeaabiestlSfEkE (R T4##D0 BODM
TniliesERR% BB o]
'y
AN =T 430018 £ % T n25B 7k 0 B8 |TH9MEEK 4
FIEE R ARB208 T
TRk T ZRE%Y |A-%0& THE [ REAEAT > &4E
SHE O B Tre#AKE AT E2EEL (KT 0 55kt
/EIJll i ,EID&@-,%Q F&%’J
RERTT A K TRH| 1018 &
& A% A H R4 94a g3
BAGME |[AREZEALNK [RARBABLL |[lARp—-EALL
T B AT T B T8 A NTBATHA
BREREFTE [BHE THE BE THE REETE
4E
£¢ ADYNHYDSK#ie (AP HFHAKRe 2 (&
ATRAKEAME (X TEXKEEEY
B e it B

1 AT 8 7 &> WASPAE R 5 % T 430018 £ % (Segments)
» HF M A2 46 A8 0 A LB QUAL2E R ESTUARY
LB EZEAREEIETEFT BN ER . QUAL2EH X &
% T 4o 22518 T £ (Reaches) » & — T8 B4 48 F) & — 34 1%
(Uniformity) &3 /K IZ45 M > Brp— TR PO IE B B2 A S
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KR~ REHRABE - B— TEXEr R BEBE RS E
¥ u(Elements) » x5 5 A20BE T - MmAFEEAXI S L
BB - pHARFKEL BEEL -EBEAG LA ET
ERLETL T THEL ANELIERKET - G
QUAL2EH s B B A thshhcds €40 » B b2 Ak 7))
mE BT 4R 5 Tk 0 B H Z KA TR & AR 1E o T WASP
MAILAREBME B8 % (Segments) > HTHAM - &
ABF - EBERESNRE BASE LIRS R
TIABEERAIR TN > =% - Z X RBEETUE S 5K
o Estuary## X 3k b H B4 S tbAe R BA4F 45 &3 % » Estuary
R%RAENABEEE  BRAEFEREL TN EAN 2K £
AR AN 5 SRR 0 LB RERT
WASPH# X ST EATHEEEER > EEHKREFLH - TB =
¥ XM OB EMAENT RS S EEE
THRRBRAAANEEERTHR  RREREZFTERRT - ™
QUAL2ESE 7T sk &, 7T £ 4T REHissk » B R A AKE S50~ B A
T8 RAEUEELILE/TAS » LLARWASPT e AR 2 T
- MESTUARY & & A 8) S 44 » RAEBAT & F B ey pisik o
Bk A 153 @ 0 WASPAL A R4t Z B0k A5 BB R A5
ERAERAAWARASE > AIENGTUKE Y A2 EFE N

At E o QUALZEE XA A RS E AN > THER T

. B
N

by
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ENAME  wRFELETULEBHRANE  ABRHAR
A7 o ESTUARYH X g4t — B AR E » T KB 4T
I o

7 98+ # AR #IQUAL2E-UNCASH K, & & 42 L 5UR E 47

—HERESHBARTFBEBRESIBR LA FELRY

B P AT RBEM A o ERHTRIU L Z S o) 43T K
AEANBFHOEREF R TR HEATAAEN B L

WASPHQUAL2EE A R & A s 8 X, > BR % A3t
Bt BXETENFTHEEE A% » MESTUARY A R,
R HEER > RAEHEHDO - BODM B B0 £ b
Yo BRANEEFTAEEEAFERANTRAL W R AR
E##D0 ~ BOD » M/K8 X R85 » ESTUARY & F 4% ¢ 4
Ko EREBRSHAREAE > BIWASPEQUAL2E & AL B5-4E -
TRABEAR B > WASPR x40 A E4 T4 MK
FHRAENEAR > QUALZEFREHF S 2MBRA THHEL
JEWV e S
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+= -~ AGNPS #$2 SWMM #i & {E31 R FE A
(—)AGNPS # X Rt R fE A

B E I E 5 L K (Agricultural Non-Point Source
Pollution Model, Young, et al, 1995)#§%4 4 AGNPS # &, - 24
USDA Agricultural Research Service ~ Minnesota Pollution
Control Agency $2 Soil Conservation Service Afit [E) Ff %5 &4 4%
N SbBAOBERAVERABHEBERARZENEFLEKRE

LR FEAEREHAKEZVYE  BARHNENEER
Ui fEERME o 455 & LMY E(Sediment) & & 4 A %
(Neturients) 52 & % » @ h AT B A P IR A » B AT 7
&) kAR 2 AGNPSS 00 -

AGNPS & » 835 5/ 4 (single event) ~ &4 %2 (lump-
sum parameter) 23t & 5 £ 4% & f#(pollutant loading) &4 5, st
HABEE(Cl) XX » SR EREGRATDEIHZIEGF

TESMN o THRBEKBERELSE AL LB R AR ML, g1
AFKE 580 RIFBRHENALEY - TEABFEKED
R TR —EAEKEEHD c EEAKFEIEN
A PERRE AR 0 B3l A ik (loss) &R & #% (transport) — #& 1
Bl AGNPS #dnoafilest = RERXMF > T EBEEF
=4 & £%4% M (physical-based) f 37 & $2 7K ~ KX 48 i 4 %%
FERWBGEAMBAET FEEKEN > FEBRELNF £
TE LBETHEFRAFEROZR oM - FEdbd R

eads

o

Q

45
i

e
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TRAUTFREAR LA AU ENCEFEEARHYRKEZHER
B &ffr AR KR EERBREILL LA -
2 M ke
WA F 3k AGNPSS5 00 #73g 3/ S — f§ 2 1) 43
1 REB=ZARKXBRZEE
2 4 SCSTRSS H k3t EKEHE
3 EELARRMNEEATZERE
4 RESHEIBHEIEISE F4F
5 &R Ensten ¥ k8 #4212 %)
6 T EXERERREBRAFHZ EHEHMUR € TRSS F
EHE)
T PRMALEELSFH TR TAEND
8 IR B A e R A
9 ZRSSPEEX EIEHMT FITRL
10 =87 KAZALETHHEE
11 ERHEESEEHELERE
12 R _#EE4CH —AYEA —AVEdah
13 ZABRE—BEHHELEERAHHMEE
14 8% 2 2 T4t £ 4%
15 BIHE5 2 82T 9 5035 %
16 2 C BT AR R

¥
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17 FFRAZHBNE A&
JE 25 R A F AT — 4,

KB RAFT  HEBFETARNENRESZN T
iz — > EAMEREHEARNRAEF LA HAKEK
BEARLEEZIZ2Z— AGNPS 500 #0486t 824 H K
S AE®I L — AT SN — R E LA 4 (Sediment) £

Z B o
T etk
AGNPS 500 277 s tesh 1345 » RARIET S M 651+
EERALERKETRINEF HE—BEEETAE
A5 RN B AT A Z B E AT Ao tE 0 ILE B £ R E A
O 2E B R R BR Y R ARE ARG T SR E
f A Jof th Z 5%
MEDALFEH T IR URASF D EE
(Overland phosphorus sediment yield)#2 £ £&% & &(Gully
phosphorus yield)A8 w3t B2 » B PUEL I AREDE
RULBSRREBERUA I E USRI E L

_?_L
KEFAHREES Pl EgKRERE > FIRKE A
Z o ANAERMAA S KEEZHEF2Z— » AGNPS 500 #
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R Fo BB S X BRI  TRRRIET S H A8
MENAESD EZ R EITHEE
T &M R
AGNPS 500 =T gL R R EFIE 7 R AT S A
FREARGKE TRENZF 0 8 8%HE CREAMS 25
HEERATESR 0 BHHEEAKETHE B ANE
ARSI R EEITHE > BEE AEEKE K 0852y
AR REAEREZ
eV % L EEN
MENAFDFPZADR UM ER AN E B
(Overland nitrogen sediment yield) #2 & & & # € (Gully
nitrogen yeld)f8fo3t B2 » B P U ELE A AR E T
UEBEGRREBRAAELEUBEMEN L
FTZRE °
B S XnA— R &
AGNPS 500 A TH B R EXHEZUAKRAL ZER
#o RSN SR AHRARNEE ) sEEER LR
ER NS BR AT~ KD s ERAARERFUETE

RECET A oM R HE R EA LA 4 (Sediment)
ZREZIy 0 HERBMENREMF R RE A S 2
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ERTEMIRERNFETRE HELEFRFLT Crlan
B2 RS A3)
1B AR EE
2o B LAY T REE
3yRlt AR LB E T BERE
AtEamt BEE
SHEERATHIREERRERA
6HBARNERELRLRNB T
T3 B TR REEHT EHEERA
SHEMENAHMEZREE REREAT L
(=)SWMM # X 4R 2T & JE A
£ W E A2 F(USEPA)VR R 2 &0 IF M8 R Z AR N
(Storm Water Management Model 4% SWMM) > & & v R
FERFELERVHETREDERZARAI ~ KHBRKEFREE)
MBS o T SWMM #18 R L EHXLEHBREL
RAEBREN 2 WS ERFAm SO TEMY -
1 SWMM #% 1
SWMM #& £ H BT EF AT EIFRMHERMEE S
ReN—EO2KEARETEZNHYESNTERN - F IR
SWMM 5 £ 1969-1971 &5 T | =18 F A3 & B & 738 & ™ p
87 E B A2 SR A
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(1) Metealt-Eddy, Inc
(2) University of Florida -
(3) Water Resources Engineers, Inc -

B AT XA 85 Huber and Dickinson, (1988), Roesneretal ( 1988)
FMUIRE F whr(Version 40) » 12846 IrE X EE B R
5o AR EEEM - F— IR SWMM £ 54558 4 4 A 5
TREmMSFFRE  FOhR SWMM 2 M35t 454 24 4 €48
RET I & IARRE
(D7 A A S T REZ KK A7
(Q)FR T IETE RS A B 47 o
VAR T HEAK & R R AR % RRETH -
(4)FREKRE 5
O)asH KL RAREEE -
O)EGHEMREEREMBRETAAREAZKERKT

A e
2 SWMM # X 244

SWMM E 542 A & A FORTRAN 25 #% > B USEPA
TREFHEABNZHRERL ATHA T UBRATEE X -
RANSCREEEEK - BB ARPITALETAR  woE 4
FIT o= o

—79_



EhAE A

Gotidta E e R &My 14 42 ] ‘,/ﬁfj‘é_:ﬂé ]

I

AT B

odr LT L]

e
|
|
!

-

Wo&aE fitdda Hyk#rsdza Hok#pspida | ENRsEEe
Run-off Block Transport Block Extran Block | Storage/Treatmertt Block
EH A

B 4 SWMM #2 s 4 48 22 #(Huber and Dickinson 1988)
SIBM A Z P Reko T ATk
a & & ## 45 (Computational Blocks)
(1) % & 4% 48 (Run-off Blocks)
HAFEHEHAELEEAE AL EMAKE °
(2) %5 4 #y 7k A% 48 (Transport Block)
UES LT EEITKNFE  LTHEFRKERKE P
% °
(3)%% 47 #y 7k 42 8. (Extran Block)
# A — 4 Samnt Venant F X AKNEECREIFFEKRE)
B Extran #4414 A8 E A ETRKARE  THEALED
i
£

- L, o2 A
BIKE B

.
((‘\T
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o Jak

- ERAPEKEIK L 4
JE

;j]%/}ﬁ./%:;ér_‘

(4)& 7k B 32 #% 48 (Storage/Treatment Block)

EKREFERBEIERMZ KGR o

2 it*?:— i /ﬁ% /%f:ér-

Fedo R AT -

R Efte | ByRHRE A B RABAe 0
(Run-off Block) |(Transport Block) |(Extran Block)

| REFEF £ JE4R MK §h A T H K
MR E A& rsis X E & LEMHEHE

2 EHKER 1& & 2

3 ARVE R AR TR A Z] Z] "

4 HUEFE 4 E 5 A ;]

SENY A A "

6 QKR TFHITEH SR |8 f2.x Zl

7T # KA gy & A

8 HmEE 5 5 ]

O RA AR & & A

10 #H4% & E 48 A A zl

11 QA % 48 8 £ A

12 45 £ % AR IR H] 8|5 16 8

13 Kh5%5E T

(4% Pumps - Weirs -~ |WO PWO PWO

Ortfices)

1deE RAERE KSR |2 A A

I553+8%F% zl A i

16 £z} ¢ £ ) s

17 Sh8F &7 A\ K R 4R/ 82 A A

5 EBRF

*FoNgEmz KT @Ok FE
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b ##8h42 48 (Service Blocks)
(1)% B 4% 48 (Graph Block)
BAEELRTH A Graph #4818 Bp FZ A% L8 h K R
- AREBRRXECHRHFIE(FAAENRATNE 0 F
REE 2 A AR R REHHMEEE SWMM gE 4 X) -
(2)48.4-# %8 (Combine Block)
MAEMBERNELSHAABAZFEEIHRIET
18 EBREIEF] EAT
(3) & 4% 48.(Rain Block)
e TRERBMZEMFFIEFHOL LD 15 5
BAHEL) MAEAEAETESEEREE -
(4) .58 /& # #8 (Temp Block)
BEAABTRERGHNAE AEZ AL AT FH
EINE R ETFE
(5) %31 42 48.(Statstic Block)
“%hitiiag FIEE DA
C DEEEEMIEMERER  HAESEADER -
CRGRET R RN FH (Pl AEE  EERE S
LEIMRSEMTFHRES) -
- KEMEEREAMELIZERR S SR -
- BEREESRNEEILEEH -

A~



- TR E A2 AL (FlhodtBredin) -
© PR AT
- EPASYNOP 2 X R Z Z 43t 547 hhE o
¢ #iTH#4a (Eecutive Block)
RAPTHEAEIENRRECSEETZ AT HREZA A
ZHATRA -
3 FHEAEE
& 4% 3% 4¢ F M (Huber and Dickinson, 1988, Roesneretal 1988)
B SWMM B ARKRBFHIEREHLITAMEAFEL
AHMBEASHEHMAIAR 04
T (FEMAE - BRATKA) -
s g bR BHEHM) -
AR (REE-RAEF )
- RAKEEFEKRA -
* WK EARRRE R EA
" ARBRBRASEENE -

SWMM & &5 Runoff » Transport & Extran 4248454 & F
KERPK G RZANRARAFTZR RN LK RIEH
28 P S SHAE AT BB A kR A A KIEFI L 5 L H A2 R
Moo SWMM # X &K= KBAKE EE A EPA X R EF4

# A, F ~o(Center for Exposure Assessment Modeling CEAM) gL &
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SWMM 2 E#54548 » ol WASP S 2K » T E4TRZKEKE
FREE AT o
4 SWMM =z {% 254 2
(DSWMM # A TERAEREZLE R BHFpeELBEM A F
B Bl RAE ) ERBAIS 0 U RMAEAETHE
BUMBABEARE > HAAHESRIDTA - THAZH
ANBBEM THAAREERZAZEARERETREL
1F
(2Q)SWMM # X Z 272 A a4 Efx 408 A 4
(3)SWMM # X REIM L2 B X ARG X ETRREZ L8
EERFMASYHEEBEEETEAIA -
(5)SWMM #AZEFHMAALERANEBERREALRE > &
ANZAEEBTHA L ASCI 45448 > TILE T I E 4
R ARXBGAFTLEBRTRITI AP REIE » UK
BAFHEIEEANCERBERELBEE - L& BERE
Z j& %2 d US EPA B g i 4% /1 €47 40 GIS 3 CAD
THER - 3ghe SWMM 2 o) sg £ (EPA 42 1993 5 144% A
¥ 344 Window pr & CD-ROM kR ©
(6)(5)SWMM # K #) 1-2 e fR—=K > T4 US EPA 545
BAAEEAXM  BEETHT

« Model Distribution Coordinator
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Center for Exposure Assessment Modeling (CEAM)
US EPA
960 College Station Road
Athens, Georgia 30605-2720 USA
* Phone (706) 546-3549
- Internet address ftp ftp Epa gov
5 N4
SWMM # 12 & BEATF ~ BRI N8 R24E T a5
RERT  CARANELELELEZERAOITHAK L %504 8
52 » SWMM =T &3 US EPA TEFME + (4H38)BR4E » s ARdEd
B (BRI RE) BRAZHUABENBAEEAM ok
EEREHCABUBNZ TR THELE  RELKZ A
BE M B AE 4R M o
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+ = ~ GLEAMS #o HSPF #£ A 4531 R JE F
(—) GLEAMS #% X %31 R /& A
GLEAMS (Groundwater Loading Effects of Agricultural
Management, 1993) # s & &5 University of Georgia &) Bio &
Ag Engmneering Department $2 USDA-ARS z  Southeast
Watershed Research Lab A& B4 & > sk KX AT & &
CREAM #g & - £ &R Bk (fildscale)#y 4k > T 4%
B2 KEIE B L35SR AFF4 - NO-N » NH-N ~ PO,-P »
NH,-N ~ 48 5 ~ 46554 -
W F 80 GLEAMS # A 45— &4
1 X @2hhe
GLEAMS # &, 7T# IBM 48 5 T ag» DOS T % %
GIBETHAT B ARE—RESE > TERAFHAN
B BATAX Y FER BB BERMESHORE
SN R P LA SR Z R BB RARIE S
BREE 4 SRAMRZERE A -
2 & BB R IR
()4 A 45 £ A SCS Curve Method (US Sonservation
Service, 1972) #4 & ME MR
(2)<T A Priestly-Taylor 2 Penman-Monteith 77 & (Jesen et
1990) 4 45 4
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(3) B #7538 4% 4 2 4R A& (root depth)
DRtz AR FRNZEF
OHA -HERATEBRRTEEL AR

RZIM oy aiEaib ~ i~ B~ BE ~ A~ 2R

E%Z%Fﬁ\aié‘g)%’fb R /ﬂ]%ﬁ&/"/ﬁl
) ANETH RS RTFOiEuEaniEis - EBERME

KX B -
GLEAMS #:{ ¥ 2 K X35 #:E R X HAAE RS ER
SCS wh4ps s EHBmMmxzE R, KB E$ P {#H Penman-
Monteith (Jesen et al 1990) » Priestly-Taylor(1972) % & 4% -

ERBHRD — A
GLEAM # A v #H A 2HEBRFIEF TR FA L1
(ammonification) ~ &gt (nitrification) ~ A7 %8 4% A (denitrification) -
1E 2% (volatization) ~ & i (uptake) ~ B & (fixation) ZAF A » LALEER
HA-EER N NHAE A E ST EATHEE  BAF RZMBEE B S
FR o e
=R B RS — bk
GLEAM #i A P EE##84% £ 24k A Sharpley % A(1984)r 4%
Bty — R EAHfE 1R P EREEHIE B XA 0 st g 4t EPIC
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# {(Sharpley & Williams, 1990)&# m2h &1 A — A B2 1
B AR RAEE 0 GLEAMS # R F B 6131 b4 X Av AFRAL
Ve 2151k » GLEAMS B & PrL AR B 40 B 6 A o

— ASSIMRRATED N
i [ S
FRESH L. |STOVER N
FERTILIZER
oRGANIC [Z T ERL

I
")
iy
J

£
C
g
%
)

RO NITRATE L AMMONIA
AM PERC ~ear—i N N
i SEQ
ON| [RA 5
ATMOSPHERE pea—tem—
N ) | |80 AM
TN
A
b
ACTWE | i STABLE QRGANIC
SO gt SOIL N
N N {Amumal
Woste)
? 20% AM ]

AM #4t NI 44t DN Agey VL #EIM B &L
UP % FX BEX

B 5 GLEAMS /&3 E
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YIELD

| FRESH | STOVER P
' ORGANIC | , | FERTILIZER
P = ' ROOTP | | P
1] P |
| UP |
. |
| MN /
MIN = LABILE ,~—= RO
| M P 7= SED
| 1 j i Vo
' ORGANIC | MN /[\ o —= PERC
HupYs L 75%MN ]
¥ — |
/ W 1
| | , . ORGANIC
| STABLE ——= ACTIVE | | P
. | INORGANIC | | INORGANIC . (Animal
¥ P ] . P ‘ . Waste)
25% MN 1
AM £t NI ®4ft DN mesy VL ##%IM B &4t

%L FX B=Z

B 6 GLEAMS 5:/E2 6

GLEAMS ¢ R # i n2 it B 44T B Bt - 387
o REHE - ERRE  ABEAEREMEEIEHA
AT A R RRRELRAC S F B ETHM
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(=)HSPE # 4% R E A

HSPF (Hydrological Simulation Program Fortran Model) 2, &
B 3247 3¢ F (USEPA)#2 Hydrocomp Inc AT E BB XK » A
—BHRX ~ K ~ KEN—REZAREFZ S - HSPF 48 & 2 B
W) BB E KB R~ RE) ~ BRGHE] - BRI BRECKE &R
o0 TRWKERAE B REE 0 BTARKEF E0H
KX B AKE FRE

1996 & & B 3541% F A48 /& 2 BASINS(Better Assessment
Science Integrating Point and Nonpoint Sources)# = # » #% HSPF
BAE T — B ENRE N @ o HSPF 774¢ BASINS #4715
ST 34T 0 4R4%E BASINS 4242 GIS B & T4+ #HATmElZFEK
E#H4T HSPF # , » 3T BRI 2 FEKEIHEZ L4 A
Bt MINBEMEHREEREHEHERESVEAN BT
Yo 7 A 0 B EZRAKEHRABH S BERTE 0 PIF
WERAN&@ P EIA

W Honpoint Seukce bodel_[CBASINSnodeloutys m i}

l. 1
i 3

B 7 HSPF #ﬁﬂﬁﬁﬁ ™~ B
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HSPF A — £ 485K LUEH - BE - BB%E - +
WA RAAE « BREMR R EMEFTIEARARBUATH R
HARINFE A > HSPF ik & R AKE - KEMBEFRZ
ZAb > I EE BT E LER EIT KR ZAHKA 4o
A TTASIERE - REEHSE - B2 RAB - #14
W8 RECHKE Rt s E o HSPF BR RS9 X » 8 7
G BB TE PRERAKE Z L0 Bk HSPF #5077 42
BEKENZKERKE ZALHER

TN ERERERER >

Precipitation
Intercephion 5“90"3!!39!:“39/ / l

EVSP( ation

;é’ Dee > Percolation

B 8 KIEHE
K 4 Chew % A(1991)4% HSPF juiifs g fot I FE A
North Reelfoot Creek sk » 35 2456 Reg AT 12 2K E Z1Ld
#T5#7 © Moore # A(1992)#% A & dg Chew ¥ %I BAN A H
North Reelfoot Creek &K B  FETHITZIRETEEFE -
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+ ~ BASINS F» WARMF #4531 & JE A

(—) BASINS # AR A E A

BASINS (Better Assessment Science Integrating Point and
Nonpomt Sources) % & K347 F(USEPA) i B 81 K& % B 4%3R
B e % bR AEAHETNE AGIS) s ERKEFHE
BRE#BAECHEBTRIE  FE2RERNNBAEK - FHE
R RFABIBMBEANNEAER » LR EAAR TR -

HREEZRELENBEETABUAEKEASTHNEY UK
1977 # Clean Water Act P ¥t7K £ «# 4748 & % #|(total maximum
daily load, TMDL)#7 & %k » & BB 4F EH 1996 F45 & BASINS »
WEKGBMAAXERME 44574 TMDL /A 2B RAIEEE S
SEIWMELRAH - ZENS S -BASINS )= KF § &4 (1)
AERETHOABQETRR: Ao MOQ)RUETHEET
ReV%EAE

BASINS #x X 4% 25 4 7 ¥ $ 8 4  (integrating) #7 % 4t - 1%
GERGITHNFT L2 FHOEG - oM BANERREEX
NETRHESTBFURBANTER G AMRE > A2 ¥4 MHE
%85 > BASINS # RS 442% M EKEFHRTHIEES
™ AreViewGIS T @ 352 KA 8

VIR E AR

ook E R =5 B 5 4 B 4 F 45 T £ (TARGET - ASSESS - Data
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Mining)

WLEME AHEMHEN FEKEE S EHEHEL S

SeKE R @45 NPSM(WinHSPF) ~ QUAL2E & TOXIROUTE

WEHE 1% B & 32 T A(GenSen)

BASINS % 4 & /e A % &£ Windows &3 TF > 9 A
BASINS 2fv&@ M@ LFATET £ FAHFTHBEBE A
TE®RIPA GIS BB AT - GIS hEREEKE FHUR R
ERCERAFTEHEVE LERAEROER  EAKETHERA
BT EBABRBRMEHTL  ETREEKEL TMDL F H )
A REMHERET A BAEE EERENHER B
T4 BASINS % % ¥ 7%, ©

BASINS &, 7 WinHSPF & QUAL2E &% AK G4 X » Win
HSPF(AT & 2 HSPF ~ NPSM # X) 2 —JE 25 2 5 #£45 K, > T4k
WEKEN KX LR LA A &R & 2 FHEIRIET RS L
¥ QUAL2E P ARBEE R 52N TN % % PR )| K
B Pt 2 sh > & REAFE T A BASINS 4 & A1 #8) T & -
Yo T 3242 5, WDMUtl T 4% A & &+ & s 7T4% BASINS 48 F
Z WDM 45 » &K &% T & (Watershed Delineation Tool):% 4§
REBATHEKEM S mASEBLTFELKE  EHEALEL
(Import Tool) =T & 1% A # 1% £ 4¢, GIS FAHE A BASINS » # {3 4
FITAE -

—93—



BASINS AR A&V AA » Bt T ARBAHFR - &
ik ERAM 0 2BRIRLEN 2000 £/54 H BASINS3 0 ik » %
EFMBARMB T ESN 30RE L THEELANETEF A >
¥145 & &) BASINS Extension Manager hfg » A3 & RAE X ~ &
HEE ~ EKETFTHEHEH MRS BASINS #)7extension” »
T B E A E IR o db{E B & £ 304T project 85 BASINS R
& load AFTET R G SBEBER  BABEERZLENEEE
WE&BELE > R F EHE/E BASINS % 4 o

BASINS A — AR #A8 - XM~ HilTkizdaTgEE » &
sswww.epa.gov/ost/basms/ (B 10) kR4t T & 480 F A28
A 5£E0 EFN B8R E T4 BASINS Listserver( 11) »
EBETFEMH > WU HRE” HIFT A 0 BT A BASINS A8 R4
e ERBEREZZIFMRERELEREARMAEARE 0w
EEREaNME  LEAMEZRABOTT -

S —N

"Be JERPow L Ihems fhnoke Faulacs AGeghci’ W”@ﬁzﬁ!“%%ﬂﬂ#ﬁﬁ@‘%ﬂx@ﬁ%&"ﬁ%%
(6 RS AL 1N ST e IO e e, i .
L BIOROET T [ e e oo e o S0 78— 1B

2 BASINS View ]
5y T RTpA 1 ,{;'fg:"‘-—
" 0 7 ;g@»ﬁ 9

2
e

off 0 ven K57, FEL G
T

. -
et
3}}'mn£unm§mm%"4a

-

ot o TID et B
L T ]
4 P
‘—1: gty

v
o T A I S SRR RS Iy A IS T A TS, o s rargusesmiel .l—z‘

Bl 9 BASINS /r &
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Abeut
_‘_IASINS

“MBASNS

. Dewnisads

Training

. TMDL-
. related links

[ sl BASINS 2 0115 the current release This release includes
additional functional capabilities as well as an updated and
expanded set of national data layers A BASINS User s Manual
the system files documentation and the data are available 1n
the download _section

~ew BASINS 3 15 now available

SEPA e i reer
Office of Warer M‘%sv

EPA HOME PAGE | WATER HOME 1 SEARCH | COMMENTS

B 10 BASINS @352 g3k

SEARCH the BASINSinfo hstserver email arcluves

What s a hstserver?

A listserver 15 an Internet feature whereby one posts a message that
1s recewved via email by all hstserver members They can respond to
you or to the entire hstserver membership

What kinds of thungs can you put on a listserver?

You can post just about anything related to BASINS any version.
You can post:

e Questons
e Opmions
« Announcements
e Requests
o Thines to share

B 11 BASINS 2 iR 75 B
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> e
BASINS s 2 BRFEAMER RETXRENEZRBRT
B BbEr BASINS @ 2 MBATEAERE  RETEHEY
FBERETMHE  BUERARNBAMMARENEMAER
ETEAKEEBE MR » 40 Adema(1999) & B BASINS #
EFRGTRENFEEKRE oW REREAATIoz LibH| A H
BEREEHE - TEKEKREHH » BASINS TT£—F /&R
NEXKE®EZH(TMDL) R EKEFIE AR » 40 Dom et al
QROODUEBRBEMINE—EXKEB LS FHHRTHREOHE
WAE B 2 Bi4% > 3Bl BASINS £ KEKEFHELAREZ

JER o
@ BASINS Z3pEHE KEMALTHREFFEES—
WA ARKEE N BT XY 'S 0 BASINS HH R &)
ERHEEEMHIT FTRENWER HE SHFRRENE

A % 42 BASINS Listserver 3134 & 1 H 443 BB £ X A4 o
(=)WARMF # A 4Rt R /& A

WARMF & — ¥Rz » 2 FHMAFE2HEETE
Bk T f P 04478 WQRRS (Water Quality for River-
Reservoir System) » & B3R 4% F 454747 WASP (Water Quality
Analysis Simulation Program) , A B ¥ EKEF @A EZRE 4
2 K2 254747 ANSWERS (Areal Nonpoint Source Watershed
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Environment Response Simulation Model) » £ B B %3548 B &)
CREAMS(Chemicals, Runoff, and Erosion from Agricultural
Management Systems) » 2 AGNPS (Agricultural Nonpoint Source
Pollution Model) , £# T EKE F @ AH £ RIBFZ 5 A &)
SWMM (Storm Water Management Model) , ¢,3% %18 £ /K & #o
KB E A £ B RAFE 1T HSPF (The Hydrological
Simulation Program-Fortran) v & 77 # % A5 25 47 &5 ILWAS
(Integrated Lake-Waterslied Acidification Study) o

AALE > BRENHKAXBEFEEET OB > KK
B ILWAS » 2B pisth L AL AN ERBREN
ANSWERS » LA AN 18z ~ HH - AHFBE 244
HSPF » JL A 95K B &4 44 WQRRS Fu WASP » 2 2 s 44
o L3R )% 16842 4% CREAMS » 42 7)I| ok B 85 % 1L £
% WASP - AKX Ripmt) » TS - MARAY - &
TR B REY) s SE MBS c MR BEE LY
WRE c EARS B EE AR T REE -

WARMF & — A& % % 4% % #t(decision support system, DSS)
HETRAAEREREESH - Ot - HELESH
4o & — 7 Window 2 B /18 A & R & % % (gra phical user
interface, GUI) -

7 TMDL /& - g RERHIR—F — Sz 5B
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2 1 KBAS BB O THA BAKEREMAEED F
Kk 303(d)KRE RA| & k2 EEREFZELKD 3 RT3 DO
BESM/ 3B EEH SEAMAS BB ETHUBALSL£EF
ERAKEFAZ -

B ERE R oREeYERDAEREL WARME # 5
o WARMF #4a 2 f) - @ BERAERE > ERZEEN T
& NBRAS BBy NSIR > P48 RANE TR B Mo
Giteih > WARMF XA B THEETNLF 4 - €FRAR
ARCVIEW * B EE R F &
I ik L& s TN EBRAKES R
Ly kit k@ L3R5 R
RIB A A 5B SRR E
IR K K E A 5B AT - B AR BR o s 3R ARAR] AR e
5 REIKBAKE RS AN —EE B — &
RE| KB E o B —BKE
RE| KRG A e —1BKEER] A
PAT BB B £ AR ) K& oK R BT B2 KA
% Jg ke 0 BB
10 #8 LB R4k~ AFZek - L2B - LR 345

TR N

11 FA4aE QVALIE s WASPS Z #3k#F0 8 & FEH 2

E NS B )

O oo 3 O
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BAMBERESR S B ANERA » KB A i ’
LSRRI BERIEZR - B/~ TRAEE » THE
KEmOAHEERER BB - RE - RFHE K&
Bl AALTRE > &8 BBk B8~ 42 42 48 - 85
MR - i EPRBARERITEER RES - &
Bl s RBA -~ KB ARBEFHE -

JE R

1 f& /o |z Cata Wba river basin A2 £ & 4 &4 5 2 o

2 feho)l] Taboe AEFM6F £ G3t & HoE £ Bk
AN B AR AR B BT -
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# 34 Comparasion of WARMF and BASINS MODEL

WARMF3 1

BASINS2 0

Design Philosophy

WARMF 1s a decision support system for
the watershed approach It contatins
simulation model database built in GIS
It provides tools for consensus and
TMDL WARMF 1s designed for use by
stakebolders of different backgrounds It
makes the translations between water
quality and usability and between
management plans and model inputs

BASINS 2 1s for tegulators to assess the
condition of river basins It contains a
collection of national databases and
water quality models It does not
provide a procedure to calculate TMDL
Users must find out answers for
themselves A stakeholder would not
know what to look for and where to find
it Regulators are in command and
control

Computer Platform

IBM PC With 486 or Pentium processor
16 MBRAM 100 MB hard disk space

IBM PC Pentium processor 64 MB
RAM 150 MB hard disk space

Software Requirements

Based on Integrated Lake Watershed
Acidification Study (ILWAS) model
enhanced with algonithm of ANSWERS

Windows 95/NT Arc View Version 3 Oa
and Arc View Dialog Designer

Liver Model ILWAS Enhanced with WASPS Non point Source Model (NPSM) based
on parts of Hydrological Simulation
Program-FORTRAN(SHPF)

Raver Model ILWAS Enhanced with WASPS QUAL2E TOXIROUTE NPSM

Lake/Reservoir Model [ILWAS WQRRS CEQUAL-W2 None

Spatial Resolution

Flexible resolution generally applied at Il
digit hydrologic units User can also
modify 1t to a finer resolution

Eight digit hydrologic units by default
but may be modified manually by user

Type of simulation

Physically based dynamic simulation
normally run with a daily time step for
many years

QUALZE & TOXIROUTE uses only a
low flow or a mean flow NPSM can run
a dynamic simulation for many years

Fertilizer & cropping

Simulated

Not simulated

Atmospheric deposition

Simulated

Not sitmulated

Bufter zone

Simulated

Not stmulated

Rusk Analysis

Can evaluate the nsk of failing to achieve
the water quality objective of a plan

Not simulated

Pollution Trading

Cost sharing between point and nonpont

Not simulated

Data Requirements

Digital elevation maps land use soil
daily meteorology monthly air quahty
point source data and model coefficinets

7Q10 USGS Reach File point source
data for QUALZ2E and TOXIROUTE
USGS land use coverage meteorology
model coefficients for NPSM

Data Supplied

Data base includes DEM land use pomt
loads meteorology air quality and
observed hydrology and water quality
This data for the specific niver basin 1s
imported from federal state and local
sourecs most of which 1s available over
the Intemet or from publisted CDs

Data for all river basins in an EPA
region from national database Data for
a specific river basin can be sparse
Users are cncouraged to import local
data for accuracy and resolution
Meteorology point source load and
observed water quality may not be for
the same penod

Input/output proccdure

Inpot data can be entered or viewed by
couble-clicking at a catchment niver or
reservoir on the basin map Comparison
of model results and observed data can be
viewed by double-clicking at a
monitionng location on the basin map

NPSM, QUAL2E TOXIROUTE have
their own 1nput procedures using menus
and buttons
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The Water Quality Analysis Simulation Program--5 (WASPS5), an
enhancement of the original WASP (D1 Toro et al , 1983) helps
users interpret and predict water quality responses to natural
phenomena and man-made pollution for various pollution management
decisions WASPS5 1s a dvnamic compartment modeling program for

aguatic systems 1including both the water column-and the

underlying benthos The time-varying processes of advection,
disparsion, point and disfuse mass loading, and boundary exchange
are represented in the basic program

CHAPTER 1

INTRODUCZTION TO THE WASPS5 MODEL

water quality processes are represented in specia- kinetic

subroutines that are eitner chosen from a library or wraitten by
the user WASP 1s structured to permit easy substitution of
kKinetic subroutines intc the overall package to form
problem-specific models WASPS comes with two such mocels -- EutRs
TOXIS for toxicants and =ZUTRO5 for conventional water cuality ’
Earlier versions of WASF have been used to examine eutxyophication
and PCB pollution of the Great Lakes (Thomann, 1975, T-omann et
al , 1976, Thomann et al, 1979, Di Toro and Connolly, -98Q0).
eutrcohication of the Pc-omac Estuary (Thomann and Fitzoatraick,

2] Kepomne polluticor of the James River Escuary (O'Connor €t
al , 1983) wvolatile orcanic pollution of the Delaware Zstuary
(Ambrose, 1987), and hezvy metal pollution of the Deep 2iver,
North Carolina (JRB 19&%) In addition to these, numsrous
applications are listed zn D1 Torc et al , 1983

The flexability afZorded by the Water Quality Ana_ysis
Simulstion Program 1s urique WASPS permits the modelsr to
structure one, two and three dimensional models, allo.s the
speciiication of time-variable exchange coefficients, aavective
flows, waste loads and water quality boundary conditio~s ana
DEermics ta}lored structuring of the kinetic processes, all withir
the largef'hodellng frarawork without having to write c¢cr rewrite
large sections of computer code Tne two overational ' ASP5
models, TOXIS5 and EUTRO5, are reasonably general In addition,
users may develop new kainetic or reactaive structures This,
howeVer requires an additional measure Of judgmernt—rmosight and
programmlng experience cn the of the modeler The kinet.cC
n WASP (denoted 1s kept as a sepearate
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1 1 OVERVIEW G THE «ASP5 MODELING SYSTEM

The WASP5 syster consists of two stand-alone computer
programs, DYNHYDS anc wWASP5, that can be run in conjunction or
separately (Figure 1 .) The hydrodynamics program, DYNHYDS,
simulates the movemer: of water while the water quality program,
WASPS, simulates the movement and interaction of pollutants
within the water Wh.le DYNHYDS i1s delivered with WASPS5, other
hydrodynamic programs have
also been linked waith WASP

RIVMOD (Hosseinipour, 1990) THE BASIC WASP ¢ SYSTEM
handles unsteady flow in one- e oo oo ooTvUT DA
dimensional rivers, while [ffffffij
HYDRO3D handles unsteady, e |~
three-dimensional flow 1n \\\\\

lakes and estuaries

WASP5 1s suppliea with ,//////

two kinetic sub-models to
simulate two of the mzjor E o

classes of water qual_ty
problems conventiorzl
pollution (involving aissolved
oxygen biochem._cal cvygen
demand nutrierts ara
eutrophication) and toxac
pollution (ainvolving organac
chemicals, metais ara
sediment) The linkzge of
either sub-model witr the
WASP5 program g_ves t-e models
EUTROS and TOXIS

respectively ~nis .s
1llustrated in Fagure 1 1 with rpigure 1 1 The basic W2SP5
blocks to be surcstitizea into system

the incomplete v A8P5 —odel

The tracer block can be a

dummy sub-model Zor sibstances with no kinetic interactions n
most 1nstances, TOXI:Z 1s used for tracers by specifying no decay

;

The basic crainc_ole of both the hydrodynamics angd
water-auality pbrogra- 1s the conservation of mass The water
volume ana water-qua..ty constituent masses being studied are
tracked and acccuntec for over time and space using a series of
mass balancing eguat._ons The hydrodynamics program also
conserves momentum, or energy, throughout time and space

1 2 THE BASIC wATER QUALITY MODEL

WASP5 1s z dynaric compartment model that can be used to
analyze & variety oz water quality problems in such diverse
water bodies ag ponds streams, lakes, reservoirs, rivers

8



estuaries, and coasta. waters This section presencs an overview
of the basic water quality model Subsequent chapters detail the
rransoort and transformation processes in WASP5 for various water
quality constituents

The equations solved by WASPS are based on the key princiole
of the conservation of mass This principle requires that the
mass of each water quality constituent being investigated must be
accounted for in one way or another WASPS traces each water
quality constituent from the pcint of spatial and temporal input
to its final point of export, conserving mass 1n space and time
To perform these mass balance computations, the user must supply
WASP5 with input data defining seven important characteristics

simulation and output control

model segmentation

advective and dispersive transport

boundary concentrations

point and diffuse source waste loads

kinetic parameters, constants, and time functions
initial corcentrations

These 1input data, together with the general WASP5 mass
balance equations and the specific chemical kinetics equations,
uniquely define a special set of water quality equations Tnese
are numerically integrated by WASPS5 as the simulation proceeas 1n
£ime At user-specified praint intervals WASP5 saves the values
of all display variables for subsequent retrieval by the
post-processor programs W4DSPLY and W4PLOT These programs llow
the user to interactively produce graphs and tables of variaoc.es
of a1l disvlay variables
1 3 THE GENERAL MASS 3ALANCE EQUATION

A mass balance equation for dissolved constituents 1n a pody
of water must account for all the material entering and leav_-—g
througn direct ana diffuse loading advective and dispersive
transoort and phvsical chemical and biological transformaz.on
Consider the coordinz:ze system shown in Figure 1 2 where tns ¥-
and y-coordinates are in the horizontal plane, and the
z-coordinate 1s in tne vertical plane The mass balance ecuzzlion
around an infinites:imally small fluid volume 1is



WATER QUALITY EQUATION

Figure 1 2 Coorainate system for mass balance equation

8c . _ 2 _2 2
5t ax(U" ) ay(Uy C) az(U‘ C)
d ac o ac o ac 11
+ — (EF_Z1x= _—) + = (F_==
ax( xax) ay(E}ay) az( ‘62)
+ 5.t S5+ 5S¢
where
C = concentration of the water qualaty
constituent mg/L or g/m?
t = time days
U, U, U = longitudinal lateral, and vertical advective
velocities m/day
E,,E,,E = longitudinal, lateral, and vertical diffusion
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coefficients, m?/day

Sy = direct and diffuse loading rate g/m’-day

Ss ! = poundary loading rate (including upstream
downstream benthic, and atmospheric),
g/m*-day

Sk = total kinetic transformation rate, positaive

1s source negative 1s sink g/m’-day

By expanding the infinitesimally small control volumes into
larger adjoining segments, and by specifying proper transport,
loading, and transformation parameters, WASP implements a
finite-difference form of ecuation 1 1 For brevity and claraity
1ﬁiE5ﬁEFT'EEE‘HéTIVEEIEHQ3f~EHE"TTETE€:a1fference form of the mass
balance equation will be for a one-dimensional reach Assuming

vertical and lateral homogeneity, we can 1ntegrate equation 1 1
over y and z to obtzan

d ac
2 (a0 = E:(-U,CAC+1=3x,21€}-c) + A(S,+ Sp) + ASg 12

A = cross-sectional area, m?

This equation represents the three major classes of water
quality processes -- transport (term 1), loading (zZerm 2) ana
transformation (ter— 3) The finite-difference form 1s derived
1n Appendix E Tne model network and the major processes are
discussed in the forlowing sections

1 4 THE MODEL N=ZTWO=<

The model network 1s a set of expanded control volumes or
segments that together reoresent the physical configuratio— oL

the water body As Figure 1 3 1llustrates, the nezwork may
subdivide the water body laterally and vertically as well as
longitudinally Be~thic segments can be aincluded along with
water column segmentcs If the water quality model 1s being
linked to the hydroaynamic model, then water column segments ™ust
correspond to the hydrodynamic junctions Concentcrations of
water quality constituents are calculated within each segment
Transport rates of water quality constituents are calculated
across the interface of adjoining segments

Segments in WASP may be one of four types, as specified oy
the input variable ITYPE A value of(l)indicates the epilimr_on
(surface water), (2)indicates hypolimnidn layers (subsurface) ?EB

11



MODEL NETWORK

Figure 1 3 Moael segmentation

indicates zn ggggié?gggyflggxgr, and 4 indicates lQEEEaééﬂéﬁic
lavers Tne segmént type plays an important role in be
sedimentat.on and in certain transformation processes The user
should be careful to align segments properly The segment

1?%f§§atelv below each segment 1s specified by the input variable

JIBOTSG > Tnis alignment 1s important when Iight Teeds e
passed frcm one segment to the next in the water column or when
material 1s buriea or eroaed in the bea

Segment s and the simulatio me _step a rrectly
related s one increases or decreases the other must do the
Tame to irsure stability and numerical accuracy Segment size
can vary aramatically, as 1llustrated in Figure 1 4
Characteristic sizes are dictated more by the spatial and
temporal scale of the problem being analyzed than by the
characteristics of the water body or the pollutant per se For
example &analyzing a problem involving the upstream tiaal
mligration of a pollutant into a water supply mignt reguire a time
step of minutes to an hour By contrast, analyzing a problem

12



SPATIAL SCALES USED IN

LAKE ONTARIO ANALYSIS

HORIZONTAL
MODEL NUMBER OF SCALE (km ) 2
DESIGNATION SEGMENTS EPILMNION

SEGMENTS
["—'=—____.
LAKE 1 2 13,000
LAKE 3 &7 200-1000
ROCHESTER o) 10-100
EMBAYMENT
Figure 1 4 Spatial scales used i1n Lake Ontario analysis
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FREQUENCY DISTRIBUTION OF OBSERVED AND
CALCULATED VALUES OF A QUALITY VARIABLE
OBSERVED
TIME SCALE 2
=
= TIME SCALE1
<
g
>
‘E: STEADY-STATE
2
(=]
€
5
CUMULATIVE PROBABILITY
Figure 1 5 Frequency distribution of observed ana calculated

values of & cuality variable

-
predicted TFor examole, a daily-average dissolved oxygen
cnzﬁﬁ/ concentratior of 5 mg/L would not sufficiently protect fish 2f
fluctuatipns result in concentratilons—less t mg/L for 10% of
4¢f{. the tlm%_f Predicting extreme concentration values 1is generally
more ditficulc tharn predicting average values. Figure L 5 -
YITU§€?Etes—ty§TCdiVTreouency distributions predicted by three
moael t.me sczles and a typical distributio- observed by ratrer
, A thorough samcling as they would be plotted on probapility paper
,t/ The straignt lines _mply normal distributions Peaucing the
model time step (ana consequently segment size) allovs better
M¢Qp imulation oZ the Zrequency distribution This increase in
&#4

predictive akaility, however, also entails an increase in the
resolution of the _nput data

Once the nature of the problem has beer determined, ther the
temporal var_ebil_ty of the water body and .nput loadings must Dpe
consiaerea Cenerally the model time step must be somewhat less
than the per:od of variation of tne important draiving variables

14



In some cases, this restriction can be relaxed by averaging the
1nput over its period of variation _For example phytoplankton
growth 1s driven py sunlight, which varies diurnally  Most
_eutrophreatToT MOUEIS, NOWEVET, average the Ligmt—rapus—over a
day, allowing time steps on the order of a day

.Care must be taken so_that important non-linear interactions
do not get averaged outJ When two or more important driving
variables have a similaT period of variation, then averaging may
not be possiblel One example 1s the seasonal variability of
light, temperature nutrient input, and transport in lakes
subject to eutrophication -Angtggg_ggamg£§’igzgl%gi
discontinuous batch discharges Such anm input TAto a large lake
might safely be avéeraged over a day or week, because large scale
transport variations are relatively infrequent The same batch
input into a tidal estuary cannot safely be averaged however
because of the semi-diurnal or diurnal tidal variations A thard
example 1s sat:nity intrusion 1in estuaraies Tidal variations in
flow, volume, and dispersion can 1nteract so that accurate
long-term predictions require explicit simulation at time steps
on tne order of hours

Once the temporal variability has been determined, then the
spatial variability of the water body must be considered
Generally, the important spatial characteristics must be
homogeneous within a,segment In some cases, tnis restriction
can be relaxed by juél 1ous averaging over widtn aepth, and/or 8AR 6
length For example, depth governs the impact of reaeration and
sediment oxygen demand in a column of water Nevertheless,
averaging the depth across a river would generally be acceptable
in a conventional waste load allocation, whereas averaging th
depth across a lake would not generally be acCeotable. ~Other
important spatial characterastics to consider (aeoending upon tne
proplem being analvzed) include temperature, light penetration

velocity pH benthic characteristics or fluxes and sediment
concentrations

The expected spatial variability of the water quality

zoncentrations also affects the segment sizes The user must
Jetermaine how much averaging of the concentrat.on gradients 1s
acceptable 258 L lange ¢ Yy _p=ar

studywng the effects on
i beach uartce —mlle stream of a dlSC ar guires smaller
seagments than stuayin ac ral miles awa

A final, general guideline may be helpful in_obtaining uﬂ%f
i££u€é£§,§$%3£§5392§ water column volumes should be roughly tne
same  If flows vary significantly downstream then sedment
d 1ncrease proportionately The user snould f1Ts:
’hoose the proper segment volume and time step in the crltlcal
reaches of the water body (V., At.), then _scale uostream and
downstream rdingly

15
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Vi=V.0,/0, 13

Of course, actual volumes specified must be adjusted to be:ct
represent the actual spatial variability, as discussea above
This guideline wall allow larger time steps and result in greater
numerical accuracCy over the entire model network as explained _n
the section on "Simulation Parameters” in Chapter 2

1 5 T4dE MODEL TRANSPORT SCHEME

Transport 1nclude§’advectlon)andzalsp§r51 ;>of water quality
constituents Advection and dispersion in SP-are each dividea
into six distinct types, or *fields The first transport field
involves advective flow and dispersive mixing in the water

column Advectaive flow carries water quality constituents
downstream" with the water and accounts for instream dilutaion
Dispersion causes further mixing and dilution between regions of
nigh concentrations ana regions of low concentrations

The second transport faeld specifies the movement of pore
vater 1n the sediment ped Dissolved water qualiaty constituents
are carried through the bea by pore water flow and are exchangea
netween the bed and the water column by pore water diffusion

Vi Tne third, fourth, ana fifth transport fielas specify the
-ransport of particulate potlutants by the settling,
zesuspension and sedimentation of solids Water quality
constituents sorbed onto §01i1Q particles are transported between
the water column and tne sec.ment bed The three solids f_elds
can be defined by tne user zs size fractions, such as sand silt,
and clay, or as inorganic chytoplankton and organic solidas

The sixth transport faield represents evaporation or
precipitation from or to surface water segments

Most transport data, such as flows or settling velocities
must be specified oy the user in a WASP 1nput dataset For water
column flow, however, the user may link" WASP with a
nydroaynamics model If th_s option 1s specified during t*re
simulation WASP will read tpe contents of a hydrodynamic file for
unsteady rlows, volumes, depths, and velocities

1 6 APPLICATION OF THE MODZL

The first step in applying the model 1is analyzing the
problem to be solved What questions are being asked® How can a
simulation model be used to address these.questiors® 2 wa:-er
Juality model can do three basic tasks——‘«ﬁesg;;hg pPresent water
Juality condltlonsﬁgprov1de generic predictaions, %Sd proviae

16



site-specific predictiors ~ne first, descriptive task 1s to
extend'ln some way a limited site- spec1f1c data base Because
monltoring 1s expensive, aata seldom give the spatial and
temporal resolution needea to fully characterize a water body A
simulation model can be usea to interoolate between observed
data, locating for example, the dissolved oxygen sag point in a
river or the maximum salinity intrusion in an estuary Of course
such a model can be used to cuide future monitoring efforts
Descriptive models also can be used to infer the important
processes controlling present water quality This information
can be used to guide not only monitoring efforts, but also model
development efforts

Providing generic predictions 1s a second type of modeling
task Site-specific data may not be needed 1f the goal 1s to
predict the types of water bodies at risk from a new chemical A
crude set of data may be adequate to screen a list of chemicals
for potential risk to a particular water body Generac
predictions may sufficiently adaress the management problem to be
solved or they may be a preliminary step in detailed
site-specific analyses

Providing site-specific predictions 1s the most stringent
modeling task Calibration to a good set of monitoring data 1s _
definitely needed to provide credible predictions Because 75T
opredictions often attempt to extrapolate beyond the present aata
pase, however, the model also must have sufficient process
integrity Examples of this type of application include waste
load allocation to protect water quality standards and
feasibility analysis for remedial actions, such as‘/tertaa 'I_UQM
treatment phosphate bans, or agricultural best—manégem@hﬁ'
practices

2nalysis of the problem should dictate the spatial and
temporal scales for the moaeling analysis Division of the water
body into appropriately sizea segments was discussed in Section

Model Network The user must try to extend the network
unstream and dowrstream beyond the influence of the waste loaas
being studied -f this 1s rot possible the user should ertena

the network far enough so that errors in specifying future
poundary concentrations do rot propogate into the reaches bei-g
studied

Tne user also should consider aligning the network so tnza:
samoling stations and voints of interest (such as water
withdrawals) fall near the center of a segment Point source
waste loads in streams and rivers with unidirectional flow should
be located near the upper erd of a segment In estuaries ana
other water bodies with oscillating flow, waste loads are bes:

entered within segments = flows are to be inout from DYN- 35
-hﬁn & WASP4 segment must co_ncide with each hydrodvnamic
Junctlon Benthic segments, which are not present in the

17



rydrodynamic networx may nevertheless be includec in the WASPS
network WASPS5 segment numberaing does not have to be the same as
DYNHYDS junction numbering Segments stacked vertically ao not
have to be numbered consecutively from surface water segments
down

Once the network 1s set up, the model study will proceed
through four general steps involving, 1n some manner,
hydrodynamics, mass transport, water quality transformations, and
environmental toxicology The first step addresses the question
of where the water goes This can be answered by a combination
of gaging, special studies, and hydrodynamic modeling Flow data
can be interpclated or extrapolated using the prainciple of
containuity Very saimple flow routing models can be used very
complicated multi-dimensional hydrodynamic models can also be
used with proper averaging over time and space At present, the
most compatible hyaroaynamic model 1s DYNHYD5S

The second step answers the guestion of where the material
in the water 1s transvorted This can be answered by a
combination of tracer studies and model calibration Dye and
salinity are often used as tracers

The thaird step answers the aquestion of how the material an
the water and sediment 1s transformed and what i1ts fate 1is This
1s the main focus oI many studies Answers depena on a
combination of laboratory studies, field monitoring parameter
estimation calibration, and testaing The net result is
sometimes called model validation or verification, which are
elusave concepts Tne success of this step depenas on the skill
of the user who must combaine specialized knowledgce with common
sense and skepticism into a methodical process

The final step answers the guestion of how this material 1is
likely to affect anvtning of ainterest, such as people, fish or
the ecological balance Often, predicted concentrations are
simply compared with water quality criteria adopted to protect
the general aguatic community Care must be taken to insure that
the temporal and spztial scales assumed in developing the
criteria are compatible with those predicted by tne model
Sometimes principles of physical chemistry or pharmacokinetics
are used to predict chemical body burdens and resutltirg
biological effects The biaccumulation model FGETS (Suarez et
al 1991) 1s a gooa example of thas

18



CHAPTER 2

CHEMICAL TRACER TRANSPORT

2 1 MODEL DESCRIPTION
ntr n

A chemical tracer 1s a nonreactive chemical that 1is
passively transported throughout the water body Examples
include salinity or chloraides Special dyes are used as tracers
although these often decay at a slow rate Setting up and
calibrating a tracer is the first step in simulatimgmWoré complex
water quality wvariahles,

Overview of WASPS Tracer Transporg

A conservative tracer 1is Table 2 1 WASPS State Variaples
generally simulated using the for Toxicants
TOXIS5 program TOXIS B e ]
simulates the transport and
transformation of one to three

chemicals and one to three SYSTEM VARIABLE

types of solids classes

(Table 2 1) To simulate a 1 CHEMICAL 1

tracer, the user should bypass

solids and simulate cnemical 1 2 SOLIDS 1

with no decay A tracer is

affected by transport, 3 SOLIDS 2

boundary and loading 4 SOLIDS 3

processes only as described

below 5 CHEMICAL 2
WASPS5 uses a mass balance 6 CHEMICAL 3

2gquation to calculate chemical
mass and concentrations for
~very segment in a svecilalized
network that may include
curface water, underlying water, surface bed, and underlying zed
S5imulated chemicals undergo several transport processes as
"pecified by the user in the input dataset Chemicals are
idvected and dispersed among water segments, and erxchanged w.zIn
surficial benthic segments by dispersive mixing Pissolged,
Chemicals migrate dowrward or_upward th;pugh¢pgrcolaEIbﬁ'and_sore

~ater diffusion. Top
The transport boundary, and loading processes for tracer

13



chemicals are describsa below These same processes are also
applied to the water ocualaity variables desribed in subsequent

chapters

Tran r r
Water Column Advection

Advective water column flows directly control the transport
of dissolved and particulate pollutants in many water bodies In
addataon, changes i1n velocity and depth resulting from varaiable
flows can affect such kinetic processes as reaeration,
volatilization, and photolysis An important early step in any
modeling study 1s to aescribe or simulate water column advection
properly In WASPS, water column flow 1s input via transport
field one in Data Group D Circulation patterns may be described
(flow optaions 1 and 2) or simulated by a hydrodynamic model such
as DYNHYDS (flow option 3) Flow options are specified in the
first record of bata Croup D

For descriptive Ilows, WASPS5 tracks each separate inflow
specified by the user from its point oI origin through the model
network For each airilow the user must supply a continuity or
unit flow response function and a time function The time
function descraibes thz inflow as 1t varies in time The
contiruxty function acsscribes the unit flow response as 1t varies
throughout the network The actual flow between segments that
results from the irflow 1s the product of the time function and
the continuity functaien

If several inZlo. functaions are specified, then the total
flow between segments 1s the sum of the individual flow
functiors Segment volumes are adjusted to maintain continuity
In this manner, the eifect of several traibutar:ies, density
currents, and wind-:i1—cuced gyres can be described

In E}ow option 1) WASP5 sums all the flows at a segment
.nterface to determ=re the dire n of net flow, and then moves
mass_in the ONE direction In éi;i:§§§§§§;§] WASPS moves mass
Indepenaently of net -low, For example, if Opposite flows are
specified at an inter-ace WASPS5 will move mass i1n BOTH

directions This oot_on allows the user to describe large
dispersaive carculation patterns

Hydrodymnamic Linkage

For unsteady flow in long networks, lag times may become
significant and hyarodynamic simulations may be necessary to
obtain sufficient accuracy Realistic simulations of unsteady
transport can be accomplished by linking WASPS5 to a compatible
hydrodynamic simulation This linkage 1s accomplished through an

14
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Link-node hydrcdynamic linkage
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Figure 2 2 Multiaimensional hydrodynamic linkage

external file chosen by the user at simulation time The
hydrodynamic file contains segment volumes at the beginning of
each time step, and average segment interfacial flows during each
time step WASP5 uses the interfacial flows to calculate mass
transport and the volumes to calculate constituent
concentrations Segment depths and velocities may zlso be
contained in the hydroaynamic file for use in calcuiating
reaeration and volatailization rates

Tne first step in the hydrodynamic linkage 1s o develop a
hydrodynamic calculational network that 1s compatiblie with the
WASPS network The easiest linkage 1s with link-noae
hydrodynamic models that run on ecuivalent spatial networks An
example 1s given in Faigure 2 1 Note that each WASPS segment
corresponds exactly to a hydrodynamic volume element or node
Each WASP5 segment interface corresponds exactly to a
hydrodynamic link, denoted in the figure with a cornectaing line
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The hyaroaynanic model calculates flow through tre links and
volume within the nodes Within the hydrodynamic model, the user
must specify the water quality time step, or the number of
hydrodynamic time steps per water quality time step The
hydrodynamic model must then write out node volumes at the
beginning of each water quality time step, and average link flows
during each water quality time step A network map such as the
one 1n Figure 2 1 must be supplied by the user in the
hydrodynamic model or in an external interface program This map
1s used to create & hydrodynamic file that WASPS can read and
interpret The hvdrodynamic model DYNHYDS, supplied with WASPS,
contains subroutines to produce a proper WASPS5 hydrodynamic file

It 1s important to note that the hydrodynamic model has
additional nodes outside of the WASPS network These additicnal
nodes correspond to WASPS boundaries, denoted by nominal segment
number (0 °/ These extra hydrodynamic nodes are necessary be
while flows are calculated only within the th?B@ZE;ﬁ;EEﬁEEﬁgiise\\
WASPS5 requires boundary flows from outside its metwork

Multidimensional hydrodynamic models can also be linked to
JASPS A compatircie two-dimensional network is 1llustrated in
Figure 2 2 For the beginning of each water quality time step,
the volumes within a WASPS segment must be summed and writter to
the hydrodynamic ZIile For the duration of each water qualaty
zime step, flows across the WASPS5 segment boundaries must be
averaged 211 of the averaged flows across a boundary must tnen
e summed ana wraitten to the hydroaynamic file Again 1t 1is
important to note the presence of hydrodynamic elements outs_de
the WASPS network generating boundary flows

To implement the hydrodynamic linkage, the user must spec.fy
Zlow option 3 in the input dataset If IQOPT 1s set to 3 a menu
of previously prevared hydrodynamic files (* HYD) 1s presentec
“cllowing the cho.ce of a proper file the simulation time steo
~#111 be reset by the hydrodynamic file The time steps read -~
Data Group A will be i1ignored Similarly, water column segmer:
volumes will be read from the hydrodynamic file The user must
nevertheless enter a time step and volumes for each segment i~
~he usual location During the simulation flows and volumes zre
read every t.me s:Iep

The contents and format of the hydrodynamic file are
detailed i1n Part B The WASPS Input Dataset Section 5 2

Hydraulic Geometry

A good descriotion of segment geometry as a function of =2
conditions can be important in prooerly using WASPS to simula:
rivers For flow option 3 velocity and depth are computed
ithin the hyaroaynamic model, and are read by WASPS For ficw
ootions 1 and 2, a set of user-specified hydraulic discharge
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from Data Group C defines the relationship between
$Z§§§§§§?n§Zpth and stream flow in the various segments  This
method, described below, follows the implementation in QUAL2E
(Brown and Barnwell, 1987)  In WASPS, these segment.velocities
and_depths are only used for calculations of reaeration &nd
volatilization rates, they are not used in the transport scheme

Dascharge coefficients giving depth and velocity from strear
flow are based on emparical observations of the stream flow
relationship with velocity and depth (Leopold and Maddox, 1953)
It 1s i1mportant to note that these coefficients are only
important when calculating reaeration or volatilization The
velocity calculations are not used in time of travel and will
not affect the simulation of tracers The equations relate
velocity, channel width, and depth to streamflow through power
functions

V=agp?b 2 1
D=cof 2 2
B =¢eQf 2 3
where

D 1s average depnth, m
B 1s average width, m
a, b ¢ d e and f are empirical coefficients or exponents

Given that area 1s a function of average width (B) and average
depth (D)

A=DB 2 4

1t 1s clear from cortinuity that

Q=UA=UDB-= (aQ? (cQ9 (eQf) = (a c e) pb*d*f 2 5

and therefore, the following relationships hold
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b+d+ f=1 2 7

WASP5 only requires specification of the relationships for
velocity Equataon 2 1 and depth Equation 2 2, the coefficients
for Equation 2 3 are implicitly specified by Equations 2 6 and
27

These options can be put i1nto perspective by noting that,
for a given specific channel cross-section, the coefficients (a,
¢ e) and exvonents (b, 4@ £f) can be derived from Mannings
equation For example, 2f a channel of rectangular cross-section
1s assumed, then width (3) 1s not a function of streamflow (Q)
the exponent (f) 1s zero (0 00) and the coefficient (e) 1s the
width of the rectangular channel (B) By noting that hydraulaic
radius (R) 1s aporoximately equal to depth (D) for wiae streams
and that A = D B the d.scharge coefficients for rectargular
cross sections can be shown to be 0 4 for velocaty ana 0 6 for
width

Leopold et al (196<4) have noted that stream chanrels ain
humid regions tend towaras a rectangular cross-section because
cohesive so1ls promote steep side slopes whereas noncohesive
soils encourage shallow sloped almost undefined banks

Table 2 2 Comparison of Hydraulic Exponents
L

Channel Cross-Section Exponent Exponent Z¥ponent
for (b) for (d4) for (f)
Velocity Depth v712dth

Rectangular 0 40 0 60 0 00

Average of 158 U § 0 43 0 45 0 -2

Gaging Stations

2verage of 10 Gaging 0 43 0 41 0 3

Stations on Rhine River

Ephemeral Streams in 0 34 0 36 0 29

Semiarid U S

Table 2 2 compares nydraulic exponents for a rectangulaxr
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channel witir data reportea by Leopold et a- (1964) Note that
the average velocity exponent 1s relatively constant for all
channel cross sections The major variation occurs as a decrease
in the deptt exponent and concomitant increase in the width
exponent as channel cross-sections change from the steep side
slopes characteristic of cohesive soils to the shallow slopes of
araid regions with noncohesive so1ils

For _bodies_of_water such_as ponds, lakes, 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 Q to the zero power i1s equal
to one {1 0), the coefficients a and ¢ must be the velocity and
depth, 1 e ,

IF b

I

00 THEN a = V, and

Ir d 00 THEN ¢ = D

When the depth exponent 1s zero, WASPS5 will adjust segment
depths with segment volumes assuming rectangular sides

For site-specafic river or stream simulations hydraulaic
coefficients and exponents must be estimated Brown and Barnwell
(1987) recornmended estimating the exponents (b and d) and then
calibrating the coefficients (a and c) to observed velocity and
depth The exponents may be chosen based on observations of
channel shape noted i1n a reconnaissance survey If cross
sections are largely rectangular with vertaxcal banks, the first
set of expo—ents shown in Table 2 2 shoula be useful If
channels have steep banks typical of areas with cohesive soils
then the second set or exponents 1s appropriate If the stream
1s 1n an ar_d region with typically noncohesive soils and shallow
sloping ban s then the last set of exponents 1is recommended

The kev property of the channel that should be noted in a
reéongalssgﬁge survey 1s the condition of the bank slopes or the
extént to which width would increase with increasing streamflow
Clearly the bank slopoes and material in contact with the
streamflow et the flow rate(s) of interest are the main
characteristics to note 1n a reconnaissance Taple 2 2 gives
general guicance but 1t should be noted thzt values are derived
for bankful flows Even in streams with verticzl banks the low
flows may be in contact with a sand bed having shallow sloped
almost nonevistent banks more representative of ephemeral streams
1N semi-aria areas

Pore Water xdvection

Pore water flows into or out of the bed can significantly
influence benthic pollutant concentrations Depending on the
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diraction of these flows and the source of the pollutants, pore
water advection may be a source or sink of pollutants for the
overlying water column

If benthic segments are included in tne model network the
usex may specify advective transport of dissolved chemicals in
the pore water In WASPS pore water flows are input via
transport field two Pore water advection transports water and
dissolved chemical sediment and particulate chemical are not
transported The mass derivative of chemical due to pore water
flow from segment j to segment i1 1s given by

oM,
5 = 91t £y Cae/ny 2 8
where
M = mass of chemical k in segment 1, ¢
C, = total concentration of cnemical 'k in

segment "3," mg/L (g/m?)

porosity of segment 3, L,/L

)

-
2
n

dissolved fraction of chemical in segment

o\
|

pore water flow rate from j to 1, m‘/day). ..,

Dissolved fractions f, may be input by the user in Data
srcap Jd In TOXIS these are recomputed from sorption kinetics
2acn time step

W2SP5 tracks each separate pore water inflow through the
oe~zhic network For each inflow (or outflow), the user must
sucoly a continuity function and a time function The actual
£1lcw through benthic segments that results from each inflow 1s
mrcauct of the time function and the continuity function i
Zlc 7 originates 1in or empties 1nto a surface water segment the
3 corresponding surface water flow function must be describec -
Zlcw fi1eld 1 that matches the pore water function

1M

water Column Disversion

Dispersive water column exchanges significantly influence

tne transport of dissolved and particulate pollutants in succ
Jdater bodies as lakes reservoirs and estuaries Even 1in

rivers longitudinal dispersion can be the most important prccess
diiuting peak concentrations that may result from unsteady lczas
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or spills Natural or artaficial tracers such as aye, salinity,

>r even heat are often_us calibrate dispersion coefficients

for a model network

In WASP5, water column dispersion 1S input via transport
field one i1n Data Group B Several groups of exchanges may be
defined by the user For each group, the user must supply a taime
function giving dispersion coefficient values (in m?/sec) as they
vary in taime For each exchange in the group the user must
supply an interfacial area, a characteristic mixing length, and
the adjoining segments between which the exchange takes place
The characteristic mixing length is typically the distance
between the segment midpoints The interfacial area 1s the area
normal to the characteristic mixing length shared by the
exchanging segments (cross-sectional area for horizontal
exchanges or surface area for vertical exchanges) The actual
dispersive exchange between segments 1 and J at time t 1s given

4

oM, E; (t) A
= 247 i -
3t I, (Cye = Cu) 29
vhere
My = mass of chemical "k in segment 'i1 " g
Chn Cn = concentration of chemical Kk 1in segment 1
and '3,' mg/L (g/m’)
E,,(t) = dispersion coefficient time runction for
exchange '13' m?/day
A, = 1nterf?c1al area shared by segments 'i1 and
J , " m
Leiy = characteristic mixing length between segments

1 and 3 m

Sore Water Diffusion

Diffusive pore water exchanges can significantly influence
penthic pollutant concentrations particularly for relatavely
soluble chemicals ana water bodies with lattle seaiment loaaing
Depending on the dissolved concentration gradcient, pore water
ciffusion may be a source or sink of pollutants for the overlvang
~ater column

If benthic segments are included in the model network the
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user may specify diffusive transport of dissolved chemicals in
the pore water In WASPS5, pore water diffusion is inout vaia
rransport field two in Datz Group B Several groups of exchanges
may be defined by the user

For each exchange group the user must supply a time
function giving dispersion coefficient values (in m?/sec) as they
vary 1n time For each exchange in the group, the user must
supply an interfacial area, a characteristic mixing length, and
the segments between which exchange takes place The
characteristic mixing length 1s typically the distance between
two benthic segment midpoints (multiplied internally by the
tortuosity, which i1s roughly the inverse of porosity) For pore
water exchange with a surface water segment, (the characterastic
mixing length)is usually taken to be the depth of the surfaicial
benthic segment The interfacial area 1s the surfaicial area of
the benthic segment (which 1s input by the user) multiplied
internally by porosity

There may be several surficial benthic segments underlying a
water column segment representing discrete benthic deposits (or
nabitats) The concentrat_on of chemical diffusing 1is the
dissolved fraction per unit pore water volume The actual
diffusive exchange between benthic segments 1 and ) at time t 1s
given by

OMy _ E; (€) A, nyy (£ Coe _ Lo Cux 5 10
ot Le,,/nyy n, n;
where
S = dissolvsed fraction of chemical "k 1in
segmerts 1 and )
n, = averags porosity at interface 13 L,/L
E,(t) = airffus_on coefficient time function for
exchange "13" m¢‘/day
A = interfzacial area shared by segments '1 &-d
lj " rr_
Ley, = characteristic mixing length between seg—ents

"1 and 3J,' m

-~

LUndarv Progesses
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2. poundary segment i€ characterized by water exchanges from
outside the network, incluZing tributary inflows downstream
outflows, and open water c-spersive exchanges WASPS determines
1ts boundary segments by examining the advective and dispersive
segment pairs specified by the user If an advective or
dispersive segment pair includes segment number "0 " the other
segment number 1s a boundaxry segment Thus, for advectaive flows,
the segment pair (0,1) denotes segment 1 as an upstream boundary
segment segment pair (5,0} denotes segment 5 as a downstream
boundary segment

Boundary concentrations Gy (mg/L) must be specified for
each simulated variable "k*® at each boundary segment '1° These
concentrations may vary io time At upstream boundary segments,
WASPS applies the following mass loading rates

V,Spix Q0: (8)  Caix 2 11
Jhere
S-x = boundary loading rate response of chemical
kX 1 segment 1 g/m*-day
\Y = volume of boundary segment "1 * m’
Q (t) = upstrezm inflow into boundary segment 1,"
m /aay

at doimstream boundary secments WASPS applies the follcwing mass
loading rates

VJ.SBlk = —Qio(t) Cix 2 12
where
Q.,(t) = dowrs-ream outflow from boundary secment '1
m /day
C, = interrzl concentration of chemical < 1in
segme~Z 1 mg/L

Notice that the specified ooundary concentration is not used to
calculate the boundary lozaing rate for the downtream boundary
segmenc If however the downstream outflow becomes negative,
1t becomes 1n reality an _~flow In this case Eguation 2 11
applies where Q, = -Q.
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At exchange boundary segments, WASPS applies tne following
mass loading rates

Ey, (£)

2
VS5, = 19 (Cpp - Cuy) 2 13

Lclo

where terms are as defined above When a boundary concentration

exceeds the internal concentration, mass 1s added to the boundary
segment when the boundary concentration falls below the internal
concentration mass 1s lost from the boundary segment

L ing Pr

WASPS allows the user to specify loading rates for each
variable Two types of loadings are provided for -- point source
loads and runoff loads The first set of loads 1s specified by
the user in the inout dataset The second set of loads 1s reaa
by WASPS5 from a norpoint source loading file created by an
appropriate loading model Both kinds of loads 1in kg/day, are
added to the designated segments at the following rates

V;Spe = 1000 Ly (¢t) 2 14

Siix = loading rate resvonse of chemical k 1in
segment 1, g/m’-day

L, (t)

loading rate of chemical Xk into seagment
‘1 kg/day

Point source loaas are input as a series oZ loading versus
time values During a simulation WASPS interpolates between
tnese points to provide time-variable loadings The WASPS
calculational time step should be set by the user to a value tnat
1s divisible into the difference 1n time entries in the point
source loading functions If evenly divisible time steps cannot
be specified, the user should specify maximum time steps at least
5 times smaller than the point source time entries If the user
1s specifying daily load variations, for example, the maximum
time step should be 0 2 days

The user should understand that mass entered as loads 1s "ot
directly accompanied with inflow No significant errors are
introduced 1f the inflow associated with a loading 1s small
compared with the water body flow If a loading 1s associatec
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with significant inflow, then the user should generally enter the
associated flows separately under water column advection, and
treat the loading as a moael boundary by specifying the boundary
concentration accompanying the inflow If a large number of
diffuse loads are being read in, the user can provide for the
incremental flows using a flow continuity function that increases
downstream

Nonpoint Source Linkage

Realistic simulations of nonpoint source loadings can be
accomplished by linking WASP5 to a compatible surface runoff
simulation Thas linkage 1s accomplished through a formatted
external file chosen by the user at simulation time The
nonpoint source loading file contains information on which WASPS
cvstems and segments receive nonpoint source loads, and a record
of the nonzero loads by system segment, and day

If the user sets the nonpoint source loading flag (Data
Group F, Record 5) to 1, a menu of previously prepared nonpoint
source files (* NPS) 1s presented Following the choice of a
oroper file, nonpoint source loads are read once a day throughout
a simulation from a loading file generated by a previous loading
model simulation These loads are treated as step functaons that
vary daily When the user implements the nonpoint source loading
option, model time steps should be divisible into 1 day (Time
steps do not have to be exactly divisible into a day 1f time
steps are small, any errors associated with carrying the previous
day's loading rate into a new day will be small )

The contents and format of the nonpoint source file are
detailed in Part B The WASPS Input Dataset Section 7 2

Inatial Conditaions

Because ¥WxSP5 15 a dynamic model the user must specify
initial conditions for each variable in each segment Initial
conditions include the chemical concentrations at the beginning
of the simulation The product of the initial concentrations and
the 1nitial volumes give the initial constituent masses in each
segment For steaay saimulations, where flows and loadings are
held constant and tne steady-state concentration response 1s
desired, the user may specify initial concentrations that are
reasonably close to what the final concentratiors should be For
dynamic simulations where the transient concentration response 1S
desired, initial concentrations should reflect measured values at
the beginning of the simulation

In addition to chemical concentrations, the dissolved
fractions must be specified for each segment at the beginning of
the saimulation For tracers, the dissolved fractions will
normally be set to 1 0 For tracers, as well as aissolved
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oxygden, eutrophication, ard sediment transport, the initial
dissolved fractions remain constant throughout the simulataion
For organic chemical simulations, the dissolved fraction will be
internally calculated from partition coefficients and sediment
concentrations

The density of each constituent must be specified under
initial conditions For tracers, this value should be set to
10

2 2 MODEL IMPLEMENTATION
In i0n

To simulate a tracer with WASPS5, use the preprocessor or
text editor to create a TOXIS input file The preprocessor will
create an input file with parameters in the proper fields Using
a text editor, the user must take care to enter parameters into
~he proper fields A general descraiption of the input dataset 1is
given 1n Part B of this document The model inonut parameters are
organized below as they are presented in the preorocessor The
data group, record number, and input parameter name are also
given for reference

fodel Tnput Parameters

This section summarizes the input parameters that must be
specified i1n order to solve the WASPS mass balance equation
Input parameters are prepared for WASPS in Zour major sections of
-he preprocessor -- environment, transport, boundaries, and
cransformations

Znvironment Parameters

These parameters define the basic model i1centity, including
he segmentation and control the simulataion

Simulation ™vpe-- The user must specify which WASPS model
7111 be run with the dataset The present choices are 'TOXI4 or
EUTRO4 (Group A Record 1, SIMTYP)

Simulation Tatles-- The user may svecify a 2-line title Zor
he simulation This title may include any descriptive
nformation on the water body, time frame, pollutants, simulation
varameters etc The user may also specify the oproperly
vositioned names of the simulation switches input in Record 4
This 1s for user convenience only (Group A Records 1 2, 3
TITLEl, TITLE2, HEADER)

Number of Seaments-- The user must specify the number of
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segments in the model netwerk (Group A, Record 4 NOSEC)
Number of Svstems-- Tne user must specify the number of

model systems (state variapcles) in the simulation In the
preprocessor select *simulate" for Chemical 1, and bypass" for
Chemicals 2 and 3 and Solids 1-3 For bypassed variables, the
bypass option SYSBY(I) 1s set to 1 (Group A, Record 4, NOSYS,
Record 10 SYSBY(I))

Restart Option-- The user must specify the restart option,
which controls the use of the simulation restart file Thas
restart file stores the final conditions from a simulation, and
can be used input 1initial conditions in a sequential

mulation \0 )= neither read from nor write to the tart fale
1)= write final simulation results to restart flle,%zil read
1nitial conditions from restart file created by earlier
simulation, and wraite final simulation results to new restart
file (Group A, Record 4 ICFL)

Message Flag-- The user must specify the option controllang
messages printed to screen during the simulation Q= all
messages printed, incluaing data input and simulated T
concentrations 1 = simulated concentrations only prainted 2= no
messages prainted to screen (Group A Record 4 MFLG)

Mass Balance Analvsis-- The user should specify the system
number for which a global mass balance analysis will be
performed A value of 0 w_11 result in no mass balance table
being generated (Group 2, Record 4, JMAS)

Negative Solution Opt_on-- Normally, concentrations are not
allowed to become negative If a predicted concentration at t +
At 1s negative, WASP meintains its positive value by instead
hg%ylng the concentration at time t The negative solution
option lets the user bvpass this procedure allowing negative
concentrations This may oe desirable for simulating dissolved
oxygen deficit in the bentnos, for example 0 = prevents
negative concentratiors, 1 = allows negative concentrations
(Group A, Record 4 NSLN)

Time Step Option-- Tr= user must specify how time steps will
be determined during the s_mulation 0 = user 1inputs time step
history 1 = model calculztes time step (Group A Record 4
INTY)

Advection Factor, dimsnsionless-- The advection factor v can
be specified to modify the finite difference approximation of
dc/0x used in the advection term by WASP For v = 0 the
backward difference approximation 1s used This 1s most stable
and 1s recommended for mosc applications For v = 0 5, tne
central difference approximation 1s used This Is unstable ain

T —————

WASP, and 1s not recommenaed

28



Table 2 3 Values of Numerical Dispersion (m?’/sec)
m

U (m/sec)
U 01 0 2 0 4 06 0 8 10
At = 1000 sec
00 95 180 320 420 480 500
01 75 140 240 300 320 300
02 55 100 160 180 160 100
03 35 60 80 60 0 --
0 4 15 20 0 -- -- --
At = 2000 sec
00 90 160 240 240 160 0
01 70 120 160 120 0 --
02 50 80 80 0 -- --
03 30 40 0 -- -~ --
0 ¢4 10 0 -- -~ -~ --
At = 4000 sec
00 80 120 80 -- -- --
01 60 80 0 -- -- --
02 40 40 -- -- -- --
03 20 0 -- -- -- --
0 ¢ 0 - - - - -
At = 8000 sec
00 60 40 -- -- -- --
01 40 0 -- -- -- --
02 20 -- - - - --
03 0 -- -- -- -- --
0 4 - - - - _— -

2 nonzero advection Zactor is helpful in situations wnere
“he network size and time step produce large numerical
Gispersion A nonzero aavecticn factor reduces the numerica:t
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dispersion produced by a particular velocity, length, and time
step combination According to Bella and Grenney (1970)

E

aum

=g[(1-2v)L-UAt] 2 15

Note that a v of 0 reduces this to Equation 2 20 Values of
Enn for a length of 2000 meters and various combinations of
velocity and time step are provided in Table 2 3 For a
particular velocity, say 0 4 m/sec, numerical dispersion can be
reduced by increasing the time step For v = 0, increasing the
time step from 1000 to 4000 seconds decreases En from 320 to 80
m?/sec If the time step must be 1000 seconds however
numerical dispersion can still be reduced by lncreasing v In
this case, increasing v from 0 to 0 4 decreases E.n from 320 to 0
m?/sec (Group A, Record 4, ADFC)

Initial Time, dav., hour, minute-- The time at the beginning
of the simulation must be specified in order to synchronize all
che time functions Tne day hour and minute can be input The
oeginning of the simulation 1s day 1 (Group #, Record 4 2zDay,
ZHR, ZMIN)

Final Tame, davs--The elapsed time at the end of the
simulation must be specified in days (including aecimal
Zraction) The end of the simulation occurs when the final tame
Zrom the integration time step history i1s encountered The final

time 1s entered on the same record as the time step (Group A
"ecord 7 T(NOBRK))

Transport 2nalvs.s Flag-- The user shoula specify whether
the transport analysis file will be generated auring the
simulation A value of causes the file to be generated a
value of 1 prevents the File from being generaced (Group A

Record 4 TFLG)

Runtime Displav Segments-- The user must svecify up to six
segments for dispblay on the screen auring the simulat.on
Concentrations 1in these segments will be written and updated on
“he screen These secments can be changed dur_ng the simulatior
(Group A Record 5, ISEGOUT)

Intearation Time Step, davs--2A seguence 0I integration taime
steps (At) must be svecified, along with the t:me interval over
which they apply If time step option (INTY) was set to 0 these
time steps will be used during the simulation If the time step
option was set to 1, the model will calculate time steps
internally the time steps given here are the maximum allowed

Given specific metwork and transport parameters time steps
are constrained within a specific range to maintain stability anc
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minimize numerical dispersaion, or solution i1inaccuracies To
maintain stabilaty at a segment the aavected, dispersed, and
transformed mass must be less than the resiaent mass

ZQC+IZRCy+I SeVy) ALKV, Cy 2 16
!
L*L#ﬂ“‘4nﬁk?/

Solvaing for At and applying the criterion over the entire

network with appropbriate factors gives the maximum stable step
s1ze used by WASPS

V.
At.. =09 Min b
nax (?Qﬂ TTR,; 7 5T (5g; vj/cj)} 2 7

For purely advective SY%EQEﬁL-EQM&LLQ&.Zt%g sets the time
step tC_JU% of The minimum segment travel time For purely
d.spersive systems, Equation 2 17 sets the time step to 90% of
the minimum segment flushing time For a linear reactive system
wilth no transport Equation 2 17 sets the time step to 18% of the
reaction time Usually At 1s controlled by advective or

dispe ve flows

Numerical dispersion 1s artificial mixing caused by the
finite arfference approximation used for the derivatives If the
s

aavection factor v = 0, the backward d_fference approrimation of
dc/0x 1s used in the advection term, and

Epun = 5%5 2 18
where
L = length of the segment m

Tor the Euler scheme the forward difference approximac_cn
of dc/dt 1s used, and

g - U?Act 2 19

aum 2

The total numerical dispersion. then 1s
1-—3/\7
Note that increasing-the-time step uo to Ax/U (or V/Q)
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E

anum

=_2.U(L-UAC) 2 20

decreases numerical dispersion to 0 The conditions for
stability discu above require a time step somewhat less than

T most segments So to maintain stability and minimize
numerical dispersion in a water body subject to unsteady flow,
the sequence of time steps ossible, but
always less than At,, given in Equation 2 17 (Group A, Record
6, NOBRK Record 7, DTS, T)

Print Intervals. days-- The user must specify the print
intervals controlling the output density in the praint file
transferred to the post-processor The model will store all
display variables in 2ll segments after each print anterval
throughout the simulation Different praint intervals can be
specified for different phases in the simulation At least two
print intervals must be specified, one for time 0 and one for the
final time NPRINT 1s the number of different print intervals to
input PRINT(I) 1s the prant interval to be used until time
TPRINT(I) TPRINT(I) 1s tne time up to when praint interval
PRINT(I) will be used (Croup A, Record 8 NPRINT Record 9
PRINT(I) TPRINT(I))

Seament Volumes, m’--Initial volumes for each segment must
be specified These can be calculated from navigataion charts or
from a series of transects measuring depth versus width along the
river Sometimes, volumes can be estimated from the travel time
of a well-mixed cloud of aye through a reach For simulataions
using hydrodynamic results from DYNFYDS5, volumes from the
hydrodynamic summary Zile (# HYD) are used and continuity 1S
maintained {Group C Record 3, BVOL(ISEG))

Transport Parameters

This group of parameters defines the advective and
dispersive transport of simulated model variables Input
parameters include advective flows sediment transovort
velocities, dispersion coeiZficients cross-sectional areas and
characterastic lengtns 2lthough the nominal units expected by
the model are SI, Engl.sh or other units can be used along with
proper specification of conversion factors

Number of Flow "aields-- Under advection, tne user has a
choice of up to six flow faields To samulate surface water
transport select water column flow in the preprocessor or set
the number of flow fi1elds to 1 When saimulating pore water
flow, select this opt.on in the prepbrocessor or set the numper of
flow fields to 2 (Group D, Record 1, NFIELD)
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Advective Flow, m’/sez--Steady or unsteady flows can be
specified between adjoinizg segments, as well as entering or
leaving the network as inZlow or outflow The user must be
careful to check for contzauity errors, as the model does not
require that flow continu-ty be maintained For example the
user may specify that more flow enters a segment than leaves
For simulations using hydzodynamic results from DYNHYDS5 flows
from the * HYD file are used and flow continuity 1S automatically
maintained  (Group D, Record 4, BQ Record 6, QT(KJ, TQIKIT

N r of Ex Fie -- Under daispersion, the user has a
choice of up to two exchange fields To simulate surface water
toxicant and solids dispersion, select water column dispersion 1in
the preprocessor or set tne number of exchange fields to 1 To
simulate exchange of dissolved toxicants with the bed, the user
should also select pore water diffusion in the preprocessor or
set the number of exchange fields to 2 (Group B, Record 1,
NRFLD)

Dispersion Coefficie~ts, m?’/sec--Dispersive mixing
coefficients can be speciZied between adjoining segments, or
across open water boundar_es These coefficients can model pore
water diffusion in benthic segments, vertical diffusion in lakes
and lateral and longitudiznal dispersion in large water bodies
Values s can_range from 1Q m?/sec for molecular diffusion to 5x10?
nmL,ec.for longitudinal m-xXing in somé _estuaries Values are
éentered as a time functicn series of dispersion and time 1in
days (Group B, Record € RT(I), TR(I))

Cross-Sectional Aresz, m®--Cross-sectional areas are
specirfied for each dispersion coefficient, reflecting t*ve area
through which mixing occuzs These can be surface areas for
vertical exchange such as in lakes or in the benthos Areas are
not modified during the s._.mulation to refliect flow charges
(Group B Record 4, A(K))

Cnharacteraistaic Mixi~z Lenath, m--Mixing lengths are
speciried for eacn dispersion coefficient reflecting the
characterastac length over which mixing occurs These are
typically the lengths bet.zen the center points of adjo_ning
segments A single segms—t may have three or more mixing leng:ths
for segments adjoining lc-gitudinally, laterally and vertica-ly
For surficial_benthic secments connecting water column_segmeprcs
the deoth of the benthic _ayer 1s a more realistic mlxiig_;ggggh
than half the water deptr (Group B Record 4, EL(K))

Boundary Parameters

This group of paramezers includes boundary concentratiors
waste loads, ana inatial conditions Boundary concentrations
must be specifiea for any segment receiving flow inputs, outo.ts,
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or exchanges Init.al concations include not only initial
concentrations, but also the density and solids transport field
for each solid, and the dissolved fraction in each segment

Boundary Concentrations, mg/L--Steady or time-variable
concentrations must be specified for each water quality
constituent at each boundary A boundary 1s either a tributary
inflow, a downstream outflow, or an open water end of the model
network across which dispersive mixXing can occur Advective anc
dispersive flows across boundaries are specified by the transport
parameters Values are entered as a time function seraes of

concentrataions and time, 1in days (Group E, Record 4 BCT(K),
T(K}))
Waste Loads, ka/dav--Steady or time-variable loads may be

specified for each water quality constituent at several segments
These loads represent municipal and industrial wastewater
discharges urban and agricultural runoff precipitation, and
atmospheric deposition of pollutants Values are entered as a
time function series of loads and time 1in days (Group F,
Record 4, WKT(K) T(K))

Initial Concerntrations, ma/L--Concentrations of each
constituent in each segment must be specified for the time at
which the saimulation begins For those water bodies with low
-ransport rates the initial concentrations of conservative
substances may persist for a long period of time Accurate
simulation, then would reguire accurate specification of initial
concentrations If anitial concentrations cannot be determined
accurately, then longer simulations should be run and early
oredictions discountea (Croup J, Record 2, C(ISYS J))

olv Fracta --The initial fraction of chemical
dissclved in the water portion of a segment 1s input as a
fraction of total chemical concentration The aissolved fraction
1s 1moortant in determining the amount of chemical transported by
pore water flow ana aispersion and by solids transport
Dissolved fractions may be computed from sorption kinetics in the

transformation subroutines (Group J, Record 2 DISSF(ISYS J))
S0lid Densities, o/cm --The density of eacn type of sotia 1s

ne@aed to compute the vorosity of bed segments Porosity will be
a function of sediment concentration and the density of each
solia type {(Group J Record 1, DSED(K))

Hayamum Concentrations, mg/L--Maximum concentrations must be
specified for each water guality constituent The simulation ais
automatically abortea 1f a calculated concentration falls outsaide
these limits This usually indicates computational instability,
and the time step must usually be reduced (Group J, Record 1
CMAaX (K))




Transformation Parameters

This group of parameters includes spatially variable
parameters, constants, and kinetic time functions for the water
quality constituents being simulated None are necessary for
dissolved, conservative chemicals

External 11

At the user's option, two external ainput files may be called
upon and used by WASP5 during a simulation These formatted
files may be created by a simulation model or by output from a
spreadsheet As formatted ASCII files, they may be edited usaing
standard text editors Hydrodynamic files are denoted by * HYD,
where the user specifies a 1 to 8 character name 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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CHAPT=R 3

SEDIMENT TRANSPORT

3 1 MODEL DESCRIPTION
Intr 100

Sediment transport 1s potentzally a very important process
1n aguatic systems Excess sediment can affect water quality
directly water claraity and bentkic habitats can be degraded
Sediment transport also influences chemical transport and fate
Many chemicals sorb strongly to sediment and thus undergo
settling, scour, and sedimentatioz Sorptaion also affects a
chemical s transfer and transformztion rates Volatilization and
base-catalyzed hydrolysis for example, are slowed by sorption
Both sediment transport rates ana concentrations must be
estimated 1in most toxic chemical studies

In general the stream transport capacity for suspended

sediment 1s in excess of 1ts actuzl load, and the problem 1s one

f estimating sediment source loading--namely, watershed erosion

n areas of backwater behind dams or in sluggish reaches, the A71
stream transport capacity may drop enough to allow net
dep051tlon) Strongly sorbed poll_tants may build up
srgnaficantly Because sediment —ransport can be complex,
size-specific calibrztion of the settling, scour, and
seaaimentation rates i1s usually necessary

Overview of 12SP5 Segament Transport

Sediment size fractions or solids types, are simulated
us.ng the TOAI5 program Simulat-ons may i1ncorporate total
sol1as as a single variable, or, zlternately, reporesent from one
to three solids types or fractiorsz The character of the three
soiids types 1s user-aefined Th=y may represent sand silt and
clay or organic sol.as and 1norcznic solias The user defines
each solid tyve by specifying i1ts settling and erosion rates ara
1ts organic content

WASPS performs & simple mass balance on each solid variable
in each compartment based upon spacified water column advection
and dispersion rates, along with special settling deposition
erosion, burial, and bed load rates Mass balance computations
are performed in benthic compartr=nts as well as water column
compartments Bulk aensities or onenthic volumes are adjusted
throughout the simulation

{0
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All solids transport rates can be varied in space and time
sv the user  There are, however, no special process descriptions
fcr solids transport Erosion rates, for example, are not
srogrammed as a function of sediment shear strength and water
column shear stress Consequently, the TOXI5 sediment model
should be considered descriptive, and must be calibrated to site

data

Sedimen ran T

'ater Column Transport

Sediment and particulate chemicals in the water column may
settle to lower water segments and deposit to surficial bed
segments Settling deposition, and scour rates in WASPS5 are
described by velocities and surface areas in transport faields 3,
2 and 5 Particulate transport velocities may vary both in time
z=nd 1n space and are multiplied by cross-sectional areas to
abtain flow rates for soliads and the particulate fractions of
cn2micals

Settling velocities should be set within the range of
Scoke's velocities corresponding to the suspended particle size
z_strabution

v, = 22290, - p,) 31
B
nere
V. = Stokes velocity for particle with diameter d, ana
density p,, m/day
g = acceleration of gravity = 981 cm/sec?
n = absolute viscosity of water = 0 01 poise
(g/cmi-sec) at 20 g5
Py = density of the solid g/cm’
p = density of water 1 0 g/cm?
4, = particle diameter, mm

Values of V., for a range of particle sizes and densities are
-rovided in Table 3 1

Zsz1thic Exchange



Table 3 1 Stoke's Sett.inc Jelocities (in m/day) at 20 &

Particle Particle Density, g/cm
Diameter, mm 1 80 2 00 2 50 2 70
Fin n
03 300 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 94 120 1 80 2 00
0 002 0 15 0 19 0 28 0 32
Clay
0 002 0 15 0 19 0 28 0 32
0 001 0 04 0 05 0 07 0 08

e

Benthic exchange of s=diment and particulate chemiczls 1s
driven by the net scour arz deposition velocities

Wps = A,y (Wp Sy = wp S;) 32
where
W, = net seaimerz flux rate, g/day
S = sediment cc-centration, g/m’
W, = deposition velocity, m/day
W- = scour velocity, m/day
A, = benthic surface area, m
1 = benthic segment
J = water segmsnt

Tne deposition velocaty can be calculated as the product of
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the Stokes settling ve_ocity and the probability of deposition

wp = Vg &p 33

where

&y = probability of deposition upon contact with the
bed

The probability of deposition depends upon the shear stress

Relationship Between Stream Velocaity,
Particle Size, and the Regimes of
Sediment, Erosion, Transport, and
Deposition
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Figure 3 1 Sediment transport regimes (Graft, 1971)
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on the benthic surface and the suspended sediment size and
cohesiveness Likewise, the scour velocity depends upon the
shear stress, the bed sediment size and cohesiveness and the
state of consolidation of surficial benthic deposits Figure 3 1
1s offered as initial guidance 1in specifying initial deposition
and scour velocities For example, f{coarse silt of 0 05 mm
diameter may settle at 100 to 200 m/day, but should not deposit

where mean stream velocity 1s above 0 5 cm/sec Where mean
velocity ris ve erosion 1s expected, and nonzero

scour velocaities should be_ s fie For fine silt of 0 005 mm
diameter settlaing at 1 to 2 m/day,) deposition 1s not expected

even under quiescent conditions onzero scour velocities should
be specified where mean velocity 1s above 2 m/sec Site specaific
calibration 1s necessary to refine the initial estimates

Sediment Loading

Sediment loading deraives pramarily from watershed erosion
and bank erosion These can be measured or estimated by several
techniques and input into each segment as a point source load
For some problems, long term average sediment loads can be
calculated using the Universal Soil Loss Equation (Wischmeier and
Smith, 1978) A useful treatment of this process 1s given by
M11ll et al (1985) This technique works poorly for short term
or inherently dynamic problems because much oZ the sediment
loadang occurs during a few extreme storm or snow melt events
If available, suspenaed sediment data at local gaging stations
can be extrapolated to provide areawide loading estimates
Alternatively, caily runoff loads can be simulated with a
watershed model and read in directly from an zppropriately
formatted nonpoint source loading file

The Sediment Bed

The bed sediment plays an important role in the transport
and fate of water cuality constituents Seaiment-sorbed
pollutants may be buried in the bed by deposicion and
seaimentation, or they may be released to the water column by

scour In WASPS e mo ent i1n the bed 1s governed
by one of two options In the first option, ped segment volIumes

remain constant and sediment concentrations VE&ry 1n_response _to

deposition-and _scour No compaction or erosion of the segment
volume 1s allowed to occur $/In the second option, the

segment volume as-compacted or eroded as sediment 1s deposited or
scoured Sediment concentration an the bed remains constant in

both options chemical may be transported through the bed by pore
water flow and aispersion

The Constant Bed Volume QOption--The first bed option
referrea to as the constant volume option allows the seaiment
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zoncentration of the bed to change according to tne net flux of
sediment Bed segments are located in reference to the rising or
falling bed surface The rate at which the bed rises or falls 1is
represented by a sedimentation velocity, input in flow fields 3,
4, and 5 for each sediment size fraction Sediment in the bed 1is
added through deposition and lost through scour and

sedimentation

Assuming the depth of the bed remains constant and
neglecting dispersive mixing, the mass balance of sediment in a
stationary upper bed 1s given by

di%;% = wpSy = (wp + W,) 5, 3 4
where
Wy = sedimentation velocity of the upper bed, m/day
S, = sediment concentration in the upper bed g/m?
S, = sediment concentraZion in the water g/m?
d, = depth of the upper bed m

“cr a lower bed layer

dk'g‘E' = WeS, T War Sy S8S
~ere

S, = sediment concentrzzion in the lower bed, g/m?

Wgy = sedimentation velccity of the lower bed, m/aay

d, = depth of the lower bed m

In most avplications the seciment concentration of the bec
-11 be nearly constant over time In this case the mass
acravative 95/0t will be zero Tne resulting mass balance in tne
uoper bed is

wWpS, = (wgy + wg) 5y 3 6
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In tne lower bed,

WBSJ. = wsksk 37

It should be noted that under the constant volume option
WASP5 does not require a bzlance of sediment fluxes into and out
of a bed segment The user should, therefore, take care that
deposition, scour and sedimentation velocities reflect the
intended mass flux of sediment in the bed

The constant volume option also has a provision for a
movable upper bed layer Th1s layer 1s modeled by specifying a
total advective flow rate (Zlow field one) between upper bed
segments Thus, when a flow rate Q, 1s specified from upper bed
segment j to upoer bed segment 1, the sediment, pore water, and
chemical 1n j are transported to 1 To maintain a mass balance
in segment 1 a similar flow rate should be specified out of 1
This option allows for the lateral transport of sediment across
the uoper bed, and can be ised to represent bed load transport

The Variable Bed Volu—= Option--The second bed volume
option, referred to as the wvariable bed volume option, allows bed
volumes to change in respomse to deposition and scour Two types
of bed layers are assumed an upper uncompacted layer and one
or more lower compacted lav ars When deposition exceeds scour,
the upoper layer increases _n volume as the surface of the bed
rises After a perioa of taime the added volume of upper bed
compresses and becomes parc of the lower bed When scour exceeds
deposition, the volume of tne upper layer decreases as the
surface of the bed drops v"hen the upper layer erodes
completely, the next layer of bed 1s exposed to scour

In locations where secament deposition exceeds scour
(Figure 3 2), bed compacticn 1is triggered by a sedimentation time
step This sedimentation tame step 1s input by the user znd will
generally be much larger t=zn the simulation time step Lg
sediment and sorbed chemiczl settle from the water column the
top bed segment increases _1 volume sediment mass and cremical
mass Sediment concertrat_ons remain constant The volume of
the uoper bed continues to _ncrease until the end of the
sedimentation time step > this time the volume of the upper
bed that has been added by net deposition 1s compressed to the
densaty of the lower bed Since the porosity of the uncorpressea
bed 1s greater than the porosity of the compressed bed pore
water and dissolved cnemiczl are sgueezea 1nto the water column

During compressicn t~=2 lower bed segments rise to include
the compressed portion of tne upper bed The volumes ana
sediment concentrations of these lower bed segments remain
constant A portion of the bottom bed segment i1s buriea out of
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Figure 3 2 WASP4 seaiment burial (variab_s volume option)

the network, however, as bed segments rise _n response to
sedimentation Thus, chemical mass in the lower bed 1s added
througn compress:on o:- the upoer bed and lost througn sediment
burial

*fter compressio~, the top bed segment returns to 1its
Oorig.nal predepositior volume Sediment ana chemical
concentrations in the upper bed are not changed by compaction
In tre lower beas segment volumes and sediment concentratiors
are unchanged Chemical mass from the compacted portion of the
Yed 1s added to tne lower bed, and chemical mass 1in the bottom
bed segment 1s buried out of the model netvork

Over several sedimentation time steps the density and
volume of the upver bed segment remain cons-ant, so that

av.
= = A, WpS, - A, (wptw,) S, =0

i FE = RS,



and

14

g = (WDSJ - wRSi) /Si 3 9

For a lower bed layer, volumes are held constant along with

density

To maintain mass balance, the average sedimentation

velocity 1s, effectavely

Wak = w,Si/Sk 3 10
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Figure 3 3 VASP seaiment erosion (variable volume option)

For
responds
fZrom the
chemical
When the

locations where sediment scour exceeds deposition WASP
as in Figure 3 3 As seaiment and sorbed chemical eroae
bed the too bed segment aecreases in volume depth
mass, and seaiment mass Its density remains constant
sediment mass in the top bed layer equals zero then
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segment renumbering 1s triggered &1l the properties of the
remaining bed segments, including chemical concentration remain
unaffected by renumbering The new top bed seyment for example,
has the same depth, volume, sediment and chemical concentration
as the old second bed segment A new bottom bed segment 1is
created with the same physical properties as the other bed
segments Its chemical concentration, however 1s zero
Renumbering and creation of a new bottom segment completes the
WASP5 erosion cycle (or time step)

As a consequence of the way the variable bed volume option
treats sedimentation, certain constraints are imposed on the bed
segment properties defined in the input data set The density
(or sediment concentration) of a top bed segment must be less
than or equal to the densaity of the lower bed segments within a
vertical stack Since the compaction routine implicaitly handles
sedimentation no sedimentation velocities to lower beds may be
specified 1in the sediment transport fields Finally, the user
must simulate sediment as a state variable in order to use this
option Sediment 1s a state variable in the toxics program, but
not the eutrophication program

3 2 MODEL IMPLEMENTATION

Intr 2

To simulate sediment transport with WASPS5 use the
preprocessor or a text editor to create a TOXIS input file
Simple datasets are provided for use as templates to edit ana
adant The model input dataset and the input parameters will be
similar to those for the conservative tracer model as aescribed
in Chapter 2 To those basic parameters, the user will add
bentnic segments and solids transport rates During tne
simulation, solids variables will be transported both py the
water column advection and aispersion rates and by these solids
transport rates

In WASPS solids transport rates in the water column ana the
bed are 1input via up to three solids transoort fields These
fielas describe the settling deposition, scour, and
sedimentation flows of three kinds of solids The transport of
particulate chemicals or the particulate fraction of simulatea
chemicals follows the solids flows The user must specify tbr
dissolved fraction (1 e 0 0) and the solids transport field Zfor
each simulated sclid under initial conditions To saimulate total
solids solids 1 must be used
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1 In Param re

This section sumczrizes the input parameters that must be
specified in order to solve the sediment balance eguations in
TOXIS5 Input parameters are prepared for WASPS5 in four major
sections of the preprccessor -- environment, transport
boundaries, and transZformation Basic model parameters are

-

described in Chapter z and will not be repeated here

Environment Parameters

These parameters define the basic model identity, includang
the segmentation, and control the simulation

Systems-- To simlate total solids only, select simulate”
for Solids 1 and bypass" for the other five systems To
simulate two solids types, select "simulate® for both Solids 1
and Solids 2 To simlate three solids types, select 'simulate”
for all three The cremical systems can be simulated or
bypassed (Group A Rscord 4, NOSYS, Record 9, SVYSBY)

Bed Volume Optio~-- The user must determine whether bed
volumes are to be helc constant or allowed to vary Volumes may
be held constant by stecifying 0 1in which case sediment
concentrations anrd porosities in the bed segments will vary
Alternatively, sedime-: concentrations and porosities may be held
constant by specifying 1 in which case surficial bed segment
volumes will vary (G-oup C, Record 1 IBEDV)

Bed Tire Step-- #Ahile mass transport calculations are
repeated every model time step, certain benthic calculations are
repeated only at this penthic time step in days If the
constant bed volume ortion 1s chosen, sediment concentrations are
updated every model t_me step, but porosities are recalculated
every benthic taime stso If the variable bed volume 1s chosen
upper benthic segment volumes are updated every time step, with
compaction occurring svery benthic time step (Group C Record 1
TDINTS)

Transport Parameters

Number of Flow F_elds-- To simulate total solids the user
should select solids _ flow under advection To simulate three
sediment types, the user should select solids 1 flow solads 2
flow, and solids 3 flow In addition, the user should select
water column flow (Group D, Record 1, NFIELD)

Sediment Transovort Velocities, m/sec-- Time variable
settling, deposition, scour, and sedimentation velocities can be
specified for each tyoe of solid If the units conversion facto:
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1s set to 1 157e-5, then these velocities are input in units o<
m/day  These velocities are multiplied internally by cross-
sectional areas and treated as flows that carry solids and sorp=d
chemical between segments Settling velocities are important
components of suspended sediment transport in the water column
Scour and deposition velocities determine the transfer of solias
and sorbed chemical between the water column and the sediment

bed Sedimentation velocities represent the rate at which the
bed 1s rising in response to net deposition (Group D, Record €
QT)

r - i0n A ’-- The interfacial surface area
must be specified for adjoining segments where sediment transpoxt
occurs These surface areas are multiplied internally by
sediment transport velocities to obtain sediment transport flows
(Group D, Record 4, BQ)

3oundary Parameters

This group of parameters includes boundary concentrations,
raste loads, and initial conditions Boundary concentrations
nust be specified for any segment receiving flow inputs, outputs,
or exchanges Initial conditions includes not only initial
concentratrons, but also the density and solids transport field
cor each solid, and the dissolved fraction in each segment

Boundary Concentrations., ma/L-- At each segment boundary
~-me variable concentrations must be specified for total solias
or for each solids type simulated A boundary segment 1s
craracterized by water exchanges from outside the network
-ncluding tributary inflows, downstream outflows, and open watzs>
dispersive exchanges (Group E Record 4, BCT)

Waste Loads, ka/day-- For each point source discharge, t-—=
sariable sediment loads can be specified for total solids or -cr
2ach solids type simulated These loads can represent municicz_
a~d 1ndustrial wastewater discharges, or urban and agraculture_
TLnoff  (Group F 1 Record 4 WKT)

Soliads Transport Field-- The transport field associated +«_zn
“ctal solids or each solids type must be specified under init.z_
conditions (Group J, Record 1, IFIELD)

Solid Density, ga/cm’-- The average density of the total
sediment, or the density of each solids type must be specifiec
“nis information 1s used to compute the porosity of benthic
segments Porosity 1s a function of sediment concentration arc
“he density of each solids type (Group J, Record 1, DSED)

Initial Concentrations, ma/L-- Concentrations of total )
ediment or of each solids type 1n each segment must be specii_=d
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for the time at which the simulation begins If the variapnle
benthic volume option 1s used, the benthic sediment
concentrations specified here will remain constant for the entire
simulation (Group J, Record 2, C)

Dissolved Fraction-- The dissolved fraction of each solid in

each segment should be set to 0 (Group J Record 2, DISSF)

Transformation Parameters

This group of parameters includes spatially variable
parameters constants, and kinetic time functions for the water
quality constituents being simulated None are necessary for
sediment transport

Data Group Descriptions

An input dataset to simulate three sediment types in a raver
1S given with the moael software A comprehensive listing of the
WASPS data groups, records, and variables 1s given in Part B of
this documentation
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CHAPTER 4

DISSOLVED OXYGEN

4 1 MODEL DESCRIPTION
ner 10on

Dissolved oxygen (DO) 1s one of the most important wvariables
1n water quality analysais Low concentrations directly affect
fish and alter a healthy ecological balance Because DO 1is
atffected by many other water quality parameters, it is a
sensitive indicator of the health of the aquatic system

DO has been modeled for over 70 years The basic steady-
state equations were developed and used by Streeter and Phelps
(1923) Subsequent development and applications have added terms
to their basic equation and provided for time-variable analysais
The equations implemented here are fairly standard As explained
below, the user may implement some or all of the processes tnat
are described with terms in these equations

Querview Oof WASPS Dissolved Oxvaen

Dissolved oxygen and associated variables are simulated
using the EUTROS program Several physical-cnemical processes
can affect the transport and interaction among the nutraients
phytoplankton carbonaceous material and dissolved oxygen in the
aquatic environment Figure 4 1 presents the principal kinetic
interactions for the nutrient cycles and dissolved oxygen

EUTROS can be operated by the user at various levels of
complexity to simulate some or all of these variables and
interactions To simulate only carbonaceous biocnemical oxygen
demand (BOD) and DO, for example, the user may bvpass
calculations for the nitrogen phosphorys and phytoplankton
variables Simulations may incorporateYcarbonaceous biochemical
oxygen demand (CBOD) and eithertcammonia (NH3) or nitrogenous
birochemical oxygen demand (NBOD) exoressed as ammonia ® Sedimen:
oxygen demand may be specified, as well as photosynthesais and

Iespiration rates

Four levels of complexity are identified and documented at
the end of this section (1) Streeter-Pnelps (2) modified
Streeter-Phelps (3) full linear DO balance and (4) nonlainear DO
balance The actual simulation of phytoplankton 1s described in
Chapter §

Dissolved Oxvaer Processes
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TABLE =<7

CBOD AND DO REACTION TERMS

Value from Potomac

2scraiption Notation Estuarv Model Units
¢ Xygen to carbon ratio age 32/12 mg Oy/mg C
v 2tio of the ultimate to 5 azy BODy5 185 none
carbonaceous biochemiczal
oxygen demand
d eoxygenation rate @ 20 C kg 0 21 day'1
0 16
tenperature coefficient 84 1 047 none
h alf saturation constant for Kzop 05 mg Op/L
oxygen limitation
vXygen to nitrogen ratio apy 32/14 mg Op/mg N
vXxygen to carbon ratio for aNo.C (48/14)ayc mg 0,/mg C
nitrate uptake 3
t2aeration rate @ 20 C ky ks cf Eq 1 4 32 day 1
14 34
Ta2mperature coefficient e, © 1 028 none
¢.ssolved ovygen saturazion DO .+ cf Eq 1 ¢ 37 mg 0,/L
4:actlon dissolved CBOD fps 05 none
organic matter settling velocity Vo3 m/day
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Five EUTROS state variables can participate directly in cpe
DO balance phytoplankton carbon, ammonia, nitrate, carbonaceous
ciochemical oxygen demand, and dissolved oxygen The reduction
ci dissolved oxygen 1s a consequence of the aerobic respiratory
processes 1n the water column and the anaerobic processes in thne
underlying sediments Because both these sets of processes can
contribute significantly, it is necessary to formulate their
kinetics explicitly

The methodology for the analysis of dissolved oxygen
aynamics 1n natural waters, particularly in streams, rivers and
estuaries 1s reasonably well-developed (O Connor and Thomann,
1972) The major and minor processes 1ncorporated into EUTROS
are discussed below The reader should refer to the kinetic
equations summarized in Faigure 4 2 and the reaction parameters
d coerricients in Table 4 1

2. CARBONBACEQUS BIOCHEMICAL OXYGEN DEMAND

0C (T-20) 2 Ves (1= £p5)
= = a,.K,C, - k.8, _ Cg - =2 —_b5 ¢
act ectibme D Kpop * Cg D °
death oxidation settling
5 32 (T-20) Kyos
- 2 34 8 — |
z Ta 080 Km3+C5J 2
denitrification
8. DISSOLVED OXYGEN
0C, - C 64 - C,
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“igure 4 2 Oxygen balance equations

“eaeration

Oxygen deficient, 1 e , below saturation, waters are
replenished via atmospheric reaeration The reaeration rate
coefficient 1s a function of the average water velocity dep:t-
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wind, and temperature -2 EUTROS5, the user may specify a single
reaeration rate constant spatially-variable reaeration rate
constants or allow tre model to calculate variable rezeration
rates based upon flow or wind Calculated reaeration will follow
eirther the flow-induced rate or the wind-induced rate whichever
1s larger

EUTROS5 calculates flow-induced reaeration based on the Covar
method (Covar, 1976) Tnis method calculates reaeration as a
function of velocity and depth by one of three formulas -- Owens
Churchill, or O'Connor- Dobbins, respectively

k(20°C) =5 349 v) ¢ pj* 41
° = 0 57 -1 67

ky(20°C) =5 049 v; ? D; 4 2
or
kg (20°C) =3 93 vy 50 pr* =0 4 3
where

Ky o= flow-1-duced reaeration rate coefficient at 2043,

day !
vy = average water velocity in segment j m/sec
D, = averag2 segment depth m

Tne Owens formula 1s automatically selected for segments
wlth aepth less than 2 feet For segments deeper than 2 feet
the O Connor-Dobbins or Churchill formula 1s selected based on a
consideration of deptn ana velocity Deeper slowly moving
rivers require O'Cornor-Dobbins, moderately shallow faster
moving streams require Cnurchill Segment temperatures are used
to aajust the flow-irguced kg, (20 $3)) by the standard formula
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kg (D) =k (20°C) 6772°

where
T = water temperature, 13|
ko (T) = reaeration rate coefficient at ambient
segment temperature, day !
e, = temperature coefficient, unitless

Wind-induced reaeration 1s determined by O'Connor (1983)
This method calculates reaeration as a function of wind speed
air and water temoerature, and deoth using one of three formulas

_ 86400 (Do) [ pa)? xt/3
K, = (_O.") L) B2 1 (200 )

100D; |\ v Py VIR S
Ky = 22200 [(TERMI 100W) + (TERM2/TOOW)
5
where A
rorir < (Do) (2a) Lkl
Vi Px Ly
- [ Pow PaY M2
TERMZ = (r_z— p”v’»/@)
o L 4
or
1/2
86400 [ Dow P,V 0w /
k = a_a ’ .
100Dy (xze p,v,mj ’
wnere
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X, = wind-i-aucea reaeration rate coefficient, day'

12 = time-varying wind speed at 10 cm above surface,

~ m/sec

T, = air terperature, 53]

P. = densaity of air, a function of T, g/cm’

p. = density of water, 1 0 g/cm’

v, = viscosity of air, a function of T,, cm?/s

Vy = viscosity of water, a function of T, cm’/s

Do = diffusivaity of oxygen in water a function of T
cm?/s

X = von Karman s coefficient, 0 4

v, = transitional shear velocaty, set to § 10, and 10
for smz1l, medium, and large scales, cm/s

Ve = criticel shear velocity, set to 22 11 and 11 for
small medium and large scales cm/s

Z, = equiva:ent roughness, set to 0 25 0 35 and 0 35
for smzll medium and large scales, cm

Zo = effect_ve roughness a function of z, T C, v,
V,, anc W cm

A = 1nverss of Reynold's number, set to 10 3, and 3
for smzll medium and large scales

r = nonaxtsnsional coefficient set to 10 6 5 and_5
for smzll medium and“;§;g§~scales

t i I(.r( (c ¢ ( vic ~cf¢

I = nona-rsngional coeff1c1ent,*a runction of I', v,
Cq, @nc W

Cq = drag coefficient, a function oZ z,, T, v_, x v
and

Eguation 4 5 1s usec Zor wind speeds of up to 6 m/sec where
interfacial conditions are smooth and momentum transfer 1s
dominated by viscous rorces Equation 4 7 1s used for waind
speeds over 20 m/sec where interfacial conditions are rough anc
momentum transfer i1s aominated by turbulent eadies Eguation 4 6
1s used for wind spezeas between 6 and 20 m/sec and represents &
transition zone in v-ich the diffusional sublayer decays and the
roughness height increases
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The user 1s referrec to O'Connor (1983) for details on the
calculation of air density, air and water viscosity, the drag
coefficient the effectivs roughness, and T, Small scale
represents laboratory corditions Large scale represents open
ocean conditions Mediurr scale represents most lakes and
YeServoirs

Dissolved oxygen saturation C,, 1s determined as a function
of temperature, in degrees K and salinity S, in mg/L (APHA
1985)

InC, = -139 34 + (1 5757 10°5) Tx" - (6 6423 107) Tg?
+ (1 2438 10%°) 7 - (8 6219 10'?) T4 4 8

- 0 55355(0 031529 - 19 428Ts' + 3867 3 T:2)

Carbonaceous Oxidation

The long history of applications have focused primarily on
the use of BOD as the measure of the cuantity of oxygen demanding
material and 1ts rate of oxidation as the controlling kinetic
reaction This has proven to be appropriate for waters receiving
a heterogeneous combinat:-on of organic wastes of munic_pal and
industrial origin since an aggregate measure of their potential
effect 1s a great simpliZication that reduces a complex¥ problem
to one of tractable dime=sions

The oxidation of carbonaceous material 1s the classical BOD
reaction Internally the model uses ultimate carbonaceous
biochemical oxygen demanz CBOD as the indicator of equivalent
oxygen demand for the carponaceous material A principal source
of CBOD other than”man-made sources and “hatural runoff as
getrital_phytoplanktqn_czrbon produced as a result of algal
death The primary loss mechanism associated with CBOD 1s
oxliaation

C H,0, =~ CO, + H,0 49

The kinetic expression for carbonaceous oxidation in EUTROS
contains three terms -- a first order rate constant a
Cemperature correction term and a low DO correction term ne
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first two terms are standard The third term represents the
decline of the aerobic oxidation rate as DO levels approach 0
The user may specify the half-saturation constant Kgop, Which
represents the DO level at which the oxidation rate 1s reduced by
half The default value 1s zero which allows this reaction to
proceed fully even under anaerobic conditions

Direct comparisons between observed BOD; data and model
output cannot be made using the internal CROD computed by EUTROS
since field measurements may be tainted by algal respiration andg
the decay of algal carbon Therefore a correction must be made
to the internally computed model CBOD so that a valid comparison
to the field measurement may be made This results in a new
variable known as the bottle BODs which 1s computed via
equation 4 10

= _ 'Sk@c _6_4_ 1- —Sk,boz
Bottle BOD; = C; (1-e ) + o G(l-e ) 4 10
+ 8,.C, (1-eBhx)
where
Cs = the internally computed CBOD, mg/L
C, = the internally computed NH,, mg/L
C, = the phytoplankton biomass in carbon units, mg/L
Aoc = the oxygen to carbon ratio, 32/12 mg O,/mg C
¥ avor = the laboratory 'bottle’ deoxygenation rate
constant, day
Kibor = the laboratory 'bottle' nitrification rate
constant, day'!
kig = the algal respiration rate constant at 20%3| day *

Equation 4 10 can provide a low estimate of tne observed
bottle BOD because 1t does not include a correction for the decay
of aetraital algal carbon which 1in turn depends upon the number
of non-viable phytoplankton Please note that laboratory

bottle' CBOD and nitrification rates are used here, as specifiea
by the user The aefault laboratory rate constant for
nitrification 1s 0, reflecting the use of a nitrifying inhibitor

Nitraification
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Add_tional significant losses of oxygen can occur as a
result of naitrification

NHy + 20, ~ NO, + H,0 + H* 4 11

Thus for every mg of ammonia nitrogen oxidized, 2 (32/14) mg of
oxXygen are consumed

The kinetic expression for nitrification in EUTROS5 contains
three terms -- a first order rate constant, a temperature
correction term, and a low DO correction term The first two
terms are standard The thaird term represents the decline of the
nitrification rate as DO levels approach 0 The user may specify
the half-saturation constant Ky, which represents the DO level
at which the nitrification rate 1s reduced by half The default
value 1s zero, which allows this reaction to proceed fully even
under anaerobic conditions

Denitrification

Under low DO conditions, the denitraification reaction
provides a sink for CBOD

5CH,0 + 5H,0 + 4NO, + 4H* = 5C0, + 2N, + 12H,0 4 12

Thus for eacnh mg of nitrate nitrogen recuced 5/4 (12/14) mg of
carbon are consumed which reduces CBOD by 5/4 (12/14) (32/12)
mg Denatrification 1s not a significant loss i1n the water
column, but can be important when simulating anaerobic bentnaic
conditiors

The kKinetic expression for denitrification in EUTROS
contains three terms -- a first order rate constant (with
aporooriate stoichiometric ratios), a temperature correction
term ana a DO correction term The first two terms are
standard The third term represents the decline of the
denitrification rate as DO levels rise apove 0 The user may
specify the half-saturation constant ky; Wwhich represents t-e DO
level at which the denitrification rate 1s reduced by half Tne
default value 1s zero, which prevents this reaction at all DO
levels

Settling

57



Under quiescent flo conditions, the particulate fracticn of
CBOD can settle downwara through the water column and deposit on
~he bottom In water bodies, this can reduce carbonaceous
deoxygenation in the water colump signifacantly The deposition
of CBOD and phytoplankton however, can fuel sediment oxygen
demand in the benthic sediment Under high flow conditions
particulate CBOD from the bed can be resuspended

The kinetic expression for settling in EUTROS 1s driven by
the user-specified particulate settling velocity v,; and the CBOD
particulate fraction (1 - fps), where f,s 1s the dissolved
fraction Settling velocities that vary with time and segment
can be 1nput as part of the advective transport field
Resuspension can also be input using a separate velocity time
function Segment-variable dissolved fractions are input with
initial conditions

Phytoplankton Growth

A byproduct of photosynthetic carbon fixation 1s the
production of dissolved oxygen The rate of oxygen production
(a~d nutrient uptake) 1s proportional to the growth rate of tne
phytoplankton since 1ts stoichiometry 1s fixed Thus, for each
mg of phytoplankton carbon produced by growth 32/12 mg of O_ are
produced An aaditional source of oxygen from phytoplankton
growth occurs when the available ammonia nutrient source 1S
exhausted and the pnytoplankton begin to utilize the available
nitrate For nitrate up-ake the initial step 1s a reduction tO
ammonia which proguces oxygen

2NO, ~ 2NH, + 30, ¢ 13

Thus, for each mg of phytoplankton carbon produced by growth
using nitrate a,- mg of phytoplankton nitrogen are reduced, &nd
(48/14) a,- mg of O are produced
“hytoplankton Respiration

Oxygen 1s daim_rished in the water column as a result ol

phytoplankton respiration, which 1is basically the reverse process
of photosynthesis

c, + 0, = CO, 4 14
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whers C, 1s phytoolanktc= carbon 1in mg/L Thus for e rery mg of
phyctoplankton carbon comsumed by respiration, 32/12 mg of oxygen
are also consumed

Phytoplankton Death

The death of phytoplankton provides organic carbon, which
can be oxidized The kinmetic expression in EUTROS recycles
phytoplankton carbon to CBOD using a first order death rate and
the stoichiometric oxygen to carbon ratio 32/12

Sea.ment Oxygen Demand

The decomposition of organic material in benthic sediment
can have profound effects on the concentrations of oxygen in the
overlying waters The decomposition of organic material results
in the exertion of an oxygen demand at the sediment-water
interface As a result, the areal fluxes from the sediment can
be substantial oxygen sznks to the overlying water column

EUTROS provides two options for oxygen fluxes descriptive
inp.:t and predictive ca_culations The first option 1s used for
networks composed of water column segments only The kinetic
equation 1s given in Ficure 4 2 Observed sediment oxygen demana
fluves must be specified for water segments in contact with the
bentnic layer Seasona_ changes 1n water temperature can affect
SOD through the temperature coefficient

The calculational Zramework incorporated for bentnic-water
colun exchange draws prancipally from a study of Lake Erie,
whic i1ncorporated sediresnt-water column interactions performea
by Z1 Toro and Connolly (1980) For a single benthic layer ith
thic<ness, Dj the CBOD and DO mass balance eguations are
sumrzarized in Figure 4 C The equivalent SOD generated for tne
over_ying water column s=2gment 1s also given Subscripts '] ana

1 refer to z benthic sesgment and the overlying water column
seg—ant, respectively

WASPS allows a more detailed parameterization of settling
intc the benthos that i1izczludes not only a downward settling
velczity but an uoward Tesuspension velocity as well Ir tr_s
conzaxt then the net rartaiculate flux to the seaiment 1s a-2 to
the cifference petween —ne downward settling flux and tne uo-.ara
resispension flux

One of the first a=cisions to be made regarding the berntnic
layer 1s to determine 1ts depth Two factors influence this
dec.sion The first 1s to adequately reflect tne thickness cZ
the active layer, the depth to which the sediment 1s influenced
by evchange with the overlying water column Secondly one w_shes
the model to reflect a r=asonable time history or memory .~ ths
sea.ment layer Too thin a layer and the benthos will reme™wer
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2. CARBONACEQUS BIQCHEMICAL OXYGEN DEMAND

- - 5 32 -
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decomposition oxidation denitrification
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settling resuspension diffusion
6. DISSOLVED QXYGEN
0Cg7

- E
e " FasBas™ + 2 (G1 - GI)

oxidation diffusion

SEDIMENT QXYGEN DEMAND (g/m?-day)
= EDLV
SOD = D, (Ce2 - G7)

(for benthic segment j, water segment 1)
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or be influenced by deposition of material that would have
occurred only withain the last year or two of the period being
analyzed too thick a layer and the model wili average too long
a history, not reflecting substantial reductions resulting from
reduced discharges from sewage treatment plants The choice of
sediment thickness 1s further complicated by spatially variable
sedimentation rates The benthic layer depths, together with the
assagned sedimentation velocities, provide for a multi-year
detention time or "memory', providing a reasonable approximation
of the active layer in light of the observed pore water

gradients

The decomposition reactions that drive the component mass
balance equations are the anaerobic decomposition of the
phytoplankton carbon, and the anaerobic breakdown of the benthic
organic carbon Both reactions are sinks of oxygen and rapidly
drive 1ts concentration negative, indicating that the sediment 1is
reduced rather than oxidized The negative concentrations
computed can be considered the oxygen equivalents of the reducec
end products produced by the chains of redox reactions occurring
in the sediment

Because the calculated concentration of oxygen 1s positive
in the overlying water, it 1is assumed that the reduced carbon
species (negative oxygen equivalents) that are transported across
the benthic water anterface combine with the available oxygen ana
are oxidized to CO_ and H,0 with a consequent reduction of oxygen
in the overlying water column

Figure 4 3 and Table 4 2 summarize the bentnic CBOD and DO
reactions and parameters Illustrative parameter values from an
early Potomac Estuary modeling study are providea

4 2 MODEL IMPLEMENTATION

To simulate cissolved oxygen with WASPS wuse the
preprocessor to create a EUTROS5 input dataset For the vor-ions
of the dataset describing environment, transport, and bouncaries
EUTROS model input will be similar to that for the conservatcive
tracer model as described in Chapter 2 To those basic
parameters, the user will add combinations of transformation
parameters and perhaps solids transoort rates

EUTROS kinetics can be implemented using some or ail oZ the
processes and kinetic terms described above to analyze dissc_vea
oxygen problems For convenience, four levels of complexity are
1dentified here (1) Streeter-Phelps, (2) modified Streeter-
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TABLE 4 2 Be—thic Layer CBOD and DO Reaction Terms
N

Description Notation Value Units
Organic carpon (as CBOD) Xps 0 0004 day '
decomposition rate

Temperature coefficient 6. 1 08 none
Denitrification rate K, day !
Temperature coefficient 8., none
Phytoplankton decomposition Kpop day ,
rate

Temperature coefficient 8., none
Diffusive exchange coefficient Epre 2 0 x 104 m?/day
Benthic layer depth D, 0 2-0 7 m
Benthic layer J

Water colurm 1

Phelps (3) full linear DC balance, and (4) nonlinear DO balance
Please note that the discrete levels of simulation identified
here are among a continuum of levels that the user could
implement

The four implementation levels are described briefly below
along with the input parameters required to solve the DO balance
equations in EUTROS Input parameters are prepared for WASP5 1in
four major sections cf the preprocessor -- environment
transport boundaries, and transformation Basic model
parameters are described in Chapter 2 and 11ll not pe repeated
here Six of the eight EUTROS5 state variables that can
participate in DO balance simulations, with abbreviations usea in
this text, are listed in Table 4 3

Streeter-Phelps

The simplest dissolved oxygen balance solves the
Streeter-Phelps BOD-DO eguations in a slightly moaified form

- v
Sps = ~ky857°Cy - 53

(1 - £,5) Cs 4 15
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Table 4 3 Summary 02 E_TROS Variables Used 1~ DO Balance
b _“ .

Variable Notation Concentration Units
1 Ammonia Nitrogen NH3 C, mg N/L
2 Nitrate Nitrogen NO3 C, mg N/L
4 Phytoplankton Carbon PHYT C mg C/L
S Carbonaceous BOD CBOD Cs mg O,/L
6 Dissolved Oxygen DO Cs mg O,/L
6 Organic Nitrogen ON C, mg N/L

. . SOD..
Sy = +k,877%° (C, - Cg) - k,87%°¢c - —— 4 16

wnere S,, 1s the source/sink term for variable 1" 1n a segment,
in mg/L-day Kinetic rate constants and coefficients are as
defined i1n Table 4 1 except that C; 1s interoreted as total (not
just carbonaceous) biochemical oxygen demand, BOD These
equations are usually applied in well-defined low flow design
conditions

Environment Parameters

These parameters define the basic model identity, including
tne segmentation and control the sim.lation

Svystems-- Select "saimulate for C30D and DO and 'bypass for
tne other six svstems For this implementation the CBOD system
1s used to represent total ultimate BCD (Group A Record ¢4
NOSYS Record 8, SYSBY)

Segments-- Water column segmentsg should be defined in tne
standard fashion If BOD settling 1s o be simulated the user
should add a single benthic segment urcerlying all water column
segments This benthic segment will rsrely act as a conven.ent
sink for settling BOD Model calculat:ions within this bentr:ic
segment should be ignored (Group A, Record 4 NOSEG, Grouv C,
Record 3, ISEG, IBOTSG, ITYPE, BVOL, D'ULT)

Transport Parameters
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This group of parameters defines the advective ana
dispersive transport of simulated model variables

Number of Flow Faelds-- To simulate settling the user
should select solids 1 flow under advection The user should
also select water column flow (Group D, Record 1, NFIELD)

Particulate Transport. m’/sec-- Time variable settling anc
resuspension rates for particulate BOD can be input using the
Solids 1 continuity array BQ and the time functicn QT For eacnh
solids flow field, cross-sectional exchange areas (m?) for
adjacent segment pairs are input using the spatially-variable BQ
Time-variable settling velocities can be specified as a series of
velocities, 1n m/sec versus time If the units conversaon
factor 1s set to 1 157e-5 then these velocities are input 1n
units of m/day These velocities are multiplied internally by
cross-sectional areas and treated as flows that carry particulate
organic matter out of the water column (Group D Record 4, BZ
JQ, IQ, Record 6, QT, TQ)

Boundary Parameters

This group of parameters aincludes boundary concentrations
waste loads and initial conditions Boundary concentrations
must be specified for ary segment receiving flow inputs, outputs,
or exchanges Initial conditaions include not only inaitaial
concentrations, but also the density and solids transport field
for each solid, and the dissolved fraction in each segment

Boundary Concentrations, mg/L-- 2t each segment boundary
time variable concentrations must be svecified for BOD and DO A
poundary segment 1s characterized by water exchanges from outs._ae
the network 1including tributary inflows downstream outflows
and open water dispersive exchanges (Group E Record 4 BCT)

W L ka/dav-~ For each point source discharge, t.z=2
variable BOD and DO loads can be specified  These loads can
represent municipal and aindustrial wastewater discharges, or
urban and agriculturel runoff (Group F 1, Record 4 WKT)

Solads Transport Freld-- The trarsport field associated w_zl
particulate BOD settling must be specified unaer initial
condaitions Field 3 1s recommended (Group J Record 1, IFIELD)

Solid Density, c/cm’-- A value of 0 can be entered for the
nominal density of BOD and DO This information 1s not used i=
EUTROS (Group J, Record 1, DSED)

Initial Concentrations, ma/L-- Concentrations of BOD ana -0
in each segment must pe specified for the taime at which the
simulation begins Concentrataions of zero for nonsimulated
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variables -- NH3 NO3, POC4, PHYT, ON, and OP -- will be entered
by the preprocessor (Groap J, Record 2, C)

Digsolved Fraction-- The dassolved fraction of BOD and DO 1in
each segment must be specified Values for DO _should be 1 0
Only the particulate fraction of BOD will be subject to séttlang
(Group J, Record 2, DISSF)

Transformation Parameters

This group of parameters includes spatially variable
parameters, constants, and kinetic time functions for the water
guality constituents being simulated Parameter values are
entered for each segment Specified values for constants apply
over the entire network for the whole simulation Kinetic time
functions are composed of a series of values versus time, in
days

Water Temperature, $5[-- Segment variable water temperatures
can be specified using the parameter TMPSG (parameter TMPFN and
time functions TEMP(1-4) shoula be omitted) Temperatures will
remain constant in time (Group G Record 4, PARAM(I,3))

Sediment Oxvgen Demznd, a/m?-dav-- Segment variable sediment
oxygen demand fluxes can be specified using the parameter SOD1D
Values should be entered for water column segments that are in
contact with the bottom of the water body (Group G, Record ¢
PAR-M(I,9))

BOD Deoxvygenation Rzte, dev !'-- The BOD deoxygenation rate
constant and tempoerature coefficient can be specified using
constants KDC and KDT, respectively (Group H, Record 4,
CONST(72) CONST(73))

R x R v -~ There are three options for
specifying reaeration rate conscants in EUTROS In the first
cption, a single reaeration rate constant can be specified usaing
constant K2 (Constant 82) An internal temperature coeffic_.e-t
of 1 028 1s used with this option

If K2 1s not enterea (or _s set to 0) the second optic~ 1is
sttenoted by EUTROS In this option, variable reaeration rate
constants can be input using parameter REARSG and time function
“EAR The product of spatially-variable REARSG and time-varizple
REAR gives the segment and time specific reaeration rate
constants used by EUTROS These reaeration values are not
modified by a temperature function

The third option 1s invoked 1f neither K2 nor REARSG 1is

entered In this option reaeration rates will be calculatec
from water velocity, depth, wind velocity, and water and airxr
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temperature The actual reaeration rate used by EUTRO5 will i,
either the flow or wind-induced value whichever 1s largest

For rivers, segment water velocities and aepths are
calculated as a function of flow using the hydraulic coefficagy,
enterea under the topic *"environment" (Group C, Record 3 a b
c, 4) For lakes and estuaries, ambient velocities 1n m/sec Car,
be 1nput using parameter VELFN and time functions VEL(1-4) The
parameter VELFN 1ndicates which velocity function will be usea ,,
the model for each segment Values of 1 0, 2 0, 3 0, or 4 0 wy)
call time functions VELN(1l), VELN(2), VELN(3), and VELN(4),
respectaively Water velocities should then be entered via these
time functions as a series of velocity versus time values

For open bodies of water, wind-driven reaeration can be
significant The user should input ambient wind speed 1n m/sec
and air temperature, in %3/, using time functions WIND and AIRTMp
The default values for wind speed and air temperature are 0 6
m/sec and 15 C The scale of the water body should be input
using constant WTYPE Values of 1 0, 2 0, and 3 0 indicate
laboratory scale, lake and reservoir scale, and open ocean scale
respectively The default value is 2

For estuaries, where salinity affects DO saturation
significantly salinity values 1in g/L can be 1nput usaing
parameter SAL and time function SALFN The product of spatially
variable SAL and time-variable SALFN gives the segment and taime
specifaic salinity values used by EUTROS Average segment
salinity values can be input to SAL while relative variations .-
time, 1f significant can be input to SALFN

For northern climates, where 1ce cover can affect reaeratio-
auring winter months, the user may input the fraction of water
surface available for reaeration using time function XICECVR -
value of 1 0 indicates that the entire surface area 1s available
for reaeration The taime variable value of XICECVR will be
multiplied by the reaeration rate constants for options 1 and 3
For option 2, 1t 1s assumed that 1ce cover 1is built into the t.—*
function REAR

WTYPE and K2 are identifiea in EUTRO5 as constants 1 and £2
VELFN SAL, and REARSG are identifiea in EUTROS as parameters -
2 and 14, respectively WIND, VELN(1-4) GSALFN AIRTMP
AICECVR and REAR are i1dentified in EUTROS as time functions 7
15-18, 20 21, 22, and 23 respectively (Group G Record 4,
PARAM(I 1), PARAM(I,2), PARAM(I,14) Group H, Record 4
CONST(82) Group I Record 2, VALT(7 K) VALT(15-18 K)

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

Modified Streeter-Phelps
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The modified Streeter-Phelps equations divide biochemical
oxygen demand into carbonaceous and nitrogenous fractions and
allow time-variarle temperatures to be specifiec Thais allows
for more realistic calibration to observed data Waste load
allocations, however, are usually projected for design low-flow
conditions

- \Y
Sps = ~ky 83’ Cs - —5—3 (1 - £p) Cs 4 17
- - T-20 _ Va3 - 4 18
Skl - kﬂ ea Cl T (l fDl) Cl

Skﬂ = +k2 eg—zo (CE - Cs) - kd eg‘zo CS

64 - SOD qr-
_-ﬂ-kneizo Cl- D 6220

where §,, 1s the source/sink term for variable 'i1 1in a segment,
in mg/L-day Kinetic rate constants and coefficients are as
dezined in Table 4 1, except for the follcwing

(ON = nitrogenous biochemical oxygen demand (NBOD), as
expressed by TKN, mg/L (use System 1)

k, = nitrogenous deoxygenation rate constant, day'’

8, = temperzture coefficient

for = NBOD d_ssolved fraction

To imolement these equations in EUTROS System 1 (nominally NH3)
must be i1nterpreted as nitrogenous BOD rather than ammonia

Here, NBOD 1s expressed by total kjeldahl nitrogen (TKN) It
directly measured NBOD data are available values should be
divided by 4 57 before use 1n this model Likewise, System 1
moael predictions should be multiplied by 4 57 before comparison
with NBOD data

Environment Parameters

These parameters define the basic model identity 1including
the segmentation and control the simulation

Svysftems-- Select saimulate for NH3, CBOD and DO and
'bypass for the other five systems For this implementation,
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the NH3 system 1s used to represent nitrogenous BOD, as expressed
by TKN (Group A Record 4, NOSYS, Record 9, SYSBY)

Seagments-- Water column segments should be definea i1n the
standard fashion If CBOD or NBOD settling 1s to be simulated
the user should add a single benthic segment underlying all water
column segments This benthic segment will merely act as a
convenient sink for settling BOD Model calculations within thig
benthic segment should be ignored (Group A, Record 4 NOSEG
Group C, Record 3, ISEG, IBOTSG, ITYPE, BVOL, DMULT)

Transport Parameters

This group of parameters define the advective and dispersive
transport of model variables

Number of Flow Fields-- To simulate settling the user
should select solids 1 flow under advection The user should
also select water column flow (Group D Record 1 NFIELD)

Particulate Trarsport, md/sec-- Time variable settling and
resuspension rates for particulate CBOD and NBOD can be input
using the Solids 1 continuity array BQ and the time function QT
For each solids flow field cross-sectional exchange areas (m?)
for adjacent segment pairs are 1nput using the spatially-variable
BQ Time-variable settling velocities can be specified as a
series of velocities 1in m/sec versus time If the unaits
conversion factor is set to 1 157e-5, then these velocities are
input 1in units of m/day These velocities are multiplied
internally by cross-sectional areas and treated as flows that
carry particulate organic matter out of the water column (Grouo
D, Record 4, BQ JQ IQ Record 6 QT TQ)

Boundary Parameters

This group of parameters includes boundary concentrations
waste loads, and initial conditions Boundary concentrations
must be specified for any segment recerving flow inouts outputs
or exchanges Initiel conditions include not only initial
concentrations but also the density and solids transport fiela
for each solid and the dissolved fraction in each segment

Boundarv Concentrations, mg/L-- At each segment boundary
time variable concentrations must be specified for CBOD NBOD
and DO The NH3 system 1s used to represent NBOD, which 1s
expressed as ThN A boundary segment 1s characterized by water
exchanges from outside the network including traibutary inflows

downstream outflows and open water dispersive exchanges (Grouo
E, Record 4 BCT)

Waste Loads, ko/dav-- For each point source discharge taime
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variable CBOD, NBOD, and DO loads can be specified These loads
can reoresent municipal and industrial wastewater discharges, or
urban and agricultural runoff The NH3 system 1s used to
represent NBOD, which 1s expressed as TKN (Group F 1, Record 4
WKT)

Solids Transport Field-- The transport field associated with
particulate CBOD and NBOD settling must be specified under

initial conditions Field 3 1s recommended for both (Group J,
Record 1, IFIELD)
Solid Density, g/cm?-- A value of 0 can be entered for the

nominal density of CBOD, NBOD, and DO This information 1s not
used i1n EUTROS (Group J, Record 1, DSED)

Tnitial Concentrations., mg/L-- Concentrations of CBOD NBOD
and DO i1in each segment must be specified for the time at which
the simulation begins The NH3 system 1s used to represent NBOD,
which 1s expressed as TRN Concentrations of zero for non-
simulated variables -- NO3, PO4, PHYT, ON, and OP -- will be
entered by the preprocessor (Group J, Record 2, C)

D1 1 Fr 1on-- The dissolved fraction of CBOD, NBOD,
and DO i1n each segment must be specified Values for DO should
be 1 0 Only the particulate fraction of CBOD and NBOD will be
subject to settling (Group J, Record 2, DISSF)

Transformation Parameters

This group of parameters includes spatially variable
parameters, constants, and kinetic time functions for the water
gquality constaituents being simulated Parameter values are
entered for each segment Specified values for constants apply
over the entire network for the whole simulation Kinetic time
functions are composed of a series of values versus time 1n

days
ol

W r Temper r -- Time and segment variable water
temperatures can be specified using the parameters TMPSG and
TMPFN and the time functions TEMP(1-4) I temperatures are to
remain constant in time then the user should enter segment
temperatures using the parameter TMPSG TMPEN and TEMP(1-4)
should be omitted

If the user wants to enter time-variable temperatures, then
values for the parameter TMPSG should be set to 1 0 The
parameter TMPFN indicates which temperature function will be usea
by the model for each segment Values of 1 0 2 0 3 0, or ¢ 0
will call time functions TEMP(1l), TEMP(2) TEMP(3) and TEMP(4),
respectively Water temperatures should then be entered via
these time functions as a series of temperature versus time
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values The proauct of TMPSG and the selected TEMP function will
give the segment and time specific water temperatures used by
EUTROS

TMPSG and TMPZN are identified in EUTROS as parameters 3 and
4, respectively TEMP(1-4) are i1dentified in EUTROS as time
functions 1-4 (Group G, Record 4, PARAM(I,3), PARAM(I,4), Group
I, Record 2, VALT(1-4,K))

Sediment Oxvoer Demand, a/m?-day-- Segment variable sediment

oxygen demand fluxes and temperature coefficients can be
specified using the parameters SOD1D and SODTA, respectively
Values should be entered for water column segments that are in
contact with the bottom of the water body If temperatures
remain constant in tame, then SODTA can be omitted (Group G,
Record 4, PARAM(I 9) PARAM(I,11l))

CBQOD Deoxyagenzation Rate, dav !-- The CBOD deoxygenation rate

constant and temperature coefficient can be specified using
constants KDC and KDT, respectaively (Group H, Record 4,
CONST(72), CONST(73))

NBOD Deoxvgerztion Rate, day !-- The NBOD deoxygenation rate
constant and temperature coefficient can be specified using
constants K12C ana K12T respectively (Group H Record 4,
CONST(11), CONST(12))

Reaeration Rate, dav '-- There are three basic options for
specifying reaeration -- a single rate constant segment and tine
variable rate constants, and flow and wind calculated rate
constants These options are described in the Streeter-Phelps
section

Full Tinear DO Balznce

The full DO bzlance equations divide the NBOD process into
mineralization ana nitrafication and add the effects of
photosynthesis ana respiration from given phytoplankton levels

v

5, = -k, 87°° C, - 221 - f) G 4 20
Sk = +kqyy 877° €, - ky, 807 4 21
Sz = +ky, 813°° C, 4 22
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where S,, 1s the source/sink term for variable 1" in a segment,
in mg/L-day Kinetic rate constants and coefficients are as
defined in Table 4 1 In addition, the following are used

k4, = organic nitrogen mineralization rate constant,
dav !

8, = temperature coefficient

Kie = average phytoplankton growth rate constant, day'!
(user must 1nput light and nutrient limited value)

8, = temperature coefficient

£o, = organic nitrogen dissolved fraction

M
Constant phyctoplankton concentrations to be¢6g;d in the DO
balance are input under initial conditions as /L chlorophyll a
If the carbon to chlorophyll ratio 1s not input then a default
value of 30 1s itsed The particulate fractions of CBOD and ON
are associated w.th transport field 3, organic matter settl.ng

Environment Pararsters

These paramezers define the basic model identity including
the segmentation, and control the simulation

Systems-- Se_ect simulate' for NH3, NO3 CBOD DO, anc ON
Select constant for PHYT, and "bypass for P04 and OP {Croup
A, Record 4 NOSYS Record 9, SYSRBY)

Seaments-- +ater column segments should be defined in tne
standard fashion If CBOD or ON settling 1s to be simulatec the
user should add s single benthic segment underlying all water
column segments This benthic segment will merely act as a
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convenient sink for settling organic matter Model caiculations
within this benthic segment should be i1gnored (Group A Pecord
4, NOSEG Group C, Record 3, ISEG, IBOTSG, ITYPE, BVOL, DMULT)

Transport Parameters

This group of parameters define the advective and dispersive
transport of model wvariables

Number of Flow Fields-- To simulate settling, the user
should select solids 1 flow under advection The user should
also select water column flow (Group D, Record 1, NFIELD)

Particulate Transport, m’/sec-- Time variable settling and
resuspension rates for particulate CBOD and ON can be input using
the Solids 1 continuity array BQ and the time function QT For
each solids flow field cross-sectional exchange areas (m’) for
adjacent segment pairs are input using the spatially-variable BQ
Time-variable settling velocities can be specified as a series of
velocities 1n m/sec versus time If the units conversion
factor 1s set to 1 157e-5 then these velocities are input in
units of m/day These velocities are multiplied internally by
cross-sectional areas and treated as flows that carry particulate
organic matter out of the water column (Group D, Record 4 BQ
JQ, IQ, Record 6, QT, TQ)

Boundary Parameters

This group of parameters includes boundary concentrations
waste loads, ana initial conditions Boundary concentrations
must be specified for any segment 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 segment

Boundary Concertrations, ma/L-- At each segment boundary,
time variable concentrations must be specified for NH3 NO3, ON
CBOD and DO 4L boundary segment 1s characterized by water
exchanges from outsiae the network, including trabutary inflows
downstream outflows and open water dispersive erchanges {(Groun
E Record 4, BCT)

Waste Loaas, kg/dav-- For each point source discharge taime
variable NH3, NO3, ON CBOD, and DO loads can be specified
These loads can represent municipal and industrial wastewater
discharges, or urban and agracultural runoff (Group F 1 Record
4, WKT)

Solids Transport Field-- The transport field associated witr
particulate CBOD ana ON settling must be specified unader inaitial
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conditions Field 3 1s recommended for both (Group J, Record
1, IFIELD)

S$0l1d Dermsaty, ag/cr -- A value of 0 can be entered for the
nominal density of Nu3, NO3, ON, CBOD, and DO This information
1s not used in EUTRO5 (Group J, Record 1, DSED)

Initial Concentrations, ma/L-- Concentrations of NH3, NO3,
ON, CBOD, and DO in each segment must be specified for the time
at which the saimulation begins Average concentrations of PHYT
expressed as /L chlorophyll a, must be specified as well
These are converted to mg/L phytoplankton carbon in EUTROS using
a default carbon to chlorophyll ration of 30 Phytoplankton
concentrations will remain constant throughout the simulation ana
affect DO through photosynthesis and respiration Concentrataions
of zero for non-simulated variables -- PO4 and OP -- will be
entered by the preprocessor (Group J, Record 2, C)

Dissolved Fraction-- The dissolved fraction of NH3, NO3, ON,
CBOD and DO in each segment must be specified Values for DO
should be 1 0 Only the particulate fraction of CBOD and ON will
be subject to settling (Group J, Record 2, DISSF)

Transformation Parameters

This group of parameters includes spatially varaiable
parameters, constants, and kinetic time functions for tne water
quality constituents being simulated Parameter values are
entered for each segment Specified values for constants aoply
over the entire netvork for the whole simulation Kinetic time
functions are composed of a series of values versus time an
days

Water Temperatire, ®3]-- Time and segment variable water
temoeratures can be specified using the parameters TMPSG and
TMPFN, and the time functions TEMP(1-4), as described in the
modified Streezer-Phelps section

Sediment Oxvger Demand, g/m?-dav-- Segment variable sed_ment
oxygen demand ZIluves and temperature coefficients can be
specified usirg the parameters SOD1D and SODTA respectively
Values should pe entered for water column segments that are in
contact with the bottom of the water body (Grouo G Recora 4
PARAM(I 9), PZRAM(I 12))

Nitrogen Mineralization Rate, dav '-- The mineralization
rate constant ana temperature coefficient for dissolved organaic
nitrogen can be svecified using constants K71C and K71T
resovectively (Croup H Record 4, CONST(91), CONST(92))

Nitrafication Pate, day !-- The nitrification rate conscant
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and temperature coefficient for dissolved ammonia nitrogen can b
specified using constants K12C and K12T, respectively (Grcup H
Record 4, CONST(11), CONST(12))

CBOD Deoxvaenation Rate, dav -- The CBOD deorygenation rate
constant and temperature coefficient can be specified using
constants KDC and KDT, respectively (Group H, Record 4,
CONST(72), CONST(73))

Reaeration Rate, dav !-- There are three basic options <or
specifying reaeration -- a single rate constant, segment and time
variable rate constants, and flow and wind calculated rate
constants These options are described in the Streeter-Phelps
section

Photosvnthesis Rate, dav !-- The average phytoplankton
growth rate constant and temperature coefficient can be input
using constants K1C and K1T, respectively For DO balance
simulations where phytoplankton dynamics are bypassed the crowth
rate constant must reflect average light and nutrient limitations
in the water body (Group H, Record 4, CONST(41), CONST(42))

Respiration Rate, dav !-- The average phytoplankton
respiration rate constant and temperature coefficient can b=
input using constants R1RC and KI1RT respectively (Group =,
Record 4, CONST(50), CONST(51))

Nonlinear DO Balance

The nonlinear DO balance equations add feedback from DC
concentratons to terms in the linear DO balance equations
presented above This feedback can become important in
inhibating nitrification ana carbonaceous oxidation and in
promoting denitrification where low DO concentrations occur

For this level of analysis, the linear DO balance equazaions
presentea above are supplemented wvith nonlinear terms for
carbonaceous oxiaation, nitrification, and denitrification
These terms are presented ip Figure 4 2 and Table 4 1 The
environment transport and poundary parameters required tc
implement the nonlinear DO bzlance are the same as those ir the
linear DO balance presented above The user should supplem=nt
the transformation parameters presented above with the follcwing

Nitrification Rate, dav™'-- The nitrification rate conscant
and temperature coefficient for dissolved ammonlia nitrogen can be
specified using constants K12C and K12T respectaively The nalf-
saturation constant for oxygen limitation of nitrafication can be
specified using constant KNIT The default value for KNIT -s
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0 0, i1ndicating no oxyger limitation (Group k, Record 4
CONST(11), CONST(12) CONST(13))

Denitrificatiop Rate dav !-- The denitrification rate
constant and temperature coefficient for dissolved nitrate
nitrogen can be sovecified using constants K20C and K20T,
respectively The half-saturation constant for oxygen limitation
of denitrification can be specified using constant KNO3 The
default value for KNO3 1s 0 0, indicating no denitrification at
oxygen concentrations abowve 0 0 (Group H, Record 4, CONST(21)
CONST(22), CONST(23))

CBOD Deoxvgenation Rate, dav !-- The CBOD deoxygenation rate
constant and temperature coefficient can be specified using
constants KDC and KDT, respectively The half-saturation
constant for oxygen limitation of carbonaceous deoxygenation can
be specified using constant KBOD The default value for KBOD 1is
0 0 indicating no oxygen limitation (Groun H, Record 4
CONST(72), CONST(73), CONST(75))

Data Group Descriptions

Input datasets to si=ulate DO balance 1n a river are given
with the model software A comprehensive listing of the WASPS
data groups, records ana variables 1s given in Part B of this
documentation
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CHAPTER 5

EUTROPHICATION

5 1 MODEL DESCRIPTION

Intxr i0on

Nutrient enrichment and eutrophication are continuing
concerns in many water bodies High concentrations of nitrogen
and phosphorus can lead to periodic phytoplankton blooms and an
alteration of the natural trophic balance Dissolved oxygen
levels can fluctuate widely, and low DO concentrations 1n bottom
waters can result

Eutrophication has been modeled for approximately 30 vears
The equations implemented here were derived from the Potomac
Eutrophication Model, PEM (Thomann and Fitzpatrick 1982) and
are fairly standard Sections of this text are modified from the
PEM documentation report

Querview of WASPS Futrophication

The nutrient enrichment eutrophication, and DO depletion
processes are simulated using the EUTROS5 program Several
physical-chemical processes can affect the transport and
interaccion among the nutrients, phytoplankton, carbonaceous
material and dissolved oxygen in the aguatic environment
Figure 5 1 presents the principal kinetic interactions for the
nutrient cycles and dissolved oxygen

EUTROS can be operated by the user at various levels of
comolexity to simulate some or all of these variables and
interactions Four levels for simulating the DO balance were
described in Chapter 4 Three levels of complexaty for
simulat_ng eutropnication are i1adentified and documented at ctne
end of this section (1) simple eutrophication kinetics (2)
intermeaiate eutroohication kinetics, and (3) intermediate
eutrophication kinetics with benthos The user should become
familiar with the full capabilities of EUTROS even i1f simpler
simulations are planned

EUTROS simulates the transport and transformation reactions
of up to eight state variables, 1llustrated in Figure 5 1 Tney
can be considerea as four interacting systems phytoplankton
}inetics, the phosphorus cycle, the nitrocen cycle, and the
dissolved oxygen balance The general WASPS mass balance
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Figure 5 1 EUTROS state variable interactions

equation 1s solved for each state varaiable To this general

equation the EUTROS5 subroutines add spe tran ation
processes to _customize tne general mas el

-
state varaiables in tne water column and benthos  Following a
short summary of the material cycles the rest of Section 5 1
covers the specific detzils for the several transformation
sources and sinks

Phosphorus Cycle

Dissolved or available inorganic phosphorus (DIP) interacts
with particulate inorganic phosphorus via a sorption-desorptior
mechanism DIP 1s taken up by phytoplankton for growth, and 1is
incorvorated into phytoolankton biomass Phosphorus 1s returnsc
from the phytoplankton biomass pool to dissolved and particulate
organic phosphorus and to dissolved inrorganic phosphorus througn
enaogenous respiration and nonpredatory mortal.ty Organic
phosphorus 1s converted to dissolved inorganic phosphorus at a
temperature-dependent mineralization rate
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Nitrogen Cycle

The kinetics of the nitrogen species are furdamentally the
same as the phosphorus system Ammonia and nitrate are taken up
by phytoplankton for growth and incorporated into phytoplankton
biomass The rate at which each 1s taken up 1s a function of 1its
concentration relative to the total inorganic nitrogen (ammonia
plus nitrate) available Nitrogen 1s returned from the
phytoplankton biomass pool to dissolved and particulate organic
nitrogen and to ammonia through endogenous respiration and
nonoredatory mortality Organic nitrogen i1s converted to ammonia
at a temperature dependent mineralization rate, and ammonia is
then converted to nitrate at a temperature- and oxygen-dependent
nitrification rate Nitrate may be converted to nitrogen gas in
the absence of oxygen at a temperature- and oxvgen-dependent
denitrification rate

Dissolved Oxygen

Dissolved oxygen is coupled to the other state variables
The sources of oxygen considered are reaeration and evolution by
phytoplankton during growth The sinks of oxygen are algal
resviration, oxidation of detrital carbon and carbonaceous
material from waste effluents and nonooint discharges, and
nitrification These processes are discussed in Chapter 4

Phyvzoplankton Kinetics

Phytoplankton kinetics assume a central role in
eutrophication affecting all other systems An overview oI thas
sysiem 1S given in Figure 5 2

It 1s convenient to exvress the reaction term of
phytoolankton Svyy, @s a difference between the growth rate of
phytopnlankton and their death ana settling rates in the volume
V,  That 1is

Skiy = (Gp1y = Dpyy ~ kgyy) Py 51
where
S, = reaction term, mg carbon/L-day
P, = pnytoplanktor pooulation, mg carbon/L
Gy, = growth rate constant, cay'!
D, = aeath plus respiration rate constant, day'!
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K deazn (T 1)

R, sec=ling (T %)

Figure 5 2 Phytoolar zon kinetics

Keey = settling rate constant, day'!
3 = segment r..mber unitless

The subscrapt 1 1as—tifies the cquantities as referring to
phytoplankton type 1, (c—ly one type 1s considered in zhis
particular model) tne s._.bscrapt j refers to the volur= element
being considered Tne zzlance between the magnitude cZI the
growth rate and deatn rzzZe (together with the transpor:
settling and mivaing) aszermines the rate at which phyz-oplanktc~
mass 1s created in the volume element V, In subseque—t text & 2
in figures subscrivts _ and j will be omittec unless needed fcr

claraity
Phytoplankton Growth

The growth rate of a population of phytoplankton ain a
natural environment 1s & complacated function of the species oI
phytoplankton present and their differing reactions to solar
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radiation temperature, and the balance between nutrient
avallability and phytoplankton requirements The available
information 1s not sufficiently detailed to specify the growth
kinetics for andividual algal species in a natural environment
Rather than considering the problem of different species and
their associated environmental and nutrient recuirements, this
model characterizes the population as a whole by the total
biomass of the phytoplankton present

A simple measure of total biomass that i1s characteristic of
all phytoplankton, thqro_gx;lﬁaL,%i used as the aggregated
variable _The prlqclpalwgggdﬁtages are thapﬂthg measurement 1s
direct, atVintegrates cell types.and ages Yand 1t accounts for
cell vigbility _ The pr1nc1palL@gsadvantag§ 1s that 1t 1s a
community measurement with no differentiation of functional
grouns (e g diatoms, blue-greens) also, 1t 1s not necessarily
a " good measurement of standing crop in dry weight or carbon units
because the chlorophyll-to-dry-weight and carbon ratios are
variable and non-actaive chlorophyll (phaeopigments) must be
measured to determine viable chlorophyll concentrations

As can pe seen from the above discussion, no simple
aggregate measurement 1s entirely satisfactory From a practical
point of view, the availability of extensive chlorophyll data
essentially dictates its use as the aggregate measure of the
phytoplankton population or biomass for calibration and
verification purposes For internal computational purposes
however EUTRO5 uses phytoplankton carbon as a measure of algal
biomass Using either a fixed or variable carbon to chlorophyll
mechanism (aiscussed subsequently), phytoplankton chloropnyll a
may be computed and used as the calibration and verafication
garlable to pe compared against observed chlorophyll a field

ata

With a choice of biomass units established a growth rate
that expresses the rate of production of biomass as a functicn o:
the i1mportant environmental variables (temperature laight, ard
nutrients) may be developed The specific growth rate G, n
segment J 1s related toégé, the maximum 20%5/ growth rate at

optimum ligk:s and nutrl

s, via the followlng equation

Gp1y = Kic Xpry Xpry Xpy, 5 2
N ~ -
where
Xapy = the temperature adjustment factor dimensionless

Xpy = the light lamitation factor as a function of I f
D, and K,, dimensionless
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Xey = the nutrient limitation factor as a function of
dissolved inorganic phosphorus and nitrogen (DIP
and DIN), dimensionless

T = ambient water temperature, 3|

I = incident solar radiataion, ly/day

f = fraction day that is daylight, unitless

D = depth of the water column or model segment, m
K. = total light extainction coefficient, m'

DIP = dissolved inorganic phosphorus (orthophosphate)

available for growth, mg/L

DIN = dissolved 1inorganic nitrogen (ammonia plus
nitrate) available for growth, mg/L

An initial estimate of k,. can be made based upon previous
studies of phytoplankton daynamics and upon reported literature
values (such as Bowie et al 1985) and subsequently refined
duraing the calibrataion and verification process This maximum
growth rate constant 1s adjusted throughout the simulation for
ambient temperature, light, and nutrient conditions

Temperature -- Water temperature has a direct effect on the
phytoplankton growth rate The selected maxaimum growth rate is
temperature-corrected using temporally- and spatially-variable
water column temperatures as reported in field studies The
temperature correction factor i1s computed using

Xpry = 8100 | o4 5 3
SN NN
where
8. = temperature coefficient, unitless
Licot -- In the natural environment, the light intensity to

which the phytoplankton are exposed i1s not un:iformly at the
optimum value At the surface and near-surface of the air-water
interface photoanhibition can_occur_at high light 3 1ntens;_;es
whereas _at depths below the euphotlc\¥one light is not avail

fo photosynthesis due to natural and algal- related turbldlty

Moaeling frameworks developed by Di Toro (1971), and by
Smith (1580) extending upon a light curve analysis formulated DYy
Steele (1962) account for both the effects of supersaturataing
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lign: intensaities and light attenuation through the water column
The instantaneous deoth-averaged growth rate reduction developed
by D. Toro 1s presented in Equation 5 4 and 1is obtained by
integrating the specific growth rate over depth

_— e I, I,
= -Za -K. D)} - - 5 4
Xar KeDf [exp{ Iﬂexp( K, )} exp ( Is)]
-~ e C {’/ *
where \ NP
I, = the average incident light intensity during
daylight hours “just below the surface assumed to
average 0 § I/f, ly/day
I, = the saturating light intensity of phytoplankton,
ly/day
K, = the light extinction coefficient, computed from

the sum of the non-algal light attenuation, ~e
and the phytoplankton self-shading attenuation,
Kesre (as calculated by Equation 5 5), m'!

Kogps = 0 0088 P, + 0 054 P&’

and P., = phytoplankton chlorcphyll concentration R/

Typical clear sky values of surface light intensity forxr
arfiZszrent latitudes and months are provided in Table 5 1

Equation S 4 1s quite similar in form to that developec by
Smit~, which 1s also available as an option 1n this model

- I I -
X () = =5 mmrulamhk.m}-mmh—ﬁ] 5 6
e K, D { I, e I,
wnera
I (e) =(F I Z & =0 -
5 () (2 f) SIN( - t=0-7f -,
=0, t=f-1
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Table 5 1 (alCuLlzz=2a S0lar raQlant rnergy riuXx t. &
Horizontal Surface Lnder a Clear Sky (langleys/day)

LT g

Season

Time Annual

Latitude of Day Spring Summer Fall Winter Mean
30FK Mean® 680 750 530 440 600
Mid-Day? 2100 2200 1700 1400 1900
4045 Mean 650 740 440 320 540
Mid-Day 1900 2100 1400 1000 1600
50%% Mean 590 710 330 190 460
Mid-Day 1700 1900 1000 650 1300

lcalculated seasonal means under a clear sky, representing
upper limits for solar radiant energy at sea level
Reference Weast and Astle (1980)

Mid-day flux extended over a 24-hour period, assuming an
atmospheric turbadity of 0 precipitable water content of
2 cm, and an atmospheric ozone content of 34 cm NTP
Reference Ropainson (1966)

e ]

and
T =k1cxm'ece 5 8
5 [+ K. £,
where
I, = the time variable incident lignt intensity Jjust

below the surface, assumed to follow a half sin
function over daylight hours, ly/day

. = the quantum yield, mg carbon fixed per mole of
light aquanta absorbed

K. = the extinction coefficient per unit of
chlorophyll, m?/mg chlorophyll a
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the light extlnctlonigggfﬁggiﬁnt, computed from
the sum of the non-algal light attenuation K. ,

and the phytoplankton self-shading attenuation,
Kesra (@s calculated by Equation 5 9), m!

£, = units conversion factor (0 083, assuming 43%
incident light 1s visible and 1 mole photons 1s
equivalent to 52,000 cal), mole photons/m?-1y

6. = the ratio of carbon to chlorophyll in the
phytoplankton, (mg carbon/mg chlorophyll a)

e = the base of natural logarithms (2 71828), unitless

Equations 5 6 - 5 9 give a light limitation coefficient that
varies over the day with incident laght This term 1is
numerically integrated over the day within the computer program
to obtain daily average light limitation

Xz =1x,(t)dt 5 10
o

The term I,, the temperature-dependent light saturatior
parameter 1s an unknown in the Di Toro light formulation and
must be aetermined via the calibration-verification process In
the Smitn formulation, this term 1s calculated from parameters
that are reasonably well documented 1n the literature As Smith
(1980) points out, since the early expveriments of Warburg and
Negelein (1923), maximum photosynthetic guantum vield (¢...) has
been measured for a wide range of conditions (reviewed by Kok,
1960) a~d a nearly temperature-indeperdent value of 0 08 to 0 1
mole 0, oer mole of photons absorbed 1s now widely acceoted ZoT
photosynthesizing plants in general in the laporatory Barnister
(1974a) gives good arguments for adopting 0 06 mole carbon (0
mole O,) per mole of photons as the maximum ylield for plankton ir
nature— Reported values for (K. generally fall in the range 0 01
to 0 02 rmg?! and 0 016 nﬁmg’“ﬁas been suggested as the
appreximate average (Bannister, 1974b)

A second feature incorporated in the moaeling framework
derived Zrom Smith s work 1s the calculation of a variable carbon
to chlorophyll ratio based on the assumption that adaptive
changes _n caroon to chlorophyll occur so as to maximize tre
specrfic growth rate for ambient conditions of light and
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temperature mith found that phytoplank:zon adjust chlorophyll
composition sO that I, roughly equals 30% of the average
available iright  Th& éxpression used to calculate the carbon to
¢hlorophyll ratio 1s presented in Equatior 5 11

8 =03 DmxKfy ;[1-eF 5 11
¢ K, Xz e | KD

where the latter term i1s the average daily solar radiation withan
a segment aurang daylight hours, in ly/day Note that
substituting Equation 5 11 into 5 8 gives an I, equal to 30% of
the average available light

A review of reported carbon/chlorophyll ratios in nature
(Eppley and Sloane, 1966) suggests that physiological factors (an
part the energy cost of synthesizing chlorophyll as compared with
other cellular compounds) come into play to prevent 8. from going
much below 20 even in very low light This lower limit of 20
has been ircluded when determining a value for 6. Previously
reported values of 8. from algal composition studies conducted by
EPA Region III's Central Regional Laboratory (CRL) are compared
in Table 5 2 to calculated values of usinc Eguation 5 11 There
1s general agreement between the measured and calculated values
Unfortunately, no wainter algae compositior studies were available
for comparison purposes

Nutrients -- The effects of various rutrient concentrations
on the growth of phytoplankton have been _nvestigated and the
results are quite complex As a first aprroximation to the
effect of -atrient concentration on the growth rate it 1s
assumed thzt the phytoplankton population in cuestion follows
Monod growth kinetics with respect to the important nutraients
That 1s, at an adequate level of substrate concentration the
growth rate proceeds at the saturated rate for the ambient
temperature and light conditions present At low substrate
concentrat_on, however, the growth rate becomes linearly
proportionzl to substrate concentration Thus for a nutraent

with concerzration N in the 3*® segmen t ctor by which the
(Zifurated crowth rate 1s reduced 1s [N,/(+« + N.) The constant
b}

(called the Mic r ~-sat ) 1s the
nutrient ccncentration at_which the growth rate 1s half the
safurated crowth rate Because there are two nutrients, nitrogen
and phosphorus considered in this framework, the
Michaelis-Menten expression 1s evaluated for the dissolved

inorganic Zorms of both nutrients and the minimum value 1s chosen
to reduce the saturated growth rate, as given by Equation 5 12
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Table 5 2 Carpon Lo .nilcrophyll a rat.o

Carbon/Chlorophyll a

A% %] C/H] Chlorophyll a

Sampling Period Observed Observed Predicted
Mean Pange Range

July 20-Oct 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 1978° 26-30

1 Elemental analysis of blue-green algae

2 Laboratory elemental analysis of overall

phytoplankton population
3 Estimates of cell composition based upon field data

rrh 3 iy
4
DIN DIP
Xy = Man 5 12
ind (KM + DIN ' Kpp + DIP)
N N T N
J/)) - . / ~

At the user's airscretion, the ﬁultlpllcatlve formulation Zor
ratrient limitation may be selected This formulation multaipl_es
Z1e two terms in 5 12 It 1s not generally recommended

Figure 5 3 presents plots of G(N} versus DIN and DIP witp
—: = 25 HU-N/L and K., = 1 HJ-P/L, respectively The upper plot
csnows the standard Michaelis-Menten response curve to various
concentrations of the inorganic nutrients As can be seen, no
significant reduction in growth rate is achieved until DIN_1S
_ess _than 200 _3j/L (0_2_mg/l) or until DIP 1s less than 8 ¥/~
(0 008 mg/1l)

The lower plot on Figure 5 3 uses an expanded nutrient sczle
and shows the Michaelis-Menten formulation in a slightly
arfferent format Here the impact of the function may be
evaluated quite readily For example, a particular reach of tne
water body may have concentrations of DIN equal to 100 F/L
T11s corresponds to a 20% reduction in the growth rate (X.y =
0 8) In order for phosphorus to become the limitaing nutrient 1ipn
tne same reach, dissolved i1norganic pnosphorus must reach a level
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EFFECTS OF NUTRIENT LIMITATION ON GROWTH
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Figure 5 3 Effects of nutrient limitation on growth rate

assuming K., = 25 HJ-N/L K. = 1 HJ-P/L
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of 4 FJ/L or less It should also be noted tnat _f upstream
nitrogen controls were Anstituted such that DIN was reduced to 60
Hi/L for that same reach then a further reduction in DIP to 2 5
/L would be required to keep pnosphorus as the limiting
nutrient In other words as water column concentrations of DIP
begin to approach growth limiting levels due to continued
reduction 1n point source phosphorus effluents, any nitrogen
control strategies that might be instituted would require
additional levels of phosphorus removal in crder to keep
phosphorus as the limiting nutrient

Phytoplankton Death

Numerous mechanisms have been provosed that contribute to
the biomass reduction rate gf phytoplankton endogenous
respiratjion, grazing by herbivorous zooplankton, and
parasitization The first two mechanisms have been included in
previous models for phytoplankton dynamics, and they have been
shown to be of general importance

The endogenous respiration rate of phytoplankton is the rate
at which the phytoplankton oxidize their organic carpbon to carbon
dioxide per unit weight of phytoplankton organic carbon
Respiration 1s the reverse of the photosynthesis process and, as
such, contributes to the reduction in the biomass of the
phytoplankton population If the respiration rate of the
phytoplankton as a whole 1s greater than the growtn rate, there
1s a net loss of pnvtoplankton carbon or biomass The endogenous
respiration rate 1s temperature dependent (Riley, 1949) and 1s
determined via Eguatzon 5.13

kio(T) = kp(20°C) 8{7>" 513
where
k. (2085)) = the endogenous respiration rate at 2085] °¢
day ?
ko (T) = the temperature corrected rate day'
8- = temperature coefficient, dime~sionless

Reported values of endogenous respiration at 20 (vary from
0 02 day! to 0 60 day' with most values falling between 0 C3
day ! and 0 20 day ! (Bowie et al , 1985) D1 Toro and Matys:z-<
(1980) report a value of 1 045 for 8, The total b.omass
reduction rate for the phytoplankton in the jth segment 1s
expressed via Eguation 5 14
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D,, = kyx(T) + kyp + kyg Z(t) 5 14
where

Dy, = biomass reduction rate, day !

kip = death rate, representing the effect of

par;s%t%éatlon, 1 e , the infection of algal cells
by other microorganisms, and toxic materials, such
as chlorine residual, day?

X16 = grazing rate on phytoplankton per unit zooplankton
population, L/mgC-day

Z{t) = herbivorous zooplankton population grazing on
phytoplankton, mgC/L

Note that the zooplankton population dynamics are described
by the user, not simulated If population fluctuations are
important in controlling phytoplankton levels in a particular
body of water, the user may want to simulate zooplankton and
their grazing On the other hand, many stuaies need only a
constant first order grazing rate constant, where grazing rates
are assumed proportional to phytoplankton levels In that case,

k,; can be set to the first order constant with Z(t) omitted  —
{(default value = 1) eported grazing rates va £ - 5
L/mgC-day (Bowie et al , 1985

Phytoplankton Settling

The settling of phytoplankton 1s an important contributaien
to the overall mortality of the phytoplankton population,
particularly _n lakes and coastal oceanic waters PUblished
values of the settling velocaty of phytoplankton, mostly under

1y guiescent laboratory conditions, range from 0 07-18 m/day In
§ome instances however the settling velocaty 1s zero or
negative 2or et in 1l wa 1s a complex

phenomenon, aZfected by vertical turbulence, density gradients,
and the g%X§igi9gggg};§;§£§EEEZEE§:HI££§§ent species of
phytoplankton Although the effectaive settling rate of
phytoplankton 1s greatly reduced in a relatively shallow well
mixed river or estuary due to vertical turpulence it still can
contribute to the overall mortality of the algal population In
addition, the settling phytoplankton.can be a significant _source
of nutrients to.the_sediments and can play an important role 1n
the sediment_oxygen demand. In EUTROS, phytoplankton are equated
to gg;gqppprAZ Time and segment-variable phytoplankton
setfling velocities can be input by the user then, using
transport field 4, so that
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Table 5 3 Phytoplankton Net Growth Terms

D ription Notation Values Units

/Extinction Coefficient K, 0 1-5 m!
Segment Depth D 0 1-30 m
Water Temperature T 0-35 °C
Fraction of day that i1s f 0 3-0 7 -
daylight
Average Daily Surface I, 200-750 langleys/day
Solar Radiation
Zooplankton Population YA 0 mgC/L

R nstants
D ription Notation Values Units
Maximum Growth Rate Kic 2 0 (13~18)  @ay:? AN
Temperature Coefficient 6, 1 068 none 1T
Maximum Photosyntbhetic s 720 0 mg C/mole pH™ 'c «
Quantum Yielc | - photon
REER NG

Phytoplankton Self- K. 0 017 ,m*/mg Chl a (gtc _¢
Light Attenuation L R A

, Carbon-Chloropbhyll e, 20-50 - CCHL Lt
Ratio
Saturating L_ght I, 200-500 langleys/day ¢
Intensity
Half-Saturataon Ko 25 0 LI N/L O kfng o
Constant for Nitrogen raa T ¢
Half-Saturation Knp 10 #] p/L <™ Gl
Constant for Pnospnorus Suy Ao
Endogenous Resoira