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ABSTRACT

A mathematical simulation model suitable for continuous
simulation of stormwater quality and quantity in a regional
river basin has been developed. This model responds to an
identified need for an improved capability for planning
analysis of urban stormwater pollution. Developed
specifically for a regional planning level analysis, the
model contains a npmber of features which distinguish it
from existing alternatives. The model, which is structured
as a modular system of functional routines oriented towards
a sequential analysig of time series water quantity bnd
water gquality data, 4s flexible and comprehensive. The scope
and level of sophistication of the model is appropriate for
typical stormwater guality manangement investigations as

presently practiced, ang the model can be readily expanded
to meet changing needs. : .
. . . “w :

To provide an economical and more flexible alternative
instream routing capability, a routing scheme based on
convolution of a response function is included in the mgdel.
A method for deriving the required response function has
been developed which is different from existing approaches;
testing against established approacges shows that this
method produces results consistent with two-dimensional

.models, but requires a relatively smaller amount of computer
time. :

An alternative catchment runoff volume algorithm has also
been developed. This approach uses an Antecedant
Precipitation Index to update soilmoisture conditions and
thereby el?hinates the complexity of typical loss functions
based on soil moisture accounting. Testing of the model
against observed flow data and against other models shows it

to be superior to comparable alternatives, and more
economical.

Test applications of the model been carried out against
an/hypothetical catchment; this tést catchment was
consistent with conditions encountered in Ontario. The
results of this testing indicate that the model is
appropriate for its intended purpose. A principal ‘conclusion
of this testing is that single valued criteria for water
quality management are inappropriate; an alternative is
suggested in the form of an allowable design space, which is
more comprehensive tHan single valued approaches.,

- 4



ACKNOWLEDGEMENTS

Thanks is given to those who assisted in completion of this
work. Most of .all Dr. Wisner, my advisor, is thanked for his
presence as a constant source of supportive critical advice
and improvement. The faculty of the Department of Civil
Engineering were consistently helpful in discussion, and
this support is graggfully acknowledged. ° N~

External support from several sources .is also acknowledged.
Dr. Lam at the Canadg Center for Inland Waters in particular
is thanked for his reéview of the. instream routing algorithm
developed in this re rch. Opportunities were provided to
test the model on behalf of the City of Calgary and the City
of Ottawa in practic¢al applications, and the insight
provided by these opportunities is appreciated. John

MacKensie and l?hi.lipcgg’eﬂ],.uu;,l who discovered and reported
'bugs' in the model € during these practical

applications, are thanked both by myself and on behalf of

the future users who will not suffer th® same problems.

. P



e
-./\\J TABLE OF CONTENTS -
TITLE . A PAGE
Abstract .
\\ 1.0 Intrdduction and Problem De:inition‘ 1.1
' 1.1 Goenepal | : 1.1
S _ . .
1.2 Problem Definition b7 1.2
1.2.1 Receiving Water Protection 1.3
1.2.2 The Role of a Planning 1.10
Model for Water_ Quality Management
1.2.3 The Ph?aical System 1.14
1.3 Review of Existing Simulation Approaches 1.17
1.3.1 The Current State of the Art of 1.17
Simulation Models
1.3.2 Experience with Application of 1.26
Existing Simulation Models
1.4 Conelusions | ' ) 1.31
2.0 Research Objectives 2.1
s ;
3.0 Literature Review 3.1
3.1 Analytical Methods for Pollutant ' 3.1
Source Simulqgion :
3.2 Pollutant Routing } \ 3.9
4.0 Model Development e Bl
4.1 Design Assumptions 4,2
4.2 Model Structure g 4.6
4.3 Summary 4,10
5.0 Instredm Pollutant Routing = - : 5.1
5.1 Introduction ' ’ ) 5.1
5.2 Proposed Routing Method - 5.6
;_;_.
5.3 Testing the Proposed Method 5.38
5.3.1 Comparison to the Hamdi et al 5.38

(1979) Model .
5.3.2 Testing of Time Discretization 5.1



)

5.4 Application of ,the Proposed Method

5-3-
5.3.

3 Comparison to Simons and Lam Model

4 Comparion to One-Dimensional
Approaches

-

- 5,5 Summary

Runoff Quantity Estimation

Introduction

Overview of Catchment Runoff Estimation

Runoff Volume Estimaéion

Summary

Application of Model

7.1 Introquction

7.2

7.3

Comparative Calibration to
Ottawa Catchment Data

Detailed Calibration to Sawmill
Creek Flow Vqlume Measurements

Detailed Comparative Calibration

to Wixon Creek Flow Volume Measursments

Detalled Calibration to Sawmill Creek

es
.6.

.6
.6.
.6.

T
7
7
7
7
7

t

Water Quality Measurements

ville Analysis

1 Exisitng Pollutant Loads

2 Future Pollutant Loads

3 Control Pond Configuration 'A'
4 'R
5 IC!

Control Pond Configuration
Control Pond Configuration

7.7 Implications for Regulatory Policy

8.0 Conclusions

8.1 Géneral

8.2 Specific Conclusions

8.3 Future Reseérch

7.21
7.23
7.24
T.24
7.27
7.28

7'30,




Appehdlx
Appendix
Appendlx
Appendix

Appendix

D

E

Pollutant and Runoff Generation
Simulatian of Control Popds
River Routing

Mode;‘Structﬁre and Input Data

Model Output

List of References




5.6

LIST OF FIGURES

TITLE

A View of the Process of Control Pond

System Design /’/,

,Carruthers Crédek at Ajax-

A Typical Devéloping Watershed

Conceptual Formulation of Program Components

Stages of Mixing in a R

Concept of Particle Behaviour Instream
Definition Sketch for Equation 5.16
Definition Sketch for Equation 5,27

Definition Sketch for Solution off Mass
Distribution for Arbitrary Point of Input

In a Confined Channel

Comparison of Lateral Distributions Predicted

by the MOE Model and the Proposed
Approximation

Veloeclity Distr}bution in Test Case Channel

Influence of Time Discretiz%tion on Response

Curve for. Teat Channel

bomparison of Cumulative Mass Curves When
5 and 6 Time Steps Are Used In Simulation

Convergence of Response Function as Number
of Time Steps Increases

Longitudinal CEHEg:tration Distribution
Comparison of Results

Comparison of 2-D and Proposed Model With
One-Dimensional Solution

Conceptual Sketch of Basin Runeoff Quantity
Routing

CN¥* vs API at Seymaz

AFTER
PAGE
1.12

1.15

5,48
5,42
5.42
5.42

5.42

>




IR RTINS

6.3

7.2
7.3a
7.3b
7.4
7.5

T.11

T.12

Test Fit of Regressions, Seymaz Data from .
Jobin (1979) : '

Analysis of Ottawa Catchment Data -
Preliminary Sawmill Creek Ana1¥sis

Detailed Sawmill Creek Analysis- Flow Vollume
Detailed Sawmill Creek Arnalysis- Flow Rate
Wixon Creek Calibration- Flow Volume

Observed Errors in Wixon Creek Flow Volume
Simulation -

Preliminary Analysis of Fecal Coliform

and Flow Data for Sawmill Creek, 1981
"Control Pond Analysis in Sawmill Creek

. Testville Area Plan

Effect of Development- Instream Concentration
at Point 'A!

Effect of Development- Instream Concentration
at Point 'C?

Effect of Control Pond 'A'~ Instream

.Concentration at Point 'A'

Testville- Impact of Undersized
Control Pond

Effect of Control Pond 'B'= Instreanm
Concentration at Point ‘'A? . <

Effect of Control Pond 'C'- Inatream
Concentration at Polint 'A?

Two Possible Approaches to Definition of
An Allowable Design Space for Controlled
Concentration Duration Curves

7.25

7T.25

7.27

7.28

7.31




LIST OF TABLQﬁ.
- . . v
TITLE -
Evaluation of Available Models
Available Model Commands

Rideau Study Catchment Data

Sawmill Creek’ Calibration Analysis

Results of Sawmill Creek Callbration

hd
i

Rainfall Eveht Totals, Event of

81/8/4 to 81/877 o

Resulbs of Sawmill Creek Calibration

Omitting event of 81/8/4 to 81/8/7

Sawmill -Creek Fecal Coliform
Bacteria Calibration

Comparison of Calibration to
Fecal Coliform Bacteria -
Using HSPF and the Proposed Model




1.0 Introduction and Problem Definition:

1.1 General

A facet of water resources engineering which has come
to be of increasing importance in recent years is the
management of water pollution. It has been well
documented that stormvater can be a significant
carrier of pollutants in some river basins, and as °
a . result a major effort has been made to develop
analytical techniques and control technology so that

- impacts of pollutants borne by stormwater can be
assessed and if necessary mitigated (Amades et al,
1980; Beard et al,1979; Bedient et al, 1980; Delleur et
al,1979; Meadows et al, 1978; Oliver et al, 1981; andg
others.) This effort has been accompanied by a
proliferation in available means of analysing
stormwater pbllution, and a growth of experience in
application of these methods. A major purpose in this
development has been the creation of mathematical
models capable of simulating physical processes related

@
to the problem of stormwater. pollution.

These models now provide the capability to assess many -
common stormwater quality management problems; however,
as discussed in later sections of this chaptef, the
present state of the art of simulation models still
leaves much to be desired. This situation has arisen

partly because the need for planning of stormwater

C
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quality management has been generally recognlzed only

relatively recently, and engineering pract1ce in th15

area is still developing. As a result,:available !

" models applied in this area tend to be, for a number of
reasons, unsuitable for present engineering practice;
in soﬁé cases this is because they 'are applied in

contexts for which they were not intended.- | \\

7o |

This research was undertaken to create a simulation -« - r

management planning, as an improvement on and
alternative to existing models. This report describes

) .
model suitable for regional stormwater quality , \{\_‘_
experience in the application of existing models,

-

—
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1dent1f1es weaknesses in those models, and proposeg -a

Tael S

51mulatzon approach which represents a significan

PR,

-improvement over existing methods, ' Tests of the
proposed model and its constltuent algorithms are

described, and an application of the model in the form

e e S i

of a test of present Ontario regulatory policy is

presented.
-
L ™
1.2 Problem Definition o
This section identifies basic characteristics of a .

simulation analysis for stormwater quality management
planning, to provide an appropriate perspective to view

existing models and ‘approaches to analysis. ’

t

[FEA
o



PAGE 1.3

Specifically the following issues are discussed:’

rﬁ\\ ‘ a. current approaches to specification of

f ’ stormwater pollution control criteria are briefly
_/,{i:?) : discussed;

b. a definition of the general function of a

planning model is adopted; and

€. a concept of the physical ‘system which is
typically at issue in a regional stormwater

pollution management planning study is developed.

1.2.1 Receiving Water Protection’

Legislation

The principal Canadian federal legislation which is
' pertinent to the problem of water pollution control in
' the context of urban drainage has been cited by the
Urban Drainage Policy Committee of the Canada-Ontario
Agreement (COA) on Great Lakes Water Quality as the

Environmental Protection Act (COA,1980).
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. pollutants borne by stormwater runoff.
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Other ehvironmental legisiation in Canada is _
predominantly in the form of prov1nc1a1 regulations. In
Ontar1o, this includes: the Ontarlo Water Resources
Act, the Env1ronmental Assessment Act, the Conservation
Authorities Act, the Planning Act, the Municipal Act,
the Loeal Improvement Act, the Drainage Act, the Lake
end Rivers Improvement Act, the Beds of Navigable
Waters Act, and the Fishéries’Act._These Acts are not
speeific to the problem of stormwater pellution
management, but do proeide the provincial ministries

\with the means to protect receiving waters from

. discharges of deleterious substances, including

More specific regulations in Canada are still in a
developmental stage. In Ontario, for exampie, the
Ministry of the Environment (MOE) has indicated {MOE,
1983) that at present the primary documents which are
perténent to the application of this authority to
stormwater quality management are (i) the Provincial
Water Quality Objectives (PWQO) (Ontario Ministry of
the Environment, 1978) and (ii) the Proposed Model
Policies for Urban Drainage Management (COA, 1980). The
PWQO sets concentration limits on pollutants and
defines 6ntario policy as regards surface water
protection. The Proposed Model Policies, prepared in

response to the needs of the Urban Drainage

By
R
o
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Subéommittee 6f the Canada-Ontario Agreement on.Great
Lakes Water Quality, present a proposed policy for
management of stormwater quantity and quality, and does
not have the status of an officially adopted policy

document at present.

The matter of primary interest here is that, in Canada,
the legal recognition of, and requirement for, a
speéificatién of instream water quality objectives for
stormwater has only occurred relatively recently, and
appears to be still in a state of development. This is
paralleled in the-United States where, as indicated by
Swani (1980), the primary legislation pertinent to
stormwater quality management appeared in the early
1970's, and where the first legislation requiring an
analysié of'instream impacts of pollutants was

‘introduced in 1972 (and modified in 1977). =

As is discussed in Section 1.3, this has resulted in
some of the available models predating present

pertinent -legislation and, concomitantly, present needs

of anJ&ysis.

Criteria’

Prior to the early 1970's pollution control criteria
were usually expressed in terms of allowable effluent
conditions. One of the reasons that this approach was

favoured in the past is that it facilitated the
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regulatory process. More recently however, reéulations
and eng?neering-practice have become ﬁore or;ented
towards instream éonditipns. This shift has occurred

for a number of reasons, including the following:‘. ‘
xS

o As pointed out by Minton et al (1978), criteria 3

a1

- < -
based on receiving water conditions are a more
direct measure of protection than those based on
effluent loadings. From an environmental point of

view, the primary concern is the level of

B s L

pollution which occurs in the receiving stream,

rather than in the effluent stream itself.

atm A it e

Receiving water conditions are not explicitly

dealt with if criteria are stated in terms of

e b b agd

effluent conditions.

0 There are economic reasons to apply controls

based on instream conditions. For example it can

be considered that where actual pollutant levels
are lower than objectives, an assimilative
capacity for pollutants exists. If this
diffgrence is viewed as an allowable degradation,
pellutants can be discharged at a rate which
causes the objective concentration to be achieved

instream. This can mean costs of pollutant control

are reduced,

o A o s amme s e
e A

o It has been pointed out that, in principlk

o col 2 Liam

pollution control requirements should be a

(v

Efarir.ans
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function of the intended use of the receiving

N water. An assessment of pollutant discharges which

‘ recognises this must be made on the basis of

instream conditions.

-

As a result, criteria for instream quality control are
. now génerally expressed in terms of instream ‘
concentrations or intensities. Couching pollution |
management standards in terms of instream conditions
can therefore be considered at this time to be an
accepted and necessary practice in general planning for
vater quality management. As described below, thié

trend has limited the current usefulness of models

oriented towards catchment loadings only.

Although moét legislation does not yet espouse the . [,;;
concept, an additional change in specification of //.
pollution control criteria appears to be emerging. This

takes the form of a recognition of the inadequacy of
water guality éénagement criteria expressed as single
valued objectives. Traditional and in most cases : -
present practice in water pollution centrol
(Southerland, 1981) has been to assess instream
pollutant impacts in terms of a single, ibw-frequency
design condition. This practice facilitates legislation
and simplifies. analysis, since a single design

condition can be defined. Unfortunately, thee are a

number of difficulties inherent in this approéch.
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. , . ~—
© As noted by Minton et al (1978), water usage

varies not only geographically but temporally.
Seasonal water changes in water usge (for example
in the form of summer bathing) should in
'pr1nc1ple be reflected by seasonal spec1flcatzons

for instream conditions,

0 Medina points out (1983) thag analysis of cost
effectiveness where damages are dependent on
degree of pollution requires a knowledge of
frequency of occurrence of more than one design

. condition.

0 Seasonal variations in instream conditions (such
as temperature), as noted by Doudorouf et al

(1970), may also require a seasonally based

analysis.

It is therefore preferable from'both theoretical and
practical perspectives to account for the temporal
variation of instream conditions. The U.S.
Environmental Protection Agency (EPA) appears to have
accepted the need for information based on more than a
single design condition; a recent (1979) EPA report
recommended that the numbers or frequency of
exceedences of a standard should be specified for

stormwater quality problems. At this time, however,

a
T e e s
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Canadian legislation does not appear éither to require
or -preclude this type of assessment. The Ontario PWQO
for example, do specify an analysis based on instream
conditions; however they generaily state the

réquirement for control in terms of a single objectivé

concentration.

+

The need for an analysis which is responsive to
instream temporal variations in concentration has
implicaéions in terms of the simulation model which can
be used. Primarily, a continuous simulation is
required due to the inherent limitations of a design .
event simulation of water quality. As cited by Medina
(1982) there are several practical reasons why a

design event approach to analysis is inadequate:

o A reliable probability or frequendy of
occurrence cannot be assigned to the désign

condition (Linsley and Crawford, 1974).

¢ The variabii}ty of runoff pollutant loads means
that the most critical instream condition cannot
necessarily be associated with a low flow period

(Heaney, et al., 1977).

K

© There is no accepted way of defining appropriate
antecedent conditions for the design event

~

(Heaney, et al., 1977).

It follows that, in mo&sls applied to the problem of

e




PAGE 1.10

stormwater pollution control, those models which are
not and cannot be used for continuous simulation have
bnherent disadvantages_when applied to regional |,

stormwater quality analysis.’

Summafy' : .

.

From the-foregbing discussion, it appears that present

engineering practice requires that a simulation model

for stormwater quality management planning should:"

1. be-capable of defining the instream impact of

the pollutant load; and’

2. be based on a continuous simulation approach.

1.2.2 The Role of a Planning Model for Stormwater

—

Quality Management '

Duttweiler et al-{1976), Ellis et all(1981), Grimsrud
et al'(1976),

(1981), and

Loucks et al (198l1), Strzepek et al

thers have contributed to definition of
the rele of/planning in water resources. Definition of
the planning process is somewhat subjective, so there
is no clear basis for selection of any particular
perspective from which the problem of water quﬁlity
management may be viewed. The common nature of the

problem, however, tends to result in certain common

e "

. e —— e e - —
e e d e A
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concepts. A view which is accepted here as
representative and reasonable was presented by
Jamieson (1978). This definition divides the anaiytical
Jprocess into three phases; planning, éesign; anad

operation:

a) The planning phase takes place in the initial
stéges of development, and is characterised by a
general lack of detailed data. This phase should
acreen a large number of possible alternative

plans or solutioﬁs_and should result in a reduced
number of alternatives for further analysis. ?he
planning phase may also provide information on v
monitoring networks, or on optimal receiving

water design objectives.

b.) The design stage operates on the data
‘'and feasible alternatives in detail, and‘ _
results in precise. sizes, costs, and other data
necessary to permit implementation of‘a single

plan. ~

c.) The operational stage is designed to
provide information used in requlating the
system as implemented. Operational models ﬁay
have a role in interpreting data measuring system
performance, or in evaluating the impact of

an observed or contemplated change . in

P
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inputs or system components.’

Planning models may therefore be considered to

provide a means of resolving and comparing the effects

of alternative management plans.

The planning model may be further classified

(Loucks et al, 1981; Stzrepek et al, 1981) as either
descriptive or optimizing. Descriptive modéls in some
way represent the impact of a possible design condition
in a manner which permits the analyst to better
understand the implications of that condition., i)
Optimizing models activel} select or derive an
optimum plan in some systematic manner. Although there
is a coﬁsiﬁerablé history of use of optimizing
techniques in water‘quality management, the approaches
thch have thus far been developed do qot iend
themselves to a detailed analysis of river systems
where highly variéble pollutant loads, such as those

generated by stormwater discharges, are at issue. In

such cases, system design is generally approached by

systematic use of descriptive models which resolve the

'best' design sélution after a number of -trial
simulations. Figure l.i, taken from a recent Ministry
of Environment report (Rowney et al, 1984) is
illustrative of this process., As shBWn, the deéign of a
régional coaérol pond system involves én indefinite

series of simulations and incorporates both well

«

e e e e a e et e aaa e i




e primarily éreatiye Taking into account operational/
or judcemental step- geographic/social/political criteria,
—— analytically definable establish all reasaonable combinations
' step of control ponds which might serviée
n - the study area. ™
: I
. lSe1ect one combination of control ponds.l‘—'

Estimate control pond sizes and

operational characteristics.

Adjust size or ----{_Simu1ate control pond performance.

operation of system.
_ . : L

Are quality control objectives met
by this configuration?

i Y

Can an adjustment

Can an adjustment
in size or gperation

in size or operation
reduce cost?

y t.imorove performance?

]n N
Reject this Estimate cost of
configuration. this configuration.

Have all configqurations
" L been checked?

Y

{_Se]ect'best_a]ternative configuration.

4

FIGURE 1.1'A VIEW GF THE PROCESS OF CONTROL -
PCRD SYSTEM DESIGH. '
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defineé (analytically tractable) steps and poorly
defihed (creative or undefined) steps. It is the
difficulty in providing an adequate description of the
various decisdion variables which has limited the

development of optimizing models for use in stormwater

"quality management to date.

Whatever type of analyéis or planning model is applied,
it should be capable of quantifying instream impact of
pollutant loads. This reflects present legislative
approaches to water quality management which, as
discussed above, appear to be generally oriented
towards speﬁifying environmentally acceptable
conditions in terms of instream concentrations. It
also reflects the recognition that costs and benefits
are related to extent of damage or degree of control
(Loucks et al, 1981); -establishing these requireé'a

quantitative instream analysis.

Implicit in the above definition is the need for the
planning model to achieve this analysis economicélly
and to do so in an environment where little detailed
information is available for model calibration and
application. As demonstrated below, some existing
models which are otherwise suitable féii to meet this

criterion.

It is also noted that the water quality planning model.

will generally be used in areas where water quantity

o PO
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analysis is concurrently beiné done. Further, there
will be additional analyses at later stages of .design,
and it éhould be possible to recoﬁcile later results
_with those of the planning study. To achieve these
latter oggécxives it is required that the runoff
portion of the quality planning model is consistent
with present enginéering practice in water quantity

analysis.
Summary
In addition to the need to assess instream conditions
in the long term, the regional stormwater management
planning model should be:~

3. economical to apply:

4. oriented powards the limited level! of data

typically available in the context of a planning study;

5. consistent with othe?\and subsequent quality
or guantity simulation models which may be used in the

same geographic region; and

6. able to incorporate, where appropriate, results

of other simulation models used in the same area.
1.2.3 The Physical System

Achieving the analysis described above requires a model
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package which can represent individual components of
the physical system and-the%x interrelationships. No

exact definition of the physical system for which this

must occur can be made, since no two physical systems

or management problems are alike. However, examination
of past analyses allows a definition of an appropriate
general conceptual system for which a general planning

model can be created.

Development of major urban cénters in river basins in
North America has typically resulted in a system of-the
type shown in Figure 1.2, taken from the master
drainage plan for the Town of Ajax in Ontario. As
indicated, development begins at thé lower end of\fgé
basin, and proceeds upstream. A few specific examples
of this progressioa may be found in a number of Oﬁtario
citieé, including: Ottawa on the Rideau River (RRSMS,
1981), Ottawa on Sawmill Creek (City of Ottawa, 1983).

Ajax on Carruthers Creek (Town of Ajax, 1980}, and

" Oakville on Golf Courseé Creek (Town of Oakville, 1980).

Examination of these and other systems discloses that a
common need for stormwater ‘quality manageméht planning
is the ability to assess urban, rural, and undeveloped
areas connected by a receiving stream. Also,.it is
noted that a commonly cited stormwater management
control device for develobing areas is a stormwater

detention poﬁd for water: quantity control.

'
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fig 1.2 Carruthers Creek at Ajax- a
typical developing watershed -

‘“‘; 1 (from Town of Ajax, 1980)
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It is therefore implicit that a general model for
planning analysis of river basins at a regional level
. should include the means to assess a number of
sub-basins linked by a receiving river network.
Fﬁrther, the analysis and mitigation of impacts implies
control, so capability to assess impact of control
devices such as stormwater detention pond should be

incorporated into such a model,
Summary

It is clear ‘that in addition to the other
characteristics described above, a planning model

should have the scope to simulate:

7. catchment rainfall/runoff ' response, for both

rural or undeveloped and urban areas;

8. control devices which may affect the catchment

runoff response; and

9. instream transport of runoff and pollutants

from catchments with or without control devices.

It is recoghised above that no two systems or planning
situations are alike;, and it is implicit in this

recognition that the frodel should also be:

10. structured to make it possible to readily
incorporate changes to fundamental ‘interpretive or

process algorithms.
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1.3 Review of Existing Simulation Approaches”’

This section reviews currently available approaches to
stormwater simulation, and presénts some examples of
application of these appfoaches. The objective of this
review is to identify the applicability of existing
approébhes to the problem of regional stormwater

quality management planning described above. '

1.3.1 The Current State of the Art of Simulation’
Models.

Several authors have reviewed the available '
analytical models. Donahue et al {(1981) made a
systematic comparison of hydrologic models for
detention basin analysis and found few to be suitable
for planning, as a result of inappropriate data
requirements. None of the models cited were capable
of quallity analysis. Delleur et al (1979}, in a recent
critical review, discussed available simulation
techniques, and described a number of currently
available models, Little basis for comparison was
found regarding accuracy or validation, but some of
the models could be compared in terms of overall
capability. Grimsrud et al (1976), reviewed available
technology for water quality'simulation models for

LY . .
planners, on behalf of the United States Environmental
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Protection Agency. Most recently, Whitehead (1984)A
reviewed the internafional applicatioﬁ of mathematical
models of water quality and pollutant transport. In
general., examination of the models described in the
abo;e reviees showe that there are few simulation

odels available which might be considered for river

akin stormwater qguality management planning.

i general statement of one -of the major difficulties
with éxisting models can be.taken from Frere, (Haith et
al, 1981) who claesifies‘ existing models as either
"planping’ or ’reéearch' types. He defines the latter:
as being characterised by a requirement for data beyond
that typically available at a planning stage, and by'
excess1ve descriptive deta1l He ‘notes- that the former,
su1table for appllcat1on in the context of a planning
study, represent a very small fractlon of the avallable

total. As such, the number of models which can be used

'in'regional quality management'stpdies is curfenﬁly

relatively limited. - o

A second major difficulty with available models is that
typically the scope of simulation is inépp;opriate.
Models which have the capability to sjimulate the °
physical components associated with a regionel
storﬁwater quality management planning analysis are few
in nﬁmber, and those that exist tend to be more complex

than can be justified for a planning analysis.

R
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At present, the state of the art of stormwater quality
simulation models can be represented by four specific
models, namely STORM, SWMM, HSPF, and the Dorsch model
(referenced below). These are bfiefly described and

evaluated below.”

One of the most widely applied models for planning
analysis of pollution control facilities exists in the
form of a continuous simulation package distributed by
the Hydrologic Engineering Center under the acronym
STORM (Storage Treatment-Overflow and Runoff Model).
The mq@el was originally developed in 1974 as a part of
the development of a Master Plan for San Francisco
cdmbined sewer abatement., Created as a planning tool,
the ﬁodgl was viewed as a more appropriate alternative
to existing approaches (Roesner et al, 1974). The model
Eepresenfs the best available technology for stormwater
quality management simulation available up until 1974,
In fact, the model is still one of the best available
water quantity/ guality planni;g models, and the
literature demonstrates that the model is still

commonly used for that purpose.”

Roesner used a build-up/ washoff method to simulate
pollutant generation on the watershed. This approach is
also applied, without substantial difference, in the
more recently developed models described below. The

model originélly used a volumetric coefficient to -
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" calculate direct runoff quantity, but recent versions

have incorporated a variation of the SCS method

(described below) as an alternative. This variant

attempts to represent changing antecedent conditions by
increasing the available soil storage capacity due to ' :
evaporation and percolation, and reducing it due to .

infiltration. The model is oriented towards providing

long-term statistical information on event totals for
pollutant masses and water volume. (Hydrologic

Engiﬁgering Center, 1976).°

While the approach created by Roesner et al provides a
useful,. econqmical, and versatile model for examingtion

of pollutant loadings from individual catchments, it

Rl S PP VT TR TR SR Y

is not able to simulate receiving water, nor storage .

removal processes. The method is therefore not capable

of simulating systems or networks. This was consistent

with and appropriate for both the specific analysis and

. the general time period for which the model was _
originally developed; the model predates present
emphasis on receiving water conditions. Since the ' P

model code is not structured in a way which facilitates

fundamental changes in any of its basic algorithms,
this limitation is essentially unavoidable. As
discussed below, the model tust as a result be used in
conjunction'with other models. when transport of
pollutants is of interest. The scope of‘thé model does

not meet the needs of many analyses presently

pree
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encountered.

Table 1.1 shows Roesner's approach (as well as the
other three models evaluated here) compared to the
criteria developed in section 1.2: As indicated, the
main failings of Roesner's model, in the context of the
present work, are ®(i) limited physical scope, (ii)
difficulty to adapt to alternative simulation
approaches, (iii) inability to incorporate results of
other models, and (iv) lack of suitable runoff rate

algorithms.

Another package, representing the end result of a major
ongoing model development effort in the United States,

is SWMM (the Stormwater Management Model). It is noted

‘that SWMM and HSPF described below are the major

simulation’ models resulting from a decade of effort
involving an expenditure of over 40 million dollars by
the EPA (Swank, 1980) and represent the major single
effort in stormwater quality{fimulation in North

America to date.

The SWMM model represented the state of the art at the
time it was deveIOpea (Huber et al, 1982). The model
has been supported by the EPA since its original
rélease in 1971, and has-been under ongoing development
since then. SWMM is presently in its third version
(Huber et al, 1982). The model uses a method similar to

that of Roesner et al for pollutant generation,

L
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MODEL

AUTHOR

CAN CALCULATE
INSTREAM IMPACT

CAPABLE OF
CONTINUOUS
SIMULATION

DATA RERUIREMENTS

ABLE TO
INCORPORATE
EXTERNAL SERIES

CONSISTENT WITH
QUANTITY
MANAGEMENT MODELS

SIMULATES RURAL
AREAS

SIMULATES URBAN
AREAS

SIMULATES CONTROL
POND REMOVAL
RROCESSES

SIMULATES
INSTREAM
TRANSPORT

CAN BE READILY
MODIFIED

OVERALL SCOPE
OVERALL LEVEL OF
SOPHISTICATION

RELATIVE COST
OF USE

TABLE 1.1 A COMPARISON OF SOME

STORM-

Roesner
at al

No
Yés

Appropriate

Na

No

Yes
Yes :

Yes

No

No

Limited

Appropriate

Low

SWMM

Huber
et al
Yasg
Yes

May be high

No

Yes

No
Yas

Yes

Yas

No

Somewhat
Limited

Exceasive

. High

AVAILABLE MODELS

HSPF

Johanson
et al

Yas

Yes

-

Excedsive

Yas

Yas

Yes
Yes

Yes

Yes

\

Appropriate
Excessive

Excessive

DORSCH

Geiger
at al
No

Yes

Moderate

No
Yes

No
Yes

No
No

No
Limited

Excessive .

High

-7
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although th; algorithms incorporated for that purpose
are slight;y more sophisticated; since they allow for
‘non-linear pollutant growth rates. They can be
considered to represemt an improvement over earlier
versions, since as indicated by Sartor and Boyd (1972)
.and by Whipple(1977) linear rate of build-up is not
consisfent'with pPhysical observations. The model has
good scope for simulating receiving water transport of
pollutants. Users may simulate the transport system
as a series of completely mixed conduits or may
utilise a dynaﬁic ocne-dimensional link-node receiving
water model. Reservoirs may be simulated as either

plug flow or completely mixed.’

SWMM provides comprehensive descriptive capabilities,
but is unwieldy for regional planning purposes. It
must be used in three major blocks (representing
runoff, receiving water response, or storage and
treatment) in regional studies. Each block is large,
which makes instéllation difficult on some computer
systems. It also tends to make application
expensive, and repeated application awkward and
expensive. The code structure makes it impossible, for
practical purposes, to modify tﬁe‘fundamental model
algorithms. The model is therefore best applied in
local or detailed studies. As noted. in the case studies
presented below, the sophistication and cost of

application has led some users to apply only part of
' a
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‘the model, and abandon other sections in favor of more

appropriate, less costly models.

As shown in Table 1.1, the model is unsuited for use in
regional planning studies because of (i) cost, (ii)

difficulty to modify fundamental algorithms, and (iii)

~ its orientation towards primarily urban applications.

Another major package is one prepared by Johanson et al
(1981) on behalf of the EPA, distributed under the
acronym HSPF (Hydrolegic Simulation Program Fortran).
Their package répresents the combined capabilities of
several precursors, notably the Stanford Watershed
model, and includes algorithms f£om ARM (the
Agricultural Runoff Model), and NPS ({(the Non-Point
Source model). ‘The model is at the state of the art
level, yet employs approaches similar tp STORM and
SWMM for pollutant generation.: In additidﬁ} a varigty .
of extensions to the basic build-up/waéh—off method are
permitted. Detailed simulation of pesticides iﬁ
possible, for example, using techniques from ARM,
Further, the poliutants may, in pervious .areas, be
linked to eroded soil. The transport of pollutants

is simulated by storage routing through a well mixed

river or reservoir element.

This package is designed for application on more
modest computer systems than SWMM, but is still

. . Vo . s
expensive to run, and 1is asSociated with a massive
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data managehﬁnt and  initial programming requirement.

While the model is suitable for application in

major management or operational contexts, it is

considered here to be expensiye compared to th;‘limited
resources usually available in a planning study.

Furthér, the model ;equires data which is unlikely

to be available at a planning stage (i.e., up to 25

hydrologic parameters alone.)

{hrterms of the criteria shown in table 1.1, the model
is unsuitable for regional planning analysis primarily
due to (i) cost, (ii) sophistidation and data
requirements, and (iii) scope of some of the

algorithms.’

A fourth package which has been developed is a
proprietary continuous simulation model of the Dorsch
Consult* Ltd. (Geiger et al, 1980). The model is
capable of simulating an urban system in great
detail, and employs a complex hydraulic analysis
routine éor analysis of hydraulic network problems.
The model computes éualitf using a build-up/wash-off
concept, and a 'pollutograph approach is wused in

routing polluytant loads from the land surface.

The model is not, however, suitable for regional
planning studies. This is partly due to the
requirement for a large data base for proper

calibkation of the qoality routines, but is
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primarily ‘due to the lack of a qualityl

routing/transport_system. Thus, altﬁbggh the model is
suitable for a limited analysis oflan‘a;ggﬁ_system, it
is not able to simulate a regional system since there

is not an adeqguate treatment of receiving waters.

As shown in tfble 1.1, the main reasons why the model -
is unsuitable for regional planning analysis are (i)
its limited physical scope, and (ii) inability to

modify its fundamental algorithms.

Summary

The above review of available models indicates some of
the shortcomings ang-strengths of existing simulation
approaches. In general, it can be ;oncludeé that'
existing models are generally unsﬁitable for use in a
regional stormwater management planning ahalysis; the
specific reasons for this vary from model to model, but
the main difficulty lies in their scope and
orientation. The fundamental source of this problém
would appear to arise from the fact that every one of
tﬁe models discussgd above was initially developed
prior to the present general emphasis on regional
planning of stormwater quality management based on

instream conditions. An examination of how these models

I\\

perform in practice, presented below, lends support to

this conclusion.

T
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L

1.3.2 Experience with Application of Existing

Simulation:Models

The literature contains a large number of
f?ocumented applications of descriptive simu;étiOn
éechniqu@s for water resources problems. T§-highlight
the strengths and weaknesses of currently available
simulation ﬁodels, a.number of -applications Hgge been

selected as representative and are discussed below.

A major development proposed in the vicinity of
Manotick, Ontario, recently prompted a stormwéteg
management study to.“detérmine guantity and quality
aspects of runoff from the South Urban Community”,
partly in view of an MOE policy that development on
the Rideau (river) must be based on the principle of '
"ho éeterioration" (Gore and Storrie, 1979). This

. -

stddy was completed using both the model packages of

Boegner,et\él and Huber et al (described above)} for
qualitylaﬁa}fsis. A detailed anglysis of receiving
water-impacts was not carried out despite the fact
that the motivation for the s#udy was protection of the
receiving water. This was accompiisﬁed since MOE, 1in

"the absence of ~any-regional .watershed analysis” “
.

4
t
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(Gore and Storrie, 1979) established effluent criteria,
for thé development. This study represents the .

traditional approach to water guality management, wh&ch

15 to assess on the .basis of effluent conditions.’

-~

One conclusion of this study was that a regional

_study would: be "most desirable to assist in the

formulation of a more realistic set of guidelines

and criteria..." (Gore and Storrie, 1979), and such a
stu@y was recommended. This study demonstrates the
requirement for a de5criptive planning model cépaple
of simuléting instream behavior. It also highlights the
fact that existing available packages do nof entirely
suit . even a 11m1ted planning study individually. The
model by Roesner et al lacked a basic storage
treatment algorithm, and that by Huber et al was too
costly for the requi;ed continﬁous simulations. To
achieve tHe necessary qQuality and quantity analysis for
the planning study therefore required use of more than

one model.

.

The limitations'of the type of study described above

were recognized. Partly in response, the Province of ~

‘Ontario in conjunction with the federal government and

local municipal governments followed the above analysis
with a more comprehensive study of a region surrounding
the original study area. (Rideau River "Stormwater

Management Study 1981; ibid 1981; Rowney et al, 1982).

o
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This study was undertaken pursuant to a number of
policies and objectives intended to resolve guestions
regarding causes and mitigation or prevenfion of
lwéter quality degradation of the Rideau River. A
central issue of the study was to assess the way in
which stormwater quality management'measures would meet

instream water quality criteria.

A large component of the study was therefore an
asseésment of control measures at a planning level for
a large urbanizing rural/ undeveloped. region, After a
scéeening of alternative models, it was found ‘
necessary for reasons of scope and economy to apply
the model by Roesner et al in combination with an
ladvective/dispersive ohe-dimensional giver model to *
simulate both pollutant runoff and transpoft. A third
model had to be created to provide a convenient means
of simulating pollutant removal by detention ponds.
The net effect of these three models was to provide
information and analytical techniques at a level
suitab}e for a regional planﬂing study. However, the
models had to be operated independently andlinterfaced
in sequence to aﬁhieve'the“necessary results. This was
a necessary But inappropriate approach to simulation
analysié. The combination of existing models is
adequate but does not represent an effective tool for

planning analysis.
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This study, completed in 1982, further demonstrates the
present general lack of suitable comprehensive models
for river basin water quality planning analysis, and
the neéd)for such a model to include algorithms for
source, control and transport of pollutants in some

suitable single framework.

Also faced with the need to assess a physical system
beyond the scope of available models, Walesh (1976)
described an approach to eétablish'a comprehensive
water resource Plan using a package of hydrologic-
hydraulic-water quality models. He pointed out the
lack of any single suitable model available at the
timeﬂ and described a package of models applicable to
such a problem. It was necessary to combine two
sub-models (an hydraulic submodel and a water quality
submodel) from a precursor to the model by Johansen et
al (described above) with a U.S. Army Cdrps of
Engineers backwater program and to add a new

s

submodel for economic analysis to the package.

Amades et al (198b) describe a study conducted under
the 208 Planning Area (a legfslative designation in
the U.S.). In this study, the impact of detention
basins on basin pellutant export was studied using a
combination of models, STORM lprovidéd rudfoff quantity
estimates while a submodel (HLOAD) developed for the

study area generated pollutant estimates. HLOAD is .
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essentially a ratingvéurve method which calculates a
pollutograph from given hydrograph and calculated
load data. To determine the impact of detention ponds,
a new pond simulation .sub-model (STOREME) was
wriéten. No analysis of instream transport was
.conducted. The need to extend the capabilities of STORM
for uée'in ghis study demonstrates she incomplete
nature of the STORM model algorithms, compared to

current needs of analysis.’

r
-

Jettmar et al (1980) wused a combination of STORMI
and a modified version of SWMM -RECEIVE to assess
dynamic water quality conditions. Cost was citéd as
the reason for not using SWMM for the complete study.‘
To reduce costs, STORM was used to simulate stormwater
runoff quantity and quality, and SWMM was used to
simulate pollutant transport. The study demonstrates
‘the limited scope of STORM,.and the eicessive cost .and-‘s
complexity of SWMM. In a. planning level analysis the
complete capabilities of SWMM were not used despité the
extra effort involved in combining two models where one
would in principal have sufficed; STORM is appropriéte

for this level of analysis, but incomplete.

Medina et al (1981) have examined instream impacts
of pollutant inputs to a river by combining runoff
time series calculated by STORM with a siﬁplified-

analytical solution for instream transport. The
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analysis used a lumped approach, "and assumed
steady~-state one-dimensional pniform conditions
instream. This approach woul@ be wuseful in
situations where a specific input point is of interest
"and where the time scales and morphology of the system

make the above assumptions appropriate. However, in a

regional plan where multiple inputs and variable

_hydraulic conditions exist, the method would be of

limited direct use. The study demonstrates again the

need for a model with a scope of simulation appropriate

to a planning analysis.

Summary

From the above case studies, the major difficulties
with existing models lie in tﬁg;scope and orientation
of the model structure. This is compounded by a '

tendency for cost to increase with scope. The most

'suitable characteristics of existing models appear to

be in the pollutant source formulatlons currently

~available. The least suitable charaqtexlstlcs appear to

be in water quantity routines arid in river transport
routines; both tend to be costly, and runoff gquantity
routines are in addition either over-sophisticated or

not consistent with water quantity analyses.

1.4 Conclusions,

1. Although existing models make a regi?nal_analysis of

—
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stormwater quality management planning alternatives
possible, the state of the art of water pollution.
simulation is still at a level where improved

techniques in simulation are necessary.

2, Specific weaknesses of existing.simulation

. appro;ches have been. identified. In general, existing
simulation packages presently available tend to:
represent only a part of the physical system, are

comprehensive and relatively massive management models,

or are not oriented towards regional stormwater quality -

management planning analysis.

3. To some extent, this situation reflects changing
bolicies and practice in water resourceé planning
analysis. Approaches which were satisfactory in the
past become insufficient dué to changes in objectives

and required information.

4. Characteristics of an appropriate model for regional
stormwater guality management analysis have been

defined,

5. The major improvement required in simulation models
for a regional stormwater management planning analysis
is the development of an approach which is consistent
with the overall needs of'suéh an analysis. These needs

have been identified.

6. In principle, all algorithms for simulation of

J
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physical processes could be improved. However, it is
suggested without further proof that the extensive and
sucéessful use of the build-up and washqff algorithms .
(of the type used by Roesner et al, Huber et al, and
Johanéen et al) currently prevalent in the literature
indicates that although it could be improved, this
aspect of model development has brogressed to a point
which is siitable for practical application to water

ning management.,

7. Two algorithms for physical processes which are most -

in need of improvement for use in regional water

- guality management planning models are the calculation

of direct runoff, and the routing of pollutants

idggream.
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2.0 Research Objectives

The foregoing general review has highlighted the major
veaknesses of existing models for water quality
manageﬁent'planning, and has concluded that existing
approaches are inadequate for a regional planning leéel--
analysis of stormwater pollution. A number of areas in
the current practice of water guality simulation and
analysis were identified as having a potential for

improvement.

Of ﬁhe possible-areas for researcﬁ and improvement,
three in particular were selected for empha51s in this
research These were the general structure of the
planning model, the means by which runoff volumes are
determined, and the means by which pollutants are
routed instream. These wefe\chosen as priorities for °
development because they appear to be the least

satisfactory of the presently applied approaches.

The following specific objectives were established. for

the present research: .

Objective 1: To create an improved continuous
quality/quantity simulation model for planning
= level analyses of pollution_by stormwater runoff

in regions developing from rural to urban land

use.

~Objective 1 is the primary research objective and
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responds to-the general need for an improved capability
for a simulation model, identified in Chapter 1. It is
implicit in objective 1 that the model should, to the

extent possible, meet the criteria which have been

. established in Chapter 1.~

Objective 2: To devise and test an algorithm for

routing pollutants instream, for use in the above

model.

Objective 2 was defined in response to one of the
specific weaknesses percéived to exist in moét present
models, namely the cost associateq with traditional
approaches to river pollutant routing. It was
considered that an alternative approach might be
developed which would be less costly than, but superior

to or at least consistent with, existing approaches.

Objective 3: To devise and test an algorithm for
calculating direct runoff, for use in the above

model,

Objective 3 was defined as a result of téo main
factors. First, a need was identified in Chapter 1 for
thé model to include a runoff algorithm consistent with
those currently accepted for use.in stormwater duantity
analysis. Second, most existing approaches which meet
this requirement, such as the Horton/ kinematic wave

formulation adopted by Huber et al, have been found to

(SIS
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be expensive or inappropriate for rural land use

applications. It was therefdre decided to inveétigate

the possibility of cre ng a runoff aigorithm which is
consistent ﬁith_existing water quantity éimulation
approaches,‘but which is suitable for céntinuous

. simulation in a planning model. This inherently

required an innovative approach to runoff simulation.

Objective 4: To use the above model to examine the
present MOE policy of specifying water quality

objectives as single valued concentration limits.

Objective 4 was defined for two reasons. First, it
provides a testj:;se for model application. Second, itw\\
was noted during the. review of current leglslat1on and
criteria that (i) the predominant approach to wéter
‘quality criteria is to specify single valued
concentration standards, and that (ii) such a practice

is not preferred for a number of practical reasons.

This test case would providé further insight into the
validity of a single-valued approach fo legislation,

and contribute to substantiating or negating this

-approach.
Scope:

To provide reasonable limits on the scope of research,

the following general limitations were imposed.

Pollutant generation
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Pollutants Born by direct stormwater runoff were
defined as the only quality const?ﬁuents to be
considered in the present version of the model. This
reflects the orientation of the présent research.
Hoﬁever,-to'provide for the potential need to simulate
Stﬁer sources,‘it was proposed that the model be
structured in a way‘which makes fundamentdl changes in

assumptions regarding pollutant sources possible,

It was proposed that existing techniques be used to
providé the model with algorithms for pollutant
genefdtion. As indicated in the literature revi;w, the
existing buildjuP or rating curve methods which are
used in most models have been successfully applied in a
number of instances. Despite their admitted
limitations, these methods are already computationally
ecﬁnomical and regarded_as effective for use in '
%éanning level models. It is‘fecognised fhat this
choice provides a potential limitation to model use in
that erosion equations such as the Universal Soil Loss

Equation (mentioned above) are not‘included in this

version: of the model.
Pollutant Constituents and Removal Mechanisms

It was decided to incorporate two groups of pollutants

~for simulation by the model, namely sediments and

indicator bacteria. This accords witg”the nature of the
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major pollutants in urban runoff (Whipple e% al, 1981).
In accordance with current p}actice, removal mechénisms
for these pollutants were assumed to be represented by
discrete settlzng and by first order decay,
respectively(Zison et al, 1978). This, approach was
reganed as-providing a fairly comprehensive capability
since in coﬁmon'usage such pollutants as fecal coliform
bacteria, total coliforms, heavy metals associated with
‘sediments, settleable soiids, and nutrientsAhave been ‘.
simulated ih_tﬁié way., As with the pollutant source
assumption, to proviae fog the event that su@stances
with other removal mechanisms might potentially be of
interest, it was proposed té make replacement of the
| fundamental transport and control pond algorifhms.in

the model possible.,

 Control device

A single control device, the stormwater detention pond,
was proposed for' simulation in the proposed modél. |
Control ponds in particular were selected for -inclusion
in view of thé current interesﬁ in North America in
control ponds as water quality control devices.

éurther, an’ adequate theoretical basis exists to allow
the derivation of algorithm$ for compietely mixed, plug
flow, or 1ntermed1ate pond mixing tonditions. Agaln, it

was decided to. structure the -model to allow

incorporation of other types of control devices in the
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future should this become necessaty.. ) A

Summary

In essénce, the limitations in scope set above provide
the model with the capability to simulate practical
ﬁhysical problems but keep the initial model
~development within reasonable bounds. A meaningfﬁl-
' resolution of the stated research objectives is
possible within these limitations in scope.

\;___\\‘
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3.0 Literature Review

Chapter 1 has already reviewed various approaches to

simulation models, and has developed the needs of an

v

overall planning model. This chapter reviews specific

~ algorithms which may be appropriate in a model

‘developed in the contekt of thé scope and opjbctivés of

this. research.

5 -

3.J\Analytical Methods for Pollutant Source Simulation .

As reviewed by Walesh (1990) and others (Delleur et
;1,'19§03, there are several basic approaches to
assessing pollutant loadiﬁgg.or impacts. These can be
grouped in a number of ways according to the precise
application of eaqh metﬁod, but can be placed for
cqgveg;che into six categories: rating curve methods,

unit load methods, concentration/flow methods,

pollutograph methods, and other empirical methods.’

y v
The rating cus¥e method (Bedient et al, 1980), can be

used to calculdte annual yields of sediment or
pollutant. The method relies on an integFation'of a
mass transport rafe ) frequency-curve'(which'is b
produced by combining flow / frequency and mass
transport rate / flow curves): '

Mass =u//hr(q).p(q1 dg ‘ ' (3.1)

where Mr(g) is the mass rate of

pollutant outflow associated

&

I
!
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| with flow rate "g', '
and p(qg)'is the .frequency of

occurrence of 'q’

The.method.provides useful estimatgs of net Ibad'at"
an instream point provided data is availaﬁié, buf

is ﬂ&t readily applied ih predictige or -source’
ideniifiéation studies unless an adequatelgmpirical-

basis exists for defining the fundamental curves.

The unit load method (Haith et al, 1981), uses 'known'
pollutant contribution rates for various land uses °
(units - mass/area/time) to calculate total

contributions from areas of varying composition:

My(j) = sum(mi*ai,n) . (3.2)
where My(j) is the ‘seasonal total”
. . mass outflow from area 'j',’
. mi is the seasonal”
. conftibution pér.unit area
" of 1and use type 'i', .

ai is the area of land use’

b ' type 'i' in area 'j’',

and sum(b(i),n) refers to the °

v

summation of the function

-

'b' evaluatg? over all 'n'.

The method provides an indication of source

magnitudes, but not of event distribution or’
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instream impact unless the method is used in !
conjunction with, other models. Identification of

appropriate contribution rates may be difficult.

Concentration-flow methods (Walesh, 1980), use the
product of a representative concentfation and flow
rate .to calcglatetla catchment® load 'for any event
or series of eyénté. Determination of stream or contrpl
device respongse using such a method by itself is not

possible: -

fhij,t) = g(t)*Cm(j) ‘ (3.3)
) a where Mr is the mass rate of”
pollutant 'j* at time 't’,
g(t) is the flow rate at
time 't"',
and Cm is the mass concentration

of pollutant 'j't \Q}

4

Pollutograph 'methodé' (Youngiet;al, 19?9), assume a

typiéal temporal distribution for pollutant runoff.

Pollutant response in a watershed can be determined by
qEfczonv\olut-ion in a manner analogous to the unig '

hydrograph method commonly used in hydrology:

‘Mr(t) =J/”R(tjtau)*2(tau).dtau . : (3.4)
where R is the response curve,
X is the for;ing function

(precipitation),




e e T g

\ \ PAGE 3 - 4
and Mr is the mass rate of ¢

Jx - . pollutant outflow, -

Required parameters for the method (such as peak ‘

concentration and time of the pollutograph) are

either assumed or determined as simple functions of the

design event.

Regression methods (see for example Jewell et al,’
1982), have been used in an attempt to correlate
pollutant characﬁeristics such as total load or peak -

intensity to various functions of basin and rainfall

parameters:

’

.

"~

Mr(t) = f(area, land use, season ...) (3.5)

Some of tﬁé above methods could be considered as

examples of this approach. Regression methods in

- general hold promise for application in planning

studies, for example when suﬁficiént data exists to
produce regional parameters, but are presently limited

by a lack of \data. (Walesh, 1980)

Other methods exist, suchvas ?he EPA screening method
{(an empirically based wvariation of the the unit load
approach) or the Universal Soil Loss Equation (see for
example Shahane, 1982). These methods génerally fall -
under one of the above categories, and may or may not

be appropriate in any given study.

>
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The above methods have been used ifi 'éesk-top[

approaches by themselves, becauée of réquirement fo;
only limited computational power (Walesh, 1980), and
forms of séme have been_used‘in simulation modéls. The'

common characteristic of 'desk-top' methods is that

they are by fﬁéﬁggz;;s poorly suited to comprehensive

planning analyéis -at a regional level, since control
devices are not-simulated and since transport in the‘
receiving water is not accounted for. The methods
may, however, be useful in demonstrating the general

magnitude of impacts associated with urbanisation.

The limited capabilities and scope of the above basic

ranalytical methods have ‘been evidentﬂ and have led to a

variety of exténsions of the methods.to more complex
and comprehensive models. By virtue of the numerical
effort and complexity involved, these models are

typically presented in the form of numerical computer

models.
. )

1

© An element common to most quality simulation mddels,

and to the above models in part;cular, is the 1mp11c1t
assumption that pollytants may be cons1dered to build
up at.a certain rate during dry periods, and to b;
transported from the catchment toward the outlet during
wet peridds. Approaches uséd ts calculate build-upﬂ
either assume that-pollufént build;up is a function of

area and time for each land use, or to assume that

W
PAGE 3,5,
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pollutant build-up is a function of some characteristic

catchment parameter (such as gutter length or number of
catch basins) and time. Specific alternative relat1ons

| . , whlch have been proposed can be grouped as follows.

r

a.) a power linear build-up in which

o 3 Pt = Pt' + kl*t**k2 ; Pt < or = Plim -(3.6)

i g ‘.- R - where Pt is pollutant available for’

o Z _ washoff,

| ; | ) Pt' is Pt at beginning of time
step,
Plim is a maximum value of Pt,

and k1l and k2 are calibration

parameters."

1

b.) an exponential formulation:

Pt = Plim(l-exp(kl*t')) | | (3.7)

c.) a Michaelis-Menton formulation

Pt = Plim*t'/(kl+t') ' ' (3.8)

d.}) a growth-limited\kelétion of the type:
Pt = Pt' + k1*(1-Pt')/Plim (3.9)

e.) a growth-limited relation of the type: b : “.
Pt = Plim*(1 - (kX*z + 1))/ (3.10) -
(k2%z*%2 + g3*xgxx3 +1)

where z is the number of time steps

since the last event,

LETY denoiis exponentiation,
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and k3 is a calibration parimeter.

Equations 3.6 through 3.10 all describe build-up as a
monotonic increasing process, and aséume an upper limit
for the build-up of pollutants. Roesner et-al used
equation 3.6 with k2 set to one. This has been a useful
approximation, but non-linear relat{ons such as the
equations 3.7, 3.8, 3.9 or 3.10 may be preferable.
Huber et al used equations 3.7.through 3.9, Johansen et

al used equation 3.9, and the Dorsch model uses
equation 3.10.
\ . —
The)Dorsqh model uses a pollutograph approach of the
type included here as equation 3.4 to convert available
pollutant load to a pollutant washoff rate during an
fvent. The models by Roesnér‘et al, Huber et al, and
Johansen et al, however, use an alternative approach
whigi is[essentiaily common to all three. These models
t

compute washoff rate during an event using a relation

of the type:

‘Wt = Pt*(l-exp(-k1*R)) | (3.11)
where Wt is the washoff rate,

and. R is the runoff rate.

As well as the build- up/washoff approach te pollutant

source 51mulatlon, a rating curve ggbroach in the form:

Wt = k1*Q**k2 (3.12) -
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has been used (Huber et al, 1982) to directly calculate

" pollutant rate from runoff rate.

It can be concluded from the above examinatiop of
specific models and from reviews of the probl;m of
pollutant siﬁulation (Huber et al,1982) that despite
major funding and development over the <last decade, the
problem of pollutant build-up is still essentiaily at a
level of lumped empirical relationé. Parameter

estimation for these relations is essentially based on

‘geported literature values, or on callbrat1on to

observatlons if data exzsts There does not appear to

be any clear basis for preference among the above

relations!

It is noted however, that relafions of the types

descr1bed above are at' a level of soph1st1catlon

.approprlate for planning level analysxs, and that

models of the type 3.5 through 3.8 have been
successfully applied in water quality analysis. They
have been applied in Ontario before (fof example in the
case studies listed in chapter 1), and hence data
exists which can be used in the absence of calibration
data. Simulation of Fecal Coliform bacteria, for
examéle, has been done in Ontario using a constant
concentration (Rowney et al, 1982), It is therefore
further concluded that the basic algorithms for

pollutant generation and washoff are, in their present

A}
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form, appropriate for use in guality planning

management models.

LY

3.2 Pollutant Routing

This part of the review deals with methods of solving
the fundamental equations governing.the instream
transport of pollutants, and with the literature aé}it
pertains to the runoff quantity algorithm adopted fh
this model. .

The General Transéort Equation

Analysis of receiving water imbacts of pollutants
géﬁerally involves cﬁaracterization of pollutant
concentration both in space and in time. Such an
analysis may be based purely on observed or measured
values or, more typically in a planning context, may
involve the wuse of simulation techniques to provide

insight into factors not explicitly measured.

In the latter case, it is necessary to formulate a
cause and effect description of the behavior of
poellutants in the receiving body. This can be achieved

by means of the general conservation equation (Rinaldi

et al, 1981):

Op/dt + div (va*p) + div {(vm*p) - D' = I (3.13)

where dp/dt is the time variation of

the intensive quantity_'p'; -
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div (va*p) is the advective
"flux of 'p', |
div (vm*p) is the mo?ility flux
of 'p’, .
I represents interactions-such as
. "' sources or losses, and
' D* is the dispersive flux, composed ’
. of turbulent dispersion ané

‘molecular diffusion.

Typically, the dispersive flux 1is represented . as
a net transport rate pfoportional to the

concentration gradient (Fickian dispersion):

D' = div D grad p (3.14)

where D is a coefficient matrix

The éuantity "P' usually does not, or is considered to

not, display significant self mobility. Dissolved
materials 'behave 1in accordance with this assumption,

while £16atihg or settleable materials do not. For the

purposes of this wdrk, dissolved materials are of

interest. In such a situation, the conservation

equation becomes:

dp/dt + div (va*p) - div D grad p = I (3.15)

or, in one dimension,

3p*a/dt + B(A*va*p) DL - & (A*D dp/31)/31 =a*s  (3.16)
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where A is the sectional area, .
1l is the length term,

and S is a net source/sink rate.

Equations 3.13_ahd 3.16 both state that the time rate
of change.of concentration at any point is equal.
to the sum of the contributions of advective and
dispersiye fluxes, sources, and withdrawals of thg

- substance. For the first order decay envisaged here,‘
the term AS includes a source and a reaction rate:

S=-Kp+S' : (3.17)

-

Equation 3.13 results by definition 'directly from
an examination of mass balance within a control
volume., The Fickian term in equatiéﬁ 3.16,
however, 1is essentially empirical (Kay, 1957). Use
of a Fickian term to describe molecular and turbulent
dispersion was examimed in a classic paper by Taylor
{1921), whose work showed the analogy to be-apéropriate
after some initial period of time. Since thens;  a ﬁumber
of authors have examined the problem of determining
the cbefficient D. Notably, Taylor (1953), Aris (1956),
and Elder (1959) derived felationships for the
coefficient D. More recent research has to some
extent superseded these early results. Fischer

(1966) showed t;gnsverse velocity dist;ibutions to be
significant is determining D in an open chanhel.

Others have discussed the disparity between
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predicted and observed results and have proposed =
various remedial schemes. Entrapment in dead zones was
discussed by Thackston et al (1970) and by Sabol
(1978). McQuivey (1976) was successful in using a
purely convective model during the/initial‘period of
mixing. Aris's (1956) moment transformation analysis

has been eftended by Tsoi (1978) and Stefan (1981).

Despite this activity, uncertainty remains in

estimation of dispersion in natural rivers

ATsoi, 1978). The significant factor for purposes

of this research, however, 1is that use of a Fickian
analogy to dgscribe the combined effects of turbulent
and moleculgz,dispersion is generally accepted in the ]
literature. In fact, except for methods . combining
stochastic and deterministic components {such as the
'random walk' or ‘'MontelCarlo' techniques described:
below) it is the only technique usedg/iquation 3.16

may .therefore ' be considered to.be the fundamental

relation for instream transport in a one-

. dimensional system; the terms on the left hand side

are fixed, and the terms on the right hand side will

depend onﬁQEsumptions regarding the nature of the

substance 'p'. —

§

] As discussed below, analytical solutions tog equation .

3.16 have been derived for particular cases, and

1
numerical solutions have - been proposed for more

T I N P S NeI T T
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éeneral problems or for analytically difficult

problems.

!
/

r Loe T
Analytical Solutions of the Transport Equation

Numerous analytiec solutions have beeﬁrproposed for
special-cases of' equation 3.16. These various -
soiutions arrive in general from assumptions
regarding the nature of the reactive term (S),

the spatial or temporal variability of the coefficients

(U, A, or K), or the relative magnitudes of .the various

terms.

Assuming constant coefficients (uniform flow and

channel section) equation 3.16 becomes:
d3p/dt + va*dp/d1 - D d(dp/dl)/d1= S (3.18a)

"Further assuming steady state conditions and a point -
source, for a constituent undergoing first order decay,

equation 3.18a can be re~written as:
D*3(dp/d1)/d1 - va*dp/dl - kp = 0 (3.18b)

For 'a constant input concentration, the solution to

equation 3.18b has been given (Hydroscience, 1971) as:

C(x)=Co*exp({v ~ sqrt(v**2+4*K*D))/2*D)x) (3.19)
with Co the initial concentration
C(x) the concentration at point x

v the velocity
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bl " K the reaction rate N
, and D the dispersion coefficient
In conditions where aispersion . predominates,
f ' eguation 3.18b becomes: '
D*3(dp/31) /31 - Kp = 0 o (3.20)
and C(x) = Co*exp( - sqrt(K/D) *x) (3.21)

Where advective flux predomihates: 3

v¥dp/dl - R*p =0 . . (3.22)

LY

Yy

and C(x) = Co*exp(K*x/v) n ,' (3.23)

These simplistic - cases are not appropriate in
stormwater management‘. problems where temporal j
variations are significant. Further, the single
first order decay used in equation 3.19 may be
inadeguatﬁ;to déscfibe the quantity 'p' ;f interest.
Dissolved oxygen, for gxample: has several

Dpossible source or sink terms associated with .it.

Although not difeétiy pertinent to the present work, it

is noted that the classic Streeter-Phelps (1925)

equationS‘représent the'eérliest (Rinaldi et al,1979)
solutions of the time-varying biochemical analytic

solufions. Since then, a number of solutions for: 1
various special cases of equation 3.18b have o _ f

appeared. Some have modified the equations above to
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.account'for biological factors not incorporated by. -
Streeter and Phélps.‘Others have attempted to
finoofporate dispersion (Rinaldi et 51,'1979), In
general, analytic aolutions exist}for time—varying

constituents with timé-varying flow, » and for special

-

cases of ﬁnifofm'non-ataggy flowl A recent review
by Medina et al (1981) contains a number of Such
éolutlons, while the classic compilation ’by Carslaw
and Jaeger (1959) prOV1des analytxc solutlnns to many~
spec1al cases. In fact, given Unlform flow, area, and
d15perszon coefficients, - the solutlon of any arbitrary
lnput function may often be derived -from tha////?
integration of an fmpulsé response function, as
described by Fischer (1979) and others (Medina ‘et al,
1981;Thomann, 1972) - ’ .
. The application of the analytlc solutlons either as-is
or by. superp051tlon provides, 1n theory, solut1ons for
asome ﬁract1cal situations. Use of superp051tlon e
essentially uses the analytic solutlon 2s a
response function, with the output series obtalned as
"a ﬁéonvolutlon of the input function. This has been
done by Fischer, and more recently . by Medina et
al(1981). The difficulty with these methods ls‘that
they are inherently subject to the sama restrictions
fgg the analytic solutions .from which they are derived.

The method -described by Medina, for example,.used

the wuniform steady flow solution for a - short
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duration COnstant input as a response function. The

model was applled in a river us1ng one hour time steps
step. The results of this applzcat1on appear to be.

good: It is noted, however, that with variable

velocities across the‘Stream section and particﬁlarly

in short reaches where response can be non-Gauss:an,

the use of th1s “model would be guestionable. ° : IR

The application of analytic solutions, particularly /
where mulfiple sources and non-uniform conditions o/
. . n’" . R

exist, can.be difficult (Meyers, 1971). . For this

reason, numerical approximations of equation 3.18b are

‘often applied as alternatives to the analytic

. . )
v . . .

solutions.
. "y " .
3.3 Numerical Solutions of the Transport Equation.”’

Althodgg a limited_number of authors have attempted to
solve tﬁe advection/diséersion problem_in other_ways}
{Jensen et al,1980; Ahlstrom et al, 1976), the _ |
classical approach to numerical solution of this
problem has Eéén to adopt aﬁ Bulerian persbective and .
solve equation 3.18b by finite difference.or finite
element methods (Ahlstrom et;al,_lgfs). As noteq.by
Koutatis' et al (}980), " the receﬁ;‘popularity of
these methods is generally due to the advent of digital

computers.

el
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One approach to a numerical solution of equafion.f,
3.18b is to consider the river system to be

represenfed by a series of simpler systems. The cells

in series approach is an example of this. This method'
essentially considers the system to be represented by

a_ series of well mixed cells. Under these conditions,

an alternative to equation 3.18b may be applied:

d(v*C)/dt = s(t}) - Q*C ' - (3.24)
where Q is the net outflow,
S(t) is the net source/sink,
C is the reactor concentration,

and v iéithe cell volume. -
& .

Equation 3.24 is an ordinary first order
differential equation, and is simpler to solve than r
équation 3.18b since no spatial derivatives exist.
The - equation is solved simulténeously or singly‘for
all the cells in the system. In fact, the method
may be ”considered a finite element approach. ,
Stefan and :Banks ‘(Stefan et al, 1981) have applied
the method.'éhey showed the method to proqﬁce
. dispersive effects similar to those incorporated in
more complete advective/ dispersive descfiﬁtions as’ a
consequence of the numerical propagation .of
constituents from one cell t6 the next. The magnitude
- f this effect, and the results of the method, are

- highly sensitive to the number of cells -used to
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represent the river. Recently, the ‘method waé_ used

. to provide a simple transport model for use in

conjunctfon vith théfmaaél"by'noesner‘et al -
(CDM/Resource Arialysis, 1981). The model (ngyf - used
a Crank-Nicholson formulation to solve the systeﬁ of

equations.

An alternative to this approach was used by Chen
(1970) who employed a very similar equation but

included a simple dispersive term, written here as:

dv*C/dt = S(t) - Q*C = A*D dC/dx , (3.25)
' where A is the sectional

area of the cell -

Solution of equation 3.25 for a number of
elements, particularly if a simultaneous solution is
used, provides an approximation to the second order

term in equation 3.18b since fluxes from both bduﬁding

. ~
elements are considered.

It should be noted that, -although a 'top-down'
soiution (forward difference scheme) is possible
for both of the above equations, such a solution will
necessarily result in a propagation of inqu loads
through the entire system with each time step. This
propagation, depending on the number of cells used,
may daﬁpen quickly, but may be significant. A

simultaneous solution of the cells for the whole

n

42
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system is one way to reduce this effect, but

will require more computer space and time.

Numerical methods have been used to solve eqﬁEron 3.7
both qu steady state (Water Resources Engineers,
:1972) or &yaémié‘ihﬁut"conditions (Hubgr et al,
'1982). This is done by either finite difference or
_Eiyiﬁe element approximatiqns of equation 3.18b.
Numerous examples of this exist (Shen, 1978); finite‘
difference :schemes (Grubert, 1976; Abbott et al,
1975; Thatcher et al, 1975), finite element schemes
(varoglu et al, 1978; Narasimhan, 1978; Gambolati,
1979) and‘combiﬁeé difference/element schemes
(Niemeyer, 1978; Koutitas et al, 1980) have been
applied. Textbooks specifically reviewing the subject
(Meyers,. 1971) of numerical analysis 5;>equagions
of the type of equation 3.18b (second order linear

parabolic partial differential) ar§ available.

The details of these numerical methods will not be
discussed here. There are certain general conditions
inherent 1in their application. Chief among these is
the characteristic requifement for large computer core
and time. Further, since theée methods all solve a
cohtinuous function in finite steps; some degree of

- approximation is necessary, and results in errors in
the calculated result. These errors can generally be

kept within desired limits by using smaller temporal

<
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and spatial discretizations, but the result is an

increase in cost. - cooe

As described by Bella (1970), the numerical errors of
finite difference approximations can be. quant1f1ed and

1nterpreted as a pseudo- dlsper51on coeff:czent These

_errors result -from propagation of ' a concentration

change thrbugh'each‘glement length (Ax) in each time
step (_t). This basically results in a bropagation

speed of: - ' | T

c = AX/At . (3.26)

although other ' rates, including . the

instantaneous propagation noted above, can occur.

The impact of this effect can be minimised by
careful choice ‘of timé or distance steps or 'can.
sometimes be incorporated into the physical dispersion -
term so that the total dispersion is appropriaté; It
can be shown (Bella et al, 1970) that the magnitude of

the numerlcal dlsper51on term in a convect1ve

o

difference scheme is:

Dp = u/2*((1-2%y)*ax - uA*T) (3.27aY
- where Dp is a numer1ca1 d1spers1on
. coeff1c1ent analogous to
. D in equation 3.18b”
ST is the_compgtation time

Step,

i i By e g e ot fae
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u is the river velocity,
and y is a weighting factor

dependant on the differencé

scheme

! 4
For a backward difference scheme, y=0 and:

Dp = u/2*{px = UA*T) - (3.27b)
‘while for a centered difference scheme y=l; and:

Dp = u**2A*T/2 e - _(3.27c)

ég)eqﬁation 3.27b, a careful choice of Ax and AT can
leliminate Dp, while in equation 3;27c, this cannot be
done. In either cgsé, AT must decrease wi;h an increase
i?;u to avoid an increase in Dp. This analysis is
.illustrative of the basic problem with numerical

methods.

The finite element schemes which have been proposed C::f//‘
offer somewhat more flexibility'in describing boundary

. conditions than the finite difference schemes, but: .
unfor%hnétely, as desqribed ﬂby Koutitas e# al (1980),

this is usually offset by an increase in computer

stofage costs and run times. A revieﬁ by Varoglu et al

(1976) cifes papers by Lam, Ehrlig, van Genuchten,

Mercer, ’Faust and Smit which show that. "numerical

methods  give accept;ble numerical results for

»

diffusion dominated flow problems but when convection
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ﬁs a strong component of dispersion the existing
numerical sdlutions have an intrinsically unstable
cﬁaracter which exhibits: oscillation,‘ oversﬁoot,
undershoot, artificial_diffusion, negative

concentrations ...". (Varogiu et al, 1978)%

—sy

Since many streams and rivers are of the type

where dispersion is of minimal or secondary

' importance (Hydroscience, 1977), ¢this is an

unfortunate situation. It can be concluded that
although these methods are useful and flexible,
inherent difficulties exist in their application.

r
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4,0 Model Development "’

Introduction

As discussed in Chapter 1, a'number of criticisms.may‘
be made of existing models. One of the most basic of
these is that there has been a tendency apparent' in the

literature to create models for single purpose

~applications and to structure them in a way which makes

application to other conditions difficult. Since no two

problems are identical, this represents a significant

‘liability.

The models by Roesner et al, and by Huber et al, for
example, are created in relatively large blocks of
code, and data storage is gssentially all in core. This
has advantages in terms of speed of execution ané édde
size, but makes it difficult to make fundamental
changes in any of the basic model algor%thms. It also
makes complete comprehension of the model function at a
user level soméﬁhat difficult. This can tend to result
in errors in model function, or at least inappropriate
applications of the original model. Note, for example,
the common use of the extended transport algorithm of
SWMM in simulation of surcharged systems despife the
fact that it does not properly handle momentum changes

at pipe junctions,

- Another structural. problem with existing models for

/S
/
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application_in planning studies has been an
incoméatiﬁility of sophistication, As-indicated in the
literature review (Chapters 1 and 3) some existing
models which in principle'have the scope to solve -~
typical plannifg problems use methods which are

expensive or are more sophisticated than the data

- available at a planning stage would warrant. This has

resulted in some cages in the use of several different
model; in one study déspite the availability of
comprehéﬁsive models, to reduce cost or complexity. One
of the goals which was maintained while the code
structure for the presenﬁ model was under development
was to incorpgrate capabilities which are relatively
comprehensive, useful, ahd consistent in approach and

level of sophiétication.

‘The concept in model structure which was applied in

this research is different from that which is available
in existing alternatives, and was designed to
circumvent some of the problems in application which

have been associated with existing models. -

4.1 Design Assumptions

The model was created in accordance with the objectivés ™~
of this reseafch, and with the following governing

assumptions and concepts:
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1.) It is assumed that the quality planning pha

is associatéd with a quantity planning analysis

PAGE 4.3

se

As indicated in Chapter 1, it is appropriate that

the water quality analysis be conducted in
conjunction with a water guantity analysis. For
example, requlatory agencies in Ontario (COA,

1980) already require or promote determ@ﬁation

of

certain basic hydrologic information such as pre

and post deveioped flow rates and flood lines as

part of the planning analysis. Appropniafe
methodologies for this have been speéified at
municipal and provincial levels of government,
' —
The user of the planning model is therefore
assumed to have available basic hydrapiic.and
hydrologic informaﬁion used in water quantity
analysis. The quality planning model should
utilise this information where apprdp:fété}for
céaéfstency.and simplicity, and should éontain
runcoff volume’;nd rate-algorithﬁs which can be
reconciled with those used in the water quantit

analysis.

2,) Little calibration data will be avaiiable'i
- typical studies. The guantity buildiup and

transport routines should approbriafe for such

b4
n .

a

situation; for. example use of existing algofithms

(such as those of STORM or SWMM) where appropri

ate

&
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would be of benefit since the user could, in the
. ./ . “ - N .
absence of direct ‘data, make use of reported model

"parameters,

3.) A statistical interpretation of the impacts of

.urbanization. and control in the form of

concentration/ duration and number/ duration

exceedance.curves will be required. This is in

e

keeping with current practice (Réwney et al, 1982;

Southerland, 1981) in stormwater qualitf planning
énalysis as discussed in the literature re#iew. A
continuous simulation approach was used to
generate the synthetic time series information
which could be uéed to create tﬁe reguired |

exceedance curves. An associated interpretive

component was included in the model to achieve

this.

'4.) The planning model will primarily be used in

situations where instream transport can be

adequately simulated using time-varying,

-non-uniform, one-dimensional advection and

dispersion with a linear uncoupled first order

decay or discrete settling reaction term.’

The non-steady,'non-uhiform"conditions are likely

to be necessary in a regional study, since long

reaches and time scales are implied. Dispersion is

PAGE 4.4
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PAGE 4.5
generally of secondary importance in this context
(Hydroscience, 1977), but to permit an expanded

range of application, the river routing schemes
A

which have been developed do incorporate a

mechanism for including the effects of dispersion

1n river pellutant routlng. The restrlctlons to
the reactlve terms are con51stent with the scope
of research, and with the pollutant constituents

<

described in Chapter 3.

5.) In accordance with the objectives defined in
Chapter 2, tﬁz'model was structured to make use of
alternative components as simple as possible. This
was done by creating the individual functional
units in the model as separate modules,

inter-connected only .-by the guantity/ quality time

series. inputs/outputs which are read or generated.

6.) Where appropriate, existing models or
algorithms were used. This is a logical
perspective, adopted to promote the use of
suitable existing experience and to minimize
useless duplication as much as possible (Walesh,

1976} .

7.) The model was designed to use relatively

_little core space and computer time. As discussed

above, one of ‘the reasons existing models have

been unsatlsfactory is high cost and large g




.of a number of functionally and structurally s

'simuiation fupctions of the model: the runoff module,

PAGE 4.6 .
computer Trequirements. In light of the role of the
model as :a planning tool, and particularly in V1ew
of 1ncrea51ng prollferatlon of microcomputers of
limited .capacity in engineering, this is an

important aspect in model design. .
& .

4.2 Model Structure . ' /

In view of the fore901ng, the model structure shown in

figure 4.1 was adopted. Essentially, the model con51sts

-

.

1ndependent modules linked by disk files thch store

simulation and input data.

The command module controls the course of. the computer
run by 1nvok1ng the other modules in the sequence and
manner chosen by the user. The ‘control module is the
only part of the model the user interacts with
directly."Functions sﬁch as file management, data
reading and writing, plotfing, and simulation are all
invoked by the control module after the user input

instructions have been interpreted.

- There are three main modules representing the

< ¢
the control pond module, and the river transport

_ module. The runoff module can read rainfall data,'anT\\f
t

create runcff data files on disk or tape. This outpu

includes a time history of runoff quantity, quality,
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The system described ,above dlffers from exlstlng

. et al in several basic ways, First, the fundamental ™~

- Second,

A - d PAGE 4.7 =

and timing 1nformatlon from the. catchment. The control

‘pond-s;muletxon module routes the‘stqred qua;lty/_ f o ’

. Quantitg-eeries and records the result on a designated

disk-file;- Similarly,'the_transpert module routes the

quality_consﬁftuents from“point to point instream.

The 1nterpret1ve modules generate statzstlcal , - o

1nformatlon about the synthetic time" Serzes wh1ch
represent catchment évtflows, pond outflows, or & e

instream condltzons. At thlS tlme, tvo types of ba31c

J statistics are calculated The model calculates

~information comparing two flles, and calculates summary

statistxcs (over user- spec1f1ed 1ntervals§ of ‘ ‘

1nd1v1dua1 f11es.

The output module can be called at gny-time 6uring or
on completion of the run to pr1nt or plot deta1led or _

summary results of the 51mu1at10n.

N

B

cont:nuous 51mulat10n quallty models such as thOSe by

Roesner et al, Huber et al, Johansen et al or Gelger-

e
components necessary to simulate a large dendritic

r?ver basin are present in'a.éfﬁplei~pr’more
cemprehensitg,way than has previously been the case.

the ﬁfrdcture created allows the user to

simulate the system in a top-doﬁn menner rather than '
simultaﬁnggléf which reduces the computer core'§p3Ee-

L

A

- -
= PP
.
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requlrement of the model anally, the hzghly modular
structure of the model allows the user to readlly

replace or supplement the routines provided with

[y i -

alternatlves which may be more approprlate in their
T

‘partlcular appl1cat10n.

, . A further advantage to the modular scheme is that the

pealculated time series reside permanently on disc. This. _
allows the user to refer repeatedly to disc files J
'without re-calculation, which can have cost benefits in h
model use._Typitally, for example, a study of an
urbaniEing basin encounters some sub—cetchments which
are expected to change in the future, and some which
are expected to remain static. By retalnlng the
51mulat series for the static areas on disc, the user
need onlf simulate them once; the information can
subsequently be used in ‘an overall analysis .of both the

existing and fut

e land uses. Another example is in

- the analysi ontrol devices. Catchment runoff .need

not be simfilated for every run where a different

control pond is simulated. Rather, the catchpent

¢

outflow can be simuleted o§ce, and the stored

information is then availa®le for' routing through any

nuﬁber of different{gtorage devices. In fact, in

pr1nc1p1e a élngle computer run can use the same time

series. or routlng through several different control

.

ponds for comparative purposes.
-

. , *-—--—/ . .
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Appenéix D contains a détailed listing of the data
input requirements for the model. Table 4.1 is a
listing of the availablg model pommands. As.shown,
there are presently 15 commands which the user can
invoke. These commands can conuenieptly be grouped into
three categories: simulgtion commands, control

commands, and utility commandé.

Simulation commands

v . o
These are the actual functional commands of the model,

and represent the entire repertory of simulation
capability. The commands allow the user to gengrate a
synthetic time series of stormwater runoff from any
basin, and to route ﬁhat or any combination of similar
series through a river reach. A detention control
device can be simﬁlated, and if'nécessary a flow split
can be coded. Although most applications of the model
are likely to be in dendritic (branching) systems, the
flow split is incorporated to allow the user to
simulate speéial system cbnfigurationé. For example, a
number of contrel ponds in'parallei can be coded using.
the flow.split routine, as can losses to irrigation
cﬁannels or other/lateral branchings.

Control commands
1

r

These commands allow the user to control the simulation

run. The commands are required to initialise the run

»
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'and:;o terminate it. By using these commands, the user
designates rainfall input devicéé} selects which (if

any) pollutants are to'be simulated, and defines

default parameters ‘for pollutant accumulation, washoff,

~or rating curve calculatlons.
Utility commands o

The various output and 1nterpret1ve modules are invoked
by these commands. The d1sk files referred to by the
model are in a blnary format to enhance speed and
reduce disk space; To view any of the files, or to plot
them, therefore requires interpretive modules to
convert ‘-the disk file data to a legible format. The
user can plot or print segments of the file as
required, or can dump the entire disk file as a printed
or plotted series,. Also,.the user can calculate
calibration or freguency curve statistics using these
commands, and can input observed flow serieé %or use by
the model if gauging data is available.

, o

i . .}:‘. - . "."j' Lk
4.3 Summary

-

In terms of the criteria for planning models defined in

Chapter 1, the proposed model :

o is capable of s1mulat1ng instream impacts of

stormJ:ler pollution, ' “

© uses a continucus simulation approach,
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NAME
GENERATE

o
’

BOND "

REACH

CONVOLUTE

ADD SERIES

SPLIT SERIES

START

FINISH

POLLUTANT

RATES

PLOT SPAN

DOMP PLOT

PRINT SPAN
4

DUMP PRINT

CALIBRATE

/

f4

STORE

EXCEEDANCE

CURVES

TABLE. 4~1 AVAILABLE MODEL COMMANDS

FUNCTION

Causes the simulation of catchment runoff and,
optionally, of pollutant load generation by -runoff.

Routes flows and, optionally, pollutants'through a
detention storage pond. -

Routes flows and, optionally, poilutants through a
river reach using finite difference approach, .
Routes flows and, optiocnally, pollutants through a
river reach using convolution approach, ;

-

Sums two flow and pollutant series.
Divides a flow and pollutant series into two parts.

Bégins run, sets span of run, defines rain and flow
input file numbers, and sets pellutant simulation
on or off.

Terminates run.

Establishes pollutant’ source calculation method,
and sets parameters for pollutant source ‘
calculation : . .

Plots flow or pollutants for a specified short
period. '

Plots all flew or pollutant records for one or
two series. ‘

Prints-flow or pollutant for a specified short
period. . '

Prints all pollutant and?flow records for one
series. '

Calculates some basic statistics comparing twaq -
pollutant or flow series.

Converts flow gauge records to internal model
format. ' : C :

Calculates number afid duration of flow or -
concentration exceedances. '

-

,?\*3

3 mji."
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o is able to readily accept measured or simulated

data from other sources, and similarly able to

provide data series to external uses,

o is capable of simulating a system of 4
rainfall/runoff, control, and transport

-~

components,

o will readiiy accept alternative algorithms for
any and all -of its fundamental simulation or

interpretive elements,
1] ’ ' -2

which are all requirements defined for the model. The
three remaihing items not ﬁentionéd‘above,'qamely
economy, -data réquirements, and consisFency with other
models are discussed in later sections of thié report.
It is noted here, however, that the model appears to
meet these criteria as well, The proposed model
structure is therefore fundamentally more suitable for
use in a. planning environment than alternatives, and

meets the general requirements of objective 1.
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5.0 Instream Pollutant Routing

5.1 Introduction.

As discussed in the literature review, there ie a
lengfhy history of use of the basic advective/
dispersive transport equation for’pollutant roufing.
One, two and three dihensionel models have been
proposed for rivers, and a wide variety of alternative
mathematical approximations to the transport equations
exist.%Some of these are exact solutions to Special

cases, while others are numerical approximations which

sacrifice exactitude for flexibility or economy and

which allow solution of otherwise intractable problems.

A number of these schemes provide satisfactory
solutions for the advective/dispersive transport
equation when properly applied in appropriate
conditions. To provide the option of using a
trad:t:onal river routing scheme 1n the proposed model,
one of these has been adopted as one 'means for river
routing. ThISAIS described in Appendix C., However, it
was recognized that there are drawbacks which typically
accompany numerical approx1mat1ons of the fundamental

transport ;equation, These are descr1bed in Chapter 3

/>///ﬂ\\and 1nglude cOsSts or complexity result1ng frOm

computational requlrements of the numer;cal séﬁ%&e. To

provide for an alternat1ve means of rlver rout1ng in

accordance w1th objective 2, an alternatlve routing

Y

&

——— e
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scheme was develdped for the model. This scheme is

described in this chapter.

It is generally conceded that the process of &ispersion
of a slug of pollutants in a river occurs in a
characteristic manner which can be descr1bed as hav1ng
two stages, as shown in flgure 5.1. First, there 1s a
period when local advective patterns tend to distort

the cloud of pollutants in a.way which is dependant
primarily on the velocity distribution across the b
stream section., This tends to stretch the cloud aloﬁg

the stream, and results in concentration variatiéns L
across the stream. Some time after this period of

initial mixing, variations in concentration tend to

~even out, and the cloud disperses in a manner deéscribed

. by the Fickian relatidn, which - can be written relative

to the centroid of the cloud as:

3C/dt = d(Ex*dC/dx)/dx (5.1)

where Ex is a longitudinal
dispersion-coefficient,
x is distance along the
styeam,

and C is pollutant concentration.

-
»

Typically, as noted in the literature review, river
dispersion problems are solved by assuming that the
stream behaves according to egquation. 5.1 throughout the -

process of mixing. This results in a one-dimensional - 4

4
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1. A source is injgcted. N

2. Initial mixing reflects local advective pattdrn and
is non-uniform across the channel. :

3. Lateral variations have evened out and longitudinal
mixing pfogresses. -

FIGURE 5.1 STAGES IN MIXING IN A RIVER

Flow- Direction -

»
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river traﬁsport equation of the following form:'
/ ; e
BC/dt = VX*dC/dx + d(Ex*dC/dx)/dx + § (5.2}
where Vx is a longitudinal
) velocity, ‘
and S represents losses or

additions of pollutant due to

reaction or sources/sinks,

Equation 5.2 provides a means of solving most one
dimensional river transpdrt problems. Howeéer,hthere
are certain limitations”inherent in its applicétion.
These can be grouped into numerical and physical
cateqgories. The firsp set of problems relates tc’fﬂ;/’
need to solve equation 5.2 numerically for the general
case. This is usually done by dividing the river reach

into small elements and solving finite approximations

- 3 - . . 3
of equation 5.2 over successive short time intervals Y.

(Patankar, 1980). With sufficiently small time and

distance elements the result can be made sufficiently

“accurate, However, there is a cost penalty associated

with this approach, since more time and distance steps
imply more numerical calculations and hence greater

computational costs. It is an inherent paradox that as

‘ a'éeneral rule, the less important the dispersive term

in equation 5.2 is, the more numerical computations
(typically resulting from a finer time step) are

require& to achieve appropriate results,
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T

-Thffggeond'set‘of problems'arp the result of physical
processes which‘do not ekactly'match the assumed
representative equation. In the initial period of

mixing, for éxamp?é,'equationls.z is not necessarily
appropriate, This initiél period can be significant, as
indicated by Fischer et al (1979) who-éivé as an

example transverse mixing on the MacKenzie River, which

was not complete for at least 300 miles downstream from

a source. Another example cam be found in the St. Clair

river in Ontario. Recent instream obsériations of

mixing indicate that transverse mixing is only

accomplished after a travel distance well beyond'the s
100 km distance £0'the receiving lake (Hamdi et al,
1983). Finally, recént1theoretica} investigations

(Dewey et al, 1982) seem to indicate that the initial

period ofrmixing'persists {or much' longer than was
previously anticipated. This effect means that,
equation 5.2 may be inadequate for significént'
disﬁances and times_after the pollutant has bgen

injected.”

This problem is familiar in the'fgrm1of E?pical dye
cloud results when ihstream dispersion is measured.

Commonly, the observer will obtain results which

e 3

. : ' '
findicate a long "tail' of dye trailing hehind the main
cloud. (Rideau River, 1981; ibid 1981). There have been

attempts to account for this obéeréétion within the

S : * ' w2
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framework of the existing one-dimensional relation
(Thackston et al; "1970 and others).. It'is also possible
‘to abandon éhe,one—dimensional épproach when the _
initial period of mixing is significant and replace it .

with a multi dimensional model,

Anotﬁer aspect of the same problem may be cénsidered to
exist in situations where sources are ihtroaucedaat the
side of a river, and ultimateiy spread across the
river. The velocity in a channel at the side is
typically. less than the averagé velocity, so in suéh a
case the most appropriate value of loﬁgitudinél
velocity will vary during the perioa of mixing even if
"~ flows are steady. Further, if a number of sourées aré
located along é,channel, there'caﬁgih principle be
sevéral velocities representative of a single instream
section by virtue of the different-prégréss of mixing
of each sourceﬁﬂ@h one dimensional model of the
classical type solves eduation 5.2 assuming unique
values of velocity at each point and does not'respond
to this fact. It is noted that the non-uniform initial
mixing condition potentially occurs’wheqever é sewef or
side channel enters a significantly larger main stream,
and this is the type of source éqﬁﬁﬁﬁly at issue in

’

regional stormwater planning,

The above and other problems can in principle be

addressed by using multi-dimensional river models if




‘'which is more economical to use than traditioa{}
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ﬁhey are deemed important énouéh to warrant inclusion

in an ana1y51s. The two d1menszona1 form of equation

5 2 can be wr1tten as:

3C/3t = - VKROC/dx - Vg*SC/dy L " (5.3)
J(Ex*dC/ax) /dx +-B(EydC/dy) /Oy + §
. .where Vy is'a transverse velbcity,
: and By is‘a _transverse

d1spers:on coefficient,

,
&

However there'ig an inherent cost penalty in
application gf such models. Adding a second dimension

to the equation not only provides.more detail than‘is_
desirable in the type of.planning analygis conéidered -

here, but increases the cost of numerical solution. For

_both reasons a two dimensional transport ana1y51s of

the trad1t1ona1 form was cons1dered 1nappr0prlate in
this model. |

The emphasis in developing an 1nstream tran5port
algorlthm for this research was to 1nvestlgate the
possibility of deriving an instream routing method - A
approaches, which is able to respond to the 1n1tral
m1x1ng per1od to some degree without excess1ve_

increases in soph15t1catlon, yet Whlch can be

reconc1led with existing methods.

A}

5.2 Proposed Routing Method .
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General Approhch' : o “ ' ' :
- . . r
For the rxver transport algorithm, it was decided to

adopt a convolutlon routing scheme which employs a
- response function derived from a two dxmen512pa1
analys1s of the river. For the purpeses of this
research such a scheme, as is demonstrated below, is
. capable of providing.results consistent with more

-

complex tworgimensional models, but at a cost‘dpich is

. less than the simpler one-dimensional models. Although

T

appropriate in principle, convolution approaches have
not been cEmmonly applied in‘Sto:mwater guality
simulation models; they have been primarily been
associated yith a 5fstems apﬁrbach to river or reactor
response, and when useé have tended to be by_
application of the impulse response function which is a
solution to equation 531 (Medina et al, 1981). The
~approach to obtalnlng a response function which is-

proposed in thls research is new.

Assumptions

)\
Pollutaﬁf inputs which are dealt with in advective/
dispersive-transporﬁ models generally presuppose that
quantities of pollutant maés introduced to a river are
continuously divisible. Dis;qlved materials meet this
supposition well. Since it is readily divisible, this

mass tends to dissociate and spread after input to the
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system due to the essentially random turbulent’ ' s

fluctuations in velocity encountered in the river.’

It is-approximately equivalent to view the pollutant
mass “introduced to a rivef as consisting of a large or
semi-infinite number of composite pérticiés.'ln this
case, exact definition of the dispersionjahd transport
of a péllutant mass would require that the position
each single particle of which the mass is constituted
'be known. A definition of partiele position can be

expressed as the following:

p(t) = fvit) at +po (5.4)
. where P is a vector position of the
particle,
Po is the starting position,

and V is a velocity vector.

Sincé the velocity at any instant in a non-steady’
non-uniform flow is a function of position as well as
time, solué&on of 5.4 is not straigﬁt forward.
Furthermore, the velocity vector can be considered to
include a random component representing turbulent
“fluctuations, so for predictive purposes the final
position of the particle must be expressed as a
probability. Finally, the.semi—infinite number of
particles of which the mass is composed makes -
enumeration of individual particles by equation 5.4 in

~r

practical problems impossible. Even for an individual
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particle, further expansion of equation 5.4 by
inclusion of the turbulent velocity component qu1ék1y

results in an expre551on wh1ch is difficult to solve.

It is for this reason that the above (Lagrang1an)

© approach to descr1b1ng dlsperszon is usually abandoned
when pract;cal-problems exist. Instead,. the d1spersxng
mass is treated as a continuously divisible substance
behaving according to the net effect of local
concentration gradients, velocity patterns, and Chick's
Law (equation 5.3). As discussed in Chapter 3, the

%esulting eqﬁation is amenable to numerical methods, is

theoretically justified, and experimentally shown to be

reasonable.

In this analysis, ﬂ@wever, an approximation of equation
5.4 isgused to generate a response function for a two
dimensional system of the type géscribed by eguation
5.3. It is emphasised that the approach used here does
| not contradict or replace equatioﬁ 5.3. In fact, this
analysis provides an alternati&e solution to a K
particular case of equation 5.3, the traditional twe
dimensional advective/ dispersive transport QQUation,
using elements of the interpretétion implied- by -

equation 5.4

Primary assumptions made in this derivation are:

’
-

1. Mixing and transport in the river can be
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approximated as a'two dimensional process.

2. In the dzrectlon of the river channel, the

‘transverse varlatxon in longitudinal velocity is

the predominant factor in determining the

longitudinal spread of3pollutants. This aszf:ption
is reasonable, and has been the basis of

&

fundamental research by Taylor, Flsher and others.

3. Acroéé the streiT;Jgtspersion is-the primary
factor causing a lateral drift of pollutaﬁfs. This
assumption es _'iellyllqmps the mixing caused by
turbulence or seébndery currents into a dispérsive
term and e}iminates advectivermbvementJ In the
absence of bends or disturbances in the channel,

this 1s also 2 reasonable approx1mat103 (Flscher,

1998).

4. The lateral spread of pollutants may be
descrlbed using the Fickian- d15pers1on relatlon
(eguation 5.1 expfessed in the y- dlrectlon, across
the stream). As discuy¥sed in the literature
review, the Flckian assumption is prevalent in the

literatyre.

5. The river can be‘divided'glong stream lines

into sections of characteristic velocity and

_ concentration. Between these sections, transverse
. !

dispersion provides lateral travel of pollutants,

1

5,10 -

!\_,



. R PAGE 5.11 °

while advection is by definitién insignifiéant.' o

Along these sections, advection is the primary ' . .
factor determining. particle position. This is an

approximation which has been used w1th success b; /

Sayre and others in developing the stream tube'”

.
model of river dispersion.

Points 1 through'4'cor?eépbnqjgﬁ,a-mixi%g és?dition of -~
the type shown in equation 5 B‘With the seigg? and
third terms on the right hand shde omitted. /Thas .
represents a slightly 51mp11f16d "Eorm of two .
dimensional tranSport which haﬁ‘been ‘used in a numBer'
of previous models (Hamdi ét ai 1979 and othkers). The
result is more soph15t1dated thgn typical one
dlmen51onal models. To this point, the developmeqf/of
the response funatxon is no\hore or less intuitive than
any of Fhe tradrtlonal river transport models, since it

is based on the same fundamental equations.
Summary of “Solution Technique'

Under the conditions described above a conceptual model
of instream transport can be developed. As shown in

figure 5.2, a particle “group 1ntrodqud into the stream

- at some“pos1t1on will move downstr?am ‘at a velocity
determined by its lateral position at any 1nstant, At
the same time, lateral motion in the stream will occur
as dictated by molecular diffusion and turbulent

dispersion, in this case approximated by a Fickian



~ pathline of -
particle

//

TO- Startjhg position of particle.
Ty- Position of particle at time tl.
Vlat- Lateral component of velocity at time tl.
Ving- Longitudinal component of velocity at time tl.

S

FIGURE 5.2 CONCEPT QF PARTICLE BEHAVIOUR "INSTREAM
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The positipn~bf the particle after some time (tl-t0)
would be defined by equation 5.4 according to the time
history of particle velocity. Under the conditions
described above, the lateral and longitudinal movements
of the particle can be treated as independent and
integrated separately. Deferminatiqn of the final
particlé.position therefore can be achieved by a
Separate treatment of the lateral and longitudinal
vélocities, provided that the time history of each is
known. Alternatively, if the time history of particle
.position.in he lateral direction is knowﬁ,
determinatidn of the final longitudénal position can be
achieved by recovering andhintegrating'the time history
of longitudinal velocity from this informétion. This is

the general approach used in this method. "

In essence, a finite approximation to equation 5.4 is

applied.
1. The river is divided laterally into sections
of uniform velocity along theV?T;::: anq*the time
span of simulation is divided into an integer

number of equal time intervals.

2. All possible lateral position sequences over-
the time span are enumerated, and the longitudinal

position of a particle following each possible

!

2o r i el
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seqszhce is calculated.

3. The probability of each' sequence, or
alternatlvely the numbers of part:cles following
each sequence, can be calculated and hence the
numbers of particles at each of the iongitudinal‘

13

positions determined in step 2 can be determined.

N

4. The result is a known longitudinal distribution

of the input slug at the end of the simulated time

span.
Detailed Development of Solution Technique

In general, the problem to be solved is to find the
longitudinal distfibution of an initial particle mass
after some elapsed time period. The stream is
coﬁceptualised as having a longitudinal velocity which
varies accordlng to some lateral distribution and which

. can be approximated as a number of sections of constant

velocity. A dispersive movement across the stream is
assumed to be described by a Fickian dispersion term.
The solution is reqguired for a reach of uniform

characteristics along the stream, and steady in time.

As indicated above, ‘the distance travelled downstream
by a pa;ticle group released into one of the stream
sections after some long p#riod of time would be théﬁ
sum of the incremental distancgs travelled by the

particle during :its stay in each section. By knowing
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how long the particle remains in each section, and the
.vg;ocity in each éection,.the magnitude of these
iﬁcremental'distances could be determined. In
;o printiple, therefore, if the lateral path taken by the
pafticle could be described, its downstream position

could be found. .

An interpretation of this approach can be made as

follows. A partlcle group is 1ntroduced into one stream

section\ After a single short time step At, the

] particle will move some distance ﬁg.fo:ward (along the

_river) and somg\dxstance Ay sideways.

.h-ﬁ

This situation can be wrltten-

P(t+At) = P(t) + Ay . S (5.5)

Dividing, by the time step _t,

L (Bltrat)-P()) /At = (A7 + AX) /A (5.6)

Now as At becomes infinitely small, equation S.S'approaches:
dP(t)/at = duy/dt + dux/dt (5.7)

or,” | B
dPit)/&t = Vx + Vy o (5.8)

which is an alternative to equation 5.4, expressed at a

point. In other words,'the conceptual model described
Y

above can be viewed as a finite approximation of

Y
equation 5.4.
' [

' Using equation 5.5, determination of the path of a

particle over a long time period becomes the problem of
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finding:

P(t+nat) = P(t) + sum(ay(i),n) + sum(ax(i),n) (5.9)
where the notation ’
sum(b(i,f,k...),n,o,p.,.) .
represents the sum of |
b(i,j,k...) evaluated over the

range of n,o,p and so on.

" The third term on the right hand side can be evaluated
once the behavior of the second term on the right hand
side is known. Solution of the-téaﬁsport problem in
this research was achieved by application of eguation
5.9 under particular conditions of assumed behavior of

the two right hand terms.
Numerical Method.

Let the time span over which routing occurs be divided

into 'n' intervals of equal length At, and to step

forward from time zero to time 'nat' in time steps of
. . "~

size at.

Let the river be divided into 'm' intervals across. its

width. For convenience, let the intervals be of equal

width, Ay, and designate the intervals as:’

Y = (yl, y2, y3, ... ym) . (5.10)
| where Y is the set of intervals

vk across the stream

%

—
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n . . .o
Define a possible path sequence for a particle released at

yi as beihg any combination length 'n' ofrmembers*éf.Y:

¥Yseq = {yi,yjl,yj2, ... yjn} . (5.11)
~ wheére yi is the section at which £
the particle group begins;
and yjn is the section location of
the particle group at step

1jn‘l
\\\\

Equation 5.11 implies an additional simplifying
assumption in the proposed method,'and(is a conseguence
of the finite approximation of time and distance .
descfibed above. The equation states that the piég}ble
lateral paths which can bé\géken by a particle/SETr the
time span of 'm' intégvals can be approximated as’a
sequence of an integer number of positions acrpsé the
stream. By definition, as Ay ;nd At approach zero the
sequence of equatioﬁu5.11 dan approach any possible

physically real ﬁarticle path.

Since the numbetr of time and distance steps in{;his
solution are fixed and finite, all possible Yseq can be
determined. To solvelEEg/pouting problem ii therefore
reméins, for any sequence Yseq described'by 5.11, to
determine the longitudinal position traveled after 'm’
time steps, and the number of particles which follow .

the sequence Yseq.

A

>
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Estimation of Numbers of Particles Following’

a Particular Sequence,

In view of assumptions 1 through 4, it is possible to
describe the lateral movement of‘pérticles by meanélof
an equation in the form of equation 5.1. This féflects
the fact that, although an alternative frame of
reference is being applied fo achieve a solution, the
method still assumesiapplicgbility of the traditional
dispéfsive-behavior of a particle group introdﬁced to a

river,

-

Taking Ey to be constant, the solution for equation 5.1 -
ca; be derived by elementary calculus and is given in
any text on instream transport. This solution is

written here for an unconfined source in a water body

Ky

with a background concentration field:

- Cly,t) = Mo/sqrt(4*t*Ey*pi)*
- ' exp(-x*x/4/Ey/t)+Cb{y)  (5.12)
.where ﬁb is the injected mass,

Ey is the lateral dispersiog

coefficient, -
(: t is elapsed time,
B  Cb is background ’,

concentration,

and C is total concentration

-

For Cb(y) equal to zero, equation 5.12 can be seen to
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take thé'fqrm,of a Gaussian distribution.with: -
L - Lo ‘ /
: mean pb&ﬁtion =0 : (5.13)
i C :

and

variance = sqrt(2*Ey*t) ' : . - (5.14) .

L ~
At any time, equation 5.12 can be used to solve for

concentration as a function of location directly. T&¥

determine the fraction of mass M in'aﬁy interval

'distance 'y' equation 5.12 must be integrated over the .

L

. - .

If a partiéle group is located at a point in one stream
"section at time il, then thé number of particles in any
of the possible'stream sections at time t2 can be
determined by setting:

£ = t2 -tl i (5.15)

in equation 5.12, ‘and integrhgiﬁa—fhe result between yl
and y2 where yl is the distance from the point of input
to one lateral bouhdéry of a stream section, and y2 is .
the distance from the point of input to the other

lateral boundary of that section.

M(y0,yl,y2) -ﬁ(f,t) df . - ks.ls)

where"M(y0,yl,y2) is the mass at

‘tiMe t between section
boundaries ylland y2, for

a mass introduced at yo0,
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and £ is a constant of ‘

integration.

This is illustrated in figure 5.3. The fraction of the

injected mass, Mf, between yl and y2 is defined for

convenience as:
Mf(y0,yl,y2) = M(y0,yl,y2)/Mo | (5.17)

The integration in equation 5.17 cannot be performed
directly (Rennedy et al, 1976) so a numerical
approximation‘must be made. This can either be
achieved by using tables of the normal distribution, or
by using {glatidns of the type derived by Abramowitz
and Stegun (1965). Their numerical expressions for the

normal curve and its integrated form for T > 0.0 are

written here as:

FT(T)=1.0/(B+B1*T*T+B2*T**4+B3*T**g) (5.18)
where_B=2.490895l
Bl=1.466003
B2=-0.024393
- B3=0,178257
and FT is the value of the-,
normal curve at T.°
and as:

PT(T)zi;o—FT(T)*(Al*Q+A2*Q*Q;A3*Q**3) - (5.19)

where Q=1/(1+A*T)

.
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FIGURE 5.3 DEFINITION SKETCH FOR EQUATION'S.16
(DETERMINATION OF MASS IN A SECTIOM
AT TIME t2-t1 AFTER INJECTION)
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with A=0.33267
| Al=0.43618
A2=-0,12017
A3=0.83730
and PT is the integral of thes
normal curve from minus

infinity to T.

952;9 the principle that the normal curye is
symmetrical about T=0, equations-5.18 and 5.19 were
used in this work for the entire range of T (+ or -

infinity) as follows:

F(T) = FT{abs(T)) (5.20)
where'F is the value of the normal ’
curve at T.. .
P(T) = PT(T) T >or =0 (5.21)°
1-PT{abs(T)) | T < 0O )

where P is the integral of the
normal curve from minus

infinity to T.

To determine the pollutant mass.befween 'yi' and 'yi+l'
at time 't' when a mass 'm' is released at point 'yj’

at time 'to', the following relations are used:”

6 = sqrt(2*Ey*(t-t0)) ‘ (5.22)
xyi = (yi-y3)/d | © (5.23a)
xyi+l = (yi+l-yj)/c {5.23b)"
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M(yi,yi+l) = Mo*(P(xyi+1)-P(xyi)) (5.24)

With 'n' stream sections defined, equation 5.22 is
applied once ‘and eéuations 5.23 through 5.24- 'n" times

to obtain the mass reaching .each section.

After ore time step, the above calculations have

_converted one point.source of mass to 'n' distributed

sources.of mass. Over the next time step, from time t2
to time t3, it is necessary to determine how these 'n'
distributed sources are redistributed. Since equation
5.12 is lineér in M, this is equivalent to thelproblem
of establishing the behavior of the mass distributed in
any single section. The mass will evidently become

L

redistributed across the 'n’ available sections again.

A direct solution to this problem is again not

possible, and the numerical approach applied in

‘eQUation 5.24 is less exact than in the first case.

This is because in the second time step the initial ,

conditions at the beginning of the step are not point

sources., Equation 5.12 must therefore be‘replaéed by:

Cly,t3) =J/-C(f,t2)/sqrt(4*Pi*Ey*(t3~t2))* - (5.25)
exp(-(y-£)**2/4/Ey/(t3-t2))df
where f is a variable of

integration. .

for which there is no direct solution. An approximate

solution to equation 5.25 is therefore required.’
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In principle, term by term integration of a fitted
polynomial or other approximations could be used to
achieve a close numerical solution to 5.25. In this
work, a solution to equation 5.25 obtained by "
representing the distributed mass gxisting at the end
of time t3 as a series of masses located at the
mid-point of ‘each éection was tested. Aé.shown below,
it appears that the approximation involved is
sufficient for the purpéses of this research. With this
approximation, equations 5.22 through 5.24 can be
applied for each of the 'n' elements with 'yj' taken as

the midpoint ¢f each element.

In the second and each subsequent time step, there;are
'n' di}ferent particle groups travelling to 'n'
different locations, so the mass in each section

becomes the sum of 'n' different sources.

A sequence of lateral section positions is redefined

as: -

{yl,y2,y3 ... ym] (5.26)

(RN,

'Y
where Y is a sequence of 'm'
positions yl, y2, and so on,

during'intervals 1,2,3...m,

in which position is approximated as the midpoint of

the occupied section. Then the fraction of particles

SR
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"Npaths = n**n

travgllihg along a paéticular pathline is:’
L)

Frac(yY) = .

- PR |

_ prod(Mf(yl,quﬁy,y2+Ay),Mf(yz,yz-ay,y3+ay)...'

Mf (ym-1,ym-Ay, ym+ay) (5.27)"

where the rotation prod(a,b,c...z)

refers to the prbduct of the

series a,b,c ...z.

This situation is depicted in figure 5.4. As shown
there, each possible path accounts for a fraction of
the particles, and the fraction for each can be

determined by application of equation 5.27.

Determination of the numbers of particles travelling

any section sequence has theréfvzr been reduced to the
problem of solving equation 5,27 '

It is noted at this point that the computational
requirements in solving the above progression quickly
become significant, since each step results in 'n’

different destinations for 'n' different sources, After

'm' time steps:

(5.28)

where Npaths is the number of-
possible'particle paths Nyt
n is the number of stream
sections,

and m is the number of time steps.

2o

o




oo M Stream Section o 2

time 3At o e

time 4t -«

————— Mass fraction distribution for a step of size At.

Mass fraction in section.

Arbitrary sequence shown is
Y= (_Y_‘ "y'i'*'l”y'i ’yi+3,y'i )

-I"-.

FIGURE 5.4 DEFINITION SKETCH FOR EQUATION 5.27.
(APPROXIMATION OF LATERAL- SEQUENCE

OF POSITION)
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§
For even a moderate number of river sections and time

steps, this number can be large. L

Equation 5.27 is general, however the use of equation
5.24 in solving equation 5.27 is only correct in the
stated conditions of an infinitely wide channel or a
.channel where ‘the dispersing cloud does not impinge on
the channel boundaries. For the case of a narrow
channel or a channel where the cloud impinges on the
side because it is released near shore, further images

of the original source must be added, and equation 5.24

is replaced by an alternative,"

Sayre and Chang used»the method of images to solve for
transverse mixing of a c;nstant side channel line

source in a river channel, and this has been adopted

and further tested by Hamdi et al{(1979). This relation."
is written here for a channel with uniform

cross-sectional velocity as;:’

Cly,t) = Mo/sqrt(Z*Ey*Pi)*’
sum(Et(xb i),n) (5.29)
- where Et(xo i)=exp(-vx*(xo- 2*1*b)**2/4/Ey/x)+Cb(y)
vk is the chaqnel velocity, h
b is the channel width,
n ranges from plus to minus infinity,‘

and Mo is found from the mass rate of pollutant

input divided by the channel depth and river
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flow velocity.

For this research, it was necessar} to derive a
relation similar to 5.29 but which can be used for a
source at the midpoint of one of an integer number of
equal stream sections., Figure 5.5 depicts the general
approach to this problem,

The section widths in this analysis are restricted to
equal widths. Then th;-first image is located at a

point:’

oy

do = dn + Ay/2 | {5.30)

-

and the target section%spans the positions 'dm' through
'dm+1'. Taken with the river bank as a datum, a section

boundary 'di' is located at:
di = (i-1)*ay ‘ _ (5.31)

so the displacements of the section boundaries (dm and

dm+l) from the source {(do) are:

dl = dm-do (5.32a)
= {m-n-1/2)*Ay
\\\& 0
afigdr——— .
d2 = dm+l-do (5.32b)
= {(m-n+1/2)*Ay ~ -

Let 'yi* be defined ai\the displaceément of an image
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FIGURE 5.5 DEFINITION SKETCH FOR SOLUTION OF MASS
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from start point 'do', and 'yo' as the displacement of |
a point of observation from the start point. The >
distance of the start point from the two banks are L1

and L2, where:

b =Ll + L2 : ' , (5.33)
o TN .

Then there can be defined an infinite number of images
contributing to concentrations observed at any point dm

instream. These are located at:

gi={~2%L1, (2*L1+2*L2),- (4*L1+2*L2) (5.34a)
(4*L1+4*1,2) ,-(6*L1+4*L2)...}

and at:

yi={+2%L2, - (2*L2+2*L1), (4*L2+2*L1), (5:34b)

—(4*L2+4*L1), (6*%L2+4*L1) ...}
distances from the point of input,

Collecting terms and using 5.31, the total series of

sources and images can be written:

1
yi={...~(4*b+2*L1),-4*b,~(2*b+2*L1Yy ,-2*b,-2*L1,0,
2*L2,2*%b, (2*b+2*L2) ,4*b, (4*b+2*L2) ...} (5.35)°

For L1 zero, a line source at the bank occurs, and

equation 5.18 can be recovered. Letting:

K1l

1

Mo/2/sqrt(4*Pi*Ey*t) - (5.36)
and

K2 = -1/(4*%Ey*t) : © (5.37)

.4
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equation 5.12 can be restated for the source and its

images as:’

c(y,t) = Kl*sum(exp(k2*{yo-yij)),n) (5.38)
" where yij is the jth term
© in s.24,
and n ranges from plus to
Y minus infinity

which can be expanded to:

' : . . -
Clyo,t) = RKl*(exp(R2*yo**2 ' ' 155.39) )

+ expiKZ*(yo+2*Ll)**2)
+ exp(K2*(yo-2*L2)**2)) . _
'+;Kl*sum(exp(Kz*(yo+2*ﬁ*5)**2)
+exp(K2* (yo+2*j*b+2*[,1)}**2) ,n)
+ Klfsum(exp(Kz*(yo-zj*b)z)
+exp(K2* (yo-2j%b-2*L2)2) ,n)
where n‘ranges from l‘to'

plus infinity

which' is the general solution to equation 5.1 for a
line source in a channel of finite widfh. The mass
between two points 'dm' and 'dm+l' from a source at
'do' can be derived, as before, by,integrating eguation

5.38.:

M(d1,d2) = fC(f,t) af - , (5.16)
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Equation 5.38 can be integrated in parts since the
terms are-all additive, and can therefore be solved
using equation 5.16 and 5.17. This is most easily

accomplished by letting:

6 = sqrt(2*Ey*(t-to) S (5.22)
xyi = (yi-yj)/¢ : . (5.23a)
xyi+l = (yi+l-yi)/d (5.23b)

as before. Then equation 5.16 can be altered to include
the image terms as a summation as well as the original

source term:
Mf(do,yi,yi+l) = Mf(do,0,yi+1)-Mf(do,0,yi)  (5.40a)

ME(do,0,¥k) = B(yk/6) - | -~ (5.40b)
+ P((yk+2*L1)/8) + P{(yk-2*L2)/4)
+ sum( (P((yk+2*j*b) /&)
+P((yk+2*j*b+2*;1)/d),n)
+ sum((P((yk-2*j*b)/g)
+p((yk-2*j*b-2*L1)/d),n)

*

Therefore, a relation has been derived which allows
estimation of the mass in eachistreaﬁ Section after
-some period of time in a bounded stream. A means to
:handle the problem of estimating the lateral component
of the pathline from time step to time step has been
defined, and the solution of equation 5.27 is now

possible.

(1%
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Kl

Longitudinal Particle Travel . o ' e

The problem of determining the longitudinal travel
represented-by a particular particle group path can be

stated as the problem of defining:

Zx(tl) -/vx(tau).dtau : : (5.41)
where vx is the velocity
along the channel,
and tau is a variable of

integration.

since as 'stated above the lateral and longitudinal
components of velocity can be treated independently in .

this aevelopment.

-

If appiied to a river reach where longitudinal velocity
is not a function of longitudinal position, equation
5.41 can be simplified for‘the-stated conditions of
discrete time intervals and constant section velﬁcity

to:

2x(t1) = sum(ax(i),n) | (5.42)
) where ax(i) is the distance
travelled during time step i,
and.n is the number of time steps
of size At in the interval 0

to tl,
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and since:

Ax(i) = vx{i)*at (5.43)
where vx(i) is the average velocity

 during time step i.

where:”
vx(i) = vbar(xi,xi+l)‘r (5.4
where'vbér(xi,xi+l) is the averabe
of the longitudinal veloéity
a§ the particle moves from |
péﬁition i to i+l in the
sequence X defined in’ i
equation 5.24. _
then: . | : ‘ ’
- 2x(tl) = pt*sum(vbar(xi,xi+l),n) (5.45)

Therefore, determination of the longitudinal particle
position is essentially deteggining the average
particle velocity during each time step as it travels

the lateral pathline series defined by equation 5.26.

Calculation of 'vbar' ig’complicated by the
indeterminate nature of the path from xi to xi+l. The
simplest empirical interpretation of thé lateral motion
of particles expressed by equation 5.1 and its solution
5.12. might be to infer  an average lateral distribution
of velocities in the particle cldud,-ﬁhich-results in

the observed lateral displacements of those particles.
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In this case, if it is assumed that lateral veloc1ty 15

essentially constant ovepfa short t1me period, it can

% be stated:

vbar(xi,xi+l) = sum(v(j),n)/(xi+1-ii) - (5.46)
where v(j) is a longitudinal
velocity in section Tyt

and n ranges from xi to xi+l

which is the arithmetic average of velocities of the
stream sections between and including the terminal and

end points of a jump during i{t&me step at.

In fact, dispersion occurs as a random process

engendered by random turbulent fluctuations. This.means

that particles travel from section xiitb section xi+l.

by an indeterminate number of different routes. In this

i

interpretation of eguation 5,12, the number of possible‘.

routes and hence velocities encountered from xi to xi+l
is infinite.' Calculation of Vbar using equation 5.46
therefore ?pnstitutes an approximatioﬁ which was
introduced and tested in th1§Lwork The validity of-
thlS assumption depends on how closely a particle path

is likely to approximate a path which is linear in time

L]

between two points.

If the time step At is short, the assumption!/of an
‘average Vbar calculable as in equation 5,46 1is

intuitively reasonable. This can be argued since for

b
s
s

e il g - -
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any given probability valﬁe,-the average distance |
traveled by a particle decreases with time span. By
zaking At sufficiently small, variations in
longitudinal velocity within a span of lateral .distance
can in principle be made to decrease until the
probability of a particle having occupied a position of
significantiy differeqt velocity (lateral position) is
as small as desired. Stated another way, this is
essentially the same argument used in justifying finite
difference‘meihoés. As the time or distance steps

decrease, the finite approximation improves.

Support for use of eqﬁation 5.46 over larger steps of
time can be dé:ivea by considering the form of equation
5.12. This equation can be viewed as an expression of
the probable pbsitién of a particle, ;%Pce the relation
represents the final distribution of a large number of
essentially independent individual particles (Fischer
ef al, 1979). If it is accépted that eguation 5.10
applies for any arbitrary short time, a necessary
consequence is that the highest probability of any

intermediate location between points 'xi’ and 'xi+1'

lies along the most direct route between them.

To demonstrate this, let the position of a particle be

described as:

p{x,t|xo,to) = , (5.47)

kl*exp(k2*(x-x0)**2/(t~to))/sqrt(t-to)
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where p(x,t) is fhe'probability
density function for the
particle position X
at time t given that

the particle is at xo at time 0

which is in keeping with equation 5.10. Then if a
particle is at position 'x' at time 't', the
probability that it started at 'xo' at‘time.{po‘ and
also was at position 'x1' at an inﬁermedia€é~time 'tl!

can be stpted:'
P = p(xl,tl|xo,to)*p(x,t|xl,tl) | (5.48)

vhere P is the probability that the
particlé moves from 'xo' at
time 'to' to 'x' at time 't

via "x1' at time 'tl°'.

since as previously noted it is assumed that subsequent

particle motions are independent,

Letting the intermediate position 'xl' be a fraction
'a' of the interval '(x-xo)', occurring at time 'tl'.

which is a fraction 'b' of the interval '(t-to)' then:

P = k**3/(sqrtd£*t)*sqrt((l-b)*t))* (5.49)
(exp(k2*(a*x)**2/(b*t))*’
exp(k2* ((1-a)*x)**2/((1-b)*t))
= k**3/t/sqrt(b-b**2)*

—
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fexp(k**z*x**z/t*(a**z/b))*
exp(k**2*x**2 /e*x((1-a)**x2/(1~b))

taking for convenience:

Cl = k**3/t _ ‘ (5.50a)

and , .

C2 = exp(k**2*x**2/t) ' (5.50b)
then '

P = Cl/sqrt{b-b**2)* : (5.50c)
| C2**(a**2/b)

cz**i(l—a)**z/(l-b)r
= Cl/sqrt(b~b**2)*
C2**((a**2/b)+((1-a)**2/(1-b)))

Now in this problem C2 is always a fraction less than
l, so P is maximised for any time interval 'b' when the

exponent of C2 is minimised. Defining

C2EXP = a**2/b + (l-a)**2/(1-b) (5.51a)
_then ‘ )

C2EXP = (a**2*(1-b) + (1-a)**2%b)/(b - b**2) (5.51b)

and

5.34

dC2EXP/da = (1/(b-b**2)*(2*a*(1-b) - 2*b*({1-3))(5.52)

The range of 'b' (the time fraction tl/t) is 0 to 1 so:

1/(b-b**2) = 0 : ' . (5.53)

!

and as a result P is greatest if:
T

1=
~
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2*%a*(1-b) = _2*b*(1-a) | (5.54)

To solve this, let 'al' and 'bl' be an arbitrary pair

'of points satisfying 5.54. Then choose 'k' such that

e g2 TR T SR TR L

al = k*bl
‘then 5.52 must satisfy:

k*bl*(1-bl) = bl*(i-bl*k)
. or, k*bl .- k*bl**2 = bl =~k*bl**2

which is only true if kal so that::
al = bl

‘and therefore 'a' must equal 'b'. Also, note that the
second derivative of 'C2EXP' with respect to 'a' is:

C2EXP'.'= (1/(b-b**2))*(2) (5.55)
which is greatef than zero for all 'b' and guarantees
that 5.53 defines a minimum.

'
The net result is that for any particle which has

travelled from point 'xo' to 'x' in the interval 'to'

ra
through 't', the most likely position of that particle
at any time 'tl° which occurred between 'to’ and 't’'
is a linear fraction of elapsed time from the beginning
point. ' N
N .
For example, the most likely position at time 'tY=t/2'
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is 'x/2', or in general, :
max(P(xl,tl|xo,to,x,t)) = (x-xo0)*(tl-to)/{t-to) (5.56)

Thus, the most likely route between the points is the
line which accords with the averaging assumption made
in equation 5.46. Other routes become increasingiy less
likely as they deviate further ffom this assumption.
For these reasons, equation 5.46 was tested for use as
a means of calculating the longitudinal travel

represented by any path line X.

In summary, a numerical approach to solving a
paréicular:case of two dimensional advection/dispersion
conceptual problém represented by equatiaﬁ 5.10 has
been derived. Taken together, under the specific
instréam conditions assumed here, equations 5;25, 5.45,
and 5.46 provide a means of estimating the longitudinal
distribution of an input slug of pollutants, as

follows:

(1) 'Npath' different pathlines are established,
as all the possible sequences from up to 'n'
points of input to 'n' terminal points over 'm’

time steps.

(2) For each pathline, a mass fraction and
~downstream distance ‘is established using 5.25,

5.45 and 5.46
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(3) By \assembling .the results of all pathline
calculations from step (1) and (2[, a mass .
distribution over downstream distance is obtained,

This represents the response-function of the

stream,

This represents a method of routing pollutants instream
which solves the mixing equation in a‘way which is
different from existing approaches both in concept and
in detail. The response function which results is, as
dictated by the original equations (5.1 and variations)
linearCin conceptfatign. Thgrefore, once the response
functien has been derived, it is possible to apply
existing systems techniques to fgpte one or more time
series through a river éeaéh. Specifically, an input
series can be convoluted over the response function to

achieve the dutput series.’
The validity of the method depends on:

1. The\;éiidity of the fundamental equation (5.1

and assumptions). . . : -

2. The validity of equations 5.25, 5.45, and 5.46.

Point 1. above pertains equally to traditional methods,
and reflects the fundamental theory of dispersion
rather than the routing method used in this work. This

aspect was therefore accepted a priori and not examined

further,.
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Point 2, however, was fested to establish whether
results comparable to existing methods are obtained‘
_using the proposed method and if .so how the method
compares to traditional approachés in terms of

computational effort.:
5.3 Testing the Proposed Routing Method
5.3.1 Comparison to the Hamdi et al (1979) Model

To determine how well the approximation of distributed
masses in each stream section performs in terms$ of
routing lateral ‘pollutant distributions\fr&m,one_time
step to the next, the routing scheme developed above
was.compared to the reéults of an existing two 7
dimensional model. The model used for this testing is

the MOE'model developed by Hamdi et al (1979) for use

in establishing mixing zone requirements for industrial

waste discharges into rivers,

This model was selected ‘for two main‘reasons. First,
the model has been tested by the authors against
Ehloride data for a shore based discharge, collected in
the St. Clair river, This provided a set of parameters
for the test case which are representative of a
specific physical location, and incidentally provides a

verification of the benchmark model.

A further reason for selecting the model by Hamdi et al

-
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for testing is that it employs an exact solution of
eQuation 5.3 for the case of vertical liné source
fnjected into a uniform.steady stream flow with zero
lateral advection and zero longitudinal dispersion.

This is analogous to equation 5;29, but appears in the

form:

C/Co = Qo/h/sqrt(u*Pi*Ey*x) (5.57)‘
*sum(exp(—b*(yjz*j*b)**2/4/x/Ey),n)
where Qo is source flow rate,
Co.is source concentration,
h is river.depth,
b is river width,
u is velocity along
- the river,
and C is the concentration at a
point 'kx' downstream and 'y'

from shore.

Notation in 5.57 has been changed somewhat from that of

the authors to conform to the conventions used herein.

Equation 5.57 represents a sﬁtuation which can be well
represented by the method developed above, so there is
a common basis for combarison between the two models.
Also, the exact éolution provided by the benchmark
model for the test case does not incorporatg numerical
errors which are inevitably pfesent in models using

finite approximations. As a result, differences in
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solutions between the two in the tesf case can be
assumed to predominantly result from approximations in

the tested model rather than in the benchmark model.

' The model by Hamdi ef‘al was modified somewhat for use
in this testing. Principally;'this involved inclusion
of routines to provide an integrated result fdr mass
between qrid points at a section. Also, the capability
" to undertake a routing in multiple steps as described
above (equations 5.27 and 5.40) was added to permit an

immediate comparison of the two methods.

The dispersion parameters for the test case were based
on the St. Clair river dispersion analysis. Parameters

were:

Ey = 0.41 sq. m. per sec.

b=110m
‘h=10m

t = 0.6 hours
AY = 10m

Images calculated = 5

The solution was obtained for 1, 2, 3, 4 and 5 steps
taken in the x (downstream) direction. Table 5.1
compares results of the single ('exact') step and

multiplé step analyses, and figure 5.6 plots the
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FICURE 5.6 Cormarison of Lateral Distribusions Predicted
by the M.O.E. !Model and the Promosed Armroximation

Tabuleted Result ~ Comnarison of Cormuted Mass in Section ( 1 unit innut total)

Section . -
Case 0-10m 10 = 20n 20 - 30m " 30 = 4Om LO - 50m 50 ~ 60m| TOTAL

'Exact'Solution {0.08271 0.0836T 0.08805 0.09573 0.10170 0.09557 } 0.99930

2 Sters 0.08135 0.08435 0.08947 0.09502 0.0992k 0.10090 ' | 0.99976
3 Stens 0.08142 0.08Lb3 0.089k9  0.09501 0.09922 0.10080 | 0.9999h

v
i
Y
:
.
|
v
|
J
v
i
i
!
v
v

4 Steps 0.08157 0.0845k .0.08952 0.0949k  0.09909 0.10060 | 0.99992

Annroximation ’

5 Steps  |0.08174 0.08465 0.0895% 0.09487 0.0989%  0.10050 | 0.99998

Larpgest Error 0.00136 0.00098 0.0014% .0.00086 0.00276 0.00493
T ('Exact' comnared ' ‘
to Arnroximate)

~Lo11] |
y -
: ! 5] ——— Apnroximate Result (5 Stens) !
o oL .
. 3 0wl e 'Exact' Result —
8 i ' o
S ‘_—“
g .009_ _ L= |
o . . ¥ '
bt -~ .
2 | |
+ e []
= I
.3 — - I
e L0084~
8 '
@ I -
3 .
.00T. I
. Channel Bank - ) Channel Center

(0 m) (55 m)

River Half«-Width (55m}

-

Plotted Result - Commarison of 'Exact' and Annroximate Mass Distributions
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concentration curve of the MOE model against the step
function concentration curve (mass in the section
divided by the section width) obtained by the method”

derived in this work.

As shown, there is little difference between the
resuits. The largest diffebences in mass between the
analytic solution and the approximate step-by-step
metﬁod are less than 0.3%; Total errors in mass at a
section are always less than 0.1%. The concentration
curves also indicate essentially the same result
between the two metheds.- It is concluded therefore
that, provided the lateral distahce step is not 1érge,
the approximations used to derive equation 5.27 as:
solved by equation 5.40 (a point representation;of mass
distributed across the section) appear to be
appropriate. Further, it appears from this example
that t;e approximate step by step approach produces
appropriate results even if the number of steps taken

(in this case 5) is small.
5.3.2 Testing of Time Discretization

Further testing was carried out to provide an
indication of the number of time steps required for the
proposed method to result in a stable solution. The
calculated longitudinal distribution is, as can be
surmised from the form’ of équéﬁions 5.29 and 5.44,.

iniyially highly debendent on the number of calculation
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steps. The results obtained are better as the number of
steps increases. To undertake an examination of this
effect,‘results of the Hamdi et al model were not
useful, since that model does not provide a solution .
for a non-uniform .cross-sectional velocity
distribution. A hypotheticalodhannel shape was
thérefore egizilished ﬁpr testing, and appropriate

parameters used to estimate velocities in-stream.

Parameters used vere:

channel slope = 0.001 m/m
Manning 'n' = 0,035

The results of this calculation are shown in figure -
5.7. As shown, a typical parabaloid velocity

distribution resulted.

Figure 5.8 shows for a single source at the stream
centerline the effect of the number of calculation
steps on the instream mass curve. As shown, the

solution quickly converges to a stable mass curve.

Figure 5.9 superﬂmposes the cumulative mass curves for
the five and six step calculatiods, and also contains
the incremental mass cufves, both for the cases of the
éenterline source and a line source across the width of
the channel. As shown, by the fifth and Eixth
calculation step, the longitudinal concentration

distribution has reached a stable form. A less
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subjective indication of this observat1on was' obtained
by calculating total diﬁference between the incremental

mass curves in successive steps.

This was defined as:
E(k,k+1) = sum(abs(Mk(i)-Mk+1(i},n) (5.58)

where Mj(i) is the mass in distance
'inﬁrement "i' in a calculation
made using 'j' steps,
and E(k,k+1) is a measure of the
difference"between simulated
K fééuits using 'k' calculation
| steps and using 'k+1°'
calculation‘steps.'
R g . ’ ) .
Figure 5.;9 plots the result for the centerline and
liﬁe sourée diécharges. As shdwn, this'calculation

1ndlcates a pattern that the change in the curves has

: I
approached a minimum, ‘

L

?he.number of steps could be carriéd out furtheé, but

as the change in both cases has reached_a émali
magnitude (about 0.05 out of a mass of 1.00), and
because the plotted curves,are.close, the calculations
were terminated. This calculation does show a weakness
in the method developed here, which lies in the pumper'.
of calculations which are necessary. The last of tge

above steps took approximately 28 minutes central

v oL
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- N
processing time on "a

n Amdhal 470, which represents a
current commercial value of about $1500.‘This is
because the number of overall iterations to obtain the
six step result was eleven to the power six (equation
5.28), and each itqration reguires a number of nested
loops to complete eéuation 5.40. A further itefﬁtion
would'increase the time and equivalent cost of the run
. to about five hours and sixteen thousand dollars, which

constituted an unacceptable burden on the computer

system. _ :

More important in the present work} it is noted.that to
stop the runs at the previous (fifth) step would have
produced essentially the same result at a much smalier
cost. The method therefore appears to be suitable for
practical use from a cost perspective, even though it
is evident that obtaining high accuracy with small time
and distance steps can only be accomplished with a

massive cost burden. -
5.3.3 Comparison to the Simons and Lam Model

To establish haw the proposed method compares to.more
traditional two dimensional forms, the method was '~ -
tested against a model developed by Simbns”et al (1982)

at the National Water Research Institute. Their model

was 6riginally developed for use in a lake environment,

‘and 'is capable of solving equation 5.3 for an arb%tra;y

non-uniform non-steady two dimensional system. Time
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differencing in the model is explicit, but spatial
differencing is implicit; at the discretion of the
user, either  an upstream or a central difference scheme

can be applied. The modelluées-a constant square grid

pattern, described-by the authors as a single

Richardson lattice with a’' staggered distribution of

variables.

To provide a common basis for .comparisbn, the Simons
and Lam model vas set up for the same problem as was
described in section 5.3.2. It is interesting to note

that to achieve a stable solution, the grid space had

to be limited to 5 meters in the lateral and

tongitudinal airectiéns, compared to the 10 meter
1ateral'stream section and 123 m loagitudinal step used
in the proposed method. Furéiér, the time step in the
Simons and Lam model had to be limited to 2 seconda for
the model to converge to a solﬁtion,-compared to the

432 second time step used in the proposed method.

Figure 5.11 compares the results of the awo models. If
is clear that in this test caae, the results of the two
approaches are essentially the same, and it is
concluded that the proposed method prov1des a valid

alternative to traditional routing approaches.

It /is also noted that the original objective of economy

appears to be met by the proposed approach. Compared to

LY

a simulation time of 2.5 minutes fax\the proposed
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method, the Simons and Lam model required 60 minutes,

-or 24 times as much computer time and hence cost to

produce essentially the same result.

5.3.4 Comparison to One-Dimensional Approaches

P

Finally, to provide some indication of how the method
would compare to.traditional one-dimensional approaches
in the test case teé&h, the method described by Fischer
et al (1979) was used to estimate the longitudinal
concentration/distance curve for a slug injected as a
line source in the hypothet1cal test channel Fischer's

method uses a numerical approxlmatlon of the channel

geometery to solve the relatlon;

By = —1/Aj/ru'5//1/Ex/dj/ﬁzd-dyody-dy - (5.59)

As pointed out by Fisher, the method provides only an
approximation of Ex, however it does provide some basis

for comparing results. The calculated result for the

test channel puts:
Ex(approx.) = 25.45 sq. m. per sec.

which, based on the selected time and dlstance step

H

shows a calculated variance of the cloud to be:

[}

1 sqrt(z*Et*t) - (5.22)
sqgrt(2*25,45*3600%0,6)

331.6 m

1]
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over the 0,6 hour test period. The simulated result has
its center of mass approximately c01nc1dent with the
-calculated curve, but has a variance of about 565 m,
which is significantly higher. This would result,in a
relatjvely broad, flat shape inconsistent with the
results of the other two mode;s. Eqﬁation 5.59 is an
approximatidn only. To create a more realistic _
comparison of traditional and proposed approaches, an

alternative method was used.

The response function generated by the Simons and Lam
model was used as- a teét'case. A 'standard deviation for
the response function was estimated by the method of
méments to be 576 m and,-usiné'equation 5.22, an BEx of
0.41 sg.m. per sec. was calculated. This allowed
generation of a one-dimensional response curve with
approximately the same spread as predicted by the
Simons and Lam model, and therefore a more meaningful

basis for comparison.

-

As shown in fiqure 5.12, however, there is still a

' significant difference in results between the
-traditional one-dimensional method aﬁd the modified
method. The traditional one-dimensional relationship
always must result in a gauséiéq‘resbonse curve as a
‘result of its mathematical form. The proposed method
tends to a shape which appears to better reflect the

influence of the river velocity distribution.
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5.4 Application of the Proposed Method

To use the proposed model of dispersion in é river
routing scheme, it.is possible to apply the method
directly to a series of input loads, and hence generate
an output from the reach. As indicated above, however,
a convoiution method was selected for use in the

propesed planning model, to acliieve economy of

operation.

v
i

The above method for obtaining a response curve is
.combined‘with ag approbriate convelution algorithm most
easily by converting the result into a mass/time form
rather than the derived mass/distance result. To do
this, the model is ruh over successive diffefent time

spans, and the mass/distance curves are used to

interpolate concentration/time results for a selected

location.

The ‘response function takes the form of a discrete series:

re £y
Cr(q) = {cl(qg),c2(g),C3(qg) ... CniqQ)} (5.60)
’ ~ where Cj is the concentration at the
end of the reach at time
, : N
step 'j' resulting from a
unit load of mass introduced
- at the top of the reach at the
beginning of 'time step 1.

and g is the average flow rate in
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. : N " the channel over a time

 interval n*pt.

Note that the response CR includes an appropriate

reduction in conhcentration for losses to decay.

With the concentration/time curve produced, it remains
to perform the convolution. The present version of the

model achieves this using the following form:

C(t) = sum({Ci(q(i))}*M(t-i*at),n) (5.61)
where Ci is an element of CR(qg)’

and n ranges from 1 to the length of CR.

To determzne a flow value for use in equation 5.61, the'

model keeps a running account of average flow over time

intervals n*at:

q(k) = sum(Q(k-i),5)/n L (5.62)
- where the range of j is - |
Jﬁ - ) from 1 to n, o
n is the length of CR.. -

and Q(m) is the flow rate during

interval 'm'

-

In this form, the response function for each input slﬁg'
is according to the‘avérage flow existing during the
response period. Sﬁﬁe approximation is inherent here,
since unless river flows are constant, at any time the

" concentration_.at the bottom end of a reach will be the

¢
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sum of responseé représentative of aifferent average
instream flows. Further, the‘response func}ion itself

. spans a period of time with one average flow
approximatiﬁg the rate during thht period. These are
facts inherent to ﬁome degree-in any linear systems
model of this type, but ‘do not preclade obtaining
useful model results. (Thomann, 1972; Medina 1981; ibid
1982).

5.5 Summary

A method for routing pollutant.constituenﬁs inséf&am
has beeﬁ ﬁroposed. This method is based on fundamental
assumptions corresponding to tfaditional methods, but
uses a conceptually different réuting scheme. The .
method has been verified against traditional solutions,
with good agreement.. It is therefore considered that
the method can be uséd whefe ever the physical system
would justify the assumptions of a corresponding

‘traditional approach.

%he proposed method~cqu1d in principle be used for
routing an input load series of any length. In this
'application; however, the method was used to produce a
response function suitable.fbr use in a convolution
fouting scheme; Selection of a convolution routing

scheme in the proposed model has several advantages.
» . :J -
1. The convolution routing takes significantly less
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- computer time; and hence incurs less cost, than either #
traditional numerical methods or the proposed method T

when applied to a lengthy input series.

2. The convolution routiné scheme allows

. flexibility in tﬁe modellapplicatiop. By choosing an,
appropriate response function, the model can recover
the results of some traditional one—dimensioné; models,
Alternatively, by employing the response function
derived in this research, the model can approach the

results n{ more sophisticated two dimensional models.

It is emphasised also that Ehe'incqrporation of
convolution scheme as a basic routing method in the
proposed model ‘does not preclude use of other methods.
Either the traditional scheme also developed for the
model, or an alternative scheme proposed by the user
can be incorporated should the user deem this
necessary. As indicate@ in Chapter 4, the proposed
model has been’ designed so as to make it possible to’

supplant any of its basic algotithms. SR
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6.0 Runoff Quantity Estimation

6.1 Introduction

-As indicated in previous‘chapters, the runoff quantity
portion of the proposed model should be-economical and
effective in the context of a regional plannlng study. ’ .
There are a number of alternat1ves which have been
proposed for stormwater quant1ty enalyg;s, part:;ularlj
T?h urban seftings, but ;he;e are relatively few which_

are suitable for use in large rural areas. The popular

.comBinetion-of a Horton loss relation and a kinematic

wave catchment routing, for example, is best applied in

-relatively small urban catchments and is therefore not

enti?ely suitable for the present purpose.
LS - - , ,
‘I'n addition to obtaining a runoff rate relationship

which is theoretically sound, fhe model should be based
.on an algorithm which is consistent with present
practice in etormwater quantlty.management. This
accords with the requirement that it. should be possible
to reconcile results of the model‘with other anaiyses
oriented towards‘water quantity. Ideally, if the chodce
of runoff quantity analysis is Suitable, the proposed
model could be used for water quantity analysis in
place of alternative separate models. This 'could
achieve an additional economy of effort by elimiﬁating

the presently applied redundant process of applying

_separate analyses to quantity ‘and quality oriented
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North American practice in runoff volume estimation is’

well enough developed that a general consensus exists
as to whxch basxc approaches are appropriate for water
quantlty est1mat1on, but details of appllcatlon vary
accordlng to legislative jurisdiction and 10ta1
preference. It was therefore decided to. emphasxse
Ontarlo as a benchmark for present practice in water
quantity ana1y51s. Thxs was done because Ontarxo is of

immediate pract1ca1 importance to the Unzver51ty of.

Ottawa; it is contended that Onxarzo practice is at

least as well gevelo?ed as that of any other area of
North America; and, Ontario practice is generally

consistent with other North American areas.

The overall approach adopted'fof water volume
estimation was to adapt the SCS method to centinuous
simulation for water volume esfiﬁation, and te use a
linear convelutiog scheme for catchment routing. The,
rationele‘for and deveiopment 6f these schemes are

presented below. : _ ”

6.2 Overview of Catchment Runoff Estimation‘

Runoff Volume Estimation

-

™
A review of ayailable methods for catéhment runoff
schemes' indicated that the SCS method of volume -

estimation is the only simulation approach which is
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(Wisner et al 1983): . -

!

a. generaily rebognised as acceptable for water

quantity analysis; o | ‘

b. economical and in need of only a limited amount

of inputédata; and

&

"¢, suitable for urban and rural areas when ’

properly applied.

- -
z

- This method was therefore adopted as a basxs for runoff

volume estlmatlon in perv1ous areas, with the

reqognltlon that the method would have to be adapted ,
for use in a continuous simulation model. This |
adaptetion-repreeented‘ the main effort in creating a

runoff quantity’ algor1thm for use in the proposed

. 2
To allow for possible small 1mperv1ous areas&.a

-

model

volumetrlc coeff1c1ent approach was 1ncorporated in the
basin quant1ty simulation algorithms, as shown in
figure .6.1. THis a5peet is further discussed in the
appendices.

Runoff Rate Estimation ] L
A convolution scheme was proposed for catchment }
routingﬁ This approach is suitable for large areas, is.

economical, is ¢onsistent with the runoff volume

estimation approach, and can be epplied in hoth prban
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‘and rural setting:;/gggxhérmore, as sh <? by Wisner et
al (1983), an appfopriate choice of conv lution

function can result in rate estimates which are

.

consistent with detailed urban models such ‘as SWMM. .

Y
\

; \
Recent IMPSWM work resulted in a.package of \\
separate algd}ithﬁs for urban or rural basins ahd
includes_(if”a_sequence of lineér‘}eservoirs and (ii) a
system of two single linear reservoirs in parallel. The
proposed model is consistent with that work, but .
proposes to consolidate the capabilities of the vafious
IMPSWM algorithms into a single comprehensive

algotithm.
Model Overview

Figure 6.1 depicts the conceptual scheﬁe for runoff
guantity estimation. As shown, the modgl splits the
catchment into two sections. One sectioh,
representative of a small }mgervious area, calculates
runoff volume using a volumetric coefficiént épproach
where precipitatioh is reduced by an initial

abstraction and then further reddced by a coefficient.
| The second section Lses a modified SCS relation io
calcﬁlate excess runoff. In both cases,'the excess
precipitation, if any;'is routed through a system of
single linear reservoirs: The two: systems are

independent and can be of either the Nash (Nash, 1957}

type, or the Williams (Williams et al, 1973) type. As

L
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a result, by appropriate choice of regervoir

parameters, any of the IMPSWM algorithms can be

recovered. This in turn allows the user to incorporate

the results of .that work and hence to achieve flow rate

- results' which are consistent with those of more

detailed stormwater management models such .as - -SWMM.
<

A wore. detailed description of the catchment runoff ~
algorithms appears in appendix A. The following section
discusses the development and testing of the modified
form of the SCS runoff volﬁme relation which is

proposed herein. -

6.3‘Runoff'Voluﬁe Estimation

. Overview '

As discussed above; a mbdificqtioﬁ of the SCS relation
was tested as a means of generéting excess runoff from'
precipitation. The method used is based on the SCS ' |
excess precipitation‘function but, in contrast to the
SCS approach, uses an API (Antecedant Precipitation
Iﬁdex) to update hydrologic loss parameters from one

evené to the next.

This differs from previocus continuous simulation models
in that there is no attempt in the method-derived here
to‘explicitly‘simulata a soil water balahce.'Typically!

as in the case of STORM, SWMM, or HSPF, accounting for

© soil 'moisture variation has been physically based, at

AN

S

o/
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least to the extent that the simulation explicitly

simulates the effect of such factors as evaporation or
infiltration in erder to compute changeslin soil :
moisture. Where an API has been used, it has either

been used as a regression parameter applied along with

other parameters to estimate loss qoefficients

directly, or has been used to estimate initial

cgnditions for single event Mmodels. The method has not

been applied in a continuous simulation model of the

type considered here.

In contrast, in the proposed runoff model, the API is
calculated by the model continuously, and is used to
update loss parameters for the selected runoff '
eqﬁation. This approach could in princible be applied
to any loss equatlon, including for example. the
Green-hmpt loss equat1on or Horton's equation used by
é%éﬂ, or the SCS equation used by STORM. Such an
'application could.be achieved by providing a regression
equation of some type which would allow computation of

pérameters for the loss eguation directly from the

known value of the API.

In this work it was dec1ded to adopt the IMPSWM |

~ variation of the SCS method as the fundamental loss'
equatiod, and test the use of tH%% relation in, ~
conjunction with an -API for continuous simulation.

This method was selected because:
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results from the proposed model in the same basin.
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1. 1t is generally accepted for use in water
quantity analysis in‘Ontario by regqulatory agéncies.
This -suggests that a cont1nuous model der1ved from this
loss equation will meet the requ1rement stated above,
namely that it should be acceptable for and consistent

with current approaches to flood control analysis.

2. The method is tomputationally less demanding
than some alternatives, such as those used by
the Stanford model or SWMM. This is consistent with the
I

need for economy ‘and simplicity. in appl:cat1on

described above. .

3. There is a large body of successful experience
in Ontario with the SCS method in various forms used in

water quantity planning atﬁdies, including the IMPSWM

-variatjion from which this model ‘is derived. Thisg

suggests that application of such a method is

appropriate in Ontario. It also suggests that existing
experience-with the SCS or related methods can be
applied in applications of the new method; results of

prior studies, for example, should be reconcilable with

e

Moael Developqent

The SCS equation as applied in the SCS method of direct

runoff determination takes the following form:
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Q= (P - .25)**x2/(P + .85) (6.1)

where §. is the maximum potential
abstraction,
P is thé event total

LS
y

precipitation, and A

. Q is the event total runoff.

_Although the SCS method was derived based oh event
total volumes, it is assumed thét applying a time
history of cumulative total précipitation to equation
.§.1 will result in‘a time history of cumulative runoff
volume for an event. Incremental runoff volume can

therefore be determined by differencing.

»

Equation 6.1 was based on two primary assumptions. The
first was the empirically supported observation that
the ratio of potential to maximum loss was equal to the

ratio of actual to poteﬁtial runoff, which led to:
Q = (P - Ia)**2/(P - Ta + S) : (6.2)

The second major assumption was that the initial

‘abstraction Ia has an average vaiug of :
Ia = 0.25 | (6.3)

Substitution of 6.3 into 6.2 produces eduation 6.1. In

practice, it was found convenient to apply a
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linearising functioh' of the form: _ S

CN = 1000/(5 + 10) C (6.4)

(for S in inches)

to produce a parameter CN, the curve number, which

represented the soil condition. Adjustment of the curve

- A

number was possible, to account for antecedent moisture

conditions in a limited way, by 1ntroduc1ng the concept'

of an antecedent m01sture condition (AMC) class. There
were three AMC ;lasses, I, II and II1 representlng very
dry, average, and wet conditions fespectively.hThe
curve number was tabulated in a form that made it
p0551b1e to swltch from one AMC condition to another by

using appropriate alternative CN values.
. .

The method has been'applied in the above-forﬁ in Canada
ana the United States for some time, and various
attempts have been made to impééve it§~performance.
Roesner et al used équation 6.2 in their model and -
attempted to vary the parameter S according to physical
processes. Evaporétion and deep percolation-éere used
to increase S, and infiltration to decrease S, 1In that
model, therefore, S_ié‘seen essentially as an available
soil storage volume. This approach has been used
successfully, but requires lengthy callbrat1on of the

functions relatlng evaporation and percolatlon to the

change in'S.

PAGE 6.9
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More recently, Wisner et al{1983) in the course of a
program of model development at the University of
" Ottawa, consolidated previous investigations of the SCS
method and outlined some general weaknesses. These
included rgcpgnition of a teﬁdancy for the initiér
abstraction estimate of 0.2S to be too high, and a lack
of.adequate responsiveness to antecedent moisture
conditions. They proposed that a rationally derived
initial abstraction bée used in place of 0.2S, which
essentially meaﬁs that eqﬁation 6.2 be applied. They
alsé investigated use of an antécedent precipitation
index (API) as a means of varying CN to reflect
antecedent moisture conaitions,for use in single event
simulations. This approach, discussed further below,
was found to significantly improve the ﬁérformance of
the model in application to analysis of discrete

events.

—_—

' The API has been defined.in a number of wayé, but

generally takes a recursive form of the type:
. /‘ . .

API(i) = RAPI*API(i-1) + P(i) (6.5)
where KAPI is. a constant,
typically ranging betyéen 0.8
and-0.95'per day,
e ‘and P(i) is the precipitation in

the time period (i-1) to (i)

e

It can be seen from equation 6.5 that the.API is
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essentially an indicator of the past precipitationi
history, and that the constant KAPI is a parameter

indicating the memory of the system.\

A similar definition is reported by Bruce and“CIafke'
(19§6).who define an ?PI"in the/forg:
API(1)L.= K*Pi + K*K*P(i-1) + K**3*B(i-2) ... (6.6)

-‘ . . . ‘ L . ‘- | ( | .
This relation produces a result_that can be shown to be
a constani multiple of the API produced:by equation
6.5. In their definition, the API is applied in a

manner similar to that attributed to Kohler et fhl C

(1951). The API is calculated and used in conjunction

with graphical carves which provide runoff volume as a

o S < . . P - .
function of precipitation and season., This example

illustrates one of the main ways in which the API has

been applied, namely as an :;fependent variable in a:

regression approach to runo T estimation.

A second basic approach to application of API 15 to use
it in conjunction Wlth infiltration equatxoﬂs as an aid
to estimating parameters for those equations. This

arises because a variety of infiltration equations have

'been dev ed . (Kostiakov, 1932; Horton, 1940; philip,

1957; Holtan; 1961) whlch are based to some degree on
physical oncepts but which have empirical parameters.
It is possible to relate those parameters to an API.

Doing this makes the infiltration equation tesponsive
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" to initial moisture conditions without need to provide

a physical description of variation‘of'the parameters.

Foroud et al (1981) -used this épprcésh in conjuﬂction

with a loss equation of the type:

f(t) = a*exp(-b*t) + fc - (6.7)
| where £(t).is the loss rate under
excess-féﬁhfall‘conditioné,'

fc is a minimum loss"iate;

and 'a’' éng 'b' are parameters.

Equation 6.7 is essentially the Horton (1940) model
expressed in a slightly different forﬁzfor convenience._.
Foroud et al (1981) successfully related 'a’ and 'b' to
the API:(although it is not clear from their ’

publication precisely how API was defined) as follows:

a = 19.1%exp(-1.5%API) + .43 (6.8a)
b = .61*(exp(.38*API)~exp(~.33*API)/ (6.8b)

(exp{(.38*API)+exp(~.33*API))

They concluded that the Horton equation parameters can
be expressed as a function of an antecedent °

precipitation index.

Intermediate between the two above approaches is a
recent work by Harms (1983), who used a model

attributed to Andérl:
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Q = (P - Ia)*Phi o (6.9)
. - Phi/a*(l-exp(_a*{P-;a)))'
vhere Phi is an empirical .

e

" ' volumetric loss LA

coefficient, 3

in conjunction with a modified form-.of the API, defined

‘as:

APIe = API* + (100 - API*)*,0l1.Eb (6.10a)
where Eb is the percent q;ban‘
cover in the basin:'
with -

API* = API + (100 ~ API)*P/25 (6.10b)

Harms further defined a 'week number' WN calculated in
the same form as equation 6.10, and provided regression

relations for 'the parameters in equation 6.9.:

- b

Ia = f1{APIe,Eb,Ew,WN) ' " (6.11a)
Phi = £2{(P,Eb) . (6.11b)
a = £3(APle,WN,P) - | (6.12c)"

where Ew is the percent rural

cover in the basin,

with equations 6.11 a, b, and c, all empirical
expressions. Using this approach, Harms achieved

excellent results in application to observed events.
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Of direct integest is recent work by the University of

1982) which suggests that for design _event ‘analysis,
the SCS curve number can be plotted as a funct1on of an
API calculated by equatlon 6.5. A though no direct
relation between the tws %as deri ed, that analy51s

indicated that a CN der1ved from known ralnfall and a

runcff volume (referred to as_the CN* to differentiate

it from the SCS tabulated. values) does sﬁow a trend
1

indicating that a funct1onal relatlon between API and

. CN is possible. That work also supports the above

concept that Ia cen-be expressed as a function 6f° API,
and demonstrates a means of impraving the SCS method
) 4

Y

for use in single  event simulation.

Ll

It is concluded that the principle of using an API as a .

regression pafameter is well established The

'poss1b111ty of comb1n1ng an API w1th the SCS method for

' -contlnuous simulation has thus far not been

w -

investigated, but in pr1nc1ple,_the approach has merit
since the form of equation 6.2 suggests that a - ?
combination of 6.2 and 6.5 or 6.6 will result in a
» A

relation of the form:’
Q = £4(CN,P,Ia) - | (6.12a)

. ‘“ » ) .
with, according to standard practice,

CN = f5(land use, soil type) -+ (6.12b)"



¢ . - PAGE 6.15

o+

Also, as demonstrated in the IMPSWM results, there may

be a functional relation:

CN* = £6{API, CN) 3 _ . - (6.12¢)
as well as .y':' )
Ia* = £7(API, Ia) - . (6.12d)..

"Combining the above suggests that an expression of the

form: - . : T . 4
Q = £8(P, land use, soil typé, API, Ia) (6.12e)‘

| _ " can be expected This accords w1th prev1ous research in

. thls area as descrlbed above.

The problem faced in thrs research is therefore
pr1mar11y one of determining whether the SCS method can’
beﬂrendered surtable for contlnuous simulation by

relating the loss parameter to an API.

\ _ In this,work,_the approach adopted was to drop the
" parameter CNiEntirely from further consideration, and _
: to operate directly'on S. This was done because CN is a
's1ngle valued function of § wlth no 1nherent meaning .
and as such was considered to represent an unnecessary).

extra computat10na1 step. ;'

With CN eliminated, it is necessary to relate the basic

loss.parameterzs to the API. Regarding the basic
: ) . . L)
\ .



equation 6.2 as a consequence of empirical observation,

this becomes a problem of cufbé_fifting. The conditions

which are necessary for the function rélating these two

are:

(1) S must be a single-valued fungtion of API.
‘This reflects-tﬁe need for a unique value of
direct runoff for any given combination of

precipitation and soil moisture.

(2) The funection ﬁust be at least piecewise

continuous over the range of API. Since API as

defined here is a continuous function over its
' range, f%is is required to provide continuous

results from the model. - S
3) dS/dAPI < 0 (6.13)

" over the range of API. The loss parameter S should
~ipérease as the API decreases. This inverse

. relationship is required to ensure that losses
increase with dryness. | |

In addition td the above basic requirements, the IMPSWM
experience with the CN * approach suggests that change
in S with API will be least at high API, since the CN

curve approaches the maximum value before API reaches

-

its maximum range. This implies the desirability of a

function where:

PR T PO ___'-.; oL AT , " - PAGE 6-16 .
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(4) a/aAPI(a/API(S)) > 0 (6.14)

which rehders the function concave up and results

in d§/dAPI less as API increases.

A plot of S* vs.API (Fig. 6.2) suggests that an inverse
or exponentially decreasing function of API would be
appropriate; bo;h of these would also meet the above

conditions. Initially, a function of each type was )

tested. One function was:

S* = 1/(kl + k2*API)

-

(6.15)

which is an inverse linear function asymptotic to the x
axis (S*=0) and, if k1<0 or k2<0, toé API=kI/k2. The

second function took the form:

S§* = k1l + k2*exp(k3*API) (6;16)

. 1
which, since k3 must be less .than zero, is an

exponential form asymptotic to S*=k2 as API approaches -

infinity, and intersecting:the Y-axis (API=0) at k1.

Both relationships were fitted to the Seymaz data as
shown in figuée 6.3. As shown, both curves have a
reasonable fit to the preliminary data. However,
equation 6.16 appéars to be preferable for practical

purposes. The best fit for equation 6.17, for example,

can lead to infinite and negative values for S§* if the

vertical asymptote is to the right of the y-axis as in

this example. Also, the line approaches zero along the

H
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x-akis which implies a 100% runoff condition rather

than, as would be desirable, some limiting value, There

are modifications of 6.15 which cﬁuld be used, however
equation 6.16 has the apparent added advantage of a

direct interpretation of basic parameters.

In this relatibn, k1l is the‘minimum‘value of S*, while

k2 plus k2 is the maximum. These éan.potentially be

understood readily in terms of the original AMC III and

AMC I conditions, or in terms of observations undef -\\\;‘
very dry or very wetréﬁndiéioﬁs if aQailab;e;"&n tha;?
< pvent, the remaining parameter, k3 becomes a

calibration parameter and the model is essentially

reduced to a one parametef‘model.-

For gonveniencé, and following above concepts, equation

-

6.16 was'aﬁplied in the form:-

's* = Smin + (Smax-Smin)*exp(-Sk*API) (G.IG}E:ZT/(‘

In addition to equation 6.16, a coefficient approach

was introduced to the model, so¢o that: Lo

Qt = Qi + Qp SRR ‘ (6.17a)
where Qt is the fotal direct runoff'-
volume, composed of
- Qi, the imperv?ous area
contribution,
and Qp, the pefvious area”

contribution
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\ .
with '
Qi = (P-lai)*Cr | . ) (6.17b)
where Iai is the impervious area’
initial abstraction, .
. and Cr is the pervious area
runof £ coefficient.
in which ~
‘Tai{t) = {Iai(t-l) -pPi | Pi> 0}_ - (6.17¢)
' Pi' = 0f

Iai{t-1) + Ei.

whgre Ei is evaporation
Equation 6.17b and 6.17c have been appiied for use in
impervious areas by Roesner et al and ‘others, and is
analogous to the first term on the right hand side of

equation 6.9. The final component in equation 6.17 is -

the pervious area runoff, restated here as:

Qp = {(P-Iap)**2/(P-Iap+S*) - .§6.174)
| where Iap is the pervious area
-initial abstraction,

and S* is as described in 6.16.

Equation 6.17 provides a complete basis for estimation

of direct runoff, and is the relation adopted for use

in the proposed'model.
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6.4 Summary

\

The proposed modél includes an alternative method of
runoff volume estimation. The method, a éerivationlof
the SCS approach in-pefviohé areas together with a
volumetric runoff coefficient in-impervious areas, is
consistent with'pfeseﬁt practice in runoff-volhmq
simulation. However, it is fﬁndamentally'diffeQent in
concepg'from existing approaches, in that it uses an

API concept to provide a continuous update of the SCS

loss parameter.

It was therefore considered necessary to test the
algorithm against observed'data, to validate the model
in at least some physical catchments of the type for
which the..overall model is intended. It was also

considered necessary to test the model -against an’

~ existing model, to establish whether the proposed

"algorithm represents a posit{ve alternative to other

approaches. As indicated in previous chapters, the

.approqﬁh proposed by Roesner et al represents the most

suc{éssful alternative for catchment quality/ quantity
anaf}sis to date, and this was chosen as the primary
'benchmark' model. Testing of the proposed runoff
algorithm against real data, and against othér models,

is described in chapter 7.

.S
| e
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7.0 Application of Model

7.1 Introduction“‘ ' . . .

This chapter‘providés the results of general testing of

‘the model and its runoff quality/ quantity algorithms.

(Some additional ‘testing, carried out op routines not
described in previous chapters, is described in

Appendices A through C.)
Testing was carried out in two main areas:

a.) The model was tested in simulation against
real data and against other models in several
differen£ types of catchments. This was done (i)
to determine.modei‘how well the model was able to.
© reproduce observed runoff quality/quantity data;
and (ii) to establish model performance in
comparison to altgrnatibes}.The compariéoh to
other models considered results from STORM and
HSPF since these were the two existing models
identified in chapter 1 to most closely‘meet

requirements of a regional planning-model.

b.) As a\more general test application of the
model, a hypothetical test watershed was )
established and assessed. This second assessmeft’
(i) provided a compreheqsive‘demonstration'of
model function and (ii) exémined the consequence

of using a single valued criterion for requlation *
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of water quality. Although hypothetlcal the test
‘case was establlshed to be consistent with
conditions in the Rideau river vatershed above

Ottawa; this gave the example practical relevance.

The catchment areas for which measurements were
available were the Chesterton ﬂrive,.Aita_Viéta, ﬁixon
Creek, and Sawmill Creek catchments. Phxsicél catchment
parameters for thelwixon creek catchment wege'provided
by the IMPSWM program (Wisner et al, 1983). The other
catchment parameters were taken from recen£ engineering
reports (Rideau River Stormwater ManaggmentNStudy,“
1981; ibid, 1981; City of Ottawa, 1982). Table 7.1
provides summary data for the catchmengg}.detailgd

information is available in .the cited references..

[}

The catchments provide a wide range of sizes and

éomposition. Essentially, they may be grouped into:

a. small urban catchments (Alta Vista and
- Chesterton Drive) typical of established residential
communities in the Ottawa area;

b. a large pervious rural watershed (Wixon Creek);

and : ‘ e
~ _

c. a large watershed of mixed comqisition (Sawmill

Creek).

The catchments include a range of conditions generally

_
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. TABLE 7.1 CATCHMENTS TESTED 'IN SIMULATION

NAME

Alta Vista

Chestertoq

Drive

Sawmil]
Creek

Wixon

TOTAL
AREA
(ha)

178.5
71.9

2428

11016

IMPERVIOUSNESS
(%)

22.4
28.2

14.0

.0

PREDOMINANT
LAND USE’" -

ssiiresidential

34%

79%

21%

34%
15%

51%
60%

25%
15%

open urban park

residential
open urban park

residential
commercial/
industrial .
open land

pasture/"
scrubland
cropland
wooded
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consistent with those encountered in the drainage area |
planning §tudies cited in chapter 1 (Town of Ajax, City .
of Ottawa, and Téwn of Oakville). They are also typical ’
of éatchments in the Rideau River drainage area Lelow
Manétick (Gore and Storrie et al, 1982). As such, they '
may,be conszdered to be generally répreééntative of
catchments in drainage areas for which the proposed

—_ 4

model is intended.

7.2 Comparative Callbratlon to Ottawa s;%chmeaf Data
- (Small Urba& Catchments) ’

Rainfall and runoﬁf data was measﬁred_for a limited
number of events in the Chesterton and Alta Vista
catchment$ in 1981 as a part of the Rideau River
Stormwater Management Study (1981) Results were
avillable from a STORM model 51mu1at10n of the
catchmenfs in that study. These data were used to {i)
provide an initial test of ;ﬁe performance of equation
6.17, in the context of an residential urban area, and
(ii) provide a céﬁparison of the proposed relation with

STORM model results for the same area.
Analysis

Simulation and comparison in these catchments were
facilitated since the previous STORM analysis (Gore and
Storrie et al, 198l1) had established depths of runoff

and rainfall for the measured events in the two areas.

T
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Figure 7.1, which is a listing of a computer output
. L . .
generated by a statistical analysis program used to

assess the'data, contains this information.

The analysis was carried out as follows:

¢ : ,
(1) The impervious area runoff depth was estimated
- Y. . -}
from rainfall depth using the coefficient approach
selected for use in the proposed model (see Appendix

A).
(2) Pervious area runoff detph was estimated using‘
theyproposed runoff volume algorithm. To dqtermine the
}) API for use in this process, precipi;étion data from
k thé_neérby Ottawa international Airpbrt'gaugevwas used,
“and a literature value of KAPI (see Appendix A) équal
to 0.9 (Bruce and Clarke, 1966; Wisner et ai, 1983) was

applied. Figure 7.1 contains the calculated API values

.

used in this analysis.-

(3) Estimated total runoff volume for the
available events was coﬁpared to the observed volume,
angd parameters ﬁe;e improvéd by successive
épproximation. The statistical routine which'génerated

"figure 7.1 was used fo determine when the 'best' fit

. was obtained, with the criterion for a best estimate of

—_—

parameters being a minimum root mean square (RMS) error
in runoff depth estimation subject to an average error

of.zero in runoff estimation.
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The flna} simulation demonstrates a clear agreement |
 between observed and simulated results. A number of o
statretiCSIare supplied in figure 7.1 which show that
the total estlmated runoff volume, average .error, and
best fit line all compare well with the 1deal observed
figures. The best fit line, for example, has a slope of
0.97, wh1ch is close to the ideal of 1.00; the best Flt
intercept of 0.09 mm, compared to an ideal 0 00 mm,‘ls
also quite reasonable compared to the avefage runoff of
4.6 mm. The plotted results of figure.7.l also indicate

,\ ' a reasonable agreement between the two.
Compirison to STORM

Although ‘a detailed analysis of the STORM calibration
in this catchment is not available, Gore and Storrie et
al (1981) report an average error in_simulation in

these catchmepfs of =001 mm (B8.3%) for the 10 best of

the availf'le'lB events. By comparisoh,?the‘proposed'
algorith aohieves an -average error of'fOrOG'mm (?.0%).
. This is essentially the same result. This is
reasonable, since the catchments considered in this
Qnaly51s are relatlvely 1mperv10us. As shown in- f1gure
~ 7.1, the c 1culated impervious area contribution }
conén{butes the major portlon of the calculated total
- runoff!volume, with pervious area contribution in the
~fange of one half to one tentn of the total. The

—

impervioug component, which is simulated the same way
B "_.-_-/ - .

P s

L4
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in quQﬁthe proposed model and STORM, therefore |
domin;;es the simulation; results of the two:mOdels in
this type of catchment should be similér, and the

-

result obtained here is appropriate.

From the comparative testing in these catchments, it is

concluded that:

- ——

‘ : //)\? .
© The proposed algorithm is at least as effective as
L , o _
the alternative model, STORM, for simulation of small,

reiatively impervious, urban catchments.

.. o The proposed algorithm is appropriate for use in

small predominantly urban catchments.

7.3 Detailed Calibration to Sawmill Creek Flow Volume

Measurements (Large Catchment, Mixed Compostion)

The nekt test of the method was undertaken with

continuous data measured on the Sawmill Creek catchment

during 1981 as a part of the Rideau River Stofmﬁafer o
Management Study. This was undertaken in two-étagé?l
First, é'prel minary analysis was conducted using the

: . ]
parameters from the urban catchment analysis presented

T

- in section 7.2. Second, quantity simulation parameters

'wére established by calibration and yerification to the

observed Sawmill Creek flow data.

Preliminary Sawmill Cfeek'Analysis‘ -

1
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As a f1rst tr1al parameters from the Alta Vista

catchment vere, used to estimate runoff volumes in
Sawm111.Creek. This was considered reasonable because

" of the phfscial proximity of the catchments (Rideau

‘River Stormwater'Menagement Study &981). A ¢onstant
average‘base flow of 0.142 cubic meters per second (5

cfs) was’ used in this 1n1t4a1 analy51s based on -

observed'dry weather values. ° : "

The.result of Eyis preliminery estiﬁate is as depicted
in figure 7.2. The average error and the root mean-
square error were calculateg by the proposed‘moael ~
(CALIBRATE command, described in‘Apbendix'D) to be

- +10.5% and +38.3% respectively.

Detailed Sawmill Creek Analysis

The preliminary runs in the urban and Sawmill Creek
catchments were followed by a. systemat1c optlmlzatlon
of the model for stm111 creek’ cdﬁchment To do this,
the 1981 ra1nfa11{runoff record.per1od was divided
approximately in half. Out of the 17 a;silable events,
the first 9 prov1ded a calxbratlon set, and the last-8
prov1ded -a ver1f1cat10n set. Rainfall was taken from
point ai?jgates'at an Atmospheric Environment Service

. e
Gauge (Heatherington Station).
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The process by which calibration was achieved was: [ €.
. R . (, 1
(1) Periods immediately before and after direct

runoff periods were selected, and base flow barameters

in the model were adjusted to provide a good

-representation of base flow.

(2) Direct runoff parameters were adjusted

systematically to provide an overall optimum adjustment

to wet (runoff) period records.

. -,

[N

The criterion. for optimization was similar to that used

in the urban catchment analysis:; RMS error in ratio of

simulated to observed runoff volume was minimized

subject to maintaining an average error of zero.

The final model parameters obtained, were as shown in

table 7.2: .
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Table 7.2 Sawmili Creek Calibration ’
° Parameter(*) Signifiéance Final value.
SR -‘ RIMP | impgrvious area runoff 1.00
?l . ABSIMP L 4.06 mm
L | SMIN .. pervious apea'fuﬁaff 25;4 :mm
SMAX e ~ 50800.0 mm
L sk .= . 0.1378 mm -1
[ _ ABSPER T " 432mm
L | SLOSK1 ‘base flow " 0.0013&
* SLOSK2 BETENE - 0.58 mm/s/mm
BASMIN " " " 0.0 cu m/s

; : o (Appendix A defines the parameter

notation used in this table)

The calibration parameters in Table 7.2 we;é then used
for simulation of the verification events. The '
_ statistics shown in table 7.3, generated by the model,

were the result of that simulatian.
. .

e~
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Table 7.3 Results of Sawmill

Creek Calibratiqn

’

Case ' Average Error RMS Error
(%) S € 3

first 9 - -0.3 ~ 18.1

events ; ‘ |

‘ ' s M

"{’-_.a

last 8 '

events 1.7 ~30.9
all events . 0.6 _ ' 24.9

Fiéures 7.3a and 7.3b provide plotted results compariné
the calculéted’and observed runoff volﬁmes and peaks.
 appendix E contains a complete listing of the model run
which produced the results in table 7.3 Ahd figures

-7.3a and 7.3b.

It is noted that results of the simulation are

- generally good, but that there is an evident outlier in
the plot in figure.7.3a.. This event, from rainfall on
81/8/4 to 81/8/7 was recorded on' several gauges in the
immediate vicinity (within a 20 km radius) of Sawmill

creek. Event totals recorded on these gauges are given

in table 7.4_(Ride5u River Storqwatér Management Study,

1981): -
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Table 7.4 Raxnfall Event Totals, Event of
- 81/8/4 to "81/877
) . Gauge , ~ Observed Volume
B (mm)
Charkay , 3.0 .. ’
Alesther Rd,  13.8
Windsor . ' 55,2
Norway Cres. 63.6
Heatherington - 65.1 *
Ottawa Airport - ' 116.7

-

* used in simulation’

Var1at1on in results for thls event is significant.

Note that the’ Ottawa A1rport gauge, located
approxlmately across the dlameter 0f the watershed from
the Heatherlngton gauge 1nd1cated a much h1gher
rainfall, and that the simylated result is low, Tt'is
therefore f;diCative, although not proven, that the

outlier results from an inappropriate (low) input value

for rainfall. Stat1st1cs calculated wlthout .the outlier

~event resulted 1n-
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* Table 7.5 Results of Sawmill - |
| Creek Calibration Omitting
the Event of 81/8/4 to 81/8/7

Case” : ' - Averege Error _ RMS Error
' (3) (%)
“
first 9 - -0.3 18.1
events |
~last 8.
events 8.7 ‘ _ 7;6‘

It is concluded from the above calibration results

that:

o The model is appropriate for use in large sized .
{up to appro¥¥ately 2500 ha) catchments of mixed urban

and.rural composition.

7.4 Detailed Compa:at1ve Calibration to Wixon Creek
Flow Volume Measurements (Large ggtchment

‘Undeveloped) -

A third test of the runoff algorithm used in the model
was made on data obtained for the Wlxon Creek

*  catchment. As described above, Wixon Creek was chosen

RS
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both because recorded flow data vere ava1lable (Water

’Survey of Canada Gauge 02LA004), and because it

o

'represented a very perv:ous and relat1ve1y large

catchment useful as a th1rd test case for the model.

The model was tested (i) by cailbratlon to recorded

flow records and (ii) by.comparison‘to the STORM model

calibration in that watershed. .

Analysis , - | : S
. ) -~ ‘

Théﬂgrzterlon for callbratzon in th;s catchment was the

same as in the Sawmill Creek analyszs- RMS error

beéweenjobserved and simulated flow volumes was

minimised subject to maintaining an #verage error of +

zero,‘with error defined as (l1-(volume simulated)/

(volume observed)).

Appendix E contains a plot of observed and simulated
flows for Wixon Creek, generated byﬂthe proposed mcdel
(DUMP PLOT command see Appendix D). Figure 7.4
conta1ns the same 1nformatlon in summary form: Itqls
evident in both cases that the model performs well 1n/

LN

this catchment.

The RMS error calculated by the proposed model was jdst
over 10%; figure 7.5 provides a more detailed depictﬁoa'
of the error in simulation. As indicated, mcst-eveﬁts
are simulated w1th errors 1n the 0 to 30% range; and

almost all have less than a 50% error.- Th;gzls a - ~
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FIGURE 7.5 OBSERVED ERRORS.IN WIXON CREEK VOLUME SIMULATION

Tabulated Result

Percent { Number | Percent
Error L.T. L.T.
+ 5 6 35
+ 10 7 a1
+ 20 12 71
+ 30 15 | 88
+ 40 6 | o4
+ 50 17 100

Plotted Result g

100

50 .-

Percent Less Than

100
Error Size (%)‘



" Comparison to STORM

reasonable result,

- .

The STORM model Was calibrated to the Wixon creek data
concurrently with the above described analysis using
the proposed model (Halliday, 1984). The criterioh.for
calibration was the same as in the Sawmill Creek
analysis (minimum RMS error subject to.zero aéerage
error). However, because STORM does not generate the
required statistics itself, the STORM calibration
reguired creation of a secoﬁdaty proéramlwhich'analyzed
the STORM output; it ﬁas found thatlincorppration of
such a routine in the original STORM model would be

. 3
more difficult and time consuming than use of a seQind

-

program.

The best result achieved in) the STORM calibration

resulted in an RMS error of 36% and took several days "

of concentrated effort. The'degree of effort was partly “

due to the number of calibration paramétgrs and partly
due to the two-stage model setup (Halliday, 1984). With
a best fit RMS error of 36%, STORM pravided a best
résult demonstrably inferior that of the proposed

model,

It is concluded from the above calibration and

comparison that:

o The proposed model is likely to be superior to

 PAGE 7.14 .
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- STORM in:simulation'of runoff quantity iniroral areas,

¥

-

o The proposed model is appropriate for use in
simulation of runoff guantity in large rural

catchments.

It is also noted that'(i) the entire calibration effort

' using the proposed model was less than one day,

compared to several days for STORM and that (11) the
cagputer cost per. run of the. proposed model as -

determined by system intrinsics was approx1Mate1y half

of the cost per rup.for STORM. ' _ _EJ,

-

3

The first point resulted primarily from the structure .

of the proposed model, which as mentioned above

includes diagnostic routines not available in STORM‘
Sstatistics fdf calibration had to be calculated with an
anc111ary program in the STORM runs, but were generated
internally in the proposed model. This reflects K

programming technique more than any inherent

suitability of the runoff algorithm, but does at least

_1llustrate the utility of structural concepts

embodied in the proposed model,

h .
The second 901nt is an 1nherent result of using a model

wh&ch is based on algorithms whlch are su1table for a
planning analy51s. The intended economy of operation of
the model has clearly been achieved since it has been

shown to be at least as economical as STORM. As

PAGE 7.15
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discussed in chapter 1, STORM is both appfopriaﬁé for a
planning level analysis and significantly less costly
than existing éTE;rn;tives; since it is more economical
than STORM, the Qfﬁﬁbsed model muét ipsc facto be

economical enocugh. for planning and less costly than

‘alternatives itself, =

7.5 Detailed Calibration to Sawmill Creek Water Quality

Measurements (Large Catchment, Mixed Compostion)

As well as the quantity data described above for
Sawmill Creek, quality monitoring results were
available from field work carried out for a period of
several weeks in the summer of 1981 to quantify fecal
coliform pollution of that stream (Rideau River
Stormwater Management Study, 1981). Further testing
was therefore carried out on Sawmill Creek to establish
how the model performs.in a quality/ quantity
simulation. This testing was against the meifured fecal
coliform bacteria data, and also against HSPF results

in the same catchment. - - : .

O il

Analysis

¥
*

The calibration was carried out as follows:

(1) A least squares regression of the.observed

water flow rate and F.C. concentration data was carried
] ,
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out to prow1de an 1n1t1al evaluatlon of bacteria source
characteristics. This regression showed that bacterla'
discharge rates could be correlated with flow rates for
flows greater than base: flows, aﬁd'a'r;ting curve
approach was selected for bacteria siﬁulatioﬁ.‘ The

results of this regression are shown in figure 7.6.

-
< '

(2) The model was run using the calibrated flow
simulation parameters determined as described in

section f:ai Parameters for bacteria simulation were

"overall fit.

adjusted by\itzcessive approximation to achieve a best

In th1s aﬂhlys1s, meqsures of £1t vere objectlve but
application of these measures was not Due to the
highly varlable nature of F.C. bacteria 1nstream,
limited number of events (5) in the sampling perigd,
and breggnce of extran us (qot stdrmwater ruﬁoff)
sources of F.C. pollutign, almeaningful objective
criterion for a best fit in this case is difficult to
défine. The model waé therefore adjﬁsted'td'minimise'
“the avefage'error and the RMS error concurrently, with
equal weight given to each. This accords with typiga}
_practice in this typé of analysis (see for éxampléwGore'

and Storrie et al, 1981; ibid 1982).

The result of this effort is presented in appendix E in
the form of plots of observed and simulated fecal

coliform bacteria generated by the Proposed model,
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These results are also summarised in table 7.6

7.6 Sawmill Creek FecaL Coliform

H)

Bacteria Calibration:

Mass Error ($) Peak Rate Error(%)
Average RMS Average RMS

-13.2 -18.7 ~-3.6 -9.1

Since variation of measured fecal coliform bacteria in
this type of problem is typically over orders of

magnitude (Rowney et al 1982), the above results are’

considered to be reasonable.
Comparison to HSPF ﬂnw

The calibratidn by the proposed model may be comparea
_to an HSPF calibration carried out op the same data on
the same watérshed (City of Ottawa, 1582). The '
calibration by HSPF was carried out by the City in the
course of a major analytical effort undertaken on the

~Sawmill Creek watershed during. the Rideau River Study.

The event definition used in the HQPF study was
somewhat difrerent, from that used with the proposed
model; the HSPF study defined fewer (four5 events in
the simulation period. Hdwever, as shoﬁn in table 7.7,
the  two calibrations can be compared on the basis of
the sizes of the errors simulated. The proposed model
performed as well or better than the reported HSPF

-
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calibration in the three situations comp&red..Thié is
not a conclusive test of capability, but does indicate
that the results of the two models are essentially

similar when applied in this typé of problem.

Table 7.7 Comparison of Calibration to
Fecal Coliform Bacteria Using HSPF and
the Proposed Model

. Error (%) .  HSPF ... Proposed Model
| .. (5 events) (6 events) .
maximum +ve error | 463% g 232%
maximum -ve error J'§75% 459%'
average error : o 163% | 115%°

Application to Pond Analysis’

A further comparison of HSPF and the proposed model was
possible on Sawmill creek since the HSPF study

referenced above included an assessment of several

alternative detention control pond configurations. One

of these control alternatives was a single major

on-line facility contemplated for the lower end of

Sawmil]l creek.

It was decided to test the proposed model by simulating .

the control pond configuration defined by the city of

PAGE 7.19 -
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FIGURE 7.7 CONTROL POND ANALYSIS [N SAWMILL CBEEK
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Ottawa, using calibrated catchment quality/ guantity
parameters developed as described above. A graphlcal
‘representation of the degree of control wh1ch 15

simulated for the pond is shown in figure 7.7. 's

The solution field in that figure represents the impact
of diffefent assumptions fegqrding pollutant dieoff and
poﬁd mixing cﬁaracteristics. The.findinQS‘of the Rideau
Study suggest a bacteria dieoff rate corresponding to a
T90 of ‘1 to 3 days (Rideau River Study Stormwater _
nagement Study, 1981) and a range slightly wider than
this was simulated. The other range of the soluﬁién
Eigld results from simulations between the two mixing '

extremeéd of.élug flow and complete mixing. -
. : Y , S

The design value shown in the figure represents the
best design estimate; this assumes an expecteé dieoff
rate T90 of 48 -hours (from the Rideau Study results)
and assumes the {conservative) compleﬁely mixed case.
As ingicated,;the design condition shows an annual

removal of bacteria of about 73%.

HSPF,'wﬁich can represent only one pond type
(completely mixed) was used by the City to investigate
only one condition, which was equivalent to the above
desi%p estimate; the HSPF analysis obtained a result of

76%.

AY

This demonstrates a close agreement between the
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proposed model and ﬁSPF for pond analysis. It also -
demonstrates the increased range of information- ' '
available with the proposed model as a result oﬁ_the
ecqnomy; scope, and simplicity of application inherent
in its design. Calculation qf}the effectiqn.pondl
removal of alterg;ﬁive mxing conditions and dieoff
rates was done by the proposed model in one run by -
making a series of simulations of several different
pond conditions; total computer cost for the runs was
" an order of magnitudé less than that for the HSPF

analysis despite the more comprehensive result with the

proposed model. ' P

o It is concluded that in this catchment, the proposed
model produced catchment runoff and corttrol pond

simulation results equivalent. to those obtained with

’ '
HSPF.

~

7.6 Testville Analysis

The Testville study area was composed as shown in

figure 7.8. Testville was désigned to be compatible

with the general Catghmént described in chapter 1, and
also ‘to be repreSentative of “the physical reality of

the Rideau system tested above. As indicated, the test -
are; had a total land surface of 6000 acres of which

half was developed. The developed area was taken to be
35% residential, and 65% open land. The development

scenario to be analysed was an investigation of the
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FIGURE 7.8 TESTVILLE AREA PLAN

-

N\
AREA soz\

. Future
Development

Control Pond Site

Sunnmry of Basin Characteristics

"Existing Conditions:

Area 601 - 3000 hectares undeveloped
Area 602 - 150Q hectares, 35% residential 65% open
Area 603 - 1500 hectares, 35% residential 65% open

Future Development:

f/’—’axhthea 601 - 35% residentidl 65% open

Area 602 - as-is

Area 603 - as-is
Reach A-B: -

Length -~ 15,000 m
Width - 70 m

Slope - 0.005 m/m
Reach B-C: A
Length ~ 7,500.m"
Width - 70 m

Slope - 0.005 m/m
Possible Control Site:
On-line pond, on main channel at point 'A’.

"\ AREA 603

Development



PAGE 7.22
consequences of development in the undeveloped upper

area.

This test case is of practical relevénce. The growth
pattern described above is typical of Ontario basins as
discussed in chapter 1. The data used in this analysis_
are generally those dévelqpei'in the Sawmill creek
analysis described above. Water guantity parameters
vere taken from the sawmill Creek quantity calibration
described in section 7.1. Fecal coliform pollution was
 simulated by assuming 20000 nd/dl concentrations in
runcff from developed areas, 10000 no/dl in runoff from
undeveloped areas, and 40 no/dl in base flow. These
figures were based on results cbserved in monitoring
and analysis‘undertaken~during the Rideau Study (1981).
’ Overall composition and dimensions of the land area are
consistent with the land surface between the South-.

Urban Growth area near Ottawa, and Mooney's Bay (Gore

and Storrie, 1979; Gore and Storrie et al, 1981).

Since Sawmill creek is tributary to the Rideau river
near Mooney's Bay, and since the bacteria concentration
data are taken from Ottaﬁa measuremenis; this Testville
example is closely and specifically representative of

conditions in the Ottawa area.

"-The analysis of Testville was undertaken in three
stages. First, the degree of deqradation in the stream

under present conditions was estimated. Second, the

o
-
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impact of further urban development was assessed by

simulating the effect of the anticipated development.

Third, several differenﬁ control pond designs were
tested to determine how they would each control
degradatiop by bacteria pollution in the receiving
stream. Since the Rideau River study (1981) has
aiready provided‘information on the magnitude of
control ponds required to protect the‘river, there are
parallel results against which the conclusions of the

current Testville analysis may be compared.
7.6.1 Existing Pollutant Loads.

Thﬁfmodel was coded to represent the Testville area in
ﬁhé present conditibn, with no development in the
.uppermost basin. This scenario was run, and the model
produced exceedance/freqﬁency and nﬁmber/frequency of
.- the type shown in figure 7.9 énd 7.10. As shown, the
riger is simulated to experience violations of the
Onfario standard of 100 no/dl approximately 20 times
per year for an average duration of 45 hours per .
occurence under existing coﬁéitions at the bottom of
the.Testvil;e area. This is a resonable result, since
the simulated instream conditions are simi;ar to thoese
occuring in the Rideau River at present (Gore and
Storrie et al, 1981); this does not imply a calibration

or validation since the catchment is hypothetical, but

it does-gubgtantiate that results of the model are

o
K]
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consistent with the type of physical system which is

being simulated.
7.5.2/é;ture Pollutant Loads.

The model code for the‘undevéloped case was converted. -
to represent the developed case by changing the
percent iméervious area in the upﬁer catchment from
zero to 35%. As shown in fiqures 7.9 and 7.10, the
‘impact near the development area is sigrificant,
However, in the lower reach of the river this impact is
reduced to negligible proportidne. This observation is
alsc consistent with results of the Rideau study
(1981), and substentiates that the kind and degree of
eimulated impact is appropriate.l It was therefore
concluded that the Testville scenario prov1des a

reasonable basis for model testing.
7.6.3 Cpntrol Pond Configuration "A'

The control pond selected for this example was assumed
to be a single, in-line device 2 m deep and equivalent
to a 3mm volume over.area tributary to it. IE was known
that this was a relatively smail pond, from results of

the Rideau Study (1981).

The pond was assumed to have a 300 mm concrete pipe as
an outlet, with an hnrestricted spillway to allow
overflows for storage volumes exceeding the pond

maximum depth of 2m. The flow/stage curve for the

7
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outlet pipe was derived from U.S. Bu;eau of Roads
Jnomographs (Design of Small Dams, 1976). The pond was
coded as operating in a continuous mode (continuous
flow through) and was assumed to behave as a completely

mixed reactor. w

The impact of the pond is shown in figure 7.11. The

"results of this simulation show that the pond has some

-

impact on large events (high concentration short
duration and low numbers of exceedances) but little
effect on more frequent events (low concentration long

duration and frequent exceedances).

Examination of the model output shows that the apparent

_ increase in durations of exceedances at the low level

'3 lts from mixing characteristics in the pond. The
-;fzz and configuration developed is not large enough to
provide an adeguate period for dieoff, so a large
degree of control is not accomplished. However, the
pond volume is large enough to act as a reservoir of
pollutant mass for a significant period after an event.
The pond therefore acts as a buffe;'which reduces peak
concentrations,'but increases lower level

concentrations, particularily after an event.

Figure 7.12 demonstrates this. That figure is a plot of
concentration against time for one large event, taken
from each of the three simulated cases (existing,

future, and future coﬁtrolled). As shown, the event

b
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FIGURE 7.11

EFFECT OF CONTROL POND 'A* -
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* QOperatlon — Continuous, completely mixed.




aar

-————

107 +——
1: H
: )
y [ =
! 8 )
: < a8
. “
! 2
[T
|
Q . .
"
-
&
a '
£ ! P
2 7 S . & Llevel C . -
[¥) e, N\
a3 / N N
‘B . SKQI:-.
e ! i \\:--.h
= c T
8 1 .‘ \-
1 . - 4 .
g J. B P1 e-Developed
. - - -y —-——-— Ppost-Developed (no control pond}
E 108 e———— Psst-Developed (with control pond)
X
: FIGURE 7.12 TESTVILLE - IMPACT OF UNDERSIZED
p CONTROL POND
(Hote: O hours = 12:00 on August 30, 1981, simulated)
| pond is from case 'A'- volume 3 mm over basin)
: - unrestricted inlet )
: - 300 mm concrete outlet)
105 - v T

12 24 36

Time (hour:s)

ey



PAGE 7.26_

exhibits a significant increase in overall mass,

duration, and peak rate of pollutant concentration

after urbanization, which is apprbpriatef With»the
control pond in place, peak concentrations are iowered;
this is due to the relatlvely low concentrat1on
existing in the re51dual volume in the pond at the
start of the event. Inflows during the early part of ,
the eyent are satisfactorily retained, and the
conceﬁ@ration is lowered. With continuga inflow,

however, the available pond storage capacity is used

up; high concentration outflows then occur, and persist

" for some time after the event.

ey

With afiarger pond, this effect would not be felt,
since more of the stormwater mass would be retained for
a longer time; dieoff of bacteria would reduce the
ultimate outflow concentration. WIth the pond as it is,
however, thé result on outflow concentration is that
ghe peak concentration is reduced (level A on figure
7.12) at the expense of longer durations at lower
concentrations (level C on figure 7.12). At
intermediate Ievelst some reduction in duration of

exceedance is obtained (level B on figure 7.12).

This result is significant. The pond used in this
example does significantly reduce peak flow rates, and
the duration of overall detention (in the same order as

the duration of the inflow event) is consistent with o
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typical practice in quahtity control; the pond

therefore functions as an‘effeotive guantity control

device. Present.préotice commonly assumes without

sopportive analysié that installing quantity‘ trol
ponds will have inherent qoality benefits as\well as
intended quantity benefits. This example shows'that
this assumption may be inaccurate, and unless a
comprehensive analysis is undertaken, unintended
adverse impacts may actually‘result from installation

of a control pond. .
7.6.4 Control Pond Configuration''B’

The second control pond tested was equivalent to a
volume of 10mm over the tributary basin, but was

otherwise 1dent1ca1 to pond 'A'. As shown in flgure

‘ 7.13, this pond ks large enough that it provides a

dieoff period (pond detent1on time) which controls

guality of outflows to approxlmately pre-developed

condltlons.

This result is in agreement with results of the Rideau
Study which derived a required pond controllvolume of

10mm to 20mm to achieve control of pollutlon increases

“qg:iflated with u%banlzatlon in the Ottawa area. As

nofed in chapter 1, however, the Rideau Study required
ree separate models to achieve the same result. and
was nyt able to incorporate a complete examination of

instream impact of the pond.
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o

7.6.5 Control Poda'tonfiguration"c‘

This control pond was identical in size and outflow

structure to control pond 'A', but was designed to'
incorporate an unusual inlet control device.rln thi§
case, the pond inlet wasT¢esigned to iniet flows only
if the approach flow .was less than 0.84 cms. Approach
flows less than ;his rate were admitted entirely, flows
greater than this were not admitted at all. The effe

of the pond is therefore to treat only small events and
the béginning and end of large events. The precise
inflow control structure behaviour was determined after

successive trials with different cutoff rates.

The principle of operation in this case is that events

" which would cause a violation of the 100 no/dl standard

in the existing situation are not treated at all, and
. ¢

the events which wauld not previously cause a violation

before development are prevented from causing a
violation after development. This is a concept which

has not been previously tested.

. As indicated in figure 7.14, the effect of the pond

with this inlet control at low.COncentration levels is
to control conditions and to effectively maintain
violatipns at existing levels. At high levels, however,
the conditions are not improved at all. In terms of the

100.np/d1 objective concentration, this pond is
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essentially equivalent to the much lgrger pond 'B'.’

Of interest to the present work is that this-analysis
suggests that pond inflow/ bypass characteristics may
be as important in 6btaining specified target
conditions instream as pond volume and ouftflow
characteristics. Previous practice has not acéounted
for this effeqt in water quality control pondaanalysis.
It is interesting to note that the analysis which leads
to this observation, conducted with the proposed model,

would be difficult or impossible with SWMM or HSPF.
7.7 Implications for Regulatory Policy
Existing Pblicy'?

Ponds 'B' .and 'C' present intérestihg impiications in
terms of policy for specification of instream criteria.
At present, in Ontario the MOE standard of 100 no/dl
(PWQO) is the only criterion for assessment of control
ponds and instreaﬁ conditions. For other'jurisdiétions
and other pollutants, other standards apply: but as

discussed above these still tend to be single valued,

From the perspective of a single valued criterion of '
100 no/dl, it appears that pond 'C' is as effective as
pond 'B'. However, pond 'C' has less than a third of
the volume of pond 'B' which suggests a smaller land
area and hence cost savings. The difficulty with this

approach is that, although the 100 no/dl standard is

PAGE 7.29.
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met equally with either pond, pohd 'C' does not do an

adequate job of controlling pollutants at other levels.

Where risk is proportional to concentration, as is
usually assumed in the case of indicaFor bacteria, this
is an unacceptable sifuation. Present legislation and
guidelines tend to require only demonstration of the
degree to which a s}' e Qalueé criterion is met or not
met., In the pénds { ' and 'C' above, it is evident.that
one pond is much ‘différent from the other in terms of
overall éffectivenes, but/gesults repqrted in terms of
the single valued indicatoé level of 100 no/dl would
not distinguish bélween tﬁef;wo. I't has therefore been
demonstrated that the single valued expression of an
instream management criterion, even.if seasonally
baséd, does not provide an adequate measure of

proté&tion.

~"It is concluded that there is a need to examine
pollutant control devices on the basis of more than one
instream concentration level; it appears that the

entire range of concentrations instream should be

considered.
A Possible Alternative Policy

An alternative policy for specification of -instream
control requirements may be proposed if certain

assumptions are made as to the impact of instream
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pollutants, namely that:

-

a.l™ower pollutants concentrations do not

represent worse conditions than higher concentrations;

b.) shorter durations at a given concentration
level do not represent worse conditions than lonéer

durations; - : ,

R

c.) existing conditions are acceptable; and
‘ N )

‘d.) a worsening.in existing conditions, represented
J»\?y an increase in instream duration at any

-

concentration, is unaccéptable.

-~

This may be viewed as somewhat conservative as it does
fnot recognise any residual assimilative capacity, but
is otherwise generally consistent with current concepts

‘as discussed in chapter 1.

L

In such a case, the solution space illustrated in
7.15a,‘defines an appropriate minimum criterion for
assessingdinstream impacts. Any sppeme wvhich provides
an instream concentration/ duratiéﬁ:curye.lying within
the shaded area represents an acceptibie alternative,

in accordance with the above assumptions.

In terms of the specific problem faced in
differentiating ponds 'B' and 'C', this approach would
stiil determine thét both- of the ponds meet the |
existing single valued‘criterion: in addition’, however,.

7 g v
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this approach would establish that pond 'C' is not as
effective as pond 'B'. This approach would therefore be

superior to a single valued criterion in this instance.

Variations on this approach can be specified. For
example in figure 7.15b, a solution space in shown for
a system otherwise similar to that in 7.15a, but where

an additional assumption is made, namely that:

e.) there.exists a 1imi;ing concentration level

below which negative impacts are not an issue.”

This limiting level might occur if there is a threshold
limit for damage, below which the pollutant is
innocuous. It élso might occ%r if a single valued _‘
criterion has been specified.fo: the river, and that =~
any condition below that criterion will meet regulatoryl
requirements., Figqure 7.15b would resolve either
situation and still provide a better basis for

assessment of alternatives.

It 'is recognised that the approach deséribed above is
stilff;imited in that it does not permit any ﬁeighting
of the problem according to degreé of damage. The
approach therefore does not allow selecfion of a 'best'
choice when two alternatives are acceptible according
to the above criterion{'but are different. Such

inf rmation could in principle be incorporated, in a

manner analogous to that used in benefit/ cost
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analysis, by integrating the product of a damage/
concentration/ duration curve with the simulated |,
concentration/ durat?on curve to pfoduce a net 'index
of damage'. The lesser dég;ee cf damage would then be
preferable.

. /
Unfortunately, the environmental basis for such a

refinement has not yet been established. Thé above

approach to-criterié specification, supported by a case
by case judgement for alternatives which are otherwise
acceptible, is therefore the best alternative which can

be proposed at this time. Further work in this area is

ciearly needed.
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8.0 Conclusion’

L

One of the most costlj problems»facing urban
development in Norfh-America in this decade is control
of the pollution, potential and actual, of receiving
waters by urban areas (HcNeil, 1976). A major compéneng
of that pollution is associated with stormwater runoff,
and analyéis of stormwater pollution at é planning
level has been the central concern of this reséarchy
This chépter provides general and specific conclusions
on the overall results of research. Possible avenues of

future research are also outlined.

8.1 General"

: | _ B
An examination of the problem of planning analysis for

management of stormwater pollution has shown that v
planning shou;d be done at a reéional level, and has
 reso1ved some major charac;gfistics which a simulation
model created for that purp;;e should have. These are
listed iqwchapter 1. Investigation of available
simulation models in light of these characteristics has
shown that existing apbroaches to simulation are not

suited to analysis of stormwater pollution management

problenms,

> ~

The primary reason for this appéars to be that éxisting
models were generally not developed specifically for

regional plaﬁning analysis as it is presently
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practiced, but are based on techniques developed for
and borrowed from'other problems. Specific available
models which were assessed have characteristics which
'gupport this conclusion. For example: STORM is limited
in scope of simulation and unable to analyse systems
which include an instream transport componént; HSPF
relies for runoff simulation on complex and seldom
applied algorithms which are not suitable for a
regional anélysis at a planning level; SWMM is oriented

towards detailed urban stormwater quantity management.

'This work has contributed to this area of ehgineering
by creating a simulation model which is specifiqql;y
oriented towards the problem of regiocnal stormwa%ér
Quality management planning in river basins, The model
is structured in a way which is different from other
models, and contains algorithms which are different in

concept from existing approaches used in continuous

simulation of stormwater quality at a regional level.

Test applications of thé model have verified that
currently applied single valued approaches to
specification of instream water quality criteria are
unable to adequately discriminate between management
alternatives, and an alternative criterion has been

proposed as a result.



R e -éﬂA

PAGE 8.3

8.2 Specific Conclusions

1. There is a need for an alternative regional
simulation model for water quality'management
planning, Specific general qualities are
identified which make a model appropriate this
pﬁrpose, and it has Eeeﬁ found that existing

models do not meet .these criteria.

2. A model has been developed for regional
stormwater quality management plannlng analysis,
which meets the qualltles defined herein for such
a model..The model is therefore an 'improvement

over existing approaches.

3. A method of imstream qQuality-routing has~béen
developed. This method is consistent with many
existing approaches in (i) its fundamental
assumptions about the nature of pellutant
transport and (ii) results, but differs from
existing approaches in the solution technique
which is applied. In the conditions tested, the:
proposed routing method was shown to produce
results which correspond to those of more complex
two-dimensional models, and did so at much less
cost. The ﬁethod may therefore be useful in
practical applicationg where existing alternatives

are inappropriate..-
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5. An alternative to exi§€}ng algorithms for
continuous simulation of runoff volume has been
" developed. The proposed method uses an Antecedant
Precipitation Index to update loss parameters and
thereby avoids the.uncertainty and difficulty of
continuous accounting for soil moisture storage.
The conéept could be used to achieve a continuous
result from a.vafiety of loss'funétions, but for
practical reasdns has in this work been'céupled
with a variaﬁt of the SCS method. As such, the
algorithm is fundamentally different from existing

approaches:

6. The proposed Eynoff volume algorithm has been
shown to perform well in the specific catchment

locations tested, which were of three types:
o small urban catchments,
0 a large mixed urban and rural catchment, and,
o a large, predominantly rural catchment.

7. The proposed runoff volume algorithm has been
-shown to provide a simulation result superior to
‘that which can be échieved by STORM, and at much
less cost. Since STORM is generally accepted as
appropriate for continubgs runoff simulatién, it
is concluded that the pfoposed method constitutes

an improvement which will be aéceptible for that
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purpose also, -

8. The model has been shown in a test case to

‘produce quality simulation results for both

catchment runoff and control pond analysis which

" are consistent with those achieved using HSPF. The

proposed model therefore represents an effective

alternative ‘to HSPF,

8. A test case which was evaluated using the

proposed model has demonstrated that the use of a

- single valued criterion for stormwater gquality

management would be unsuitable in that‘casé.'This
is demonstrated by the failure of the single |
valued criterion to discriminate adequatelg’
among alternative manageméht scenarios. The test
case in which this was demonstrated was
représentative of typical stormwater quality.
management planning problems. It is therefore
concluded that there is an adequate basis for

stating more generally that:

a.) A single valued criterion for instream
concentration, even if freguency based, does not
always provide an adequate measure of or basis

for instream quality management.’

-

b.) Management policy in Ontario and other

locations where a Single valued criterion is
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used should be reviewed to determine whether ‘an
aifernative policy should be adopted. One
possible alterna;ive criterion has been

presented herein.

8.3 Future Research’

1. The proposed model, and its functional
algorithms, should be further tested in a wider
variety of catchment and management conditions.
This would provide further suppbrtive data for use
of the model,'and would contribute towards a data
base which could facilitate use of the model in

uncalibrated.applications.

2. Further work should be done to develop an
alternative approach to specification of criteria
for stormwater guality management; The model
developed herein would be appropriate for use in

such an investigation.

3. In support of the need for improved water
guality managment criteria, further work should be -
done to better establish the kind and degree of
impact which typical pollutants in urban

stormwater have on receiving waters. An emphasis

of this work should be to determine what

relationships exist between damage and pollutant



concentration, duration, and frequency of -

occurence,

4. It is noted that some of the conclusions in
this work are based on theoretical agsumptions

about the nature of pPollutant removal in contrel

_ponds; these assumptions are an unavoidable

consequence of the present state of the art of
simulatiop control pond removal mechanisms.
Further research should be conducted to establish
exactly how control ponds function to remove
pellutants, and to déterﬁine.whether an

alternative removal model should be used.

6. This work has shown that control pond inlet
Structure operation can have as large an impact on
pond performance as pond outlet or size. Further
work .should be carried out, using the proposed
model, to establish to what degree this éffect may
be iﬁportant in practical applications.

Similarly, further work should be carried .out,
using the proposed model, to determine what
pond-operation and size characteristics are most
effective in pollutant control in typical

stormwater quality management applications.

-,

¥
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5. This work has shown that the proposed model
appears to produce results equivalent to a much
more sophisticated model, HSPE,rin control pond
planning'ahalyqis; it further appears phét these
results are achieved at much less cost than

Qith HSPF. It therefore appears that a model of
the degree of sophisticafioh of HSPF is not
requiré& for planning purposes, and should
therefore not be used. It is concluded that
research should be conducted to determine in vhat
circumstances, if any, a model of the degree of

sophistication of HSPF is required.

6. Additional ‘routines should be added to the model
to permit simulation of erosion and soil loss in

agricultural or undeveloped areas.
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' APPENDIX A"
POLLUTANT AND R{NOFF GENERATION’

A-1 Introduct}oh

'This aﬁpendix do¢uments the algorithms usedsin the model fér
runoff guantity and qual%ty siﬁglation. Some duplication of
information in the main text exists in this appendix. This

_ has been aécepted in order to express the relations used in

" terms consisﬁ?ﬁt with the prograﬁ.code; and to‘ﬁake this’

appendix comprehensive. N

A-2 Runoff Quantity Analysis - -

As described in the main text ‘the model is a linear unit
hydrograph model. Runoff volume is determined using two
'procedure, one (for perv1ous areas) based on the SCS method
(Soil Conservat1on Service, 1969} and the other (for
impervious areas) us;ng a volumetr1c coefficient approach.

Runoff rate is calculated by a convolutlon_ of runoff

volume by either or both of two unit hydrograph shapes.

A-2-1 Runoff Volume- Pervious Areas

LA}

As noted in the main text of this volume, the model ;eads'

" hourly rainfall records from'a disc or tape specified by the

v
!

=
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user. Excess rainfall in pérvious areas is calculated by

the model using the SCS reiation:
: : o €

Q = (P-ABSPER)*(P-ABSPER) (Al)

LT s T

(P-ABSPER+S* )

”

O e s i o o IR

where Q is cumulative depth’

\\\\"\\\ of rdanf {(mm),

P . is cumulative depth

of'precipitation {mm),
ABSPER is an initial
abstraction (mm),

a
v 4

and S* is a loss parameter (mm).

S* and ABSPER are updated by the model for each event, to

provide an accounting for initial moisture conditions. In "
the case of S*, th;ébls accompllshéiﬁgy expressing S* as a
function of a variable Antecedent Precipitation Index, the

API. The API is determined from the follow1ng relation:’

’

API2 = APIK*API1 + Pl

(A2)
; N whe}g APIK is a*coefficient,
f . Pl is precipitation
; . in the previous time step,

.and the API subscripts refer to

conditions at the beginning"
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(1) and end {2) of the

previous time step

The relationship which:is used to relate $* and API is:

 S* = SMIN + (SMAX~SMIN)*exp(SK*API) (A3)

where SMIN and SMAX represent’
the ranée of S§*,
and SK is a calibration

parameter.

If adequate data exiSts} the parameters SMIN, SMAX and SK

- éah‘all be adjusted for a best fit to observafions. it is
noéed that in this process, the value of the APIK
parameter assumes onlf minor .importance, since the
adjustment of.equation A3 tend§ to compensate for changes in
thé APg:whicH.result from different values of APIK., (It is
also’nbéed that where data is limited, SMAX and SMIN can in
principie be estimated E;om the SCS AMC I and AMC III values
of CN, This leaves the single value of>SK in equation A3

as the primary calibration parameter.)

Use. of the API as ' a means of édjuéting the SCS loss
parameter h&é been investigated and teéted in the IMPSWM
program, and the pseudo~contindou5 model‘achigqed using th
above eguations appdars to be an‘abproach suited to plaﬁning
studies of the type céntemplated here. Although there will
need to be more Ontario experience in the use of this

algorithm for continuous simulation, ,it ‘appears that
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the method is potentially useful for multi-event
simulation of the type anticipated in this methodology. One
advantage to the approach, aside from igg.simplicity, is
that hydrologic parameters required gy the model are
generally well understood. The Easic SCS loss relgtiéns
have been widely applied in Ontario and elsevhere; the main
concept introduced by the model is that of an internal link
between the SCS equation (A2) and the loss parameter
equation (A3). In practice, théfefore, the model introduces
at a maximum three, and in some cases one, parameter to
achieve a continuous or multi-event represéntation of

runoff from pervious areas.

The second adjustment made in the model to provide a
continuous capability relates to the value of the available
initial abstraction, ABSPER. The user inputs a maximum value
of the ABSPER_ to the model, and this 1is thereafter
adjusted automatically according to the following

cggggntiéns:

Ce ' 2
© ABSPER is reduced by the amount of precipitation
falling until it reaches zero, .where it remains

hnt{l a dry period occurs.

© In dry periods, ABSPER is increased until the
maximum value is reached. This occurs at a rate
such that 24 dry hours will raise ABSPER from

-zero to maximum.

™~ . L
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Thus, the initial abstraction will recover to normal
conditions in a period' of about one day after an event
which is a reasonable but essentially arbitraryf value,
The user can change this with appropriate codeLChénges'if
required. . It was npt included as an input qonditéon in
“the presént-vérsion of the model in an effort to minimise

the number of input decisions required by the user.

Another pre-determined asSumption in the model is that of
the interevent ‘time which defines a new event. The use of
the SCS method by definition requires that losses are
computed on the-pasis of an 'S*' value which is chosen‘at'.
the beginning of ‘each event. The model code applies a new
'S*' value (using equation” A3) to each réﬁgfall-period
preceded by at least four dry hours. If a dry period is less
than four hours, the prediouslf used 'S*' value will be
applied. Similarl}{ if a dry period 1is less than four
houré, subsequent rainfall and flow volumes are considered
to be part 6f the previoﬁé event; this is equivalent to
assuming that there is one event with a short infré-eveht.
period of no rain. This is also a factor which the “usér'

can change at a code, but not data input, level.
A-2-2 Runoff Volume- Impervious Areas

The model allows the user to specify some fraction of the
basin as an impervious area (using .parameter FRIMP in the
GENERATE command). It is assumed that the volumetric runoff

coefficient in such areas is essentially fixed. The model
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calculates impervious area runcoff as:

Q= (P-ABSIMP)*RIMP | (A4)

where RIMP is a constant volumetric S
runoff coefficient
~ ABSIMP is the-ﬁmper#ious area
initial abstraction,
and other parameteré are as defined

above,

The initial abstraction in impervious areas is updated in
exactly the same way as for pervious areas. Inter-event

definitions are-immaterial in the calculation of impervious

area runoff.’ .

It is noted that the basin'can be coded as entirely

impervious, or not at all, or any fraction in between.

A-2-3 Runoff Rate

The model calculates flow rates from flow volume by
Eqnvaéution. Two different unit hydrogréph shapes are

- available for this; since runoff from pervious areas is

i3

-convoluted separately from impervious/ aréas, these can use
- . N

the same unit hydrograph shapes, or can use two different

shapes.

Al

One unit hydrograph available to the user is:the original
uhit hydrograph shape designed by Williams et al (1973) for

use in HYMO. Parameters to determine the unit hydrograph
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characﬁeristics.}n'this case are, optiénally, basin heighﬁ
and length or unit hydrograph K and Tp (uéing input
parameters KORH and TPORL in the GENERATE command)., If
height and length are specified, the Williamé empirical

- relation from HYMO is used to calculate K and Tp. It is
noted that although the use of the Williams relation in
impervious areas has not been prevented, this may be an

inappropriate alternative for small impervious areas.in

practice,

4

- The second'option_for a unit hydrograph sﬁape is to use_ a
Nash unit hydrograph (described by Wisner et al, 1983). When
this ié-used the usgr inputs N, the numberﬁgﬁ llnear
reserv01rs, and Tp (u51ng input parameters KORH and TPORL in
the GENERATE command), the model the calculates a Nash unit
hydrograph for use in the convolution. (This is the same

approach as in the OTTHYMO COMPUTE NASHYD algorithm.)

)

A-2-4 Base Flow Rate . '

-

The model has a relatively simple algorithm for calculating
base flow. This consists ‘df a single reservoir representing
groundwater storage. Mass balancg within the reservoir is
achieved by calculating net inflow and outflow from the -
reservoir at each time step. Inflow to this soil reservoir
is taken as the difference between precipitation and runoff,
minus any losses to initial abstraction. In the absence of
infiltration, outflow from’Ehe soil reservolz is calculated.

by a rate averaged over the time step:

}.
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© -

QOave = (SVOL1+SVOL2)*SLOSK1/2 _(a5)

vhere QOave is average outflow from the
reservoir ovér a time .
step, per unit area (mm/sec),
'SVOL is the feservoir volume at the’
beginning (SVOLl)_and end’
* (SVOL2) of the time step (mm),
SLOSKl is the base flow recession

constant 7mm/sec/mm).’

Note on Input

The constant SLOSK1 can be estimated from streah gauge
records for dry (no rainfall) periods. The assumption
. inherent in equation A5 is that base flow from the reservoir

behaves as follows: ' | f -
QO = SLOSK1*SVOL | | (26)

where Q0 i1s the instantaneous

rate of outflow from

the reservoir per

unit area (mm/se;),

L)

which, since QO is assumed equal to the rate of outflow from ™

s

reservoir of unitgarea, means that during dry periods:

dSVOL/dt = -SLOSK1*SVOL = - .. (A7)

‘-J bt
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This can be solved during dry periods to the form:

SVOL/SVOLo = exp(-SLOSK1*T) ' (38)

ﬁhqre SVOLco is an initial value for’
storage volume,
and T is time elapsed,

and which by substitution of A6 results in:

Q/Q0 = exp(-SLOSK1*T) o (a9)

where Qo is an initial value for flow

and Q is a flow observed at time T.

By regression, or by plotting flows on log paper, the user
can estimate SLOSK1 from observations using equation A9. (It

may be necessary to provide.a constant amount BASMIN as

described below to do this.)

t

The above relations (A5 and A6) are not used by the model

r

to provide based flow directly, since three' additional
factors are accounted for. First, QO must be multiplied by

’ N LY : ..u
the basin area to convert it from unit area outflow to total

basin outflow rate. ‘Second, a factor SLOSK2 is input to

account for losses to deep storage and to ‘provide an

adjustment in the actual rate of outflow; SLOSK2 is a -

constant factor by Vhich the above Q0 is multiplied. Third,
the user can specify a minimum rate of base flow (BASMIN) as._
a constant value which is added to the product of QO, AREA

and SLOSKZ2, and which ﬁsed to facilitate calibration if a
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relatively constant base flow exists in the basin. Thus,

baseflow rate is calculated at any time as:

Baseflow = BASMIN : - (a10)
+ (AREA*SLOSK1*SLOSK2*SVOL) /1000

. >
where BASMIN is a minimum rate of Base flow

{cubic meters per second),

) AREA ig total basin area
(sqﬁare meters),

SLOSK1 is a parameter (mm per
second pér mm) ,

SLOSKZ is a parameter (no units),

and SVOL is volumé of water in the’

baseflow storage

reservoir (mm).

SVOL is found ' at any time from its value at the beginning of

the previous time step as:

SVOL = (RINF + SVOLO*(1-SLOSKL*T'))/  (All)
(1+SLOSK1*T' )

in which RINF is the volume infiltrated over
the time step (rain less runoff’
and'jnitial abstraction) (mm),‘
'SVOLo is the reservoir volume at the.
beginning of the time step (mm),
and T' is one half of the duration

. of a time step (sec).
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Bquation All arises from mass balarice requirements, as a
, '

finite approximation of equations A6 and A7. (SVOL = SVOLo +
RINF - (Q + Qo)*T) '

Note on Input

. The user must supply the model with aﬁ initial value for
SVOL. Regardless of this value, the model will converge to
the same base flow rate after some elapsed time from the
start of the simulation, the length of which is dependent on
SLOSK1 and to some extent on rainfall.fSensitivity ruhs with
SVOL as a variable will show whether or not the starting
value is important during the period of interest. It is
probably bette}, however, to arrive at a starting value by
means of equation Al0; once other parameters are determined
by calibration to a later part of the observed flow series,

SVOL can be established from the flow observed at the start

of the simulation period.
A-3 Runoff Quality Analysis

Washoff Method 1 (IWM=1 on the POLLUTANT RATES card)

I

If the user chooses this washoff method, the model calculates

pollﬁtant washoff rate directly for any time step according to

~ the following relation:
WRATE = PCO*Q**PEX . (Al2) é

- where PCO is a rate constant,

\C



| PAGE A-12
PEX is a féte'constant,
Q@ is flow rate (cubic
. meters per second,
and WRATE is a pollutant washoff

rate (mass per. second).

The rate of pollutant washoff is calculated separately for
pervious areas, impervious aréas, énd‘baseflow'and then

A / ‘ .
summed to provide a total pollutant rate for the catchment.

Note that'basin area does not appear in the relation.

Note on Input

The user sélects this method using IWM=1 on the POLLUTANT

RATES card; parameters which the user must supply are PCO

and PEX. WRATE.must have units of (mass per second), and Q
] : . )

is supplied by the model in units of (cubic meters per

second). Therefore PCO should be input in nominal units .of

(mass per cubic meter), with units of mass atbitrarft(for
examﬁle numbers of bacteria, kilograms of sediment etc.).
PEX has no units. (Note that exact units of PCO must be
(mass/ meters**(ﬁ*PEX)* seconds**(PEX-1) to produce WRATE in

(mass/ second), but that values éeldom appeaf this way in
. .

the literature.) - "

Since the pollutant component is calculated separately by
the model for pervious area, impervious area, and base flow
contributions, the user must input PCO and PEX values for

each of these components using the POLLUTANT RATES cards.
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Further, since there are two possible pollutants (first
order and sediment) simulated by the model, the user must
input values of PCO and PEX for each if both are to be
simulated.‘(This corresponds ﬁo ICASE 1 through 6 on the‘
POLLUTANT RATES card; a total of up to six PCO and six PEX

values can therefore be input to the model.)"

Washoff Method 2 (IWM=2 on the POLLUTANT RATES card)

The second available means of calculating washoff.is

L]

£0o use:
WRATE = AREA * PBUILD * PCO * Q ** PEX (A13)

where AREA is_provideﬁ by the
| model (équare meters),
and PBUILD is available pollutant -
mass on the watershed surface

(mass per square meter).

~

This relation can be applied to either impervious area or
pervious area (but not base flow) runoff components. Thus,
all of the terms in equation Al3 pertain to one or the

other, but not both, of these areas.

Note on Input

The user selects this approach using IWM=2 on the POLLUTANT
RATES card. AREA is' calculated by the model for pervious or

impervious areas from information in the GENERATE command,
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- as is Q; the user must 1ngut PCO and PEX. In addition, if
this approach is selected, bu11d-up parameters must be

supplxed as’ descrxbed below,

The model provides Q for each time step in units ofégcubic
meters per secénd), and AREA in (square meters). PBUILD is
calculated %y the model as described below in units of (mass
per square meter). The user inputs PCO in nominal units of
(per cubic meter) and PEX has no units. (Of course in both
of the above relations, PCO technically must have un1ts of
(seconds**(PEx—l)/ meters**(3*PEX)) to provzde a
‘dimensionally correct relation, but values are seldom

reported this way in the 11terature )

As with washoff method 1 (equation Al2), the user inputs the
Iapprqpriate values of PCO and PEX for pervious or impervious
areas separately in the POLLUTANT RATES cards. No base flow
component can be calculated using.washoff methed 2 (equation
Al3), however, so there can be a possible total of only 4
POLLUTANT. RATES cards-using washoff hethod 2. These would
correspond to ICASE 1 through 4; base flows (ICASE= 5 and 6)
must always be siﬁulated with washoff method 1 (equation

Al2; IwWM=l),

A-3-3 Pollutant Build-up on the Land_ Surface

The value of '‘PBUILD, pollutant build-up per squa g'méter of

land surface, is increased by the model during dry periods
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accofding td one of two possible methods described'belo;.‘lt
is assuméd that no build-up occurs during wet periods; whenﬂ_

-runoff exists, PBUILD is reduced according to the washoff
equation (Al4) described above. Reductibns of PBUILD during

runoff periods are calculated using a finite approximation:

PBUILD2=PBUILD1 - (WRATE2+WRATEL)T' (Al4)

3

AREA
where T' is one half of the
time step (seconds),
and subscripts refer to the
begihning (1) and end (2)-
T ‘ of the time step.

‘Substituting and rearranging,

PBUILD2= (PBUILD1-WRATELl*T'/AREA) " (Al5)°

1+PCOXQ2**PEX*T'

where Q2 is the flow rate for

the present time.
- . !

- A
All of the terms on the right hand side of equation Al5 are -

known from the present or previous time step calculations.

Build-up Method 1. (IBM=l on the POLLUTANT RATES card)

The first build-up method is expressed as a power function

written here as;
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| pBUILD-PKl*Tc**pxz-a'paﬁiﬁ§-< PMAX (A16)

vhere Tc is the bulld—up time (days)

PBUILD is pollutant bulld-up '
on rhe catchment” surface
 (mass §§;“§QUare_métor);
PMAX is maximum allowabla value

" of PRUILD (mass per

square meter), 'ﬁ’

PKl.is a rate constarnt,

f -3
and PK2 is a rate constant.

Note on Input

This method ls selected by sertihg.I§M=llon %he‘éOLLUTANT
RATES card. Build-up is calculated separately for parrious
.and 1mperv1ous areas, so the parameters PKl, PK2, zand PMAX
must be specified on two POLLUTANT RATES cards for each
pollutant (sedlment or arb1trary first order) ‘'simulated;
’this corresponds to the comments on numbers of cards made in
the above notes on washoff method 2. The user must supply an
1n1t1al value of Tc (DAYSIN), nominally the start1ﬁg time
since the last event, which provides the model with an

initial'ppllutant build-up on the catchment. .

PBUILD must have units of (mass per square meter),” PK2 has

no units, and T is provided by the model in units of (days).
: . <

-
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PRl therefore has nominal units AE (mass per square meter
per déy). (Again, units of PK1l are (mass per square meter
per day**PK2) to be dimensionally consistent, but values
seldom appear this way in the literature.) PMAX has units o%

{mass per sguare meter). All mass units must be consistent

with those used in the washoff‘equation.“

As noted above, the imitial value for Tc is input by the
user. Thereafter, Tc is calculated'using'the inverse

function of equation (AI7):

Tc=(PBUILD/PK1)**(1/PK2) = (A17)

and incremented each time-stép (DELTAT in days) by:

Tc = T¢ +DELTAT (a18)

Tc is thereéore an ‘equivalent time, and forces the build-up
"to begin after any event at a rate consistent with the
amount‘of'pollutaﬂt remaining on the catchment. The change

of Tc during_dry peripds_is the samé'as the change in clock -
time.. o

Build-up Method 2.

The second build-up calqulatﬁon available to the user is the

exponential type of relation expressed here as:’

PBUILD=PMAX (I=exp(-PK1*Tc)) (a19) -

¥
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where PMAX is the limiting amount of pollutant on
tﬁe‘waterShed (mass per square meter),
Tc is build-up time (days),
PBUILD is pollutant build-up on the

catchment surfacc (mass per square meter),

and PK1l is.a'calibratioh parameter (per day).

~As with the first'buila-up method, build-up is assumed to
occur only during dry periods. The initial value of Tc is
input by the user,' and thereafter calculated by the 1nverse=

functlon of equat1on Al9:
Tczln(l-PBUILD/PMAX)/(-PKl)" | (a20)
and incremented each time step (DELTAT in days) as:
Tc = Tc + DELTAT - . (A18)
"Note on ‘Input
This build-up method is selected with IBM=2 on the POLLUTANT
RATES card. The user must supply an initialhvélue for T
(DAYSIN), nominally the starting time since the last event,

which provides the model with an initial pollutant build-up
on the catchment, The user also inputs PKl and PMAX,

PBUILD is required in units of (mass per square meter), and
T is provided by the model in (days), S0 the user must input °
PK1 in units of (per day) and PMAX as (mass per sguare

; meter). As with the other build-up method, the units of mass
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used must be consistent with those assumed in the washoff

data ihput by the dser. _ - '
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APPENDIZX B . -
SIMULATION, OF CONTROL PONDS

-

B-1 Background
“\-_.
Pond Structure

-

-~

The physical éoncept of the control pond used in this model
has been kept quite' general. This reflects the
anticipéted use of the model in a planning environment
where a variety of alternatives may be tested. It also _
reflects the present lack 6f'experience in ihstallingfj'
control ponds for stofmwater quality contrel in Onthrip, and
the consequent need to allow analysis of a wide
variety of possible configurations; in the future, there .
will probably evolve a typical control pond installation,
and the analysis will become more restricted. At present,
however, there are few assumptions made as 'to the structural

design of the control pond. - o

The physical nature of fhe pond is illustrated in figure B-1l.
As shown, the pond is assumed to have a single inlet
(although the use of an ADD command prior to routing through
a pond can circumvent this. restriction), and a single
outietl' There is ﬁrovision in the model to allow simulation
ofld a high level bypass, or all flows can be forced through
the pond. Between events, a residual volume can* be

permitted, or the pond can be ary. In addition, a base
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through-flow rate céﬁ be maintained in érﬁ ?eathér. It is
possible to represent any grav}ty'type pond oﬁtleﬁ structure
wvhere backwaters afe not 'ﬁf concern, .since the éutlet
structure 1is input as a flow/stage curve. Similarily, an
over-flow curve gan optionally be input to the'model, to
represent uéir flow or any other over-flow condition in the
event that the pond maximum storagé’capacity is exceeded. To
reflect possiblef}operatibn as a batch facility, there is
provision to incorporate a »detentian 'tiﬁg in the model;
flows not. exceediné the maximum storage capacity will be
retained until tﬁere is a dry period‘lonéer.than the stated

detention time, and then released.

Pollutant Removal

-

The model presently contains two mechanisms for reducing the
amount' of pollutant eliminatdd in the detained water
volume. These are removdl by first - order decﬁy, and
‘removal by discrete settling. In both cases,.femoval is
computed using the assumption of complefe  mixing,- but
the user is given the capability of dividing the control
pondlﬁnto‘éhy number of contiguous -compartments. This
capability allows the.user to appfoximaté the effects of
an imperfect reactor, and in addition to approximate a plug

flow reactor by using a large number of sub-compartments.

~

B-2 Quantity Analysis

Flows to be routed through the pond are contained in a file
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createa 'Ry the model in a prevzous GENERATE STORE, REACH
POND, or ADD command, and may-or may not contain quality -as

well as quantity (flow rate) information.
B-2-1 Pond Flow Components _ o -

The fouting of water volumes through tHe control pond is

achzeved u31ng a routzng scheme consistent .with the pond . as

depicted in figure B-1. As shown, there are five

characteristic curves and several parameters which can be

used to simulate flows through the pond. The most_impoftant

of these are:

N\

"l. Inlet Control Curve (Iﬁhut és QAPP(i) and QIN(I) pairs

on the POND cards.)

This curve is ‘user- spec1£1ed and allows flows approachzng
the pond to be split, with part of the‘ flow bypassing the
pond and part entering the pond. The user can om1t this

curve, in whlch 'case all approach flows are fed to the pond.

"If an approach curve is input, it can be ‘used to specify

either a constant or variable flow éplit. Also,‘thejapproach
curve can specify complete capture up to 'some limiting

flow, and entire or partial bypass of flows exceeding.this_
rate. The reverse case, with no capture at all until some

limiting flow is achieved, can also be simulated.

The purpose of this curve is to allow the user to

simulate conditions where. the pond is designed to have
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excess flows bypasS'thé.pond; or where flows less than some
minimuﬁ' are not contrblled,.or where other considerations
lead to control over the appreoach flow. An example

applicatioh of an inlet control is contained in Volume 1.°

———

2. Volume/Stage Curve. (Either input as STAGE(I) and
VOLUME(I) pairs on the POND cards,'or calculated from
STAGE(I)‘and'AﬁEA(I) pairs input on the POND cards.)

L]

- This cur?e-providés the storage information used in
lsimulations..If.inpu; as a volume/stage curve linear,
interpolation or extraﬁolation is used to calculate pond
volume at any stage. If the user inpﬁts only an area/stage

curve, a volume stage curve is calculated as:

-

¥

_V(Sl) = - T (Bla)
" V(S2) = (S2-S1)*(A1+A2)/2 (B1b)
V(S3) = (S3-S2)*(A2+A3)/3 + V(S2) (Blc)

and so on over the range of S and A,’

wvhere Sj is an input stage (m.),

- Aj is the area iqput for a
stage of Sj (sq.:m.),

TR

“and V(Sj) is the area calculated for

a stage of Sj {cu. m.).

3. Operated Outlet Curve (STAGE(I) and FLOW(I) pairs input

in the POND cards.)

* This éuﬁve, which is mandatory, represeﬁtﬁ_the primary

U
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outflow structure from the pond. This curve can be used to -
maintain a continuous throéughflow from the pond (if TDET is
set to zero) or can be used to represent a gatéd structure
wvhich is operated according to a design,batch‘GEtentioﬁ time

(if TDET is non-zero) as described below.

, Néte that to alloﬁ simulatidn'of_jﬁet' ponds, the stgrting
elevation of both this and the continuous outlet curve
described below (point 5.) can be above the minimum point ‘on

the stage/volume curve.

4. Detention Time (Input at.TDET on the POND cards.)

-

If desired, the user can’ incorporate a design detention time
.in the simulation; this allows simulation of batch
.operated ponds (as opposed to the continuous

operation otherwise assumed). Batch operation is defined
here as a procedure_whereby volumes‘of water entering the

ér/)pond are held-for a sﬁecified time before release.

‘To do this, the model maintains a 'timer' which rgcordé the
age (time since end of last event) of water in the pond.
When the 'timer' shows all the water in the pond has been
there for at least a period of TDET, a release of water

~ through the operated control curve {see peint three above)
is possible. The follpwing operation rules are applied to

govern this process:

~

A. Provided that the 'timer' registers greater than

TDET, when flows enter the pond at a rate less than a
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spec1f1ed minimum (QBAS on the POND cards) th%,operated
outlet curve (see peint 3, above) 15 opened‘. Flows can

therefore leave the pond by means of thlS curve.

1 4

By When flows enter the pond'at a rate in excess of
QBAS, the operated outlet curve is 'closed’ Wg the
tlmer is set to zero. Outflows from the pond are

therefore not possible -through the operated_outflow.

curve.

-

C. When flows entering the bond arop to less than QBAS
after a period where QBAS was egoeeded, the 'timer' is

started. The operated outlet curve is left 'closed’.

Regafdless of the status of the operated outlet curve, it is
possible-for_flows to leave the pond through either or both
of the ovérflow curve or the oontinuous outflow curve if

stored volume is sufficient and if these are coded into the

POND data cards.

5. Continuous Outlet Curve. (Input as FLOW(I) and STAGE(I)
pairs on the POND cards.)

This curve repreeents a secondary'outflow structure, which
may omitted if desired. Outflows from the pond are |
calculated using this curve alone if the operated outlet
curve is 'closed': if the operated corve ie 'open', flows
are released through both the operated and the continuous

outlet curves.
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This secondary detention curve allows the user to'spec}fyh
"some- small througﬁflowAregardless of the detention'périod
since it. is concelvable that there will be a small d1scharge
permltted at all t1mes. This is particularly the case if
the 'rece1v1ng water—has some assimilative capaczgy,;or if a

sig@ifiéant baseflow is present.

6. Overflow/Stage Curve. (Input as FLOW(I) STAGE(I) pairs
on the POND cards )

This gurﬁe allows the -user to simulate a pond overfiow
;ondition- in the event that the availéble'storage volume in

| the poﬁd'is exceeded. The curve functions, if input,

regardless of the status of .flows from the opefated and the

continuous outlet curves.

Where any of the above curves are exceeded, a linear
extrapolation is made based on the extreme two peints on .the

curve as coded.
B-2-2 Flow unting Calculations
The quellsolves the continuity fouting eguation:
dv/dt = QIN - Q01 - Q02 - QV | - (m2)

where V is the pond volume,
QIN is the total inflow rate,
Q01 is the outflow’rate through the’

operated outlet Structure,



. ' Qoz is the outflow rate through the
' ' contznuoys outlet structure,

and QV is the overflow rate.

v o

.. The above three outflow components (QOl Qo2, and QV) can

' » c mb1ne in at most ‘two dlStlnct ways, dependlng on what the
ser has ihput. These are: ° , ?3 L
. ' i
QOUTA = Q02 + QV CoL (B3a)
and - -
QOUTB = Q01 + Q02 + Qv (B3b)
_ ////hhere QOUTA 1s the outflow if the

‘ operated ‘gate is closed
P and QOUTB is the outflow if the . -_ﬁ
5 | .Operated gate is open.
~.
Equatlon B3 is true even if some of the components (i.e. QOZ
'ﬂand/or QV) are zero. The model therefore calculates a
: comblned outflow curve for each ‘@f these two cases, and use571 //'

whichever one applies at any time step..

r

The combined curves are calcurated by the model and contain
every stage value 1nput by the user. The model first obtains
and orders every STAGE which appears on.any.of the 1nput
.curves (stage/area, stage/flow {operated), stage/flow
icontrnuous), stage/volume, stage/overflow) supplied by the
user, dropping duplicates. Flow and volume data areﬁEhen»
found by linear interpolation of each of those curves for

each stage.'Finalv, a total QOUTA and QOUTB at any STAGE is_



: N
\ o
4 . o : ' . PAGE B-9
v found‘by summation, The exact form of the user input data is

- therefore preserved in the combined outflow curves.

The solution of equation B2 is otherwise done in a fairly

typical way. Taking a finite approximétion of B2:

| 2%(V2 - V1)/T .= (QINI1+QIN2) - (QOUT1+Q0UT2)  (B4)
where V'is volume (cu, 'm.),
T is the-time‘étep (secs.),

. QIN is inflow rate to pond’

(cu. m. per sec.),
. “ S S - QOuT is,éuffloﬁ rdte IQOUT#,or

| ' L QouTs qs-apprgprihfe)_'

g ' - _?_f;om'pond (¢u. m per ?éc.);

| ' and suﬁscripts'refet to
the beginning (1) and end_
(2)~of a time step.

This isidone by defining a parameter si ﬁhicﬁ‘is é functio#

of . stage:
SI = V/T + QouTr/2 - ~{B5)

L ‘ : ) : _where V and QOUT are as defiﬁed:r
| ) ' above, |

| R - b

5 T ) and all terms apply-to

f ) the séme stage. __y/f
* ~ Solution of pond outflow is then done at any time by - B

: > ‘ . : : ' .

f solving: x

1 * .

[ . . .
o = . - ] ‘ . .

! . . 4

H . Q : .
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-

SI2 = SI1 + (QINL + QIN2)/2 -QOUTL. .. (B6)

anq'then finding the stage corresponding to S12 by
interpolation of the SI curve (B5). This stage allows
calculation of pond_outfiow rate and volume at the end of

the time step by interpolation of the QOUT and volume/ stage

curves maintained by the model.

This solution technique ('storage indication') 1is popular .

in simulation of reservoirs for hydrologié studies, and
essentially implies that the effect of surface slope has
no Eﬁbaét on outflows from the reservoir. For the
relatively small ponds which are envisaged here, this

is likely te be a reasonable assumption.

B.3 Quality Analysis

The control pond model simulates pollutant removal by
routing constituents through a series of well mixed reactors
of . equai volume and depth (figure B-2). The user spécifies
the number of reactor elements, and the model determines
individual element éharactgristics from the curves
.spééified for the overall pond. Routing through each element

is achieved by a numerical solution a conservation

. equation for a completely mixed reactor, which is written

here .as:

- dve/dt *C

QiCi -QoC - Losses . (B7)

e
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Similar Reactors



. | 'PAGE B-11
‘& where V is the reactor volume,
C is the'coqcentratiqn in the reactor
and outflow, .
- Qi is the inflow rate, ¢
Ci is the inflow concentration,
'Qo is the putfloﬁ.rat;, _
and Losses are dﬁe to sediﬁénﬁation or decay of

pollutants:in the reactor.

-

«

-

In this model, a variable volume reactor is assumed, and

flows and volumes at any .time 't' are determined from
the water qguantity calculations. Losses may be calculated

in one of two ways. For a first order decay constituent:

Losses = k*C . Y (B8)

> where k is a decay constant,

Eor“the case of discrete settling, losses are also expressed

in a first order form:’

Losses = vs*(#*) ' ' (B9)
where vs is the effective'particle
settling velocity,
and A 1is the hérizontal surface area

of the pond element.

The principle difference between these two eqguations is that
in B8, the coefficient k is a constant. In B9, vs is
constant for a given size fraction of sediment, but A is a

variable which is a function of depth of water in the pond.
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Note.on Sedimentation v

Equation B9 results from an assumption of complete mixing,

-and is somewhat different from some alternatives commonly

proposed Often, sedimentation 1s simulated in a form wh1ch

1mp11es conditions equlvalent to quxescent sett11ng, all’

_particles move uniformly downward at a constant velocity, -

and concentration 15 the vertical plane is therefore either
zero (above the particle which sterteo at the oppermost
postition in the water column) or constant (below that .
particle). Sediments remaining in the water flowing érom the
pond are therefore those particles which have: not had time
to fall past the depth of the outlet structure by the time
they have travelled the length of the pond to the outlet

- end., This mechanism, familiar to any engineer involved in

sedimentation basin des1gn for waste water treatment is
effective- and reasonable in reiatzvely quiescent condltlons,

or .where particles have relatively high fall veloc1t1es.

- .
At the other end of the scale, it is possible to suppoee
oomplete mixing of particles in the vertical plane; remoéal
of sediments caﬁ.rheo?be'conceptoalized as occuring when
particlee impinge ontthe bottom without rersuspension.
Removal in this case is a function of the type of mixing and

loss equations- represented here by eqdations B7 and BS.

* In reality, the process of sediment removal in a pond is

likely to be more involved than either of the above
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approéchés would suggest; there are-a number of sediment .
transport models, for instance, which approach this problem
in a much more complex manner than is described here. For
the purposes of the present version of the model, it was
‘félt that‘adOpting a complex transport model to simulate
sediment behaviour in a pond was not justifieé either by
objeétives (a planning level analysis of many alternatives) -
or bé éxﬁeriencef(éhere is as yet an incomplete

understahding of-basic aspects of pond behaviour).’

The complepelf’mixed approach used for sediment removal

simulation was chosen for several reasons: S

o It represents hydraulic conditions consistent with
the completely mixed assumptions used for the first

order decay pollutanf.

o The pond is likely to experience a high degree of
turbulence Qhen supj ed to inflows of the magnitude
and variability anticipated from étormwater runof £,
which makes quiescent settling a questionable

‘assumption.

o Finer fractions-in particular will tend to react more
to turbulence, and may be better approiimated as
completely mixed than in a qguiescent settling
situation. Since the finer fractions may be considered
to represent a large if not major part of associated

pollutants, a completely mixed assumption may be
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~ preferable,

oIna situation of'otherwise similar conditions, the
vertical mixing assumptzon is conservat1ve compared to

- the qu1escent settllng assumptlon._

The question of what constitutes an effectiVe‘settling

velocity is difficult no matter what mechanism is postulated

~ for simulation purposes, since the physical situation in‘the:

pond is-not likely to be well represented by the’egﬁ1pment

typlcally used to measure fall velocities in the 1ab The

'effect1ve settling veloc1ty is represented by the. d1fference

between a downward fall veloc1ty and an upward tendancy
which is a function of turbulence and concentration ' T
gradients; other factors such as hindering enter the problem
as well. As a result, the effective fall velocity may not‘
only be less than the d1screte settling veloc1ty, but may be

time varying. {(Note that the Vertxcal mixing assumptzon used

here will result in a removal rate which decreases as the

mass of sediment in a given vertical section decreases; this

may be preferable to the discrete settling_mechanism‘whieh
provides a constant areal deposition rate frem an ﬁlug of
ihitially uniform concentration.) Until more data is
available to support improved alternative assuﬁptions, it
appears that the most feasonable alternative for simulation
in the context of the above model is to use a settling
velocity 'vs' equal to the discfete settling Qelocity, and

to test the sensitivity of model results to changes in 'vs'.
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Solution of the Quality Routing Equations
Writing equation B7.in a finite form for dne element:

2%(V2*C2 - V1*C1l) = (C1'#*Q1' + C2'#%Q2')*DELT  (Bl0)
-(C1%Q1’ + C2*Q2)*DELT’
-(C1*L1 + C2*L2)*DELT

where V is the element volume,
C is concentration,
L is a loss term,
Q is flow, - N
DELT is the time step size,
subscripts refer to the beginning
(1) and end (2) of the
time step, . T
-apd primes (') reféf to thé upstream’

face of the element.

o

Terms not primed refer to the downstream face of the element
(Q,C) or to the interior volume of the element (V,L,é); note
that since a completelj mixed element is aésumed, C is the
same at the interior and downstream face of the element. The,I
left hand side of Bl0 represents changes iﬁ Storage. Other

terms from left to right are inflow from upstream, outflow

to downstream, and removal by sedimentation or decay.

The term L in B10 depends on the substance. For settleable
(/ material,
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L = AREA*vs S - (B11)

where AREA is the horizontal
area of the element,
,  and vs is the effective settling

velocity of the sediment,

For the first order decay pollutant,

.. L = VOL*k

~

where VOL is the volume of the

element, ’

and k is a constant parameter.

k and vs are provided by the user in the START card as
DECAYK and SEDSET respectively. The element volume and area
' are calculated by the model each time step as (1/NELS)

times the pond volume and area; NELS is provided. by the user

on the POND cards.

Note on ;nﬁut

The model obtains overall pond surface area either from an
AREA/ STAGE curve input'by the user, or by calculating an
area/ stage curve from/;he VOLUME/ STAGE curve whiﬁh was
input. In the 1attérké§entl_£hé inverse of eguation Bl is
used.'This relation was chosen for consistency with the

approach used in calculating volume from.AREA, described in
. o ’ .

-
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section B.2. In some cases, the input data can cause the
‘model tb calculate an area'whi;h is very large at one of ghe
stages. This large area can sometimes force a decreage in
area calculated at the next highér"stage; if this occufs,
the model uses the last calculated area insteaé, S0 as to
. prevent a pond area curve which decreases with elevation, A
warning message "ADJUSTED AREA" is prihted if'this has
happened.‘lf*this is é problem, the cure ié ﬁo (1) use a
finer élevation.step or Sii) input an AREA/ STAGE curve
”.directly. |

. . i
Flow into and out of each element is distributed evenly

among the elements so that flow rates and volumes overall
matcﬁ gﬁé information computed in the pond flow routing. It
is possible fbr instance to have zero flow rate at one end
of the pond, and a‘'positive or negative flow rate at the
other; an example'of'this‘yould be if the outlet to the pond
is closed, and flows are entering. This is‘accoﬁhted for in

distributing flows into and out of each elemént.

Equation Bll is solved in the model for.first order

pollutants as: . -

C2 = (RA*C1 +.(Q1'*C1' + Q2'*C2')*DELT) /KB (B12)
© - ' <@ . :
‘where 'KA = (2-DECAYR)*VOL1 - Q1*DELT
ﬁ. and KB = (2+DECAYR)*VOL2 + Q2*DELT

in which DECAYR xp(DECAYK*DELT) :
e

using consistent units.
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For settleable material, Bll is solved as:
> : : §
C2 = ({KA -ARBA/vS*DELT)*Cl (B13) + (Q1'*Cl' +
Q2'*C2' )*DELT)/ (KB + AREA*vS*DELT)"
‘where RA = 2*VOL1 - QL*DELT
and KB = 2*VOL2 + Q2*DELT

for each size fraction, using consistent units.

‘In both of the above, if the divisor is zero. (which can only
happen if the element volume and flow.are both zero) C2 is
set to zero. Equatlon Bll and/or Bl2 as approprxate are

solved in sequence for all elements in the pond, start1ng at

the top end

....

The solution technxque app11ed here can be used to 51mulate
a number of mixing condlt1ons. For a single element reactor, -
the'solution is simply that of a completely'mixeé reactor.
For several elements, the solution approximates that of the
- imperfect ‘advecfive/dispersive 'reactor, while for a large
number of elements, the solution approaches that of the plug
flow reactor. Other mixing conditibns, such as"short
circuitingh ‘are possible but - were not considered in the
present version of the model. The model code 55 established,
however, would be amenable to extension to include'short
'circuiting- or possibly other mixing cond1t1ons should the
need arise. Alternat1vely, the pond bypass curve desorlbed
above could be used to approximate a short circuiting ‘effect

by having an appropriate fraction of flow bypass the pond.
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Testing _

. Testing of the quality fouting alg&rithm was accomplished by
comparing the madél result to a known analytic solution for
a speci$1 case of pond iﬁflow; The case chosen‘'was that of a
‘time vafied input concentration, ;h'the form of a step
funétion; routed during a period of constant throughflow.
The object of this testing was to check that the'finite
difference solution as coded in the model does in fact
represent the feactor,cgll which was aséﬁmed‘in the model
'development.. The case used for testipg=was chosen because

. it represents one of the few time varied conditions for

an analytic solution exists.

Results of the tesﬁing are presented in figure B-3. As .

shown, the model was checked.against a routing of both a

~ conservative and a non-conservafive (first ofder decay)
substance. The r;;ults in both cases agree very closely,

and it is concluded that the model solution algorithm for

the pond is appropriaté for its intended purpose, which was
tb solve for concentration changes which would be engendered

~

by one or more complétely mixed reactors in series..
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RIVER ROUTING
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APPENDIX C . .
RIVER ROUTING

C-lllntroduotion

&

This append;x descr;bes river channel flow Touting," and also .

'documents a method of’ 1nstream qual1ty royting not descrxbed

in the main’.text. Thxs add1txonal rout1ne, provided for

analysis of transport and mod1f1catxon of pollutants by
" the rece1V1ng stream, 1s essentially a ‘c€ll médel. _
'Pollutants are routed along a single'river reach Eomposed

of a ‘series of reactor cells or elements.

This alternative was chosen as a basis of instream

s%ﬁulation for several reasons. The model is capable of

solving the transport'and‘modification of settleable or

.-

decaying quality‘conStituents in a stream reach of

“arbltrary sectlon, and is amenable_ to possible future

fexten51ons to 1nc1ude processes other " than first order

]

sett11ng and decay. The,method is eéonomiéal.in,terms of

computer storage and.computation time, and similar transport
‘models have been applied in water quality analfﬁfe in the

 past. The model can also be operated with a fimium

amount of data aoout the physical system. Thus, the .
overall level of sophistication and data - requxrement
as well ae' cost; was deemed approprlate for| and
cohsistent with the general level of detail adopted for

the model. Fin'aliyr as can be seen below, choice of the

N .' ' ;‘“ﬁ? B . ) 2;)/
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river réq;ing Schequ'applied aliowedﬁﬁse of‘mahy'of the
" solution algorithms develbped in the pond routiﬁg scheme,
since the basic eqpafioné are of the same.form (although
application in simula;ioﬁ may differ). As with any of the
+ simulation routines contained in the modgl,‘ however,
« the user can. %pppl? an alternati;e rivér roufing

algofithm if necessary.

C725Flow Routing o !
: ' ~ '

The model uses a kinematic approximation to route flows
‘along a river reach. The basic scheme is depicted in figure
C-1, As shown, the model treats the entire river reach as a

'single storage volume represented by a characteristic depth

- volume curve. Hydraulics in the reach are represented either

by a Manning flow equation:

Q0 = Ax * 1,49/RN*SF**(0 . 5*R**() 6667 (c1)
where SF is the channel friction slope,
RN is the Manning foubhﬁehs 'n',
 3 is the hyarauliq radius,

.1

and Ax is the channel end gre54
r.‘ . .t

or by a rating curve:
Qo = COEF*D**EXPON (c2)-

where D:'is depth of flow in the cﬁannelﬂ
COEF. is a coeficient,

and EXPON is an exponent.



A

(Chonnel scctlon ‘™ay be. trapezoldul_
Cor orbﬁrcry)

Smax ss

-\

qhannel end adrea®= A

" roughness = RN
® ' hydroulic radius* R
Qo= A-RY Sse/%RNT : . o
~or- EXPON * ' N
Qo= COEF-S" /
.. ™ % s
N Fig. C-1 Definition Sketch for
- - : ’“ o Channel Flow Routing

N\
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Where the Manning relation is_used;'e trao;soidal channel. is
assumed and the user supplies bottom width (B), reach

length (XLEN), Manning roughness (Rn) .’ and side slope (ss)
data in the REACH cards.

W
L
"y

In either case, the model calculates depth/flow oelodity
and depth/sectten area curves for the channel, and uses

these curves in the subsequent flow routzng.

;Note on Input .,

'fhe second relation (C2) has been provided primarily for
use in situations where the user has determined flow
'relstionships by some ueans outside of the model.
Available . HEC 2 data, for example, might lead to the use
of the equatlon C2 in preferance to Cl. If Equat1on C2 is
used, the user inputs the required coeficient (COEF) and
exponent (EXPOﬁ). The use; alSo'provides the model with
volume and area curves explicitly as (AREA(i), STAGE(i))
and/or (VOLUME(1), STAGE(l)) palrs. Calculatlon of
AREA/STAGE curves from VOLUME/STAGE curves or v1ce vers% is
done in exactly the Same way as in the pood rout1ng
descr:bed in append1x B if only one or the other is input.

End area is defined as volume @ivided by length,

4

Flow routing through the channel is achleved by
resolving the flow/stage relatlon with the storage baiance
in vthe channel. The model selects a depth and flow rate at

the end of a time interval such that the change in volume in

o= ¢
i *
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the reach over the interval corresponds to the flow into and

out of the reach over the interval.

The mass balance which is applied ist

2%(V2 - V1) = (I2 + I1 - 02 -Ol)* DELT (c3)
" where V is the volume in the reach,
I - is the inflow to the reach

L]

(all sources),
P C ' 0 ‘is the outflow at the downstream’
. end of the reach} .
DELT "is the time step,
and subscripts refer to the beginning (1)

and end (2) of the time step.

Where flow is expressed according to Manning‘s egquation and
the channel is restrioted to a trapezoidal-shaoé, or in fact
in most cases where functional relations are used to
describo flow in the ohannel mathematical techniques can
solve for equat1on C3 by direct operat1on on the functions.
This has been done in -8WMM and other models However, if the

flow curve is arbitrary, other methods must be used. Due to

'thls factor, to .economize on computer time, and because of

the mathematical consistency between equtions C3 and B2, the

: .ﬁodelluses-a different approach. _ )

In the proposed model, the solutxon technique for .the rzver
routing is exactly s1m11ar to that- appl1ed in the pond -

routing MR model in fact uses the same algorithm to solve

-
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for flows in both.the POND and -REACH routines. (This has

been deseribed in section B.2 above.)

This approach to routing is possible because (i) the
fundamental dszerent;al eguatlon assumed in both cases is
the same, and (ii) the difference between the two cases

' therefore reduces to different volume/depth and flow
rate/depth relations. The model can use the same techniques
for solving either case, and does. (It is‘interestieg to .
note that the overland runoff rout1nes used by SWMM are also
of th1s type, and could equally well be solved u51ng the
‘same'rout1nes.).Th15 does not of course mean that the pond
routing and reach routings will have the same effect on
‘flowse or -that the two are physically;the same. It simply
meaﬁs that the conventional uniform flow assumption. and
reservoir routing assumptions have certain characteristics
"in commengeit is the.choice of rating curves which pfovides
the mathematical g}fferehce between the two.in common

usage.
C-3 Pbllutaht~Routing

The technique' applied to pollutant routing is similar to
. the pond model techniques, except that the equat10n5

applied to solve , constituepx/“changes in an element

incorporate the possibility of lateral sources. Th sic
scheme . is illustrated in figure C-2, and th .
fundamental equation solved is:

) .
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Xlen
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. C-2 Definition Sketch
‘for River Quality
Routing

Fi




2% (V2*C2 - V1*Cl) =

vhere V

. _ C i

Q
q

c.

"DELT

subscripts’

and prime (')
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(CL'*Q1' + C2'*Q2' )*DELT (Ca)
"=(C1*Q1l + C2*Q2)*DELT @t

is-

is

is

is

is

-(C1l*Ll + C2*L2)*DELT
+{cl*gl + c2*Qg2)*DELT

the cell volumé,
concentration,

flbw dlqng the cell,
lateral flow into the cell,
lateral flow concentration,

the time step,”

&
refef to the end (2) and

-beginning (1) of the

time step,

L]

refers to the upstream

face of the cell.

The loss terms, L, are as defined in apperidix B. Also as

defined there, the unprimed terms C,V and L refer to values

within the cell, and the other terms Q and C refer to values

leaving the cell; each ceil is completely mixed. The added

terms g and ¢ represent lateral inflows along the reaéh.

As w1th the flows, the 1ntent10nal sxmllarlty of the

pollutant routing algorlthms in the POND and REACH routines .

makes it p0551ble to use commop computer code for solution.

The priﬁarj mathematical difference between the two is:that -

in the case of the REACH command, .lateral inflows to each

cell can exiét. Other factors, such as lack of residual

".
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volume in the’reach no . control of outflows by detention

curves. and no bypasses also dszerentxate the two.

As in the quantity routing, this does not mean that there is

. no -difference betweenethe river reach and the control pond.

The choice of input data will differentiate between the two.
There is pfecedent for use of the cell model_in both river
and pond routing, and this will not be discussed here. It is
noted, however, that'inéthe case of river rouﬁiné the choice
of numbers of cells wili reflect the anticipated (or —_—
observed) longitudinal dispersion behaviour in the river, |
while in the case of pond routing, the number of eells will
reflect the mixing behaviour within the pond. It .is expecfed
that ponds‘wiil typically be simulated as either having one
(perfect mixing), a few (imperfect mixing) or many (plug
flow) cells, while the river will have an intermediate
number of cells (advective/ dispersive transport). In the
event that phe mixing model presented above is not
appropriate for Fhe system being consi&ered, other modeis‘

can be substituted by the'user.
\ ‘ .

Testing’

\: '
To ensune that the flow rout1ng scheme in this algorithm
produces appropr1ate results, the model was tested aga1nst
simulations made with a proven kinematic routing scheme. The
object‘ef the testiﬁg was primarily to'establieh whether the

flow routing algorithm as coded in the model does in fact ]

. produce results consistent with the fundamental.equations

.

S
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assumed in model deve10pmeht.

A

To do'this, two test cases were chosen, One used a

trianéﬁla: input hydrograph, and the bthef a trapezoidall

hydrograph; both tests were carried out in a regular channel '

of circular section, sloped at 0.001 m/m, with a nominal
diﬁmeter’of 1.83m. The routing scheme used as a benchmark
test was a four-point iﬁplicif finite difference scheme
deveioped by Kassem (1982). The distance of the routing was
two kilometers;~résults of the two models were cdmpared at
the 915m and?1830m points. Figure C-3 provides the results
of thé testing} As shown, the two models are in close
égreement at each of the two points depicted in both of the
c;ses tested. is'coﬁéluded that the chosen routing,scheﬁe
wi{l produce results consistent“witp other flow routing .

medels of the same type.

\ ’ R Rt

o

fs



FIGURE c-3 VERIFICATION OF FLOW ROUTING SCHEHE AGAINST '
- KINEMATIC SCHEME BY KASSEM (1982) c

Test Case 1

0 1 — -
0o : 1 ‘ 2 3 (Hours)

R e Input hydrograph

Kmematw model - 315 m’
L e ma n " - 1830 m

X ™ proposed flow routing scheme - 915 m
- ® n - n' ’ n v - 1830 m-
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* APPENDIX- D
'MODEL STRUCTURE-AND INPUT DATA

D-1 Introduction

e *

.

e Thls append:x.prov1des detalls of model structure,"-

funct;on, and 1nput requzrements not included in thé’

ma1n bedy of this thesis.,

D-2 SCOpe of the Model ~

The overall scope of the model is discussed below. A

detailed accounting of the model capabilities and -

limitations is made in section D~6 where the various

model® functions are presented, and in Appendices A
through C where some of the basic algorithms are

documented.

(i) The model is capable of continuous simulation of

rainfall/runoff and of detention 'pond or river

routing'over a period of indefinite length.:
(ii) Constituents which can be simulated are:

¥4 |
1. stormwater runoff“ "; '

and optxonally ohe, none, or both of

-

2. one pollutant ekh1b1t1ng f1rst order decay,

3. sedlments (in up to 5 size. fractzons)

.

3 .

The above conventlons were adopted for reasons

descrlbed iﬂ chapter -3. Essentlally, they maintain

A ?
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model simpiicity and economy without unduély
restricting its usefulness; . other poiluﬁants:
(especiglly heavy metals) can be‘rglated_to'sédiments
on a mass'fraéti&h basis, so simulétihn of sediménts

alone indirectly provides scope for assessment of a *

variety of pollutant impacts. It is noted that

pollutant or flow records obtained élséwhéfe
‘(monitoring or other simulation models) can_be‘_roﬁted
through ponds or river reaches by the model
provided that discrete settling or first order

decay apply.

(iii) Components of a physical sYstem which can be

simulated are: o
1. catchments,
2. detention ponds,
3. river reaches and junctions, and.

4. bifurcations (flow splits).-

(iv} 1In principle, a system of any combination and

any number of the above "components can be

"

siﬂs;ated, provided that:

1. each component of the system and the system as a

whole can be described as 'one-way' or
-~

'non—-feedback"'.,

2. at most six components are simultaneously active.

Looping networks, or ponds where outflow depends on

PAGE B-2 .-

b
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water depthgsin the receiving cﬁannql, are egamples of '
situations thch'might not be well represented in
this model. A'dendritic river network with channels
adeguately represented by uniform Vflow conditions

will typically be appropriate for application of the

'model.

The restriction to six compongnts. is the same
limitation impoéed ‘Sy HYMO and OTTHYMC, and is not‘
likely to be a problem in practice. A ‘reader )
familiar with HYMO and OTTHYMO w%ll note that the above
poiﬁts are similar to, but less constraining than, the
limitations imposed on those two models. The
videspread use of HYMO and  OTTHYMO in medium and
large river basins im Ontario suggests that’fhe

proposed model will be Suitable for use in simulation

‘of many river systems in Ontario. In any case, the

output flow series created by - the model can be kept
on disk for subsequeht- use, S0 in principle the
ultimate limitation on the number of components

becomes the amount of available disc or tape space.’
D-3 Computer System Requirements

The model code is written in FORTRAN, and the model

was developed on an AMDAHL computer under a CMS

- (VM/370) environment using a FORTRAN IV G

compiler. No unusual FORTRAN extensions were used in

this development, but some conventions used may not
P s - ~1}

R -
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apply dlrectly thgll 1nstallat1ons. In particular,

some  of the ‘IBM sc1ent1£1c subroutxnes are 1nvoked-

'further, there are no file open1ng or closing

statements in the code.

N : o :
The <code " itself -consists of a 'main program

and 27 subroutinés, and depending on .the system it ts
installed in, requires about 130000 bytes of code and
data space to run. In addition, the model requires
direct access disk or tape units .to contain the
synthesised- runoff .énd pollutant time series. This

direct access stbrage must be organised into sequential

access files designated as FORTRAN devices 11 through

- 16. (With minor changes, any six files numbered in a

seguence of equal increments could be used with minor
code changes in the model.) The files ate writteﬁ‘to
and read from as ASCII files, record length 80
bytes, with file length approximately one récord
per time step'simulated: For a typical run of, say,
200 days at an hourly time step this w111 .mean 6
files each of size 400k. Two additional aeviqes}

arbitrarily designated by the user, may be required

for Zj%ﬂfﬁil and flow gauge recotd\input. Finally,

the standard input and output devices are taken to be §
and 6 respectively. Figure D.l depicts the relationship

between the model and the various input/output devices.

n

The number of file operations -in the model will



ELV

o QUALITY-
—2{ QUANTITY

_ SERIES
(1-16)

»

- ((X)-FORTRAN Devic® number )

Fig. D-1 Model Data Units
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;equire a varying degree of effort inlinitiallyr
sefting up the model, but wil¥ not be excessive in
most installations since no sbec?al file
characteristics or file operations are ﬁsed.
-Egtensiﬁe overlays will not be required on most
machines since the computer code requirements are
modest. In fact, the 130k noted above could be ]
reducea significantly if necessaf}. The model has been
used on mini- and ﬁicro- computers, although
limitations in ﬂf10ppy} disk space in the latter

restricted run spans somewhat.
. D-4 Data Input Sructure )

As described in chapter 4, the model has been written
as a series of separate commands which the wuser can
invoke as necessary, in any order, to simulate a -

particular physiéal system.

The free’formap input routings which interpret‘fﬁése
commands are the same as those developed by Williams
for use in HYMO, %nd as used in ‘OTTHYMO. These were
adopted because they ;re siﬁple, effective for the
model concept used herein, and familiar to many

modelers in Canada and the United States.

The input deck for a simulation can be viewed as

’ggziigxing of ' two parts. First, there is a

series of definition c¢ards which provide the model
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with.information about the‘commaﬁds‘which will be useé.
Seconé, there ére the command cards which contain
the sequence of instructions coded to simulate the

particular basin‘of interest.

Definition Cards -

These' cards "Serve to define the numerical
cbafacters recognised by the model, and define the
table of commands used by the model. The input format
of these cards is fixed, and the content of the
definifion cards can be regarded as fixed as well.
(Note: careful examination of the model code will
show that there is some latitude available to the
user in this regard, but for simplicity, the cards
will,normally be tﬁe same in every run.) Figure D-2
shows the definition cards which ‘should preface
every input deck. It is noted that these cards are
analogous to the cards placed in front of a HYMO

deck, and that these are the only fixed format cards

in an input deck for the proposed model.

Command Cards

All of the model commands:are formatted in the

following manner: .



-, Figure D-2 Fixed Format Cards Prefacing
o Every Input Deck

i S e S b v oy e vt S} S Sl e Y S G WY P S G A S el W S

c0l.:12345678901234567890123456789012345678901234

1 2 3 4

card| contents

1 1234567890 *,/-

2 16

3 START 1 25

4 STORE 2 4

5 GENERATE . 3 25

6 PRINT SPAN . 4 10

7 |PLOT SPAN 5 10

8 ADD SERIES 6 4

9 POND 7310
10 REACH - 8310
11 |CALIBRATE : . 9310
12 POLLUTANT RATES 10 9
13 |SPLIT SERIES 11310
14 DUMP PRINT 12 1

15 EXCEEDANCE CURVES 13310

16 DUMP PLOT . 14 9
17 FINISH ' 15 0O
18 CONVOLUTE 16310

T - S —p PP — i — — ——— o —— A —— — T — S A W el Y S i - S
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.
¢

COMMAND® NAME ((text)fpafameéer))f(text)(parameter))...

where COMMAND NAME is the exact string of
characters representing the command to
be in#oked, beginning in column 1 of the

record.’

(text) is arbitrary and may be omitted,
and must not contain any numerical

‘characters, dashes, or decimal points.
L8

(parameter) is provided according-to the
requirements of the command. The parameter
list must be provided in the correct oﬁder
but‘parAMeters are otherwise in free
format. Extra trailing parameters will

bé ignored.

. and the ((text)(parameter)) list must
occupy only columns 21 to 79 of any
record, but may occur on as many fecords:

folibwing the COMMAND NAME.as necessary.

The COMMAND cards follow directly after the
definition cards,.'in whatever _;equence is selected
by'the user. The firsf_ command must always-pe a START.
The last command, and hence theﬁ'iast card in an

input deck, should be a FINISH card. Chapter 3

provides details on the various commands, and on the



. PAGE D-8

way in which the 'commands are assembled to i

represent a basin.

D-5 Model Application

This section provides basic information on how the

model is used to represent a physical system.

Coding A Basin

As already indicated, the basic principle in
providing input data for<the model is to assemble a
series of commands or instructions from the library

which the model can interpret.

The model will read and act on each command if the
order given, so- the sequence o{ the commands is
imporzant. The‘bhsin must .be. represented in a
'top down' manner, with information -needed in any

command provided or generated before the command is

entered.

o

It is noted that it is\up to the ﬁser to ensure that
the model commands are appropriape for the physical
situation they simulate. The model will provide
some sort of result for most valid combfhations of
input parémeters, but this does not mean théig}he

result is always physically reasonable.

An Example of Basin Coding

N

AN
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The use of the model in gimulatiﬁg a basin‘wifl be
presented in this.section by a simplified examp%e. To
'facilitate this, most of thé parametgfs nsed with
individual commands will not be p?eseﬁted in this
section. Instead, the choice of what commands to use
to repbesent the whole system will be illustrated.
Detailed <information on how Eo code each command is

C

‘left to later sectzons of thls appendix; detailed’

W ‘\

examples of model appllcatlon are presented in the main

text

¥

. The sample system is shown in fiqure D-3. As
indicated, there are four sub-basins joined by a

forked stream in this system.
. L]

(1.),QOnceptual Representation of the System
1S

The _fiést step in the simulation, once the _ .
sub-basins have been defiﬁed, is to represenﬁ the
basin as a simple cénceptual model, This B
determines which thsicai components will be included.
in the model, how they will be represented, .and how -
they are related to one another, Figure D-4 showé
one way that the basin in Figure D-3 could be

- represented. Note that in this case, two river
reaches are deemed necessary for routing and that
it is chosen to input sub-baéins 302 and 303 at the

. R

lower end of the reaches to which they are
. .
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Sub~basin boundary -

“~Basin boundary

Fig. D-3 Sample Basin ‘A

i
= Runoff Series
. Generation
(—B - Series
o Addition

~——— == Routing link

=== — Diract link (no
‘ routing)

Fig. D~4 One Conceptual
Reprasentation of
Basin 'A’
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tributary. The followzng points summarlse the chosen

. conceptual scheme:
(.'

o flows from area 301 are generateé and routed

o flows from areas‘302 and 304 are generated, and
the result added to the routed flows from area 301
o the above totaled flows a;g routed, aad_added to

those generated by area 303

The simulation will therefore consist of four
generations, two _routinge, and several -additions
linked in a partieular order. Other schemes are
p0551b1e, and could 1ncrease or decrease the numbez’

or sequence of any of these operations.
(2.) Specify‘Connectivity

To follow the etepé outlined above, the.model imust“"g
be able to identify each component of the sy;tem
S0 ehat the intended‘time series are correctly
identified at any time. This 1is done by numbering
each input_and output series generated er routed
by the model. There are. two sets ;f )
identification numbers available<;or this. purpose in
the model. One set, the Series numbers, serves to
"provide ‘' the user with an additional identifier for
each time series, and might be regarded as titles
wvhich are attached to a series after each operation, -

The second set of numbers, the ID numbers, are
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critical ‘in representing the ‘basin connectivity. Each

- | ~

output series must have a unique ID number; it is
this number“ﬁhféh is ysed by the model as a reference

to any input or output time series.

The Series number can be any integer'humber,_but:

should be systematic to avoid confusion. Duplicate
Series numbers, for example, aﬁg_ not useful. In
contrast, the ID numbers must conform to the _

following rules: . -

Pind
. .

o They must be' integer values between 1 and 6

inclusive.

- 0 They may be re-used any number of times in a

simulation, but must be unigue at any one time.

Since each tﬁme series must have an ID number,
the consequence of these rules {5 that only six time .
series may exist at one time in the memory of the
model. Once all six ID numbers have been
ailocated, a new series can only be éenéfated by
occupying the space previously held by an old series.
Prik}ing or plotting a series prior to reusing a
numger,-'or adding series at a junction, are_twé
ways of providing more space‘Qlthout losing
information. In summary, the Series number is for
the convenience of the user while the ID number

controls the simulation.



ﬂ’i} . " PAGE D-12

One. appropriate numbering scheme for the examp;e
case is shown in figure D-S. Thed*ge;eratéd -
flows are :all given series numbers which

correspond to the original arbifrary sub-basin
numbering, while the routed an§ adggd flows are

given nuﬁbers"in sequence starting at 400. As
mentioned, these numbers are entirely a matter of

convenience,

The ID numbers, however, are more carefully chosen.
In this case, as few numbers were used as pbégible,

as follows:
o the outflow from area 301 was given ID number 1
o whenrouted the outflow was given ID number 2

o flows generated from area 364 were assigned ID
number 1. This is possible since the flows
originally held in this number (from area 301) will
have been routed before fiows from area 304 are
generated, 1eaving ID 1 available for other
purposes. If it was decided to generate flows from
area 304 before routing flows'from area 301, this

would not be possible.

o flows with ID numbers 1 and 2 are added, and the

result is given ID number 3

o flows from area 302 ar generated, and given the

\

m



303

" SERIES

JYPE  NAME ‘1D

Generated~ 30f |

. Generated 304 |

Routed 40 2

Added: 402 3

Generated 302 |

Added 403 2

Generated ~ 303 | .

Routed 304 3

Added. = 403 2

Fig. D-5 One Numbering

Scheme for
Basin ‘A

—
. [



'PAGE D-13
number 1 (number 1 and 2 are both available since

the above addition has been performed)

o flows from ID number 3 and number 1 are added,
and given ID number 2 ¢ flows with ID number 2 are °
routed and given ID number 3 {which again leaves

P

numbers 1 and 2 availﬁble) -

o flows from area 303 are generated with the number
1, and added to ID number 3 which results in a

final series with ID number 2

Again,- there are a number of ways to achieve the
prober connectivity with the six available ID
numbers. The choice of the scheme uéed depends.bn
the disk space available to the user, on the
points where output information is required, ‘and
on user preference. As a furthef\skampie, note that
it is p&ssible'in this case to génerate all of the
flow series from areas 301 through 304 at Fhe
beginning of the run using ID numbers 1 through 4.
These series éduld then be routed and added as
required using the remainihg available numbers 5 and
6.

(3.) Code the Numbered Concepthal Scheme

o

Once the basic components and connectivity of the
system to be simulated have been defined, the

commands representative of each operation must be

A



by

' PAGE D-14

assembled. Taken fogether the commands are -

essentially a word statement of the various

‘components . identified in the conceptual moael;

presented in an order consistent with the chosen

numbering scheme,

. BN
The commands required in this example are:

. GENERATE - to create the flow series from each

basin
ADD - to combine flow series
REACH --to route flows through a river reach

The first parameters of each command .are the Series
and ID_numberé. ‘The details of these or the other
parameters will not be accounted here. ?igure D-6,
however, shows how each command would be coded to
conform with the above numbering scheme in the

<
absence of other parameters.

As indicated above, the first cards in the deck are
the Definition cards. The first COMMAND card is
the ,ST#RT card which has no Ib of series numbers.
There are then the nine functiénal commands which
create and route ‘the flow series through the

system. Finally, there is a PRINT and PLOT command
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FIGURE D-6 CODE SEQUENCE CORRESPONDING

TO FIGURE D-5

CARD| CONTENTS

1234567890 *. /-
16

START

STORE

GENERATE

PRINT SPAN
PLOT SPAN

ADD SERIES.
POND

REACH
CALIBRATE
POLLUTANT RATES
SPLIT SERIES
DUMP PRINT
EXCEEDANCE CURVES
DUMP PLOT
FINISH
CONVOLUTE

START

GENERATE

REACH

GENERATE
ADD

GENERATE
ADD

GENERATE
REACH

ADD
DUMP PRINT

DUMP PLOT
FINISH

25

2 -
25
10
10

4

7310

8310 ’
9310
10 9
11310

12 1

13310

14 S
15 0
16310

h NN

ID=1, SERIES=301

ID=1, TO BECOME ID=2,
SERIES=401

ID=1, SERIES=304
ID=1+2 TO BECOME ID=3,
SERIES=402

ID=1, SERIES=302
ID=1+3 TO -BECOME ID=2,
SERIES=403 -

ID=1 SERIES=303

ID=2 TO BECOME ID=3,
SERIES=404

ID=1+3 TO BECOME ID=2,
SERIES=405

ID=2

ID=2
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whﬁth'provide the user with. information about the
calculated flows, and a FINISH command which

terminates the run.

There  is 1less latitude at this stage than in the
previous*gﬁgps, primarily. because most of the
choices to be~made by the/ modeler will have been
.made by the time coding begins. However, there is
still often some variation in code possible even
. with a specific conceptual model and humberihg'
scheme. For example, if béveral GENERATE commands are
issued cne after the other (ie no routings or
additions in beﬁween) the order in which this is'done
does not matter. Similarly, PRINTing or PLOTing

can be done at any time provided that the series to

be output still exists.
D-6 Detailed Descri?ﬁ%gf of Commands

All commands have thé same format, as described
above. The command name starts in column 1, and
pafameters interspersed with optional descriptive
text appear in columns 21 to 79 of the command card
on as many subsequent cards as necessary. The following

sections list the commands available in this version of

the model, and describe the parameters and use of each
command. Parameters are listed in the order in which
they gﬂould appear following the command name.

2

<8
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D~6-1 START .
Purpose \

The START command is used to initialise major controlling
variables for the simulation.

Parameters
Name . Description .
GYl Start year of simulation.
If <= 0, whole period of record is simulated.
GM1 Start month of simulation - omit if GYl <=0
GD1 Start day of simulation vy
GY2 End year of simulation v
GM2 End month of simulation v
GD2 End day of simulation ''
IRAIN - FORTRAN file number of input rainfall data.
Use dummy value if rain not required.
IFLOW FORTRAN file number of input flow records. Use
_— dummy value if flows are not input.
. IFDECA Flag. If non-zero, a first order decay
substance will be simulated; if zero, a first
‘order decay substance will not be simulated.
DECAYK Decay rate (per day) for use in simulation
' first order decay substance. Omit if IFDECA=0.
IFSEDT Flag. If non-zero, sediment will be simulated,

If zero, sediment will not be simulated.

SEDSET(J) Effective settling velocities {(m/s)
J=1 to 5§ size fractions - omit if IFSEDT=0

SEDDIS(J)} Sediment size fraction (Mass fraction of

J=1 to 5 total sediment.) corresponding to each
: SEDSET{(J). - omit if IFSEDT=0

Notes

Thé START command must appear before all of the
other commands, but may reappear as many times as necessary
within the run to modify parameters.

All 5 fractions and settling velocities must be input if
IFSEDT 1is non-zero, but some of the fractions can be zero

.
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if fewer than five fractions are desired. The fractions.
can be input in any order, provided that the ,
information in SEDDIS and SEDSET are«3n the same order. Note
that fractions are mass fractions, not cumulative or percent
less than totals. Allowable values of IRAIN and IFLOW may
depend on the computer installation.- : :

Sample START Commands:

Tl AP e S D SRS M S D G SED TET G G M S S e A T — — T W A G S m— y—— Al ) S il W e S — G GE S by S S T S N S b S -

START SIMULATE FROM B1 4 1 TO 81 9 30
RAIN RECORDS ON FILE 9

WATER SURVEY FLOW RECORDS ON FILE 10
SIMULATE F.C.- BACTERIA (IFDECAY=1)
‘WITH DECAY RATE, 3.6 PER DAY
SIMULATE SEDIMENT (IFSEDT=1)
SETTLING VELOCITIES ARE

.05 .10 .20 .25 AND .3 M PER SEC
FOR SIZE FRACTIONS

.10 .15 .46 .20 AND .09

v S ————— T — ok T — T S — ——— T ——— . M S W kP S A S P W S e we

The above cards specify a run to span the period April.1,
1981 to September 30, 198l1./°'Rainfall records are on FORTRAN
- -device 9, and flows are on FORTRAN device 10. The parameters

IFDECA and IFSEDT flag that both a first order pollutant and
sediment will be simulated. Thé first order decay rate is
given as 3.6 per,day, and five size fractions are specified
according to settling velocity and fractional composition,
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D-6-2 GENERATE

Purpose

Calculates

a rainfall and pollutant series of

indefinite length.

Parameters

Name

. IDOUT

ISER ,
.DT{ID)
DA{ID)

AB

FRIMP

KORH

TPORL

ABSIMP
RIMP

Description
ID number of generated'series.
Series number of generated series.
Output time step of series.
Basin area (hectares).

Flag. If =1, unit hydrographs are pr1nted. If
=0, unit hydrographs are not printed.

Fraction of impervious land.

IMPERVIOUS AREA DATA NEXT .5 PARAMETERS ++++
++++++ OMIT IF FRIMP=(.0 ++++++++++++td+++t

Flag, I1f =1, Nash unit hydrograph used on
paved area. :
If = 2, Williams '' 't '* rv v

Hydrograph shape parameter '
If >0, taken as Nash 'n' or Williams 'k’
depending on AA. (no units)
If <0, taken as height for use in Williams
hydrograph  parameter equation,
(height i1n meters)

Hydrograph shape parameter
If >0, taken as Nash or W1111ams 'Tp'
depending on AA. (no units)
If <0, taken as length for use in Williams
hydrograph parameter equation.
(length in kilometers)

Impervious area initial abstraction {(mm)

Impervious area volumetric runoff coefficient,
) =
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PERVIQUS AREA DATA NEXT B8 PARAMETERY ++++++
++++++ OMIT IF FRIMP2l,0 -+++++++t+++tt++tttt

AA ‘ Flag. If =1, Nash unit hydrograph used on
pervious area.’
I1f =2, Williams v e ' e '
KORH Hydrograph shape parameter

If >0, taken as Nash 'n' or Williams 'k'
depending on AA. (no units) s
. If <0, taken as height for use in Williams
hydrograph paramet¥r equation.
(height in meters)

TPORL Hydrograph shape parameter ,
- If >0, taken as Nash or Williams 'Tp'
(time in hours) ‘
- If <0, taken as length for use in Williams
hydrograph parameter equation.
(length in kilometers)

SMIN Miniﬁum value for S (mm).

SMAX Maximum value for S (mm).

SK Variable relating S to API, SMIN and SMAX.
(units per mm). .

APIK APl calculation parameter, usually= 0.9 per day.

API1 Starting API, (mm).

ABSPER Pervious area initial abstraction.

BASEFLOW DATA .NEXT 4 PARAMETERS ++++4++dttttttttt
++44++ ALWAYS REQUIRED +++++dd+ttbddddddttdttttdht

SVOL Starting soil moisture reservoir content (mm).
SLOSK1 Base flow recession constant. (mm/sec/mm)
SLOSK2 . Base flow reduction factor. (no units)

BASMIN = Minimum base flow rate. (cu. m. per sec.)
Notes

-

. The stant'and finish dates of the run are governed by
the preceding START command.

Pollutant generation is wundertaken by this command if
the immedigtely preceding START command has flagged
this function ‘'on'. If so, the rate parametérs for
pollutant generation must have been set in preceding

/
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POLLUTANT RATES commands.

Soil ' moisture accounting parameters  are discussed in
Appendix A. :

Sample GENERATE Command:

GENERATE - IDOUT=5, ISER=301, DT=1 HOUR, AREA=2504 HA
- AB=1 (DO NOT PRINT UNIT HYDS)

IMPERVIOUS DATA **%x%*

FRACTION IMPERVIOUS = 0.12

AA=1 (NASH HYDROGRAPH IS TO BE USED)

a : 2 SLRS WITH TP=0.5 HOURS

INITIAL ABSTRACTION= 1 MM

RUNOFF COEFF= 0.95
PERVIQUS DATA *X%*%

AA=2 (WILLIAMS HYDROGRAPH IS TO BE USED)
K=3 AND TP=1.2 HOURS

SMIN=25 MM, SMAX=400 MM AND SK=2.2 PER MM
KAPI IS 0.9 PER DAY

INITIAL API IS 45 MM

INITIAL ABSTRACTION IS 3 MM

> BASE FLOW DATA *%%xx -

INITIAL SOIL VOLUME IS 25 MM
- BASE RECESSION CONST IS 0.00134 PER SEC
BASE FLOW REDUCTION FACTOR IS 0.6
MINIMUM BASE FLOW:RATE IS 0.0 CMS

e chr S S D S WD e S —— ——————— i ol T —— (T —— — —— . Tty i S} Y o e —— ———

Most of the parameters input in this example are self
evident. Essentially, the simulation will occur over the
period defined in the_preceding START command, using the
rainfall defined there, and the resulting flow/pollutant
series will have ID number 5 and serial number 301. The
total basin area is 2504 hectares, and 12 percent of this is
considered to be impervious. Runoff parameters are given for
both the impervious areas and pervious areas. Note that
different unit hydrogrdaph shapes are chosen for the two
areas. The base flow parameters as specified show that no
minimum base flow amount is specified, and that only 60
percent of the calculated base flow will be added to the
basin out flows (this is indicated by the base flow reduction -
factor SLOSK2 of 0.6); the remaining 40% represents a loss

from the system.
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“wD-6~3 POLLUTANT RATES

. Purpose

The POLLUTANT rates cards is necessary to simulate
pollutants,’” but does not perform any simulation
operations when invoked. It actually sets parameters and
pollution 'generation methods which will be used in the
GENERATE command. Unless the GENERATE command is

\ subsequently used, this command has no function.

Parameters
Name Description

ICASE Idéntifies the "part of the system which the

, . POLLUTANT RATES command applies to, as
follows:

ICASE pellutant applicable
value defined source

first order impervious area
v pervious area

sediment impervious area
LA ]

pervious area
first order base flow
sediment base flow

G WwN -

IWM chosen washoff method. .
if =1, a rating curve is used.
if =2, a buildup/washoff method is used.
- omit if ICASE=5 or IgASE=6

PCO washoff coefficieté {units mass per cu. m.)

PEX " washoff exponent (no units) - -0

IBM chosen build-up method - omit this and all
: subsequent parameters if IWM=l or if
ICASE=5 or 1f ICASE=6

if IBM=1l, power linear build-up is used
if IBM=2, exponential build-up is used

DAYSIN days accumulation of pollutant at start of
first event in series.

PMAX " limiting amount of build-up on surface.
(units mass per sq. m.)

PK1 3 build~up rate paraﬁeter no. 1.
' (units mass per sq. m. per da

PK2 ' build-up rate pérameter no. 2.-¥mit if
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IBM=2 (no units) ‘

Notes

-POLLUTANT RATES commands need only be issued for the
pollutant being simulated. For example if no sediments
are simulated (IFSEDT=0 on the START command), three
POLLUTANT RATES cards (ICASE 3,4, and 6) can be omitted;
similarly, if no .arbitrary first order pellutant is . N
simulated (IFDECA=0 on the START command), POLLUTANT RATES
‘cards for ICASE 1,2 and 5 can be omitted. Note that if ICASE
is 5 or 6 (base flows) then the user is restricted to use of
a rating curve approach; IWM is omitted. .

The meaning and function of the above rate parameters are
discussed in Appendix A. (NOTE: Some of .the above units are
nominal only. See Appendix A, for details.)

Sample POLLUTANT RATES Command:

e e e o e e e e Sy . — —— —— —— ——— ) — " —— . T - 7. S " I T — — — o — —

POLLUTANT RATES ICASE=3 (SEDIMENT FROM IMPERVIOUS AREA)

WASHOFF METHOD IS 2 (BUILDUP WASHOFF)
WASHOFF RELATION IS

WRATE= BUILD*AREA*.(045(PER CU M)*Q**, 85
BUILDUP METHOD IS 1 (POWER LINEAR)

INITIAL ACCUMULATION=30 DAYS
MAXIMUM ACCUMULATION IS 500 KG PER HECTARE
BUILDUP RELATION IS

BUILD= 10 (KG PER HA PER DAY)*T(DAYS)**1

TR A v by i —— T At m— —— —— . P S ————

T ——— — ——— . — —— Y ————— - — P o ——— = ————

This POLLUTANT RATES card is specifying_data for an
impervious area, for sediment. A build-up washoff method is
used, and the user has elected to input the parameters in
the form of a function. This has only a mnemonic value,
since it is the values which are input which are important,
rather than the format which is used. However, this type of
presentation may serve to facilitate subsequent

interpretation of the model outputs and may therefore be .
useful,

ey

%}
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D-6-4 'POND ~
‘Purpose

This command routes a flow series through a stofage"
detention pond. If pollutant simulation has been selected on

the START command, associated pollutants will also be routed
through the pond.

Lowe Y

Parameters '

Name . Description

IDOUT ~  #D number of outflow series from pond.

ISER  Series number. - : .-

IDH #% ID number of inflow series to pond.

" TDET ' Detention time in a batch pond. (Hours) Zero if.
a continuous pond is simulated.

NELS Number of CSTRs used in routing pollutants.
(range = 1 through 99 but use dummy value if no
pollutants are to be routed) -

RTINC . Time increment for use in flow (but not
pollutant) routing. (Hours). 2

QBAS Base flow value which will be allowed through
the pond unhindered in batch operation,
Meaningless in continuous operation of
pond.{cu. m. per sec.)

APPROACH FLOW CURVE DATA ++h++tttbtthtttbts

NPTQQ Number of points in approach flow curve. (range
= 2 through 25 but 0 1s allowed) (omit
QAPP(i),QIN(i) pairs ir NPTQQ=0) '

QAPP(1)} First approach flow boint.

QIN(1) First inlet flow point.

L4
LI B ]

QAPPiﬁﬁTQQ) Last approach flow point.
QIN(NPTQQ) Last inlet flow point.

CONTINUOUS OUTFLOW CURVE DATA +++++++++ttis
NPTSQ1 Number of points on lower stage outflow curve,
- (range =-2 through 25 but 0 is allowed) (omit

CONTINUOUS outflow curve STAGE(i),FLOW(i) pairs
if NPTSQ1=0)

STAGE(1) First stage on continuous outflow curve.
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FLOW(1l) First flow on continuous outflow curve.
‘S%AGE(NPTSQI) Last étage on continuous outflow curve.
FLOW(NPTSQl) Last flow on continuous outflow curve.

OPERATED QUTFLOW CURVE DATA +++++++++tttttt
NPTSQ2 Number of points on u?per stage outflow curve.

(range = 2- through 25) (this curve ‘must be
input)

STAGE(1) First stage on operated
FLOW(1) First flow on operate

flow curve.
utflow curve.

S%AGE(NPTSQZ) Last.stage'on opergted outflow curve.
FLOW(NPTSQ2) Last flow on operated outflow curve,

OVERFLOW CURVE DATA +++t+++tttdddttdtdtdtdtt

NPTSQV - Number of points on overflow curve. (range = 2
through 25 but 0 is allowed) (omit OVERFLOW
curve STAGE(i), FLOW(i) pairs if NPTSQV=0)

STAGE(1) First stage on overflow curve
FLOW(1) First fliow on overflow curve

LA L BN )

STAGE (NPTSQV) Last stage on overflow curve,
FLOW(NPTSQV) Last flow on overflow curve.

POND VOLUME DATA ++++++++dttddttttttrdrrttt

NPTSV - Number of points on stage volume curve. {range
_~ = 2 through 25 but 0 is allowed provided that
NPTSA is not zero) (omit STAGE(i},VOLUME(i)
pairs if NPTSV=0) ‘

STAGE(1) ' First stage on Qolumé curve.
VOLUME (1) First volume on volume curve.
S%AGE(NPTSV) LasE stage on volume curve,
VOLUME (NPTSV) Last volume on volume curve.

POND HORIZONTAL AREA DATA +++++++++t++td+d

NPTSA Number «of points on stage area curve. (range
= 2 through 25 but 0 is allowed provided that
NPTSV is not zero) (omit STAGE(i),AREA(i)
pairs if NPTSA=0)

STAGE(1) First stage on area curve.
AREA(1) “First area on area curve.

L I

STAGE (NPTSA) Last -stage on area curve.
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AREA (NPTSA) La§§ area on area curve, |
SBEGIN - Startify elevation in pond.

Notes | |

Appendix B describes thé%interrelationships between the
various curves described abové, and also documents the
hydraulic and pollutant routing schemes used in the model.
Note that all flows are in cubic meters per second, areas in
square meters, and stages. in meters, :

The minimum area, volume, and flow in each of the above
curve should be zero. However, the stages used can be taken
from any arbitrary datum, provided that they are mutually

consistent.

In the event that the Stage/Area curve is omitted, it is

estimated from the Stage/Volume curve. Conversely, the

Stage/Area gqurve is used to estimate the Stage/Volume curve
if that has\ﬁh% been supplied.

Note that the starting concentration of pollutants in the

pond is always zero. The output series time step is the same
as the input series time step regardless of RTINC,

P

.""!.
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Sample POND Command:

POND ~ IDOUT=4, ISER=332, AND INFLOW ID IS 5

DETENTION TIME IS 0 (BATCH POND)

1 CSTR IS USED IN POLLUTANT SIMULATION

FLOW ROUTING TIME STEP IS 0.5 HOURS

DUMMY BASE FLOW VALUE IS 0

ZERO (0) POINTS ON APPROACH CURVE

ZERO (0) POINTS ON LOWER OUTFLOW CURVE

5 POINTS ON UPPER OUTFLOW CURVE ARE
STAGE(M) RATE(CU M PER SEC)

0 0

1 .5
3 T 1.2
4 3.4
7 6.2

ZERO (0) POINTS GIVEN FOR OVERFLOW CURVE .
3 POINTS ON STAGE VOLUME CURVE ARE -
STAGE (M) ‘VOLUME (CU M)
0 0 :

1.5 : 11000 (
8.0 45000
ZERO (0) POINTS ON POND AREA CUR

STARTING ELEVATION = 0 M

A ——— ——— T — L P e ) — - — A ——— T UM i i T ——— ——— ot Sy T S — T v AP e — ———

This example is one of a very simple pond configuration.
Since no inflow curve is specified, all flows will enter the
pond. Only one outflow curve is specified, and no overflow
curve is given. Flows in excess of the maximum value on the
outflow curve will be routed by extrapolation of that curve.
One reactor is specified for routing of chemical
constituents, and a computation time step for flows of a
half hour is requested. .
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Purpose
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This command 'routes a flow ‘series through a river reach.

If pollutant
command,
the pond.

Parameters

Name

IDOUT
ISER
NIDH

IDH(1)

IDH(NIDH)

NIDL

IDL(l)

IDL(NIDL)

IFAORM

{?ELS

SMAX

XLEN
RTINC

simulation

>

Description

has been

selected on the START
associated pollutants will also be routed through

iDp number of ocutflow series from reach-

Series number

-

Number of spurces tributary to reach at
headwater. (range = 1 through 6 but can be
zero is NIDL is not zero) (if NIDH=0 omit
all IDH(i) values)

ID number of first source tributary to
reach headwater.

ID number of last source tributary to

. reach headwater,

Number of sources tributary to reach

distributed along sides.

(range = 1 through 6

but can be zero if NIDH'is not zero) (if

NIDL=0 omit all IDL{i) values)

ID number of first series tributary to

reach, distributed along sides.

ID number of last series tributary to .

reach, distributed along sides.
Note: if NIDL is zero, omit all IDL.

Flag. If =1,
If =2,

)
arbitrary channel input is

expected.

trapezoidal channel expected.

Number of -CSTRs used in routing pollutants,
(range = 1 through 99 but use dummy value if

no pollutants are routed.

Maximum expected depth of flow in channel
(units meters)

A"

‘Reach length.

(meters)

- Time increment for use in flow (but not
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pollutant) routing. (hours)

ARBITRARY CHANNEL INPUT DATA ++++++t+rtt++
t+++++ OMIT IF IFAROM =2 +++++++ttitttt++

COEF Coefficient in flow/stége curve,
' {units cu, m. per sec. per m.) _
EXPON Exponent in flow/stage curve. {no units)

REACH VOLUME DATA ++4+++++++stttttttttrtttbt

NPTSV Number of points on stage volume curve.
: (range = 2 through 25 but can be zero

provided NPTSA is non-zero) (omit STAGE(i),
VOLUME(i) pairs if NPTSV = 0) _

STAGE(1) First stage on volume curve.

VOLUME(1) First volume on volume curve.

‘STAéE(NPTSV) Lasé.stage on volume curve,

VOLUME (NPTSV) Last volume on volume curve.

REACH HORIZONTAL AREA DATA ++t++++++++ttt
NPTSA Number of points on stage area curve. (range

= 2 through 25 but can be zero provided NPTSV

is non-zero) (omit STAGE(i), AREA(i) pairs if

NPTSA = 0)
STAGE(1) First stage on area curve.
REA{1) First area on area curve.

E(NPTSA) Last stage on area curve.
TSA) Last area on area curve.

TRAPEZOIDAL CHANNEL INPUT DATA ++++++++++
++++++ OMIT IF IFAORM = 1 ++++++++++ttttd

RN Channel Manning 'n’.

SF ‘Channel friction slope. (m/m)

SS Channel side slopes. (m/m)

B ‘ Channel bottom width.s?units meters)
Notes

Appendix C documents the algorithms used in the REACH .
command, and provides details on the various parameters
described above. Note that all volumes are cubic meters,
flows are-cubic meters per second, areas are. square meters,
and lengths are meters. -

When the non-trapezoidal\channel is input, the minimum
Y
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area and volume in the above curves should be zero. The
Stages, however, can start at any arbitrary datum. Note that

whatever elevation datum is used, it should be consistent.

with that which applies to the flow/ stage curve.

In general, the estimated mafﬁmum stage in the channel
should be as low as possible provided that the flows do not

-exceed this Iimit. This improves the outflow estimation.

Note that even if-the stated maximum stage is exceeded, the
model will usually provide a solution by extrapolation. This
occurs with no warning, and the user should examine the peak

flows calculated to determine whether an extrapolation
occurred.

In the event that the Stage/Area curve is omitted, it is
estimated from the Stage/Volume Curve. Conversely, the Stage

/Area curve is used to estimate the Stage/Volume curve if
that has not been supplied.

All of the input series (IDHs and IDLs) must have the
same time step; the output series has the same time step as
the input series regardless of the value of RTINC. -

Sample REACH Command:

REACH : IDOUT 1S 6, SERIES NAME IS 452 '

1 INPUT HEADWATER SERIES, ID=4

AND 2 LATERAL SERIES,ID 5 AND 1

25 ELEMENTS 'IN QUALITY ROUTING

IFAORM=2 (TRAPEZOIDAL CHANNEL)

MAX EXPECTED DEPTH OF FLOW IS 6 M

LENGTH OF CHANNEL IS 10000M :

FLOW CALCULATION TIME STEP IS 1.0 HOURS

CHANNEL ROUGHNESS IS 0.035 ‘
BOTTOM SLOPE IS .0001 M PER M
SIDE SLOPE IS 0,35 M PER M

AND BOTTOM WIDTH IS 10 M

O —— ek A o PR e o e s e T D S o o o e > A D o S T P A S S ot et ok

In this example, a reach is defined which has one tributary
headwater (ID4) and two distributed lateral-sources (ID §
and 1). Other parameters self explanatory. Note that the
requested flow calculation time step of one hour will be
used in routing flpws through the reach provided that it is
shorter than the time steps on the input time series (IDs 4,
5 and 1). However, the time step at which quality routing
will occur, and the time step for storing data under this
reach ID (7) will be the same as for the input IDs. Note

also that the input IDs must all have the same time step for
a routing to be possible,

A B s

S
e i s et et
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.
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D-6-6 ADD SERIES

Purpose

The ADD command combines two flow series. 'If pollutant
data is present and if the START command has called for
pellutant simulation, these will be combined as well.

Parameters

Name Description )
iDOUT ID number of combined flow/pollutant series,

ISER Series number{

ID1 ID number of one series to be added.

iD2 ID number of the other series to be added.

Notes

IDI, ID2, and IDOUT should all have different values.

If the two input series are at different time steps, the
shorter time step is used for the output series. Values from

the longer time step series are linearly interpolated to a
shorter time step.

Sample ADD SERIES Command:

s T Tt e Tt p . T . o — . . T - . = bt —

ADD SERIES IDOUT is 3, SERIES NAME IS 233
INPUT IDS ARE 4 AND 2

T D L R L v LB e ek il e i e g T — ik o —— " e o ———— o o — . VE i} S - — — A1 —
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D-6-7 SPLIT SERIES

Purpose

This command allows the user to split a series into two
separate series in a manner dependant on flow,"™ -

Parameters
Name 6escfiption ¢
IDIN ' ID number of the series to be split.
IDOUT1 ID number of one of the split series.
ISERl Series number of IDdﬁEiéd)
IbOUTz ID number of the other the split series.
ISER2 ' .Series number of IDOUT2,. |

NPTQQ Number of points in the flow split curve,

(range = 2 through 25) -
J"QM?P(I) First approach flow point.
- QTO1(1) Firsg diverted flow point.

QiéE(NPTQQ)' Last approach flow point.
QTO1 (NPTQQ) Last diverted flow point.

Notes

The approach flow/ diverted flow curve splits flow
according to the approach flow, by interpclating values from
the curve. The amount QTOl which corresponds to the approach
flow is diverted to series IDOUT1l. The remainder (approach
flow less flow diverted to IDOUTL) is sent to the series
IDOUT2. All flow units are cubic meters per second.’

Sample SPLIT SERIES Command:

——— e L T T e — —— o —— . W i T S —— ———— T f— S Y ——— T

- SPLIT SERIES INPUT ID IS 2 :

IDOUT A IS 4, NAMED 752

IDOUT B IS 5, NAMED 753

2 POINTS ON FLOW SPLIT CURVE,
APPROACH FLOW FLOW TO SERIES A

. CU M PER SEC CU M PER SEC
0 0
100 50

e i i e T L D e e i T D D Sk S ol W T B B ke A S e e e oy T T b Sy S A . B WP S v —

This example splits series 751 into two other series, each
of which has half of the original flow and pollutant load.
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N

D~-6-8 FINISH

Purpose ;

This command terminates a run.

Parameters
None

Notes .

The FINISH card should be the last card in every deck. If
it is not included, the run will continue normally until the
last command is reached but results at that point are
unpredictable. In some cases, the 1last command will
terminate properly, but in. other cases it will not; either

way, an. error message will be generated because an 'end of
file' will be detected by the system. : : -
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D-6-9 PLOT SPAN

Purpose

The PLOT command is used to provide a plot of part of one
or two series on a single one-page graph.

Parameters
Name Description
IWHICH Number of parameter to be plotted.
1D1 ID of first series to be plotted.
IFY \ Beglnnlng year of time span to be plotted.
IFM . Beglnnlng month L ] rr LN} LI ] T s
IFD . Beglnnlng day L e ty "t L LIS ]
I1TY Ending year B2 I N R I TR O B B )
ITM Endin month re L LI LIS ] T L}
ITD Endin day LIS | L3N ) T LI ] Ty LI
DT2 Time step of points to be plotted.
" 1D2 ID of second series to be plotted.
, May be omitted or set to zero.
Notes'

The vélue of IWHICH depends on the parameter to be
plotted. The following convention applies:

IWHICH parameter

1 flow

2 first order pollutant

3 fraction 1 of sediment
A 4 (] 2 L

5 [} 3 LN ]

6 T -4 .!l

7 | I 5 L8 }

The PLOT command can be issued to plot time spans in any
order. However, if the time spans are coded in chronological
sequence, and if they do not overlap, a large amount of
computer time can bé saved by making the value of IWHICH
negative for all but the first PLOT.

No more than 300 points can be PLOTed. The scale of
the plot will be cubic meters per second for flow, and mass
per second for pollutants; both are plotted against hours.
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Sample PLOT SPAN Command:

L S e Gk T S T T T o S e e i s o . e e . ol o ———— o ——— o T ——————————

PLOT SPAN FLOW (IWHICH=1) FROM SERIES 5
FROM 81 6 56 TO 81 6 6 IN 1 HOUR STEPS

i — — ——— — T i — — — —— —— ———— ——— T ——— —— . W T —— T T —— e —— — ————— ———
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D-6-10 PRINT SPAN

Purpdse
This command is used to provide a one-page printout of
part of one series. : o
Parameters
Name Description
IWHICH " Nuthber of parameter to be printed.
1Dl ID number of series to be printed. .
. : {
DT2 Time step of points to be printed. :
IFY ' Beginning.year of time span ‘to be printed. i
IFM Beginning month "' "' ' ot v oy 3
IFD . Beginning d?y Ty L LN Tr T Te }
ITY Ending}ear LR I I D L I R O f’ :
IT™ Ending month trorr vy vy ony i
ITD Ending daY LB ] LI ) te Tt T T l
NPK ’ Flag. If non-zero, only the peak value of the f
, parameter is printed. If zero, all values in ;
the span are printed. May be omitted if zero. \ ;
Notes "

For valid values of IWHICH, see section 3.2.9 PLOT.

The PRINT command can be issued to plot time spans in any
order. However, if the time spans are coded in chronological
sequence, and 'if they do not overlap, a large amount of
computer time can be saved by making_ the value of IWHICH
negative for all but the first PRINT. - :

- :

No more than 300 points can be included in the time span . i
PRINTed. Units are cubic meters per second for flow, and 4
mass per second for pollutants.

Sample PRINT SPAN Command:

PRINT SPAN FIRST ORDER POLLUTANT (IWHICH=2)
o FROM SERIES ID 6
SPAN IS 83 7 15 TO 83 7 21

——— T —————— T ———— ;T ——— . —— ——— ——
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D-6-11 CALIBRATE T
Purpose

This command provides some basic statistics comparing

two series, and is intended to be wused@ 1in nodel
calibration. : ' o

Parameters

Name Description

NUMINT : Number of time spans over which to compare
the two segies. (range =-1 through 25)

iDl ID number of one series to compare.

ID2 - ID number of other series to compare.

IFY(1) Beginning year, first span.

IFM(1) vt month, '’ '

IFD(1) vt day, re v

ITY(1) Ending year, ‘' "

ITM(1} ' ' month, '' v

ITD(1) v day, e He

-e e ' - e aw

IFY(NUMINT) Beginning year, last span
IFM(NUMINT) v month, '' re
IFD{NUMINT) vy day, vy '
ITY (NUMINT) Ending year, vy v
ITM{NUMINT) v month ' re
1TD (NUMINT) " day vene
Notes

This command will compare flows in the two series, and if
START has initiated pollutant simulation, will compare
pollutant loads as well.’

The CALIBRATE will calculate the total mass for both
series for each span, and will provide the RMS difference
between the masses in the two series for -all spans. The
command can specify spans in any order, but if the time.
spans are coded in chronological sequence, and if they do
not overlap, a large amount of computer time can be saved by °
making the value of IFY negative for all but the first
PRINT, Output units are cubic meters and cubic meters per
second for flow; mass and mass per second are used for
pollutants.

Sample CALIBRATE Command:
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CALIBRATE 4 TIME SPANS FROM ID 2 AND 1D 3
79 6 15 79 6 17 -
79 6 23 79 6 30 Co .
79 5 15 79 6 10 ’ -

79 32179 3 21

. — T i S ) S D ks e S . T S T T S ke S o S - = - S ——— S

This example compares mass and rates of output between two
series for four different periods, specified in arbitrary
order. Computer time could be saved in this example by
arranging the spans in chronological order as follows:

. 79 3 21 79 3 21
79 5.15 79 6 10
79 6 15 79 6 17
79 6 .23 79 6 30
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D-6~12 EXCEEDANCE CURVES

Purpose

This command allows the user to determine the numbers and
dufations for which flow or pollutant concentration exceed
certain levels. The levels which are assessed are determined
by the user. -

Parameters
Name Descriptign
- NINQ . Number of points on flow exceedance curve
(range = 1 through 10)
QLEVEL(1). First flow level to be assessed. Omit if
NINQ=0 3
QLEVEL (NINQ) ‘Last flow lgvel to be assessed.
NIND “ _ Number of points on concentration
exceedance curve for arbitrary first .
order pollutant. (range = 1 through 10)
DLEVEL({1) First concentration level to be assessed.
: "Omit if NINQ=0 ' - : :
DﬂéVEL(NIND) Last concentration level to assessed.
* NINS Number of points on exceedance curve
for total sediment concentration.
{(range = 1 through 10)
SLEVEL(1) First sediment concentration level to be
assessed, Omit if NINS=0
SLEVEL (NINS) Last sediment concentration level to be
assessed.
 NUMINT - Number of time spans over which to compute
exceedances of the specified QLEVEL, DLEVEL,
and SLEVEL curves., (ran?e = 1 through NMAX
where NMAX = INT(305/12) . .
-1ID. ID number of series to be assessed.
IFY(1l) Beginning year, first span.
IFM(1) . ' month, '°' re
IFD(l) L day, < 1y LI
ITY(1) Ending year, v e
ITM(1) VT month, ' v
ITD(I) « 11 day' LI | LIS |

S 4

e Ty



_ PAGE D-39 |
IFY(NUMINT)  Beginning year, last sp - _
te .

an.
IFM(NUMINT) month, '' "
IFD(NUMINT) e day, . '' ¢ )
ITY(NUMINT) Ending - year, e e
ITM(NUMINT) " month, « "' v
ITD(NUMINT) e day, ~'' '
Notes - ' 1

This command is usefu] for determining the number and
duration of times over any given period that a series
exceeds a given objective ~level of concentration or flow
rate. This may have applications in assessing the number_of .
violatjons of a given standard, or in comparing controlled S
and uncpntrolled series, Units of flow are cubic meters per
second; \units of concentration are mass per cubic meter.

i
4
4
1
|
]

Sample EXCEEDANCE CURVES Command:

———_-——-—————-——-——-——_———_——-.————_——.-—--_-————-——.--———-—-.——_—_-

EXCEEDANCE CURVES: 5 POINTS ON FLOW CURVE ARE,
10, 20, 50, 100, AND 250 CFS
0 POINTS ON FIRST ORDER CURVE AND
0 POINTS ON SEDIMENT CURVE
ID NUMBER OF SERIES IS 3
1 INTERVAL WILL BE EXAMINED
FROM 76 4 1 TO 76 9 30 (ALL“SUMMER)

In this case, a ‘flow exceedance curve only is requested,
fér all of one summer, ‘ : .o »
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D-6-13 STORE '
Purpose . e

The STORE command "allows the user to convert a WSC
gauging record to the file format used by QUALHYMO. This
1s useful for callbratlon of flow simulation to
observed records. .

Parameters

Name Description

ID. ID number asszgned to the gauge station
records.

"ISER - ~ Series number for ID.

DT{ID) Time step of the flow records

IFMET ’ Flag. If less than or equal to zero, the
gauge records are assumed imperial and are
converted from cubic feet per sec to cubic
meters per second. Can be omitted if zero.

Notes ‘ -

The disk file location. (FORTRAN device number) for the
flow series to be read is glven in the START command. It -
is assumed that the flow series has hourly records ordered
as follows:

IYEAR, IMONTH, IDAY, (FLOW(J) ,J=1,6) ,
IYEAR, IMONTH,IDAY, (FLOW(J) ,J=7,12)
IYEAR, IMONTH,IDAY, (FLOW(J),J=13,18)
IYEAR, IMONTH,IDAY, (FLOW(J),J=19,24)
. ie 6 hours per card, 4 cards per day.

The format expected for the information on each card is:
(BX,312,2%,6F10.0)

The model will check the first 8 columns on the first card
for a station identification code, and will echo this on the
output if present.

The model will check that the dates on adjacent cards-
match properly, but will not recognise special characéters
indicating ice jams, non-operation, and so on. Negative
flows will be set to zero, and the user will be informed of
the number of times where this occured.

_ D-6-14 DUMP PRINT ' ‘ *
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Purpose

This command allows the wuser to print out any entire
series .in a legible format.

Parameters

Name ‘Description

ID ID number of file to be dumped.
Notes

DUMP © will print the entire contents of the file,
including space allocated to guality variables, regardless
of the START command or other controlling variables. The
user should therefore take care that dummy fields are
recognised and discounted. The content of the DUMP
information is: .

IYEAR, IMONTH, IDAY,HOUR, FLOW, DPARM, (SPARM(J) ,J=1,5)

where DPARM is the. first order decay
pellutant (mass per second),

and SPARM(J) is sediment of size J
- {mass per second).

“The format of the DUMR is:
(312,F6.0,6E12.4)

Units of flow are cubic meters/second. Units of DPARM and
SPARM are mass per second, .consistent with the units used in
the POLLUTANT RATES card. $imilarly, the sediment size J is
consistent with the definition used in the START card.

e ilary

U Y
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~
*D~6~15 DUMP PLOT
Purpose

'This command allows the user to plot data for the entire
duration of the series, rather than for a span of 300 oints
as in the PLOT SPAN command. The user has the option of
comparing one parameter (flow,. the first order decay
pollutant,- or total sediment) for two series, or three
parameters (flow, first order and sediment) for-one series.

Paramete:s
Name Description )
ICASE Flag. If=1, three parameters from one series )
are plotted. If=2, one parameter Eggatwo
series is plotted. ! ,
ICTRL Flag. If=1 or 2, mass rate is plotted.
: If=3 or 4, concentration is plotted.
If=1 or .3, linear scale is used.
I1f=2 o?& log scale is used.
IDl ID number of dne series-to be plotféd.
- ID2 ‘ ID number of second series to be plotted.
Cmit if ICASE=1l.
IPARAM . Parameter to be plotted. Omit if ICASE=1,
If IPARAM=1, flow is plotted.
1t IPARAM=2, the first order pollutant is
’ plotted.
If IPARAM=3, total sediment is plotted.
OMIN Minimum value of flow to be plotted.
QMAX Maximum value of flow to be plotted.
DMIN . © Minimum value of first order pollutant to
. be plotted .
DMAX . Maximum value of first order pollutant to
‘ be plotted.
SMIN Minimum value of seaiment to be plotted,
SMAX Maximum value of sediment to be plotted.

Note: If ICASE=1, QMIN, QMAX, DMIN, DMAX,
SMIN, and SMAX are all required.
If ICASE=2, only input one pair as
appropriate for IPARAM. (i.e. if
IPARAM=1 input QMIN and'QMAX only,
if IPARAM=2 input DMIN and DMAX
if IPARAM=3 input SMIN and SMAX)
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Notes

This plotting routine is useful primarily for gaining an
overall insight into the flow series '‘and for determining
during initial runs which time spans will be examined in the
CALIBRATE, EXCEEDANCE, or ‘other commands. Values in the
'series which exceed the specified maximums are truncated
along the largest axis of the graph. g :

bR e

Rate units are cubic meters per second for flow, or mass
per secbnd for .pollutants. Concentration is in units of mass

per cubic-meter.

Sample DUMP PLOT Command:

A
. . ~ : )

R b e e e D — e S ) — - —— T TP T e} — v oo

PR IORPRT S NI 3 T U ST RN

i —— — T ke e o —— " — A . S

SEDIMENT CONCENTRATION FROM TWO SERIES) i
SERIES IDS ARE 2 AND 3

SEDIMENT RANGE IS .01 TO 1000 KG PER CU M 7

In this example, two series will be plotted for one .
parameter, The time span of the plot will be the same as on #
the preceding START command. Note that the units of - the
scale are arbitrary, and depend on the units used in .setting |

up the quality conastituent parameters in the POLLUTANT RATES
cards.

Py .
1f, for example, the appropriate parameters in the
POLLUTANT RATES cards had specified sediment build-up ‘in
grams instead of kilograms, the last line of the above
sample command should have read:

[P

SEDIMENT RANGE 0 TO 1000000' G PER CU M
to achieve the same range. :

;
- 1
. ) 1

. . .~ !
i

.
s
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D-6-16 CONVOLUTE
Purpose

This command routes a flow series through a river reach,
If pollutant simulation has been selected on the START

command, associated pollutants will also be routed through
the pond. :

Parameters
Name ~De5criptioﬂ
IDOUT ID number of outflow series from reach
ISER .Series number
NIDH Number of sources tributary to reach at,
headwater. (range = 1 through 6 but can be
zero is NIDL is not zero) (if NIDH=0 omit
all IDH(i) values)
IDH(1) ID number of first source tr1butary to
. reach headwater.
IDH(NIDH) ID number of last source tributary to
reach headwater.
IFAORM Flag. If =1, arbitrary channel 1npuf*1s
: expected. »
If =2, trapezoidal channel expected
SMAX Maximum expected depth of Elow in channel
(units meters)
XLEN : Reach length. (meters)
RTINC Time increment for use in flow (but not
pollutant)} routing. (houts)
ARBITRARY CHANNEL INPUT DATA ++++++++++++
++++++ OMIT IF IFAROM =2 ++++++tttbtrddsdt
COEF Coefficient in flow/stage curve.
(units cu. m, per sec. per m.) )
EXPON Exponent in flow/stage curve. (no units)
REACH VOLUME DATA ++++++ttttdttbbtttttttt
NPTSV | Number of points on stage volume curve.

(range = 2 through 25 but can' be zero
provided NPTSA is non-zero) (omit STAGE(1)
VOLUME(i) pairs if NPTSV = 0)

f
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STAGE(1) First stage on volume curve.
VOLUME (1) First volume on volume curve.
STAGE (NPTSV) * Last stage on volume curve.
VOLUME (NPTSV) Last volume on volume curve.
REACH HORIZONTAL AREA DATA ++++++++++++++
"NPTSA Number of points on stage area curve. (range
= 2 through 25 but can be zero provided NPTSV
. I's non-zero) (omit STAGE(i), AREA(i) pairs if
' NPTSA = 0.} .

STAGE(1) First stage on area curve.

AREA(1) First area on area curve.

STAGE (NPTSA) Last stage on area curve,

AREA (NPTSA) Last area on area curve.
TRAPEZOIDAL CHANNEL INPUT DATA +++++++ttt
++++++ OMIT IF IFAORM = 1 4++++tdtttttttd

RN Channel Manning 'n’'.

SF Channel friction slope. (m/m)

SS Channel side slopes. (m/m)

B Channel bottom width. (units meters)
CONVOLUTION CURVE DATA +++++tdtdddttddtst”

. QRESP Flow for which the convolution curve applies
NCONV - Number of points in convolution curve
TIME(1) Time lag of first fraction
MFRAC(1) Value of first fraction
TIME(NCONV)  Time lag of last fraction
MFRAC(2) Value of last fraction
Notes * o

The algorithms for flow rate used.in the CONVOLUTE command

are the same as those in the REACH command, documented in
Appendix D. Note that all volumes are cubic meters, flows .

are cubic meters per second, aeas are square meters, and
lengths are meters. o

When the non-trapezoidal channel is input, the minimum
area and volume 1in the above curves should be zero. The
Stages, however, can start at any arbitrary datum. Note that
whatever elevatiéon ‘datum is used, it should be consistent

S
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with that which applies to the flow/ stage curve,

In general, the estimated maximum stage in the channel
should be as low as possible provided that the flows do not
exceed this 1limit. This improves the outflow estimation.
Note that even if the stated maximum stage is exceeded, the
~ model wild usually provide a solution by extrapolation. This
occurs with no warning, and the user should examine the peak

flows “calculated to determine whether an extrapolation
occurred. . o

In the event that the Stége/Area curve is omitted, it is
estimated from the Stage/Volume Curvé. Conversely, the Stage

/Area curve is’' used to estimate the Stage/Volume curve if
that has not been supplied. ' '

All of the input series (IDHs) must have the

same time step; the output series has the same time step as
the input series regardless of the value of RTINC. The
convelution curve can be input at an arbitrary input step,
as the model converts the input curve to a curve consistent
- with RTINC before beginning the routing.

Sample CONVOLUTE Command

T R R ek S L e S, S e i W G . S Y A s T e T g . T i —— i i T P P W . . i —

CONVOLUTE IDOUT IS 6, SERIES NAME IS 452
1 INPUT HEADWATER SERIES, ID=4
IFAORM=2 (TRAPEZOIDAL CHANNEL)
MAX EXPECTED DEPTH OF FLOW IS 6 M
LENGTH OF CHANNEL IS 10000M
FLOW CALCULATION TIME STEP IS 1.0 HOURS '
CHANNEL ROUGHNESS IS 0.035
BOTTOM SLOPE IS .0001 M PER M
SIDE SLOPE IS 0.35 M PER M
AND BOTTOM WIDTH IS 10 M
CONVOLUTION CURVE BASED AT 5 CMS
AND HAS 5 POINTS:

TIME FRACTION
(HOURS) (MASS)
o - 0 . .
1 3 .
2 +6
3 .1
b 4 0

NI TR T N S ol e T T L S U e S e e U g W T S e k. oy T ke ) — ] s ot s o y my

In this example, a reach is défined which has one tributary
headwater (ID4). Other parameters self explanatory. Note
that’ the requested flow calculation time step of one hour
will be used in routing flows through the reach provided .-
that it is shorter than the time steps on the input time
series (IDs 4, 5 and 1). However, the time step at which
quality routing will occur, and the time step for storing
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data under this reach ID (7) will be ‘the.same as for the
input IDs. Note also that the input IDs must all have the
same time step for a routing to be possible.

\-“
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APPENDIX E - Model Output

This section contains examples of model outputs to |
illustrate the format of some of the principle commands, and
to provide further documentation of the runs discussed in

the main text of this report. The sections in this appendix
contain:

. a calibration to Sawmill Creek flow data:
2. a calibration to Wixon Creek flow data;

3. a calibration to Sawmill Creek bacteria data; and

4. an output plot of the observed and simulated

Sawmill creek bacteria data. b

All of this information corresponds to the calibrations

described in the main text of this report.

-



CALIBRATION TO SAWMILL CREEK FLOW DATA



5 . | ‘ gmamnon TO SAWMILL CREEK FLOW
‘ , ' STATISTICS FOR CALIBRATION,

,! 0 . VERIFICATION, AND TOTAL SERIES

| - OF EVENTS, 1981. »

ZALFA & 1234387830 . 7=

“///, ‘ COMMAND TASLE

, 3TAav 1 29
svamg 2310 . : .
GENERNATE 3310 : .
PRINT BPAN s 2 LS
PLOT 3PAN s 10 .t "
ADD SERIES & & .
POND 7310
B REACH s310 , .
CALIBRATE 310 .
POLLUTANT NATES 10 .
SPLET JCRILS 11 9
Qume BAINT 12 s . -
EXCEZEDANCE CURVES 13310 .
DUMP PLOT 14 8
. FINT M 3% @0
START FROM ALL RECORD t=1) -

INPUT AAIN FROM OEVICE 3
oumMY, FLOw OLVICL = 3
NO DECAY QR 3IEDT SIMULATION
CEMERATE 10w & SERIES KOusés DTwled DAmSONO ACRES
I3 wPmQ.0 IDO MOT PRINT UNLIT WYDX)
G.1% I3 INPEAVICUS AREA FRACTION
NuE1.0 (NASH HYQ)
1.0% JLA AND TPu.2
. MAX ABSTRACTION IMP ANCA I3° o3¢
RUNOFF COEFF IMP AREA I3 1.08
Muml,0 (MASH HYD}

109 3LR AND TP=.3 °
. guEmms 1 IN3 SMaxa 2000 INS Kwl.3

API CONSTANT IS o8 PER DAY o
API INLTTAL VALUES 1.35IMS..
- MaAN ADSTRAGTION PER ARKAm L.17N3
SVOL INITIAL VALUR sd.88
BA3E RESS CON3ITE,00134
. ASEA REDUC FACTOR®O.34
BASHINSO.0
‘ IMPEAVIOUS AREA UNIT HYODRQORAFH DATAL
SHAPE CONSTANT, N m  1.03%0 .
UNLT PEAN, QF = 178.12CF3 .
SUM DF THE UNIT HYOAOGRAPH ORODINATES @ G.890 -
> -
PERVIOUS AREA UNIT HYDRUGHAPH DATAL
SHARE CONSTANT, N ® 1.0%3
UNIT PEAX, QP = A3T.8TCF3 . .
gum OF THE UMIT HYCROGRAPH ORDINATES = 9.59)3 ; :

API ﬂCDUCTlOﬁ I3 & 0.3%8EK 00% O.IOGE ooe PER STEP/OY



CALIBRATE

4 CYENTS Fegm FILES & AND §
. -8y 13 a1 T 14 .
-5 T 18 %1 T A9
-2y 7 24 31 T 29
. -g1 4 &4 831 80 7 N .
- 511 61 8 it
s.1% 03 8 17 .
] a1 0 2
-81 0 38 81 0 31
SPAN HANE o . QUANTLITY .
ragn T0 ' rLov roitL seo1 U SEDR 103 E14.1
=01 .T13 1 T4 &A% TOVAL 0.7T00C 08 0.0 0.0 s.0 9.0 e
A . 448 RATE 04100C 02 8.8 e.0 .. 4. 0a0 9.0
u 301 TvOTAL 0e112E G7 6.283E 13 0.0 9.0 & g e
. 3oL RATE T.380f 2 FLLTEL 08 0,0 .0 (1) Y]
SPAN . MAME b QUANTITY )
¥AQM" YO rLow roOLY - 177 F14 -} 3£0) 1EDS
wBl TLE &1 TL9 &ss  TOTAL 8,790 07 040 T [] .
. Ads RAYE 08482 02 4.0 . #e®
301 TOTAL  0.200F 07 $.40%L '13 0.8 . 0.8
301 WAVE 0.731C 82 0,191& 9D 0.0 LY}
SPAN RANE ' QUANTEITY
FROW 10 FLOY roLl LT3 SED2 L3
=31 TIA 8L TI® Ass  TOYAL 0.TY6C 08 0.0 0.0 1.0 [ ] .
. . and PATE 0.182L 02 a . ‘el . a0
301 VOTAL S P83E 0% 0,842 13 0.9 [ ] ‘9.0
301 mATE D.188E 82 0.354L 08 0.0 (Y] 2.0
srakh NANE QUANTITY i
LI 1o 3 [4:}3 -SEDR LD} SEDA
=81 8 4 01_8.:7 ass  TOTAL 0.0 0.0 0.0 0.0 0.
ads  RATE 6. 240C #3 8.0 0.0 T I 0.0 0.9
301 YOVAL 0-183F 08 0,854 14 0.9 [ ) 0.0
. 301 RATE 0,233 63 0.333C 10 O« [ os8
‘spAn [TY.] QUANTITY
raon T0 rLov roLl SEDL sfD1 seos SEDA
~81 811 81 811 &as  TOTAL 0,.833E 06 0.0 0.8 0.0 0.0 [N
AbA  RATE 0.187C 02 0.0 0.0 ge® B0 0,0
301 TYOTAL, 0.TSIE 9% 0,143 12 0 0.0 .0 0.0
303 -WATE 0.204€ 02 .373C 03 0.0 0.8 s
. M .
SPAN HANE . QUANTEITY - .
¥ rRaM Te . rLOw roLl ’ -3¥02 SED4
—-81 213 A1 L7 saa TOTAL a,%ssf 07 0,0 2.0 0.0
hh s RATE GeBOSE AL 0.0 [ Y ] a0
: .
301 TOTAL G.432C 08T 0.952E 13 0.0 ) 2.0
!/ 301 RATE 0.533L 02 0.678E 08 0.0 - 9.8 *.0
SPAN NAMNE . QUANTITY ~
FRON 10 ] FLov roLl SEDL SEOA
=31 823 81 BRA AN foTalL 9.1104 07 .‘cﬂ ..'C a
N ass’. mMATE 0.137€ 03 @4 0.0
301 TYOTVAL 0.1316K ©7 Q.424C 312 9.8 Tel 0.0
+ 301 RATK 0.224AF 02 8.TIOE 80 8.0 o.0 ta®
+
SPAN HAME QUANTITY
rmon TQ . riLow rPOLL F14.78 sLoe SEDI SED4
-41 830 61 431 AdA  VOTAL 0.23%E OF 00 0s0 (] 9.0’ 0ad
A4a  maTE C.T4IE 02 0.0 0.0 [ 0,0 4.0
v Jo0L  TOTAL 0.18TE 0T 8.0 (Y] 00 0.0 . g.0
301 RATE Q.3T7TPE 02 9.0 9.0 0.0 oLt 0.0
. - .
seses FOTAL WMASS vsese N
SERIES aad , 9e280E O 0.0 . 040 0.0 0u® 0.t Dat
N . : .
1ERIES  DOL 8.308E 08 0,LT31E 18 9.0 .0 040 0.0 0.0
fLessees JUNMARY COMPARTSOM oF 3EmIES a4s AND 393 eesae
AYE (MASS RATION 1.017 Ded 0.0 (19 ) (] . %
AVE tRATE RATION D.98s 0.0 .0 0.0 -~
1 . .
RM3 (MASS RATIO=1) o.30% 31.000 1.000 1.0040 1.008 1.000
RMS (AATE RATIO-1 1,000 1.008 Y

) 0.A82 1000
NOTE?1 RATIO ®» MASS OR RAYE FPROMN sEmiES LT}

«008 1.000
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