OVERVIEW OF URBAN RUNOFF MODELS

by M. B. McPherson,* F.ASCE
Introduction

It has been estimated that approximately one-sixth of the '"Urbanized Areas" of
the United States fall within natural 100-year flood plains,(l) whereas well over
half of such areas are drained by systems of underground conduits. Further, national
investment for stofm drainage conduit facilities appears to be more than four times
as great as that for flood plain protection works benefiting urban areas. -

There is widespread interest in multi-purpose drainage facilities that exploit
opportunities for water-based recreation, provide more effective protection of
buildings from flooding, and allow for the use and re-use of storm water for water
supply. In addition, the 1972 Amendments to the Federal Water Pollution Control Act
have led to considerable interest in reducing the entry of pollutants into receiving
waters from combined sewer overflows and storm sewer discharges. Over the last few'
years urban runoff model development and usage has greatly intensified. Because of
this and of the tendency to use tailor-made or custom-adapted models for urban
streamflow discharge-quality, discussion of models for simulation of underground conduit
system performance will predominate in the overview that follows.

Why Simulation?(2)

All but a small fraction of storm and combined sewers around the world have been
sized by means of wholly empirical methods. Given a lack of evidence of superior
methods, these overly simplistic procedures proved adequate when the primary purpose
of storm sewers was to drain the land and express the accelerated convergence of
surface runoff to receiving waters. Out of sight, out of mind. Once restrainment or
containment of flows and their pollutant burdens become added primary ob jectives,
traditional procedures of analysis are no longer adequate because of added system
complexities.

Why not use observed discharge variations as a guide? There are several
compelling reasons precluding this possibility: (1), very few urban catchments,

particularly sewered ones, have been gaged; (2), a statistical approach requires a
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period of record spanning at least ten years, substantial physical changes commonly
take place on most urban catchments over this long a time, and the mixed statistical
series that results is not interpretable; (3), while such a statistical series would
characterize the existing situation, there would be substantial uncertainty over its
extension to differing future situations; and (4), the clinching reason, in'the usual
case where no field measurements have been made, is that it would be necessary to
postpone planning and analysis until new long-term field records were accumulated, an
unacceptable option under contemporary imperatives. An even less acceptable alternative
would be to rely solely on empirical tools and determine prototype system performance
after system changes had been ins:iéuted, a procedure that would indicate the overall
errors implicit in the tools used, but would be very expensive experimentation. Thus,
in order to anticipate future system performance under changed conditions, because
these changes can very rarely be simulated by manipulating prototype systems, recourse
must be made to performance simulatioﬂ by calculation or analogy using tools of
analysis such as mathematical models. A

Categories of Model Applications

Mathematical models used for the simulation of urban rainfall-runoff or
rainfall-runoff-quality can be divided into three different application categories:
planning, analysis/design and operations. Some particular models have been employed
in both planning and analysis/design, and a few models have been applied in analysis/
design and operations applications, making it difficult to allocate them to a single
category. Additionally, the reader is cautioned that on no account should the models
to be mentioned be regarded as typical tools. Rather, common practice still favors
rudimentary techniques, although the use of new tools of analysis seems to be growing
rather rapidly around the world.

Planning applications are at a macro-scale, such as for comprehensive
metropolitan or municipal plans. Model requirements for planning are less rigorous
and require and permit less detail than for analysis/design because investigation of
a range of broad alternatives is at issue. What are sought for planning tools are
general parameters or indicators for large-scale evaluation of various alternative
schemes. Hence, the degree of model detail required in jurisdictional planning is

generally less than in analysis/design.
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Analysis/design applications generally require more sophisticated, more detailed
tools, for the analysis of individual catchments and subcatchments where the
simulation of detailed performance of discrete elements within a subcatchment must
be achieved.

Operations applications are likely to be more use-specific because of wide
diversities in managewent practices, operating problems and individual service-system
configurations.

Taxonomy of Urban Runoff Models

The structural characteristics of urban runoff models can be segregated into
two broad categories, "lumped' and 'distributed”. 1In a lumped model, rainfall is
transformed into the runoff at a given point without any hydraulic routing through
the tributary area. An example is the conventional unit hydrograph, a tool in
widespread use in river basin hydrological analysis and applied occasionally to urban
drainage. A distributed model is characterized by a capability for the hydraulic
routing of flows in addition to the hydrologic transformation of rainfall into runoff,
such as through all or part of the underground conduit system within the tributary
area being modeled, Because many more catchment details are accounted for, distributed
models are considerably more complex than lumped models.

Another characteristic of urban runoff models deals with the time scale of their
representation. Some models can accommodate only one individual rainfall event at a
time and hence are commonly termed 'event models'. Other models that can handle a
long series of events, ranging from a season to a decade or more, are commonly called
"continuous models". Most urban runoff models were developed within about the last
thirteen years. Event models are usually tied to synthetic hyetographs. As the
limitations in the use of synthetic hyetographs became more evident, continuous
versions of event models were developed to the point where continuous simulation
options are now available for nearly all of the former event models that had received
user acceptance.

A few years ago, urban runoff models could be additionally segregated by whether
or not they could accommodate water quality parameters. The recent trend has, been to
add such a capability where it did not exist before, and thus this distinction is

rapidly fading.
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The most widely used models are in the public domain. Versions of nearly all
formerly proprietary models have very recently been placed or are in process of being
placed in the public domain. Conversion has been predouinantly by the U.S.
Environmental Protection Agency and the Hydrologic Engineering Center of the Corps of
Engineers.

In sum, the recent trend has been to expand the repertoire of the formerly less
complete models to include: their abplicability to both analysis/design and planning;
continuous simulation; and water quality characterization. Distributed features are
being added to formerly lumped models, and lumped features are being added to
otherwise distributed models, in an effort to extend them all to a combined analysis/
design and planning capability. The result of all this is a homogenization of
capabilities in a group of models all of which are in the public domain. It is
particularly important to realize that practically all urban runoff models are being
continually upgraded and improved. As a result, it is not possible to keep up with
every new development, and the remarks about specific models in this paper are

applicable only contemporaneously.

Components of Urban Runoff Models

Discussion of selected available models will start with total system simulation
models and then take up the less complete cases. The principal functional components
of the most comprehensive, distributed models are depicted in Figure 1.(3)  Because
pollutants are physically dissolved within and suspended by the flow of water, the
runoff behaves as a pollutant carrier. Thus, pollutant routing (the two lower steps
in the column to the right) is performed as an adjunct to hydraulic routing of flow
(the two lower steps in the column to the left). ''Surface Runoff" refers to the
above-ground flow of water from the time rainfall lands until it enters the underground
conduit system; and the underground conduit system is termwed "Sewerage Transport" in
Figure 1. Routing in '"Receiving Water' can accept the outflow from one or more
sources of contributary combined or separate storm sewers.

Three models deserve mentibn because they have all the capabilities indicated in
Figure 1. All three of these models, in one variant or another, are programmed for
routing flows using fundamental hydrodynamic equations of motion (after Barré de

Saint-Venant). Late in 1975 it was reported that publicly available documentation
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existed on the testing of variants of the Stormwater Management Model (SWMM) using

data from 28 catchments (with water quality included for 18) in the U.S.,(A’S) its

country of origin; and SWMM has also been tested and applied elsewhere. The QQS

model has been tested and applied in the Federal Republic of Germany,(3) its country

of origin, and elsewhere.(6) The CAREDAS Program (perhaps better known as the SOGREAH

model) has been tested and applied in France,(7) its country of origin, and elsewhere.

All three models have been used in both planning and design applications. Features

of SWMM and QQS will be described later.
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Some of the Models

The last few years have seen an explosion in the applications of urban runoff
models, much of which was in conjunction with or as a result of the areawide planning
for water pollution abatement mangement that has taken place in most metropolitan
areas. Any discussion of urban runoff models is necessarily discretionary and somewhat
subjective. To be cited here are only those models that are being used the most. The
only exceptions will be formerly proprietary models that have recently passed into the
public domain or for which a version is in proéess of being so transferred.

In a 1975 U.S. national report on urban hydrological modeling and catchment
research,(4,5) 64 urban catchments were identified from which data had been used to
test some 16 urban runoff models. Citations were restricted to cases that were
publicly documented. Since 1975, the number of such catchments may well have doubled,
mostly as a result of PL 92-5u0 (Federal Water Pollution Control Act of 1972)

Section 208 planning and jurisdictional master planning activities, but it will be

. some time before the new ones can be collectively documented because a number are
components of on-going planning. In a continuing project for the EPA,(S) urban
catchment rainfall, runoff and quality data are being placed on magnetic tapes in a
common format and are being entered in the EPA STORET data retrieval system.

SWMM. Subroutines for the EPA Storm Water Management Model are represented
symbolically in Figure 2.(9) SWMM, the most widely used system analysis model in
North America, is continually upgraded.(10) A user's manual,(1l) its substantial
updates and the computef program, are available to the public. The latest additions
are to be included in a revised user's manual late in 1980. The earlier versions were
restricted to a kinematic wave approach for stormwater tramsport, but a solution to
the St. Venant equations is included as an option in the latest version of the model
under the acronym EXTRAN. Another new feature is a detailed analysis option for
detention storage and treatment.(128) A conversational version of the Runoff block
in SWMM is being used in a course on modeling in Ontario.(lzc) Twice per year U.S.
and Canadian users meet to review experiences with all types of models.(13) The swMM
Users' Group has become an informal U.S.-Canadian cooperative venture, and
participation is open to all interested persons. While SWMM was originally an event

model, continuous simulation capability has since been added. A user's experience
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with continuous simulation has been reported.(14)
Qes.
Model.

Figure 3(3) is an overall flow chart for the Quantity-Quality-Simulation
Its North American applications have been in Rochester, N.Y., Toronto,
Ontario, and Vancouver, B.C.(6) The QQS Model uses a solution to the St. Venant

equations for stormwater transport and is a continuous model that can be run for

single events. Developed in the Federal Republic of Germany, the model is available

to the public from EPA.(6)



BOSTON SOCIETY OF CIVIL ENGINEERS SECTION, ASCE

76

SHAYHOOMAAN

(NOLLYINWIS
ANIAI ITONIS
30 3SVONI')

—_——

(¢) 1300W SOO WO LHVHO MO14 1IVH3A0 - € 38N9ld

I

{(NOILVINWIS IN3A3

S3A¥ND

NOLLY¥NQ ONV
AON3N03Yd

f

( NOILVINWIS 3WIL-9NOT 40 3SVD NI)

SISATUNY VD I1SILVIS

|

379NIS

30 NOILLYINOTVD NV ONILNOH MOTd

S31110073A

W31SAS H3LVM ONIAIZO3Y
JHL NI ONILNOY INVINTTIOd GNY MO

b

MOTd IN3NHOLVD dJO NOILVINIVD

WY HO0Hd NIV 3HL

SQVO1 H¥3lvm

40 NOILYINDTVO ONV ONLLNOY LNVLNT10d

9NIAI3D3Y

40 3SvO NI)

NOILNTT0d LNIWHOLYD 40 NOILVINO VD

NOLLYZINVOHO

ANV NOILY
HOd NOILVHVd3Hd ONV NOLLYNIWYX3 LNdNI IR
! f ! f t
SolLs| AY¥L3W039 9
—¥3ILOVEVHO MOT4 HILYM SQVOT Mmo14 WILSAS HILUM >m_wwnmwz SIUNLYHIIWIL NOLLYLId103Yd
LN3WHOLYD ONIAIZ03Y IYNYILX3I YIHIVIM AN ONIAIZDTY ¥3IM3S '] ,




URBAN RUNOFF MODELS 77

Both SWMM and QQS were developed as urban land drainage models that included
some receiving water simulation capability. The next model to be discussed was
first developed as a streamflow simulator that was later refined to include detailed
modeling of urban land drainage.

HSP. The earlier Hydrocomp Simulation Program, as outlined in Figure 4,(15)
fundamentally simulated watershed hydrology and flow routing. The HSP was the
commercial successor to the Stanford Watershed Model, first reported in 1960. An
entirely new version using the same basic equations but in FORTRAN, (HSP-F), is
available to the public from the EPA Environmental Research Laboratory, Athens,
Georgia 30601. HSP is strictly a coniinuous simulation model.

EPA's Nonpoint Source Pollutant Loading Mode1(16,17) (NPS Model) incorporates
the LANDS subprogram of the HSP. While the original testing of NPS was on urban
watershed data, the methodology is said to be sufficiently flexible for other land
use applications. NPS is a continuous model but has yet to be interfaced with a
receiving water model. The reference report(16) is actually a user's manual.

MITCAT. The general structure of the proprietary MIT Catchment Model is shown
in Figure 5.(18) A water quality handling capability has yet to be added formally.
Its experimental use by the USGS and the Corps of Engineers will be mentioned
subsequently.

ILLUDAS. Figure 6(19) {s a flow chart for the Illinois Urban Drainage Area
Simulator. It is an offshoot of the empirical British Road Research Laboratory (RRL)
method,(2°:21) and is the only widely used model that has determination of pipe sizes
as a modeling objective. The water quality algorithms of SWMM have been adapted in a
version known as QUAL-ILLUDAS, an event model.¢22) The parent RRL method was reported
in 1962, which made it one of the first distributed-type design models on the scene.
ILLUDAS is predominantly a hydrologic model. Uses of various modifications of the
RRL method for design have also been reported in Australia, Canada, the United
Kingdom, Norway and India.

The USGS has modified the MITCAT and ILLUDAS models for continuous simulation,
detention-storage accommodation and water quality simulation.(25) From its
experiences with MITCAT, the USGS has evolved its own urban rainfall-runoff model.(26)

Through the use of greatly simplified hydrologic considerations, a computer
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FIGURE 4 -~ THE HYDROCOMP SIMULATION PROGRAM sysTem (15)

program has been developed for the optimal deployment and sizing of separate storm
sewers for altogether new developments.(23) A newer optimal layout mode1(24)
incorporates STORM (cited later herein) and includes sizing of storage and treatment
facilities for pollution abatement.

Unit Hydrograph. This relatively simple tool has been used in the hydrologic
analysis of streamflows for quite some time. An excellent manual on urban unit

hydrograph analysis is readily available.(27) The Corps of Engineers has developed

a computer program user's manual for its Flood Hydrograph Package (HEC-1),(28)

which develops unit hydrographs from field data and routes flows from one point to
another. HEC-1 has been used extensively in urban projects by the Corps of Engineers
and others. While HEC-1 is a single event simulator, a version known as HEC-1C has
been developed for continuous simulation.(29)

The only interpretive tool for urban runoff that incorporates regiomally specific
parameters on a national scale has been developed by the Soil Conservation Service.(30)
Its underlying hydrological element is a triangular unit hydrograph.

Synthetic unit hydrograph parameters derived from a number of field measurements
in several States{2.31) offer a means for extrapolating findings .from local field
observations to local ungaged catchments in a given metropolitan area. A user can

calculate synthetic unit hydrograph parameters directly from the equations given
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with a pocket calculator of modest capability or simply use the nomographs provided.

Water quality considerations have not been included with any of the unit
hydrograph formulations mentioned above. However, the QQS Model, noted earlier,
employs unit hydrographs as the inputs to the routing module for underground conduit
transport, and these inputs are accompanied with what might be termed "unit
pollutographs' for water quality simulation.

STORM. The Storage, Treatment and Overflow Model was designed specifically

for urban runoff and quality evaluation for total jurisdiction and metropolitan master
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planning. It is eminently suited for that purpose and it currently enjoys, in one
version or another, the most extensive use of any urban drainage simulation planning
model. The computer program, model documentation,(32) user's manual(33) and
guidelines€34) are available to the public. A simplified logic diagram for STORM is
presented in Figure 7.035) Note that this model focuses on structural means for flow
and pollutant containment (storage and treatment). It is designed for use with many
years of continuous hourly precipitation records (but can be used for individual
storm events). Essentially, the model employs an accounting scheme that, for each
storm event, allocates runoff volumes to storage and treatment, noting volumes
exceeding storage or treatment capacities (overflows, in the case of combined sewer
systems) as these capacities are exercised from one event to the next. Water quality
is handled as a function of hourly runoff rates, with generated quantities of
constituents allocated to storage, treatment and non-capture as for runoff volumes.
Statistics are generated for each event and collectively for all events processed,
including average annual values. STORM accommodates non-urban catchments and snowpack
accumulation and snowmelt, and land surface erosion for urban and non-urban areas can
be computed in addition to basic water quality parameters. Until recently, hydraulic
simulation or flow routing was not incorporated in STORM. The latest Corps of
Engineers' version includes a capability for routing to the outlet of each sub-basin
through the use of triangular unit hydrographs based on the Soil Conservation Service

procedure.(33) Capabilities of STORM and HEC-1 have been described in a symposium

paper.(36)

A modification of STORM has been linked with the receiving water module of
SWMM for continucus simulation of receiving water quality.(37:38) The Hydrologic

Engineering Center has added a receiving water module to its STORM computer package.

As part of a nationwide assessment of stormwater pollution control costs, a
"desktop' procedure was developed, by streamlining the STORM model, that can be used
to estimate the quantity and quality of urban runoff in combined sewer and storm
sewer areas and unsewered portions of a jurisdiction. Combinations of storage and
treatment for pollution abatement and their costs can be estimated taking advantage

of generalized results from the nationwide assessment . (39)
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Model Comparisons

From 1973 to 1976 there was a rash of projects comparing the merits of various
models on the basis of a variety of criteria.(40-48) More recently, reliabilities
of some of the simpler models (three versions of STORM and HEC-1 and HEC-1C) have been
compared with those of some of the more complex models (SWMM, MITCAT and HSP) using
data for a particular ca‘tchment.(zg) Instances where tests had been published of the
performance of various types of models against field data were reported in 1975.(4)
Advances in modeling capability occur almost too rapidly to keep track, and in 1975 it
could be said that mathematical model development for sewered system applications had
already seemingly greatly outpaced the data base for model validation.(4)

Results of the various tests are mixed, mostly because there is no acceptable
basis for multiple-objective comparison. Peak flow is the major comsideration in
sizing conduits, volume and hydrograph shape are critical for sizing storage, and
concentrations and loadings of pollutant emissions are essential for evaluation of
receiving water impacts and helpful in sizing treatment facilities. Each model has
its strengths, weaknesses and outright faults for a given application. Over and
above the problem with multiple-objective comparisions is the inherent difficulty
with any runoff model in the necessarily subjective separation of abstractions
(infiltration, depreésion storage, etc.) from total rainfall to resolve rainfall
excess (amount and pattern), which is the input from which an equal volume of direct
runoff is generated by models of one kind or another. After analyzing the performance
of a variety of models, it was concluded that the weakest link is the proper estimation
of rainfall excess.(ag) All this is to emphasize that urban hydrology is still, in
the absence of an adequate body of field data, more of an art than a science, and
that under this circumstance the choice of a model for a given application is largely
a matter of taste.

Some Simpler Planning Models

A Simplified Stormwater Management Model has been developed that is an
inexpensive, flexible tool for planning and preliminary sizing of stormwater
facilities.(50,51) Time and probability-considerations are incorporated in the model.
Joint usage oé a complex model and a simplified planning model, such as this one, is

said to be not only compatible but also cowplementary.



84 BOSTON SOCIETY OF CIVIL ENGINEERS SECTION, ASCE

A very simple methodology has been advanced for preliminary screening of
stormwater pollution abatement alternatives.(52,53) While the method was conceived
for combined sewer system applications, it could as easily be applied to stormwater
systems. Developed for use at the national or State decision-making level for early
identification of poor candidates for abatement project funding, it might as readily
be applied for rough, early assessment of the maximum pollutional impacts of storms
at the metropolitan level.

Reported verifications of simple process planning models, including STORM, have
been limited, although hearsay indicates that the number of verifications is growing.
Because suggested magnitudes of model coefficients are based on the sparse amount
of field data available nationally, it is very important that local rainfall-runoff-
quality field data be used to calibrate such models for the sake of enhanced
reliability of results. Too many planning exercises have proceeded without benefit
of local field data, using one model or another.

Receiving Water Modeling

Receiving streams and lakes are the common repository of efflueats from just
about every community and self-supplied ‘industry in a metropolis, constituting
perhaps the most shared aspect of urban water resources. Impressive advances have
been made in receiving water modeling. Initial attention was on hydrology and
hydraulics in support of flood control objectives. Water quality modeling capability
has evolved more recently, with a tendency to use tailor-made models for discharge-
quality simulation in planning applications. Earlier development was focused on
estuaries. The choice of a model or models to be used in any given planning effort
therefore requires careful and discriminating study. Consequently, it is appropriate
to cite recent capability summaries. Reference has been made earlier to capabilities
of SWMM and other models for simulating receiving water impacts.

A compendium,(ba) two companion reports,(54’55) a North American summary,(56)
and a text,(57) survey.features of large-scale water quality models; and an annotated
bibliography of models for tidal rivers, estuaries and coastal waters is available.(58)
Tidal water models have been comprehensively classified,(59’60) and capabilities for
modeling estuary and streamflow water quality have been assessed.(61)

Aquatic ecosystem submodels have been delineated for process analysis.(62)
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Aquatic ecosystem models were surveyed in 1974 for the National Commission on Water
Quality via a questionnaire,(63) and while several of the models reported upon therein
are more generally applicable, nearly all have been developed or tested on a specific
water body and only a fraction of the applications have urban implications.

Water quality modeling for systems containing rivers and reservoirs has been
advanced through the issuance of a description of a combination of models.(64) The
Hydrologic Engineering Center has since added dynamic flow routing routines.(65)
Dynamic or unsteady-flow water quality modeling is particularly important in the case
of significant pulse loadings from urban runoff or when man-made controls such as
dams are involved.

Although receiving waters represent only a part of the total urban water resource,
they commonly traverse entire metiopolitan areas and are affected by the actions of a
multitude of local jurisdictions. Recent emphasis on regionalized wastewater
treatment and disposal has resulted in some receiving water simulation studies on a
grand scale.

Role of Models in Operations

Models used for analysis/design applications are more sophisticated than those
for planning and thus are more detailed tools. They are used for analyzing individual
catchments and subcatchments where the simulation of detailed performance of discrete
elements within a subcatchment must be achieved. Whereas hourly rainfall data is an
appropriate input for planning models and for simulating flows in larger urban streams,
S5-minute interval rainfall data (the shortest duration reported by the National Weéther
Service) is the appropriate input for simulating flows in sewers and small urban
streams for design applications. That is, the level of sophistication of hydrological
process modeling for analysis/design becomes a much more important practical
consideration than data processing, just the opposite of the emphasis imposed by
planning requirements.

Models used for operations applications are likely to be more use-specific
because of wide diversities in management practices, operating problems and individual
service-system configurations. However, the most potentially transferable technology
will be for automatic operational control of total community runoff, a cabability

that has received intensive development attention. The mathematical models required
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feature control algorithms that have to be painstakingly derived from numerous
indicator applications of both detailed analysis/design models (for generalization of
the performance of individual process components by simulation) and planning models
(for generalization of community-wide system performance by simulation). Here also,
analysis/design models are used as tactical tools and planning models are used as

tools of strategy.

A computer model has been developed at the University of Toronto for exploring
possibilities in the automatic control of existing combined sewer systems.(lzb)

Extensive research has been carried out at Colorado State University on a planned

City-wide automatic control scheme for new storage and conveyance facilities in San
Francisco's combined sewer system.(66'68) Metropolitan flood warning sys:ems(69)
require incorporation of some sort of hydrologic model. Development of a storm
tracking capability is considered to be a necessary adjunct for automation of flood
warning systems for combined sewer systems and urban streams.(70) Very litcle
attention has been given to separate storm sewer system modeling for operations
because there are normally very few existing components of such systems that can be

manipulated.

Role of Simulation in Planning

A special session at the 1976 annual meeting of the American Geophysical Union(71)
attempted to define appropriate rationales and incentives for the more extensive use
of urban runoff mathematical models for planning, analysis/design and operations.
Among the advantages cited for the use of such models for planning were that: tests
can be made of alternative future levels of development and their impact on facilities
needed in the future; several models well-suited to master planning are in the public
domain and are regularly upgraded and made readily available by the Federal agencies
that supported their development; when detailed models are used in advanced stages of
planning the user is able to understand better the physical performance of a system;
the interrelation between land-use projections and planned mitigative programs and
their costs can be made more apparent; revisiting plan assumptions to update projects
can be done with consistency and relative ease; joint consideration of quantity and

quality of runoff in sewered catchments and in streams can be accommodated;
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hydrologic-hydraulic effects of future urbanization can be explored; and deficiencies
in existing facilities and prevailing management programs can be identified.

The most significant liability in the development of more acceptable measures
of reliability of all types of models is the dearth of field data on rainfall-
runoff-quality, particularly for sewered catchments. A workshop conducted by the
ASCE Urban Water Resources Research Council resolved guidelines for the acquisition
of such data by local governments.(72) The spectrum of investigative stages
utilizing field data for the sewered areas and receiving waters of a metropolitan
area include the following:

Identification and evaluation of quantity and quality problems.

Exploration of alternatives for pollution and flooding abatement.

Analysis of the most attractive alternatives.

Preliminary design of adopted alternatives.

Detailed design of adopted alternatives and their implementation.
Post-implementation operation via a range of possibilities extending grom simple
monitoring to automatic control.

Total lengths of underground drainage conduits dwarf those of open watercourses
in major citieé. For example, total lengths in the 97-square miles of the City of

Milwaukee as of the beginning of 1970 were as follows:(73)

Lakefront length - 8-miles
River lengths - 37 -miles
Combined sewers - 550-miles
Storm sewers - 820-miles.

These combined and storm sewers are distributed over 465 drainage catchments having

a maximim size of 1,820-acres and a median size of 25-acres.(74) When dealing with
so many components the model used must be as simple and as flexible as possible.

That is, data processing for planning applications becomes a much more important
practical consideration than the level of sophistication of detailed hydrological and
hydraulic processes modeling. While not shown above, there were also 685-miles of

wastewater sewers.
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Some Reservations

Because complex processes, such as in the hydrological response of a sewered
catchment to a precipitation occurrence, can never be fully replicated in a
computation due to incomplete technical understanding of the processes and the
infeasibility of detailing the literally myriad pieces involved, resort is made to
simulation of response of a conceptually equivalent system. The simulation package
is commonly called a '"model’. Reality dictates that a model should be selected on
the bases of the type of application involved, how it is to be used, how much can be
invested in its use, how often it would be used, what levels of precision are
required or desired, what kinds of outputs are wanted, how much time can be spent to
get the model to work, and how much can be committed to verify and calibrate the model.
Calibration is the process of varying model parameters to minimize the difference
between observed and simulated records.

We have been reminded that until each internal module of an overall catchment
model can be independently verified, the model remains strictly a hypothesis with
respect to its internal locations and transformations.(75) Because of the very
limited amount and kind of field data available, just about all sewer applications
model validation has been for total catchment response, at outfalls. That is, under
contemporary conditions a distributed system model deteriorates into a lumped system
model for all practical purposes. It should therefore be evident that validation
using transferred data by the model's developer is not nearly enough. Credibility
requires at least token calibration using some local rainfall-runoff-quality data.
Unfortunately, the acquisition of such data is commonly regarded as the exclusive
problem of local governments, and too many planning and analysis exercises have
proceeded without benefit of local field data using one model or another.

Calibration and validation is further confused by the fact that much more field
data are available for partially sewered catchments, where flow is measured in
receiving watercourses, than for totally sewered catchments. (That water quality
samples have been taken for only a fraction of these gaging sites does not help).
Adding streamflow hydraulics to sewer hydraulics hardly simplifies the lumped system

dilemma alluded to above, yet much of the data used to verify various models has been



URBAN RUNOFF MODELS 89

from such mixed catchments. This should add additional incentive for calibration
with local data.

Concluded in a comprehensive Canadian study was that sufficient information is
not available on relationships between street surface contaminants, their pollutional
characteristics, and the manner in which they are transported during storm runoff
periods. Also concluded was that basically only one .type of model exists for analysis
of urban runoff quality, and that the accuracy of the water quality computations using
models extant has not been sufficiently established to be used with confidence for
prediction purposes, in particular the formulation relating water quality with land
use. (40)

Because relatively few runoff-quality field gagings in sewered catchments have
been made, and these have been mostly at outfalls, source quality has been
investigated principally as a function of street surface pollutants accumulated
between rainfalls. In order to accommodate cause-effect relationships required for
modeling, it is current practice to estimate potential street loadings, separately
for individual parameters, on the basis of the few documented solids-accumulation
histories. Arbitrary allowances are then added to account for off-street contaminant
accumulations, expressed as multiples of the potential street loadings. Thus, no
direct verification of the hypothesized buildup of pollutants and their transport
to receiving waters is presently available. It is reasoned that when "pollutographs"
generated by models reasonably approximate field observations for a catchment, that
the overall accumulation and transport hypothesis is validated. As a result, it
might be concluded that model development has already greatly outstripped the data
bgse for model validation, in the sense of bracketing probable reliability.

Against this historical perspective is a viewpoint that deserves quoting:

“Thege does not seem to be a 'perfect' model for analysis of stormwater. The models
are either too complicated, do not allow for distributed inputs and parameters, do
not simulate continuogs streamflow, or have not been tested extensively on hydrologic
data. ..... There remains much uncertainty in stornwater modeling. There appear

to be enough parametric models available which have been shown to be feasible
conceptualizations of the stormwater runoff process. What is needed now is a

continued and accelerated verification of the existing models and a follow-up
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regionalization of the parameters."(76) All this will take some time.

A viewpoint from the United Kingdom is instructive: ''Progress in hydrological
modeling inevitably appears to involve more complicated procedures for the designer
to implement and more information to be gathered. It is vital for the researcher to
be aware of this and to ensure that recommended improvements are truly beneficial.
For example, the present use of the U.K. RRL method is probabilistically unsound and
too simple in terms of scientific hydrology. But unless a new method can be shown
to give more accurately sized pipes and less costly protection against surface
flooding, no amount of technical elegance will persuade the engineering profession
to adopt it. It is this reluctance to accept anything which appears more complicated
than is considered necessary that is sometimes responsible for recommendations that
we return to simpler techniques. ..... Urban hydrological modeling in the U.K.
continues to be geared primarily to the improvement of sewer design methods. The
common aim is to seek a compromise between the mainly old, established, easily
applied but theoretically unattractive methods, and the highly complex analytical
models based on physical laws."(77)

Although the results are hardly universal, limited comparative study of models
in Canada gives some indication of levels of reliability currently achievable: '"On
the average, about 70% of the simulated runoff volumes and peak flows, and 85% of the
times to peak, were within tZOZ of the observed values".(78’79) The tests were on data
from catchments with a single gaging station.

Concluding Remarks

The principal local detrimental effects of flooding are damage to the belowground
sections of buildings and hindrance of traffic. Human life is seldom threatened by
the flooding of urban drainage facilities. Such facilities are designed so they will
be overtaxed infrequently and provision of complete protection from flooding can only
rarely be justified. A monumental question in the use of models is the choice of
storms to be applied.(ao) Storm definitions used for deriving river basin extremes
are irrelevant because urban sewer systems are expected to be overtaxed much more
frequently than major river structures whose failures could be catastrophic.

In terms of actual objective functions, the mean frequencies of occurrence of

flow peaks and volumes and quality constituent amounts are the issue, not the
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frequencies of the input rainfall. Furthermore, because there are inherent non-
linearities in most methods for processing inputs for linear models, and dynamic
models are non-linear by definition, the statistics of the rainfall input array may
differ appreciably from those of some or all of the arrays for runoff and quality
characteristics. Attempting to assign a mean frequency of probable occurrence to a
"design storm" can be meaningless because of likely statistical nonhomogeneity of
rainfall, runoff and quality, and such an approach neglects the effects of prior
storms on the runoff from a given storm. However, once we must extrapolate beyond
the period of available rainfall records (50 to 70 years or so) for streamflow
simulations, it is obvious that no reasonably reliable storm analysis criteria exist
(such as for 100-year streamflow simulations) and in that circumstance there is no
valid argument against the use of synthetic storms as inputs to models, as in river
basin hydrology. But there are ways to test the validity of rare events by means of
simulations using available rainfall records.(81) Even if very simple procedures are
used, e.g. to determine only a peak flow rate, the collateral, occasional monitoring
of computations by means of one of the more complete models can serve as an auxiliary
guide to sharper judgment.

This paper has appeared, in a longer version, in a report for Ecole Polytechnique
of Montreal.(82)
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