SMALL STORM URBAN FLOW AND PARTICULATE WASHOFF
CONTRIBUTIONS TO OUTFALL DISCHARGES

: ROBERT ERVIN PITT

A thesis submitted in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy
(Civil and Environmental Engineering)

at the
University of Wisconsin-Madison

1987

r&-‘@\w Fobit 24y




© copyright by Robert Ervin pitt 1987

All Rights Reserved

il

SMALL STORM URBAN FPLOW AND PARTICULATE WASHOFF
CONTRIBUTIONS TO OUTFALL DISCHARGES

Robert Ervin Pitt

Under the supervision of Professor William C. Boyle

Many governmental agencies are evaluating urban
runoff problems. Urban runoff models play an important
role in these evaluations. Unfortunately, many commonly
used models incorrectly estimate runoff flows and the
washoff of particulates from impervious surfaces during
small rains. This research investigated these two
processes in detail in tweo urban watersheds in Toronto,
ontario.

Runoff volume is the most important hydraulic
parameter needed for water quality studies. Estimates
of runoff volume were only found to require rain depth
information. Both initial runoff abstractions (usually
less than 1 mm) and continuous runoff losses (about 25
to 50 percent of the raln depth) were found to be
important for impervious surfaces.

The general model for impervious area runoff
developed during this research was shown to be
applicable for a large variety of impervious surfaces

and rain characteristics. This model was shown to be
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SECTION 1

INTRODUCTION

A. Summary of Urban Runoff Water Quality Research

Urban runoff quality has been studied for at least
25 years in many countries, as discussed in Appendix A.
By 1960, only a few studies concerning urban runoft
quality had been conducted. During the 19708, interest
in urban runoff significantly increased due to the
considerable expense associated with controlling
municipal and industrial point sources. legislators
wanted to be certain that the large costs would result
in improved receiving water quality, and that
uncontrolled “"nonpoint® discharges ({specifically urban
and agricultural runoff) would not sustain poor water
quality conditions after the conventional point sources
were controlled.

The US Environmental Protection Agency (ZPA)
funded many stormwater quality projects during the

19708 and early 1980s through its Storm and Combined

v

Sewer Section and the Water Planning Division. Much
urban runoff quality data was also collected from 1978
through 1983 as part of the USEPA's Nationwide Urban
Runoff Program (NURP). The Ontario Ministry of the
Environment and Environment Canada have also sponsored
important studies investigating urban runoff.

The brief history of urban runoff investigations
presented in Appendix A is intended to present the
shifts in emphasis of North American urban runoff
research that has occurred during the past 15 years. An
appropriate research approach for urban runoff would
first document specific urban runoff problems by
directly monitoring receiving water beneficial uses.
Instead, early urban runoff research was intended to
produce discharge yield estimates that could be
compared to discharges from conventional point sources.
The urban runoff yields observed were so large that it
became politic to place emphasis on their control. It
was not until the late 1970s that research was finally
directed towards monitoring receiving water effects to
document the actual needs for controlling urban runoff.

The second phase of an urban runoff research
approach should be to document the specific sources of

identified problem pollutants. This element has




received little previous attention and is believed to
be the weakest element of many urban runoff analyses.
The final phase (f an urban runoff research

approach should identify and evaluate the effectiveness
of available control measures that can operate at the
source areas (or at discharge locations) and remove the
spacific pollutants of concern. Much information on
controls is available; if removal goals and source area
vields are known, then appropriate control programs can

be adequately designed.

B. Need to Simplify Urban Runoff Models

The history of urban runoff research has developed
to an uncomfortable stage where many aspects of the
processes involved in urban runoff have been
investigated to some degree, but few comprehensive and
critical reviews of this collective information have
baen completed. This has resulted in a proliferation of
reports and papers that are individually interesting
and informative, but taken together are not well enough
coordinated to give a complete picture of all the

processes involved in urban runoff.

Many of the model developers have not been
involved in the field research that they rely upon.
Thus urban runoff model developers often lack the
insight needed to critically select the available
information for inclusion in their models. Many of the
urban runoff researchers have alsc not taken the effort
to publish their work in reviewed journals. They
commonly only publish their work in research reports
which are not as readily available, or accepted. A
large number of these research efforts have
investigated detailed urban runcff processes, but in
many cases the results are not easily transferable to
other locations.

It appears that many urban runoff models contain
superfluous elements that were included because of the
model developers' attempts to be complete. It is often
assumed that complex models are more accurate than
simple models. This is not always true. Common problems

with complex models include:

o misuse for the problem at hand,
o inappropriate process descriptions, and
o extensive use of default parameter values which

may be totally incorrect for the case under




study.

High costs involved in collecting calibration and model
use input information, or the high costs required in
operating the corputer, may also make the use of
complex models inappropriate. Sometimes it is aifficult
to accapt the fact that a simpler model may be more
suitabla for the need at hand, and possibly more
accurate.

Model developers and users must have well defined
objectives for their modeling needs. In many cases,
planners need to make stormwater management decisions
without having much technical expertise or knowledge of
the research information that was used in daveloping
the model. The users must therefore rely on the model
documentation which can be very complex. In many cases,
adequate planning and even most design decisions can be
made with models that are less precise and less complex
than more comprehensive models.

McCuen (1986) summarized the need for simplsr
models during a keynote address at the 1986 Maryland
Sediment and Stormwater Conferenca. He found that
simple urban hydrology models containing few

independent parameters can usually describe more than

80 percent of the variation of the predicted dependent
parameters, He also found that complex models may be
subject to larger errors due to the need to estimate
many parameter values. He concluded that for many
applications, simple models can provide results as good
as, or better than, complex models.

A major objective of this dissertation research
was to examine two major components of urban runoff
modeling that have commonly received incorrect and
overly complex treatment in many urban runoff models.
The components investigated were the generation of
flows during commeon small rains, and the washoff of
particulates from impervious surfaces. This
dissertation summarizes much of the previous research
and the field testing and analyses conducted as part of
this research that investigated these two major
modeling components.

Avajlable urban runcff models are not critiqued in
this dissertation, but there is a critical evaluation
of these two major modeling components mentioned above,
as well as a comparison of the observed test results
with the procedures that are commonly used in current

models.




This information has been incorporated into a
simplified model developed for stormwater management
planners. Special versions of this model (the Source
Loading and Management Model, or SLAMM) are currently
being used as parts of the Toronto Area Wastawater
Management Strategy Study conducted by the Ontario
Ministry of the Environment and by the Wisconsin
Department of Natural Rescurces in its priority

watershed program.

C. Field mxﬂanQ:on Conflicts with Modeling Concepts

Calibrated and verified urban runoff models have

been used to estimate discharge yields in locatiens
inadequately monitored (either for present or future
conditions). This extrzpolation procedure is commonly
needed when examining large watersheds made up of many
different land use areas and for many different control
scenarios. Relatively large errors in drainage yields

may occur, however, and significant decisions should be

based on actual fileld monitoring in the identified
critical drainage areas.

Another important use of urban runoff models is in
the design of control programs. The use of the models
during the "208" studies (Areawide Wastewater
Management Plans as required by Section 208 of the 1972
Water Pollution Control Act) resulted in very high
expactations for runoff improvements from source area
controls (especially street cleaning). The full scale
street cleaning demonstration projects and the NURP
gtudias, however, have shown much less runoff
improvement from street cleaning (Pitt 1979; Pitt and
Shawley 1982; Terstriep et al. 1982; Bannerman et al.
1983; EPA 1983; and Pitt 1984). The NURP studies did
show substantial runoff improvements from well-designed
detention basins that were predictable by the urban
runoff models.

There are several potential reasons for these
inconsistencies between field data and modeling
results, The washoff of particulates from impervious
areas is usually over-estimated by urban runoff models.
Discharges of outfall solids are then balanced by
under-estimating the importance of erosion losses from

urban pervious areas. This results in the




nisrepresentation of scurce area yields and controls.
AS an example, street cleaning is usually much less
effective than estimated by the models because of
actual limited washoff during rains of the larger
particulates that are preferentially removed by street
cleaners (Bannerman et al. 1983; Pitt 1984). Data for
source area runoff flows also tend to be incorrect,
especially for impervious areas during small rains. The
runoff losses for impervious areas are actually much
greater than predicted by the models. The outfall
runoff yields are then balanced by under-estimating the
runoff from pervious areas. This again results in too

much inportance being given to impervious area yields.

An early paper by McPhaerson and Schneider (1974)
warned of the common error of assuming that methods,
techniques, and tools developed for flood and drainage
analyses can be used for urban water quality planning
analyses.

Stormwater management for many is restricted to

the control of flooding and drainage problems. Water
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quality and other environmental issues are usually not
considered when developing a stormwater management
system for a community. It is therefore not surprising
that most urban runoff models are heavily based on
flood and drainage analysis procedures. Over the years,
water quality elements have been added to many of the
early models. However, most newly developed urban
runoff water gquality models still use many of the
assumptions and procedures that have been extensively:
used in analyzing large flows.

Urban runoff water quality and other environmental
problems are associated more with the discharge of
pollutants than with large flows (Pitt and Bozeman
1982). Two notable exceptions are the destruction of
aquatic organism habitats and the flushing of polluted
sediments by large receiving water flows (Pitt and
Bissonnette 1984). Most of the pollutant discharges
associated with urban runoff occur during common small
rains (Pitt and McLean 1986). Rare, very large, rains
can discharge massive pollutant quantities, but they
occur infrequently, leading to small averaged annual

loading contributions. The large rains that are

“important, from a pollutant discharge or flushing

viewpoint, occur ruch more often (every several months)
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than the rars drainage or flood control design events
(generally from 5 to 100 ysar events).

Care must be taken in using a model that stresses
large events when conducting water quality analyses.
These large event models often oversimplify runoff
generation processes associated with small events. As
examples, the initial runoff losses are often assumed
to be a constant value, and the value is assumed to ba
quite small for urban areas with large amounts of
impervious surfaces. These assumptions have little
affect when predicting the runoff volumes for large
rains, but it can dramatically affect the runoff
predictions for small events. Similar problems occur
when using the various infiltration models to predict

runoff losses during a rain.

D. Research Needs

pavies and Hollis (1981) regretted the fact that
so few urban runoff studies have examined water

balances in urban areas, even after widespread
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recognition of their value. They felt strongly that
watar balances are critical components of water cycle
analysis in urban areas, especially if water quality is
of concern. The design or analysis of source area urban
runoff controls (for both quantity and quality)
requires an understanding of the sources of the flows
or pollutants of concern. A knowledge of source area
pollutant contributions must start with an
understanding of the source area runoff flow
contributions. It is not possible to determine the
effectiveness of treating parking lot runoff at a
shopping mall, as an example, if the relative
importance of the parking lot runoff in relation to

other sources is not known.

Impervious Area Runoff Contributions

ralk and Niemczynowicz (1978) identified
impervious surfaces as the most important contributors
of flows in an urban area. They also stated that the
hydroleogic response of impervious surfaces is largely
independent of geologic and climatic factors, possibly
allewing good transferability of observations of
impervious area runoff to a wide variety of situations.

However, Ring (1983) believed that predicting street
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runoff (typlcally the most important impervious surface
in urban areas) is the weakest link in designing a
storm drainage system.

During common small rains, impervious surfaces
contribute much of the flows and pollutants to an
outfall. Because thase small rains are alsc responsible
for most of the flow and pollutant discharges,
impervious surfaces acquire a great deal of importance

in stormwater guality management.

Pollutant Washoff Mechanisms

Delleur (1983), in a summary of papers of urban
runoff modeling processes, found a consensus among
several authors of the need to improve the washoff
prediction methods contained in popular urban runoff
models. The sarly tests that examined particulate
washof?f from impervious surfaces have often been
misused. It is generally assumed that the washof?f
models refer to the total particulate locadings on the
impervious surface (total load), whereas they are
usually only related to the total amount of
particulates that can be washed off (available load).
There can be a tenfold difference between total

available load and total load.
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This common error is further compounded by
assuming very large particulate accumulation rates on
impervious surfaces, a mistake caused by supposing zero
initial loadings of street dirt after major rains or
street cleaning. In all cases, relatively large initial
loadings occur on impervious surfaces that cannot be
removed by rains or street cleaning, but are removed by
sampling procedures (Pitt 1979). The initial loadings
are directly related to pavement texture; rough
pavements have much greater initial loading values than
smooth pavements (Pitt 1979; Pitt and Shawley 1982;
Pitt 1984; Pitt and McLean 1986). Samples obtained
several days after rains or street cleaning have been

used to calculate very large initial particulate

accumulation rates by assuming zero initial loading
values.

The effect of these interpretation errors on a
mass balance of pollutants in urban areas is a gross
over-estimation of the importance of “removable”
pollutants from impervious areas. Pollutant over-
estimation is often linked to an over-estimation of
runoff volumes from impervious areas (because of the
usual assumption of no runoff losses from impervious

surfaces). It is not surprising, then, that the "208"




15

planning reports investigating urban runoff prepared in
the 19708 grossly over-estimated the importance of
street surface runoff and the effects of street

cleaning on urban runoff quality.

E. Developrent of Hypotheses

Predictions of yields of urban runoff pollutants
and their control usually rely on the use of urban
runoff models. A good model requires an accurate
representation of the sources of runoff flows and
pollutants in the watershed. The hypothesis of this
research is that current urban runoff models do not
correctly predict the relative scurce flows and
pollutant yields because of improper assumptions
regarding small-storm urban hydrology and the washoff
of particulates from impervious areas.

Many government agencies are currently evaluating
local, regional, and national urban runoff problems.
Inaccurate evaluations may result in inappropriate
expenditures of large amounts of money, or ignorance of
real problem areas. A better understanding of the

sources and movements of urban runoff pollutants is an
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important key in evaluating urban runoff problems and
controls. It is hoped that this research may clarify

some of the existing misunderstandings.

F. Organization of Dissertation

This dissertation research examined the relative
contributions of flows and many pollutants from
different source areas under a variety of weather and
sites conditions. Many small-scale observations of
runoff volume and quality at source areas were
supplemented with controlled washoff experiments and
large-scale outfall monitoring. The data were used to
identify the important variables and relationships
affecting source area flow and pollutant contributions.
These relationships were incorporated into SLAMM to
enable the evaluation of the importance of different
source areas in contributing flows and pollutants to
the receiving waters and the effectiveness of different
stormwater management practices.

Section 3 contains a discussion of the importance

of knowing urban runoff flow and pollutant sources, and
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a description of the source oriented mass balance
modeling concept used in SLAMM.

Sections 4 through 8 develop the urban hydrology
source area models. Section 4 contains a series of
exploratory data analysaes that describe the basic
structure of urban hydrology. Section 5 describas the
special small-scale runoff tests conducted to identify 4
significant environmental variables affecting runoff
losges from impervious areas. Section 6 presents
similar runoff loss models for impervious areas, but by
using monitoring data from large shopping center
parking areas and roofs, collected during a large
variety of rains. Section 7 develops and calibrates a
general paved area hydrology model for different
impervious surfaces, using initial and variable runoff
loss mechanisms identified in the earlier sections.
Section 7 also compares this general paved area runoff
model to the Soil Conservation Service curve number
procedure and the Horton infiltration equation. Section
8 finally verifies the general impervious area model
using independent cutfall hydrology data collected from
a variety of complex urban watersheds. Section 8 also
develops simple hydrology relationships for pervious

areas and demonstrates the use of the complete model to
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estimate source contributions of flows and to calculate
curve numbers for different development conditions and
rains.

Section 9 describes the street dirt washoff tests
that were conducted during this research and the
general washoff model that was developed. This model is
compared to othar washoff models that have been used.

Section 10 summarizes the gquality components of
SLAMM, based on tha extensive source area monitoring
that was conducted during this research. This section
also demonstrates how the completed model can be used
to predict sources of pollutants in urban areas and to
eavaluate the effectiveness of urban runoff control

programs.
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SECTION 2

CONCLUSIONS

Several important conclusions invelving urban
runoff processes were documented during this
dissertation research conducted in two urban watersheds
in Toronto, Ontario. The most important research
contributions concerned impervious area runoff during
small rains and particulate washoff from impervious
surfaces. Both of these processes are critical
components of urban runoff quality models. Previocus
erroneocus descriptions of these components have led
model users to incorrect conclusions. This research was
conducted to make the process descriptions used in
modeling more reliable. The hypothesized processes werae
investigated on several scales and at many locations in
the Toronto area. Added Milwaukee area data wers used
to confirm transferability of the processes according
to different scales, land uses, rain depths, and
geographical locations. The verified processes were

then used in a complete urban runoff model to
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demonstrate how different land development practices
affect the sources of urban runoff pollutants and the
selection of control programs. The following paragraphs

briefly summarize these conclusions.

A. Simplified Approach for Urban Hydrology Modeling

1. Runoff volume is the most important hydraulic

parameter needed for water quality studies, while water

velocity (or stage) is the most important parameter for

flocding and drainage studies. Common small rains

acecount for much more of the annual runoff volume than

rare flooding events.

2. Estimates of runoff volume were only found to
require rain depth information. Other rain
characteristics (including antecedent conditions,
durations, intensities, etc.) did not substantially
improve runoff volume predictions.

3. Both initial runoff abstractions (mostly
detention/storage) and continuous runoff losses
(infiltration) were found to be important for
impervious surfaces. Impervious surface

detention/storage values were constant for each surface
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studied (they did not vary for different rain
characteristics), and weras generally less than 1 mm.
Infiltration losses did vary substantially for
different impervious surface and rain conditions and
wera about 25 to 50 percent of the rain depth.

4. The general model for impervious area runoff
developed during this research was shown to be
applicable for a large variety of impervious surfaces
and rain characteristics.

5. The genaral model was shown to be related to
both the SCS Curve Number procedure and the Horton
infiltration equation.

§. The Horton equation, when applied to impervious

surfaces, was shown to be related to rain intensity and
not rain duration.

7. The selection of curve numbers and initial
abstractions, even within the narrow range of accepted
values for impervious surfaces (such as curve numbers
of 95 to 98, and initial abstractions of 1 to 1.6 mm) ,

in existing runoff models greatly affects predicted

runoff for the small storms of most concern during

water quality studies.
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B. Residue Washoff Observations

1. Residue loading, rain depth, and rain intensity
were all found to significantly affect residue washoff
from impervious surfaces.

2. Almost all of the filterable residue was
available for washoff from impervious surfaces, while
only about ten percent of the particulate residue was
ever washed from impervious surfaces.

3. Typical washoff prediction procedures used in
urban runoff models greatly over-predict particulate
regsidue washoff from impervious surfaces, especially
for large particles.

4. If particulate washoff from impervious surfaces
is over-predicted, then particulate contributions from
other source areas must ba under-predicted to enable
model calibration using monitored outfall data.

5. Rains have a great preference for washing off
small particles from impervious surfaces, as compared
to large particles. ‘

6. Small particles have much greater associated
pollutant concentrations than large particles, but are

not as common on impervious surfaces.
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7. Many urban runoff control practices (such as
catch basins, street cleaning, and wat detention
basins) preferentially remove the more common, but not

as polluted large particles.

C. Use of the Hydrology and Washoff Relationships in

the Source Loading and Management Model

The hydrology and washoff relationships described
above were used in the Source Loading and Management
Model (SLAMM) to illustrate how this information can be
used to help evaluate the importance of different
source areas and the effectiveness of source area
controls for different land development
characteristics.

1. Directly connaected impervious areas were found
to contribute most of the runoff flows and pollutants
during small rains which are of most concern for water
quality studies. However, pervious areas contributed
substantial flows and pollutants after about 10 to 25

mm of rain.

24

2. Specific development characteristics of a
watershed were shown to have dramatic affects on runoff
volume and flow rates, specifically:

o the use of grass swales,

o whether or not the roof drains or parking and
storage areas were directly connected to the
storm sewerage system,

o the presence of alleys, and

o the areas of the land cover elements.

3. A retro-fitting program, using a combination of
infiltration and sedimentation practices, was
identified as being cost-effective in the Humber River
watershed. The program included the following elements:

o wet detention basins serving 25 percent of
the drainage area,

o infiltration of runoff from half of the
residential roofs currently draining to
pavement, and

o infiltration of runoff from half of the
paved parking areas in high rise residential,
non-manufacturing industrial, and commercial

areas.
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This program was estimated to cost about $400 per

hectare per year and could achieve the following

benefits:
pollutants control (%)
bacteria 5 to 10%

flow, total residue, and filterable
residue 15 to 20%
particulate residue, nutrients, CoD,

and heavy metals 30 to 45%
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SECTION 3

KEY CONCEPTS

A. Importance of Urban Runoff Flow and Pollutant

Sources

Urban runoff is comprised of many separate
components that are combined at various locations above
the discharge site before entering the receiving water.
It may be adequate to consider the combined outfall
conditions when evaluating the long-term, area-wide
effects of many separate outfall diascharges on a
receiving water. However, if better predictions of
outfall characteristics, or if source area control
effectiveness predictions are needed, then the separate
components must be recognized in a modeling effort.

Figure 3.1 is a schematic diagram showing the many
component sources for a residential and light
industrial area. This diagram shows three major sets of
components; impervious areas, pervious areas, and the
drainage system. The drainage system captures ,

sheetflows from many sources, beginning at the roof




Figure 3.1 Urban Runoff Source Areas and Drainage Systenm
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gutters and downspouts. If these are discharged onto a
paved area that in turn drains to road gutters and
storm drain inlets, they are considered “directly
connected” to the storm drain system. Some roof drains
are connected to the household sanitary sewer
connectors and would therefore not be a part of the
storm drainage system. This practice is currently
discouraged and many cities are actively disconnecting
roof drains from the sanitary system. If the roof
drains are discharged to pervious areas, much of their
runoff flow could infiltrate and not contribute to the
outfall discharges.

There are also mo<0nmw types of roadside drainage
systems; paved or concrete curbs and gutters, sealed
(paved) ditches, and grass swale ditches. Overland flow
and street runoff enter these roadside drainages which
direct the flows to storm drain inlets, or to open
channels which flow to the receiving water. Some inlets
may include catchbasin sumps that have more sediment
accumulation potential than simple inlets. Inlets are
often located in large paved areas (such as parking
areas). Man-holes are usually located at street
intersections where several connectors from close

inlets are combined and the flows drop to the storm
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sewarage. Runoff is then discharged to the receiving

water through an outfall. The outfall may be elavated

above the receiving water, or submerged. If submerged,

backwater effects can extend great distances up the
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while other sources of pollutants are specific to the
activities conducted on the areas. As examples, the
ground surfaces of unpaved equipment or material
storage areas can become contaminated by spills and
debris, while undeveloped land remaining relatively
unspoiled by activities can still contribute solids,
organics, and nutrients, if eroded. Atmospheric
deposition, deposition from activities on paved
surfaces (auto traffic, material storage, etc.), and
the erosion of material from upland unconnected areas
are the major sources of pollutants in urban areas.
The washoff of debris and soil is dependent on the
enargy of the rain and the properties of the materjal
removed. Pollutants are also removed from the source
areas by wind, litter pickup, or other clean-up
activities. The runoff flows and pollutants from the
source areas directly enter the drainage system, or
drain over pervious or impervious areas that will
aventually be connected to the drainage system.
Sawerage system sedimentation and cleaning may also
affect the ultimate discharges at the outfall. In-
stream physical, biclogical, and chemical processes

affect the pollutants aftsr they are discharged.
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It is helpful to know when the different source
areas become "active". If pervious source areas are not
contributing flows or pollutants, then the prediction
of urban runoff conditions is much simplified. In many
cases, pervious areas are not active except for rains
greater than about 5 or 10 mm. For rains of less depth,
almost all flows and pollutants originate from
impervious surfaces. In the upper mid-west, about 85
percent of all rains are less than 15 mm in depth.
These avents also generate about 70 percent of the
total annual urban runoff volume. Rains of less than
about 3 mm in depth account for about one-half of the
number of rains, while rains less than about 12 mm in
depth produce about one-half of the annual urban runoff
volume. These are quite small vains, especially when
compared to typical rains of concern in flooding and
drainage studies (75 to 150 mm in depth).

The specific source areas that are of importance
for different conditions varies widely, and modeling
procedures that are sensitive to source contributions

as a function of rain characteristics are needed.
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B. Sourcs Area Modeling Concept

The mass balance for n»wnnwuvwa pollutants is much

Particulate pollutant contributions of source
i i simpler, being the sum of the products of source area

areas can be modeled by assuming the follewing mass

filterable pollutant concentrations and flows.

balance relationship (witl typical units): B :
3 The Q parameter is applicable for “source limited"

areas, where there is only a specific amount of

T : pollutants available. For most rains, very few areas
L = sum of (A4Q;P;W;Dy), for i to n total o
b qualify as source limited. Relatively clean and smooth
source areas, where - '
ook : paved areas may be source limited during very large
L. is the total discharge of a

rains. For some areas it is impossible to be source
specific pollutant at the outfall :
limited (such as srosion products from pervious areas).

s 0 . ol The washoff of pollutants from impervious areas, for
A is the source arsa in the 7 ,
example, is usually limited by the energy of the rain
drainage basin (ha),
and by armoring from overlying debris, and not by the
Q is the total quantity of source
abszolute presence of pollutants. There is usually a
area limited particulates (kg/ha),
substantial amount of pollutants left on most surfaces
P is the pollutant strength of the
after rains.
source area particulates (mg

Mass balance calculations must consider each
pollutant/kg particulate),
source area, pollutant, and rain separately. The

W is the washoff fraction of the
different pollutant deposition and removal processes

source area particulates, and

and the runoff generation processes are quite different

D is the delivery yield of the

for each area and typically change for different rain
washed-off source area particulates

characteristics. After each source area response is
to the outfall. .

determined, the overall outfall discharges can be
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determined by adding the saparate source area
rasponses, after considering the drainage system and
outfall processes affecting the discharges.

Most pollutants ars only associated with a few

source areas. As an example, sediment usually

originates from streets (including ice contrel), vacant _‘

land, and construction sites; heavy matals originate

mostly from roads and parking lots; and nutrients

originate mostly from rain, litter, landscaped areas, ]
and vacant lote. Most control measures are restricted
to specific areas. For example, street cleaners can

only operats on streets and parking lots, while runoff

treatment at the outfall can control discharges from
all source areas. Very few contrcl measures are
expected to be highly effective, but many are partially
effective. Infiltration practices are the only controls
that can effectively reduce filterable pollutants and
nwota..t:pwm sedimentation controls are restricted to
reduction of particulate pollutants. It usually
requires a variety of controls and control HonmnMWuu to
achieve the desired urban runoff program U&zmwwwr.
Careful application of the various controls to
those source areas where they are most effective may

result in an acceptable urban runoff control program.
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Therefore, an understanding of the importance of the
different source areas for a variety of conditions is

necessary.
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SECTION 4

BASIC STRUCTURE OF URBAN HYDROLOGY

A. Intreduction

This section presents a larga-scale overview of
the information on basic urban hydrology which was
obtained from the test watersheds. The test watershed
outfall hydrology data were evaluated using exploratory
cluster and principle component analyses, followed by
quantitative stepwise and linear regression analyses.

These analyses provided a description of the basic

structure of urban hydrology, involving the

interactions between various independent rain

characteristics and dependent runoff characteristics.

The information supported the potential use of a
simplified approach of predicting runoff responses from
urban watersheds during common, small rains most
applicable for water quality studies. This simple

structure is the basis of a more detailed and general
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runoff volume prediction model developed in the next

several sections.

B. Outfall Hydrology Observations for Test Watersheds

As part of this research, an extensive urban
runoff quantity and quality monitoring effort was
conducted in the Emery (industrial) and Thistledowns

(residential and commercial) test watersheds of the

Humber River basin in Toronto, Ontario from May 1983
through March 1984. The monitoring program included
sampling and analyzing rain runoff, snowmelt runoff,
warm weather baseflow, and cold weather baseflow at the
two watershed outfalls in addition to sampling and
analyzing many samples from source areas (as
particulates and as sheetflows) during both warm and
cold weather. This dissertation examines some of this
information in detail; all of the data were summarized
in a report prepared for the Ontario Ministry of the
Environment (Pitt and MclLean 1986).

The warm weather rain and outfall hydrology data
obtained during the monitoring program are summarized

in Tables 4.1 and 4.2. All rain and outfall flow
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information were recorded on magnetic tape data loggers
during the monitoring period, resulting in a complete
and continuous description of all rains and resultant
flows. The recorded data were plottsd to obtain
continuous outfall hydrographs with simultaneous rain
intensity records.

The events listed in these two tables represent
distinct hydrologic events in that the outfall
hydrographs returned to near baseflow conditions at the
end of each event. Some events were separated by only
about 1-1/2 hours, or less, while the typical
interevent period (preceding dry pericd) was three to
four days. The longest interevent period observed was
17 days.

The total number of events monitored at Emery was
60, while 35 separate events were monitored at
Thistledowns. The warm weather Emery monitoring period
lasted from May 14 through November 2, 1983, while the
Thistledowns monitoring did not begin until July 1983.
Typical total rain depth totals during this monitoring
period were about 310 mm, occurring on about 56 days.
The events monitored represented almost all of the
runoff that occurred at each outfall during the

monitoring period. Only about three rains and a total
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rain depth of about 4 mm were missed in the monitoring
progran.

Figure 4.1 shows two accumulative distribution
plots for rain counts and runoff volume associated with
different rain depths. The total rain depth was less
than 3 mm for more than one half of the rain events
that occurred during this monitoring period, while the
pedian accumulative runoff volume was associated with
rain depths of about 12 mm. The largest observed depth
of rainfall was only 2% mm. Rains greater than 100 mm
in depth would occur only once every several years.
These vary large rains would contribute large runoff
volumes and quantities of stormwater pollutants per
event, but because they are rare, they contribute only
a few percent of the annual pollutant and flow
discharges.

These distributions stressed the importance of
small rains when considering water quality. Pitt and
McLean (1986) found that almost 90 percent of the
annual stormwater discharges of most pollutants were
associated with rains less than 20 mm in depth, and 25
percent of the annual stormwater pollutant discharges
were associated with rains less than 8 mm in depth.

Heavy metal discharges were even more associated with

Parcent less than rain

400.;

&0 4

20 1
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Rain depth (mm)

Figure 4.1 Rainfall pistribution at Emery
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emall rains, while nutrient discharges were associated
with slightly larger rains. Thereforae, when considering
water quality problems, the common, small rains were
much more important than the rare, larger rains most
commonly associated with flooding and drainage
problems.

The observed rain durations (and average
intensities) were obviously influenced by the way
avents were defined. The continuous hydrographs
obtained during this research enabled separating the
storms by actual watershed responses; storms "anded"”
when the receding limb of the hydrographs approached
the pre-storm baseflow rate. If the definition of the
interevent period was changed, then the rain
distributions shown on Figure 4.1 would also have
changed. In the absence of continuous hydrograph
information, many urban runoff studies have used
arbitrary interevent pericds of at least six hours of
no rain between events to separate distinct runotf
evants (the usual time needed for the hydrographs to
recede to baseflow conditions for typical storm sewered
urban drainage areas).

Area-normalized runoff responses were needed for

this research to examine the effects that different
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land surface covers had on outfall runoff responses.
Tables 4.1 and 4.2 therefore express runoff volume as
depth, and discharges as both volume per unit time
(L/sec) and volume per unit time per unit area (L/sec-
ha). The unit area normalized discharge values were
used in developing the urban runoff structural

relationships presented later in this section.

C. Cluster Analysis of Test Watershed Outfall Hydrology
Data

Cluster analysis was used to determine the overall
inter-relationships of the rain and outfall runoff data
for the Emery and Thistledowns test watersheds. Cluster
analysis is a multivariate procedure used for detecting
groupings in data. It is similar to discriminant
analysis in that it results in subgroupings of data.
biscriminant analysis, however, starts with known
subgroupings while ¢luster analysis forms the
subgroupings. Dillon and Goldstein (1984) stated that
the goal of many cluster analysis applications is to
arrive at clusters that display small within-cluster

variations compared to between-cluster variations.
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Anderberg (1973) found that cluster analysis may be
used to reveal structure and relations in the data: it
is a tool of discovery.

Cluster analysis is most commonly used to group
data observations, such as in identifying closely
related source areas of urban runoff pollutants.
However, the analysis described in this subgection
grouped variables. Anderberg (1973) found that
nierarchal clustering with normalized values wvers
needed for clustering variables. The result of this
hierarchal analysis is a tree diagram (or dendogram),
showing the linkages of each group of data as a joining
of branches. The root of the tree is the linkage of all
of the data into one cluster. Moving from the branches
towards the root depicts increasing aggregation of the
data into larger clusters (Lsbart et al. 1984}.

The choice of a different distance scale in a
cluster analysis can have significant effects on
results Awawo: and Goldstein 1984). If the common
Fuclidean distance method is used, which is not scale
invariant, a change in scale can result in vastly
different trees. If a variable measura is changed from
feet to inchas, for example, completely different

cluster groupings can result. The use of Pearson
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correlation coefficient distances, in contrast,
standardize each variable and force the weightings
between variables to be equal.

Single linkage, or nearest neighbor, is the oldest
and simplest linkage procedure (Massart and xucmmm:
1983). In this method, the distance between two
clusters is equal to the distance between the two
closest data observations in the two clusters. To
identify clusters, the single linkage method first
finds the two closest data observations (objects) as
the first cluster. It then searches for the next
closest object to this first cluster. If it is closer
to either object in this first cluster than to a fourth
object, it is combined as part of the first cluster. If
the *hird object is closer to a fourth object than
either object in the first cluster, then the third and
fourth objects form the second cluster. This process
continues until all of the objects belong to a cluster.
This single linkage procedure is incapable of
delineating poorly separated clusters (Anderberg 1973).
Hence it is a conservative linkage procedure: any two
objects in a single cluster will be more similar to

each other than to any other object in another cluster.
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cluster analysis can be used as an aid for the
application of other techniques. Magsart and Kaufman
(1983) found that one of the best combinations of
classification methods was the use of clustering in
conjunction with principal components. This
dissertation section uses these two procedures as
preliminary steps in developing regression models
describing urban runoff outfall hydrolegy conditions.

The cluster program used in this analysis was
SYSTAT - The System for Statistics, version 3 (1986),
from SYSTAT, Inc., Evanston, Il. Tables 4.1 and 4.2
contain the input data used in the cluster analysis.
SYSTAT offered many analytical options that were tried
on these data. The most suitable results were obtained
by using Pearson correlation coafficients to
standardize the distance measurements and single
linkage to form the clusters. All distances were
computed using pairwise deletion of missing values.
SYSTAT uses standard hierarchal amalgamation algorithms
described by Hartigan (1975) and tree ordering
algorithms described by Gruvaeus and Wainer (1972).

Figure 4.2 contains the two tree dlagrams

resulting from the final cluster analysis of the Emery

Figure 4.2 Cluster Analysis (Tres Diagram) for Basic Urban

Exery (Industrial)

Thistledowns (Residential/Commercial)
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and Thistledowns data. The tree branches are labeled

with the following variable names:

RAINTOT, total depth of rain, mm

RAINDUR, rain duration, hours

AVEINT, average rain intensity, mm/hr

PEAKINT, peak S-minute rain intensity, mm/hr
DRYPER, preceding dry period without rain, days
RUNTOT, total runoff volume, mm

RUNDUR, runoff duration, hours

AVEDIS, average runoff discharge rate, 1/sec-ha
PEAKDIS, peak 5-minute runoff discharge rate,

L/sec-ha

LAG, lag time between start of rain and start of

runoff, hours

The trees are printed so that the most similar
variables (objects) are adjacent to each other.

The tree diagram is an excellent exploratory data
analysis technique and contains much information
concerning the inter-relations between the variables.
of special interest in these tree diagramns is the
relative repeatability of the pasic structure of urban

hydrology for the two very different test watersheds.
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Simple variable relationships can be easily recognized.
The following list shows the Pearson distances between

closely spaced variables:

Emery Thistledowns

RUNTOT - RAINTOT 0.09 0.09
RUNDUR - RAINDUR 0.04 0.01
AVEDIS - PEAKDIS 0.12 0.04
PEAKDIS - PEAKINT - AVEDIS 0.25 0.07

These distances are all very small and indicate
significant cluster groupings. All of the variables do : @u
not form a single large group until the Pearson L
distance exceeds 1.2 for Emery and 1.1 for
Thistledowns. The above simple linkage distances are
therefore very emall relative to the linkage distance
for the complete group. In all of these cases, except
for PEAKINT - PEAKDIS - AVEDIS, simple two-way
relationships exist.

Complex relationships can also be seen from the
trea diagrams. At both sites, PEAKINT, PEAKDIS, AVEDIS,
and AVEINT are relatively closely related (having a

Pearson correlation cluster separation of only 0.3 at
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Emery and 0.16 at Thistledowns). Variables poorly
related to other variables are also shown on these tree
diagrams. LAG at both test watersheds and DRYPER
(especially at Emery) are examples of variables having
1ittla relationship with other variables (they enter
the main cluster near "last").

Other procedures used to identify inter-
relationships include correlation matrices. Table 4.3
contains correlation matrices for the data presented in
Tables 4.1 and 4.2 for comparison. The following list
shows the correlation coefficients between the sane

simple (two member) clusters that were identified

above:
Emery Thistledowns
RUNTOT - RAINTOT 0.906 0.903
RUNDUR -~ RAINDUR 0.965 0.989
AVEDIS - PEAKDIS 0.849 0.946
PEAKDIS ~ PEAKINT 0.748 0.917

With the exception of the last two pairs for Emery,
these are very high correlation coefficients and

demonstrate the similarities in simple structure that

Table 4.3

RAINTOT
RALNOUR
AVEINT
FOAINT
RYPIR
unToT

AVEDIS
POAKDLS
LaG

RAINTOT
A DR
AVEINT
PEAKINT
oRvYrER

aum10T

AVEDIS
PCARDLS
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Correlation Matrices for Basic Urban Hydrology
Structure

tuery (lndustrial)

RAINTOT
1.000
9.533
0.138
0.1
0.16%
LK
0.54
9.709
$.729
0.13%

RALNOUR

1.000
~-9.387
~9.83%

0.273

0.562

-Q.013
9
0.220

AVEINT

1.008
8.47%
~0.096
0.097
~8.348
6,480
0.371
~0.292

PEAK INT

1.000
-0
0.408
0.038
0.454
2.748
-4.217

ORYPER

1.006
0.07%
0.188
-9.0%%
0.041
0.052

Thistledowns (Rusideniial/Commertial)

RALIRTOT
1.008
0.383
8.3
0.364
.20
2.291
0.308
0.3%8
0.400
~9.192

RATNOUR

1.000
-3.29%
~0.104

0.308

0. 448

~9.178
~0.05%
~9.937

AvELInT

1.800
821

0.187
-0.332
0.593
0.65%
~.114

PEAKINT

1.000
~9.122
¢.351
-0.148
9.817

~g.202

DRYPER

1.006
0.283
0.337
-8.037
0.009
-3.122

RUNTOT  RUNOUR  AVEDIS  PEAKOIS  LAG

1.008

0.556  1.800

0.680 -4.626  1.000

0.69%  0.1%0 QA3 1.008

0.208 .13 0.098  0.107  1.000

RUNTOT  RUMDUS  AVEOLS  PLaXOlS G

1.000

¢.402  1.000

0.588 -0.227  1.000

g.702 -0.106 0,946 L.
-3.184  -0.004 -3.138 0,173 1.80Q
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can be found by either correlation matrices or cluster
analysis. However, the more complex relationships
(greater than two member clusters) cannot be identified

from the correlation matrices.

D. Principle Component Analysis of Test Watershed

outfall Hydrology Data

Principal comwponent analysis is another technique
that can be used to simplify large masses of data and
to help identify the basic structure of the system
under study. As stated earlier, it complements cluster
analysis. Its goal is to group variables into a few
principal components that can explain most of the
variance observed in the data.

Principal component analysis also starts with a
correlation (or covariance) matrix of the variables and
simplifies the relationships by grouping the variables
into principal components. For studies needing only
simple two-way relationships to be identified, simply
scanning for "high" coefficients in the matrix is
adequate. However, the number of coefficients can

become large and simple correlation coefficients cannot

%8

indicate complex relationships. As shown on Table 4.3,
this research examined ten variables, resulting in 45
correlation coefficients to be evaluated. These
correlation matrices resulted in the same simple close
relationships identified by the cluster analysis, but
they were unable to directly show the more complex
relationships evident from the cluster analysis. The
principal component analysis was conducted to verify
the overall urban hydrology structure identified
esarlier and to rank the relationships between the
important variables.

Principal components allows the most "significant*®
variables that account for most of the data variability
to be readily identified. The component loadings are
the ordinary product-moment correlation of each
variable and the component (Dillon and Goldstein 1984).
The SYSTAT program that was used in this analysis
allowed sorting of the variables according to their
component loadings which simplified identifying the
structure of the system.

The use of a covariance matrix eliminates
differences associated with the means of the variables,
leaving the variations about the means to be evaluated.

The variables used in a covariance principal component
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analysis should not have grossly different variances.
If the variances differ greatly, then the first few
principal components will be heavily influenced by the
variables having the larger variances (Dillon and
Goldstein 1984). Dillon and Goldstein still generally
recommend this transformation because of its beneficial
effacts of eliminating the scale influences of the
variables.

Rotation of the principal componants is used to
help achieve simple structure. As an example, if the
variables are lcocated relatively large distances from
the principal component axes, they will all have
relatively low component loadings. wonumwo: of the
principal component axes can move Some of the variables
closer to the rotated axas, while moving others further
away, more efficiently separating the variable
component loadings for the different principal
components. SYSTAT allows several rotation options. The
rotation used in the final principal component analysis
for this research was the varimax rotation. This
rotation method is quite popular and rotates component
axes so that the variation of the squared component
loadings for a given component is made large (Dillon

and Goldstein 1984).
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The isgue of factor scores (and their subsequent
analysis) has become controversial in the decision of
selecting principal component or common factor analyses
(SYSTAT documentation). Factor scores are calculated
for each observation after the principal component
analysis. These scores give the location of each
observation in relation to the principal components.
Principal component analysis allows the factor scores
to be directly calculated, while common factor analysis
(including maximum likelihood factor analysis) allows
only the factor scores to be estimated (the
njindeterminacy problem"). Principal component analysis
takes the given data and attempts to determine the
dimensions defining the total variance. Some authors
consider principal component analysis as a type of
common factor analysis, but others want it kept
separate. Principal component analysis simply defines
the basic dimensions of the data and makes no
assumptions about common factors; while common factor
analysis can assume the number or character of the
dimensions and, under certain conditions, these
assumptions can be tested (Dillon and Goldstein 1984).

However, SYSTAT and Dillon and Goldstein all report
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that principal component and comman factor solutions
for real data rarely significantly differ.
Table 4.4 shows the resultant rotated component
loadings and the variance explained for each principal ‘ s )
LT, Table 4.4 Principle Components for Basic Hydrology
component for the hydrology data presented in Tables ; i Structure (Covariance Correlation with Pairwise
Deletion and Varimax Rotation)
4.1 and 4.2. Covariance matrices were used to elininate
Emery (Ladestrisl)
the effects of the different scales used for the 1 » _ Magar descriptars: | .
variables, the loadings were sorted and pairwise ; ; Latated Laaticurt fatenaisies (uzarion) fertatt teclens
i Aveors -4. 0484 -5.004 -5.0M
deletion was used to aliminate missing data sets. Wit .54 -0.881 0.044
raniar ] a0t Rt :
vVarimax rotation was also used for the analysis et e o daz G002
e #MOUR -0.00% 0.033
ized in this table. SYSTAT allowed many different v . m“% 539 Sz
summar . >4 ; 5 ORYPEN 0.1 5 i)
options for principal component analysis. Other | Ry hralaidk o dbd e St - S 21.0 1.3 19.4
; el Accumatation %: B 5.7 9.0 054
alternative analytical procedures tried included
correlation matrices: listwise deletion; and no, e
. i : Majer Descriptors:
equamax, and quartimax rotations. R (Totals : 3 ‘
and {Lag {Qry
; tatated Landinga: Quration Petind Pecind
The striking feature of this table is the e reaxors * . . .
. §.050 -5.043 .07
> PEAKINT 0.018 ~0.113 ~0.114
similarity of the basic structure for the two & P a0 2 R
i "HHN« 0.577 2,034 0.302
completely different test watarsheds and the reasonable = RATNOUR g 0 de o002
i ] RUNCUR g a.1n
LAG -0.117 ~0.057 mﬂmww
groupings of the variables. The first component for ryres -0.05¢ 0.193 -0.072 %%ﬁ
5 Variance esplained by Variman Ratsted Loadings:
both sites explains about 40 percent of the total 2 ? P o S e L Lol o
variability and is made up of "total™ (RUNTOT and g (1) Oaly the Hirst feur principal empensnts ire thewn.

RAINTOT) and "intensity™ (AVEDIS, PEAKDIS, AVEINT, and
PEAKINT) variables. The second principal components

explain another 27 percent of the variation at both
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sites and include the "duration® variables (RAINDUR and
RUNDUR) . The third components explain about 10 to 13
percent of the variability and are almost exclusively
comprised of the *lag" variable. The fourth components
also explain about 10 percent of the variability and
are comprised of one variable alone, the dry period
between rains.

The most interesting (and complicated)
relationships are found nmostly in the first component
(the dependent variables being runoff total, average
discharge rate, and peak discharge rats). The
relationship between runoff duration and rain duration
and the lag time between start of rain and start of
runoff are expected to vary for differant sites
depending on their sizes and drainage efficiencies
(related to "time of concentration® in flooding
studies). The dry period bafore the rain is readily
available from climatic records and can bs analyzed to
determine seasonal trends for different geographical
areas. By developing ganeral prediction models for
runoff total, average discharge rate, and peak
discharge rate, about 40 percent of the total urban
hydrology structure variation can be explained. By also

determining the simpler relationship betwesn rain
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duration and runoff duration, and the "unrelated”" lag
time, about 80 percent of the variance can be
explained. Adding the dry period allows about 20
percent of the total variability to be explained. The
use of these five independent rain variables and five
dependent runoff variables can result in comprehensive
descriptions of urban hydrology at the test sites.
The following subsections build upon these
structural groupings of variables in developing
prediction models for all of the dependent runoff
variables. This structural information will also be
used in later sactions to develop runoff prediction
models that are more generally applicable to other

locations.

E. Stepwise Regression Analysis of Test Watershed

Outfall Hydrology Data

Stapwise regression analysis of the data presented
in Tables 4.1 and 4.2 was conducted to extract
information about the structure of urban hydrology

using SYSTAT.
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rables 4.5 and 4.6 show the results of the £
. ;
stepwise regressions for the dependent runoff P [ ol cxamz ¢
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Tndependenl
variables!
Constanl term
{adependenl
Veriables:

RATNIOGT

RATNOUR

AVEINT
PEAKART
ORYPER

&7 o8
3
..mw.m W of the sum of squares due to the regression to the sum
w T W of squaras about the mean) by adding additional
n.xn.» w parameters beyond RAINDUR. The Thistledowns AVEDIS and
- w PEAKDIS models also had very small increases in r?
m values after the first parameters were added. However,
..wm.m m. the Emery models for AVEDIS and PEAKDIS require the
. WW first two parameters to obtain accumulative R? values
‘lest! ww greater than 0.7, but adding additional model
Mm parameters only increased the R? values to about 0.75.
v mw The stepwise regression models revealed structural
ww relationships that were quite similar to the
mm relationships found in the earlier exploratory
.mmw.m Ww analyses, but the procedure resulted in excessively
MM complex relationships, considering the limited added
.mwm.m mm benefits of the additional variables. The exploratory
mw analyses, however, did not produce quantitative
m MW relationships. The stepwise regression models were used
.mwm.m m mm to gquide the development of simple linear regression
.mmw. , w Mw models, as will be described in the next subsection.
33%938 - ¢
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F. Linear Regression Analysis to Tast structural Urban

Hydrology Models for the Test Watersheds.

candidate models were developed to describe the
dependent runoff parameters as various linear functions
of the independent rainfall parameters for the two test
watersheds. These models were based on the urban
hydrology structure revealed in thas previcusly
described exploratory cluster and principal components
analysis, the stepwise regression analysis, and past
experience of urban hydrology research. The simple
regression routines of SYSTAT's comprehensive
multivariate general linear hypothesis (MGLH) package
were used for this analysis.

The remaining tables in this section summarize the
selected models for RUNTOT, PEAKDIS, AVEDIS, ROUNDUR,
and LAG. The RUNTOT models in Table 4.7 are similar for
both test watersheds, with the intercept (constant
term) varying by about 10 percent and the slope
{RAINTOT coetficient) varying by about 25 percent. The
standard errors for the constant terms are relatively
large and the corresponding probability values indicate
1ittle significance. The error and probability terms

for the RAINTOT coefficients, on the other hand, are

Table 4.7 Selected Runoff

Emery (Industrial)
RUNTOT = -0.186 + 0.279 (RAINTOT)
80 cbservations
sultiple R? = 0.82
Yariahle Coef.
Constant -0.186
RAINTOT 0.279
Thistledowns (Residential/Commercial)
RUNTOT 2 -0.213 + 0.217 (RAINTOT)
3S observations

wultiple R? 2 0.8)

Yariakle

3

Constant
RAINTOY

ob
I
-t

Total Volume Models

Standard

Standard
~Errac.

0.197
0.018

0.244
< 0.000

0.287
<« 0.001
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poth relatively small and are very significant. SYSTAT
also tests the models for redundant variables (evident
if the calculated eigenvalues are close to zero, or ir
high correslations are evident in the correlation matrix
of the regression coefficients). For this model, the
only possible redundancy would be between the constant
term and the RAINTOT coefficient, which was not
indicated.

Comprehensive residusl analyses were conducted for
all candidate models to test the satisfactory
applicability of the regression assumptions requiring
constant variance of the residuals: the residuals were
normally distributed; they had zero mean; and they did
not display any trends with time or trends with
dependent or independent model parameters, (Draper and
smith 1981). Figure 4.3 shows a summary of an example
residual analysis for the Emery RUNTOT model. This
model does not fully explain the variance presented in
the observed runoff volume data so the residuals are
relatively large (the r? values are only about 0.8 for
these models). The residuals follow a normal
probability distribution quite well, and show no
obvious trends with sampling sequence or predicted

runoff volume.
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Figure 4.3 Runoff Total Volume Hodel Residual Behavior -
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rigure 4.3 Runoff Total Volume Model Residual Behavior -

tinued
FRey (o ! Table 4.8 summarizes the models for PEAKDIS, the

3.00¢ : s-minute peak runoff discharge rate. Two models are
.o 1 ! presented for Emery, one having both PEAKINT and
m. 1 RAINTOT as independent variables, and the second having
h 1.000 : ___ 1 A ,lll b i  ‘ only PEAKINT as an independent variable. The analysis
m - __w a:n —+ ”M _Mm _"M” M £ did not indicate redundancy with the more complex Emery
M . e “” : : | § w  PEAKDIS model, but a regression relationship between
2 1,000} ——m —t1 1 | ——— — i ia PEAKINT and PEAKDIS was desired to compare to the
M 2000 : ; _ Thistledowns model and was more theoretically
! ; defensible. The earlier exploratory analyses indicated {
-3.000 X , ~ . L { that the Emery peak discharge variable was more complex
00 . _PSNcivwwxﬂnnﬂuwzuwnaQHM”LV %0.000 2 v than the Thistledowns peak discharge variable so both
stor® model types are summarized here. The constant and
3.000 ! PEAKINT coefficient terms are very different for the
_ 1 two taest watersheds, indicating substantial site
- 200 specific influences on the peak discharge rate
m. 1.000 Hlﬂ|ql ! " : characteristic that was not nearly as evident for the
m waﬁ J: f 121 runoff volume characteristic.
m 0 11 ﬁ_ 1 ) Table 4.9 summarizes the models for AVEDIS, the
m -1.000 211 1 event averaged runoff discharge rate. Two models are
7 shown for each test watarshed; the first models are the
M o ! - "simplified" models derived from the stepwise
-3.000 regression analysis while the second models simply

L 000 2,000 4,000 4.000 8.000

relate AVEDIS with AVEINT. Even though the more complex
Predicted Runoff Volums (mm)
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Table 4.8 Selected Feak Dischargs Rats (5~-minute) Models

Emery (Industrial)

1S = 0.296 + 0.102 (PEAKINT) + 0.190 (RAINTOT) Table 4.5 Selected Averagae Discharge Rate Models
PEAXDLS = 0.296 + 0. 0

Emery {Industrial)
$3 observations

saltiple &7 s 0.7) : AVEDLS = 0.47) o 0.148 (RAINTOT) - 0.117 (RAINOUR)
Standard 3 55 observations
Yariable Coefs Lrrar . P{R-taill 3 sultiple R? = 0.72
0.288 0.303 4
Constant 0.296 8.90) Standard
- 9.102 0.016 0. 3 -tai
Ll 0,150 0.033 <0.001 5 Yariable Cost Errec B(2-tail}
Constant 0.471 0.099 «0.00) 5. i
RAINTOT 0.148 0.012 <0.06) |
PEAKDIS = 0.958 + 0.150 (PEAKINT) ] RATNOUR 5.7 0.018 <0.001
b tions ; ‘
R 088 AVEDIS = 0.710 + 0,083 (AVEINT)
Standard 3 $9 observations
Yariable Cosf. ~frrec. pi2=taill woltiple R? = 0.23
Constant 0.958 “.wa R aow“w Y Standard )
PERKINT 0.150 . ‘ ! Yariable Coaf, Errar pi2-tail)
; ; Constant 0.70 0.133 <0.00)
Inistledowns (Residential/Commercial) AVEINT 0.083 0.620 <0.061

EAKD -1.892 + 0.610 {PEAKINT)
1 oo Thistledowns (Residentia)/Commercial)

34 observations

altiple &7 = 0.84 it/ AVEDIS = -0.79) + 0.182 (PEAKINT)
Standard Re s 34 observations
Variable Coef. Errer . PQ2-taill) sultiple R? = 0.67
0.046 i :

Constant -1.892 0.912 Standard

PEAKINT 0810 0,047 <0.001 J , Variable Coef. frrer p2-tail}
Constant -8.791 0.44) 0.082
PEAKINT 0.182 0.023 <0.001

AVEDIS =z 0.457 + 0.354 (AVEINT)

35 obsarvations
myltiple R? = 0.33

Standard
Yariable Conf. Erroc . Pi2-tail)
T Constant 0.457 0.513 0.380

AVEINT 0.354 0.083 «0.001
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models resulted in "better” regression coefficients,
the simpler models were preferred. The exploratory
structural analyses indicated complex relationships for
average discharge rate, but the "significant" predictor
variables suggested by the stepwise regression analysis
were not similar to the "close” related variables
identified in the exploratory analyses. Again, site
specific conditions in the two test watersheds
apparently greatly influenced the average discharyge
rate characteristic.

Figure 4.4 is a summary of the residual analysis
for the complex AVEDIS model for Emery. In contrast to
the earlier presented residual analysis summary for
RUNTOT, this model had a poorer fit with the data and
was more complex. The plots still indicated reasonably
good residual behavior, however.

Table 4.10 summarizes the regression analysis for
the RUNDUR models. These mcdels showed very good fits
with the data and were very simple and theoretically
reasonable. In addition, the RAINDUR coefficients are
almost identical for both test watersheds. These
coefficients are very close to 1.0, indicating very
direct relationships between RUNDUR and RAINDUR (as

shown in the cluster and principal component analyses).

Figqure 4.4

Pradicted Avaerage Discharge (L/sec-ha)
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Average Discharge Rats Model Residual Behavior
Emery: AVEDIS = f(constant, RAINTOT, RAINDUR)
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Figure 4.4

Model Residuals (L/sec-ha)

Model Residuals (L/sec-ha)
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Average Discharge Rate Model Residual Behavior
Enery (Continued)
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Table 4.10 Salected Runoff Duration

Emery {Industrial)
RUNOUR = 1.247 » 0.964 (RATHOUR)

59 okservations
sultiple R? = 0.93

Standard
Yariabie Conf, Lrrec
Constant 1.247 0.198
RAINOUR 0.964 0.035
Thistledowns {Residential/Commercial)
RUMOUR = 0.554 + 0.991 (RAINOUR)
35 observations
myltiple R? 2 0.98
Standard
Yariable Conf, Lrrec
Constant 0.554 0.157
RAINDUR 0.9 0.025

Models

P(2-1aill

0,001
0,001

9.001
«0.001

80
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The constant terms weres quite different, with the Emery
runoff durations being about 3/4 of an hour longer than
the Thistledowns runoff durations. Drainage system
characteristics and test watershed sizes were probably
most responsible for these differences.

Figure 4.5 illustrates residual behavior for the
simple and "good” Emery runoff duration model, in
contrast to the simple but moderately good RUNTOT modal
and the complex and poor AVEDIS model presented
earlier. Again, residual behavior appears to be
satisfactory.

Table 4.11 summarizes two models for LAG, the lag
period between the start of runoff and the start of
rain. For both test watersheds, only a constant term
was used to predict this variable. The resultant
constants wers very similar for both test watersheds,
about 25 minutes, and the standard errors were
relatively small, about 3 minutes. Tables 4.1 and 4.2
show ranges in lag times from almost zero to about %0
minutes for both watersheds. T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>