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PREFACE

This report addresses two widespread misapplications in the
current state-of-the-~art of stormwater management practice
in Canada. Misapplications occur in the use of the popular
SCS urban runoff procedures for Canadian conditions and in
hydrologic sizing of on-site detention facilities. Both
involve modeling of urban runoff phenomena and share
widespread misunderstanding which leads to errant design

practices at the consulting engineering level.

The SCS methods, well known and commonly used in the United
States, have several drawbacks for Canadian conditions which
are generally unknown and which may result in serious
misapplications. In an attempt to better understand and
objectively qualify these limitations, simulation studies
were conducted using measured rainfall-runoff data. Issues
addressed include historic event simulation-capabilities and
the potential for performance improvement through parameter
optimization.  Performance comparisons with another urban

runoff model was also conducted.

On-site detention facilities with low release rates are
becoming increasingly popular. Proponents advocate methods
ranging from the very simple rational method to
sophisticated continuous simulation computer models.

Storage volumes can be alarmingly divergent and inconsistent



and accuracy of the methods, has, in many cases, not been
tested. Because of the lack of understanding of the
criticai hydrologic processes and parameters governing
detention design, serious misapplication of modeling in this
direction has occurred in Canada for-quite some time. A
comparison of design event and continuous simulation sizing
techniques was conducted to determine the relative merits of
each method and their respective ranges of application and

confidence.

Each of these two aspects was treated independently andg,
therefore, each is presented as separate within the larger
report. In this rather unconventional format, a separate
tabie of contents, reference list and numbering system for

figures, tables and pages was incorpofated.
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ABSTRACT

A fundamental stormwater management principle is the storage
of excessive stormwater runoff at its source and its
subsequent release at controlled outflow rates. On-site
detention facilities with low release rates are becoming
increasingly popular in Canada. To determine the required
size of such facilities, proponents advocate methods ranging
from the simple rational method to sophisticated continuous
simulation computer models. Storage volumes determined by
these various methods can produce alarmingly divergent and
inconsistent results. The accuracy of such methods has, in
many cases, not been adequately tested. Because detention
facility design is not well understood, serious
misapplication of modeling has occurred in Canada for quite
some time.

A comparison of two categories of sizing methods - design
event methods and continuous simulation techniques - was
conducted to determine the relative merits of each method
and their respective ranges of application and confidence.
Detention facilities sized with single event procedures were
subjected to long term continuous simulations using historic
rainfall records to determine the actual recurrence
frequency of overflows. URBHYD and STORM were selected to
represent classes of single event and continuous simulation
models, respectively. -

It was possible to compare the results of both methodologies
on the basis of three parameters: storage volumes, release
rates and watershed imperviousness. The comparison revealed '
that for low release rates the single event design approach
may significantly underestimate the required storage volume.
It also became evident that defining a critical design storm
event independently of the drainage basin is impossible.

Municipalities accepting release rates as low as 10 to 40
1/s/ha should .require continuous simulation in the design
process to ensure that adequate storage capacity is
provided. Further research is necessary to determine the
extent to which snowmelt events effect the design process.
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1. INTRODUCTION

1.1 Background

Increased stormwater runoff volumes, higher peak flows and
faster watershed response rates are only some of the
undesirable hydrologic by-products of urbanization.
Increased flooding, erosion, sedimentation and higher
pollutant loadings are often the result. Temporarily
detaining excess runoff and releasing it at a controlled
rate is a fundamental principle of Storm Water Management

(SWM) .

Benefits of temporarily detaining storm runoff are many and
varied. In addition to reducing peak discharges to rates
which can be conveyed in downstream drainage systems,
storage facilities may retain water for consumptive,
aesthetic or recreational purposes. Groundwater, often
depleted as a result '6f high proportions of impervious
cover, can be recharged. Storage facilities can reduce the
kinetic energy of surface runoff in high relief watersheds,
which would lead to excessive velocities causing soil and
stream bed erosion. Sedimentation, flotation and oxidation
processes, which occur in storage, will reduce pollutant
concentrations in impounded water and may minimize pollutant

loaaings on downstream receiving waters when released in a

controlled manner. Suspended solids tend to settle out in



detention ponds reducing silgation in downstream sewers and
the accompanied 1loss in capacity (Poertner and Reindl,
1980). Storage facilities aid treatment plant efficiency by
temporarily holding untreated water, thereBy reducing the
number and volume of overflows. Downstream sewer systems
.ére less likely to surcharée and cause basement and street
flooding. Channel and pipe sizes downstream of a detention

facility may be reduced at cost savings.

A common runoff storage technique is on-site detention
(OSD), which has been applied since the early days of SwWM
and is described in many publications (APWA, 1981).. 0sD is
a means of temporarily storing excess runoff at its source,
upstream of the major receiving water. 0SD facilities are
designed primarily to reduce peak runoff flows and may or

may not provide all of the above mentioned benefits.

In practice, OSD storage can be created on parking lots, on
roofs, in parks (dry bésins) or in small man-made ponds.
Roof, parking 1lot and park storéges have the obvious
advantage of being dual land-use alternatives and thereby
requiring no additional space dedicated soley for storage.
Storage is effected by using commercially available devices
to restrict outflow from roofs or into catchbasins. This
land sharing feature makes O0OSD storage a popular and.

economical alternative.



Sizing of OSD storage is a matter of generating inflow and
outflow hydrographs and estimating the necessary storage
volume (Figure 1). As with other components of urban
drainage systems, detention facilities have, historically,
been sized with the design storm approach and single event
simulation. Beginning with. various versions of the rational
method event simulation has progressed to include the use of

sophisticated computer models.

Although multi-event or continuous modeling is now a
practical reality and is widely supported by recent
literature, it is rarely used by practising engineers for
the design of detention facilities. Continuous models can
simulate responses over time periods comparable with the
life span of the project. They eliminate the problems of
estimating antecedent hydrologic conditions and inter-event
times and are considered the most reliable means of checking

a design.

1.2 Purpose of the Investigation

Research needs identified at the conference on Stormwater

Detention Facilities - Planning, Design, Operation and
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Maintenance in 1982, included the following:

1. Review of available design methods including capabilities
and limitations for all methods presently in use including

continuous simulation models.

2. Development of generalized design parameters relating to
basin size, configuration and performance incorporating
catchment size, urbanization ratio, inflow-outflow ratio and

runoff factors.

3. Meteorological data studies of the relationships between
standardized rainfall data and real storm events and between
individual events and groups of events. All known design
procedures are based on design rainfall data and do not
provide information on the effect of real storms on real
basins. Sequences of events have a vital relevance to the
drawdown time assumed in the design and operation practice

of a detention basin.

This study investigates the wvalidity of sizing 0SD
facilities by applying Single event design methods in the
light of continuous simulation. It endeavors to provide
practising engineers with some general information about the
relative accuracy of the two methods. Such a comparison has
not yet been reported in the literature. An attempt is made

to determine their compatibilities and limitations.



A further objective of this study is to develop a method of
producing simple quidelines for typical design cénditions on
the basis of multi-event simulations. . General design
principles are sought which account for watershed area,

imperviousness and 0SD outflow rates.

1.3 Scope of the Investigation

The study at hand is broadly concerned with the hydrologic
sizing of storm water detention facilities, specifically
those with low release rates or outflow rates. For low
release rate conditions, sophisticated hydraulic reservoir
routing techniques are unwarranted. Validity of the present
design storm approach of generating hydrographs for storage
sizing is specifically addressed as well as the hydrological

inaccuracies of this practice.

Storage volume estimations are compared by event modeling
and continuous simulation. Continuous simulations were
performed by Ehe Hydrologic Engineering Center (HEC) Storage
Treatment Overflow Ruhoff Model (STORM) which ignores
overland and reservoir routing and models outflow as a
constant release rate. STORM has undergone extensive
calibration and validation testing as outlined in a report
by -Proctor and Redfern and MacLaren (1975). Long term.

continuous simulations were made for two cities: Montreal



and Toronto. In keeping with STORM input requirements, the
rainfall hyetograph series was entered as in one hour time
intervals. Although coarse for hydrograph shape simulation,
one hour intervals provide for adequate volume computation.
Unfortunately, snowfall is measured by different field
equipment and recorded in' a different format. For this
reason snowmelt computations were excluded from the

analyses.

Single event simulations were performed with the URBHYD
submodel of the OTTHYMO (University of OTTawa HYdrologic
MOdel) package (Wisner, 1982). Synthetic 3-hour, S-year and
1l0-year Chicago storms were considered to be tybical of
design storms presently used in Canadian practice. Storage
volumes were estimated graphically uSing a linear outflow
hydrograph approximation. More sophisticated reservoir
routing techniques were considered unwarranted for the case

of low release rates.



2. DESIGN PRACTICES: PAST AND PRESENT

2.]l Past Methods

Typically, detention design procedures of the past employed-
a "design storm" as inpﬁt to a hydrograph generating
technique which formulated both pre-development and post-
development discharge rates. Most synthetic design storms,
such as constant intensity, Chicago, Huff or SCS storms, are
characterized by a specific recurrence frequency, duration

and temporal distribution (Ormsbee, 1984).

2.2 Present Practice

In the United States, the most popular design storm return
period for sizing detention facilities is the 100-year storm
followed by the 10-year and then the 25-year events
(Poertner and Reindl, 1980). In Canada, design storms
commonly used for deteﬁtion pond sizing and for pollution
control studies are generally smaller: with 5 and 2-year

recurrence intervals.

There are as many techniques for generating runoff
hydrographs as there are storage sizing methods. The most
popular, the rational method, was acceptable by 80% of the.
Amefican public agencies polled. On the other hand, 20% of

the agencies polled rejected the rational method as a valid



design alternative. The second most popular procedure
involved some form of unit hydrograph determined from
recorded rainfall-runoff data. Following, these were the
modified rational method and the SCS curve number procedure.
Even less frequently used was some form of computer
simulation model, among the most widely applied of which
are: SCS TR-20, SWMM, HEC-1, HEC-2, ILLUDAS and STORM. All

except STORM are single event models.

An in-house survey of 21 Canadian consultants, conducted in
1986 by the Implementation of Storm Water Management
(IMPSWM) group University of Ottawa, revealed that 50% of
those surveyed did not apply empirical methods fof any of
their storage sizing design work. OTTHYMO or HYMO, SWMM and
ILLUDAS were used by 90%, 67% and 33% of the respondents,
respectively. Less than one quarter of those surveyed
applied other techniques, which would include continuous

modeling.

Most present  day detention volume estimation is of the
following form (Duru, 1981): an inflow hydrograph is routed
hydraulically through the reservoir using either an orifice
or weir flow equation and a simple stage-storage relation.
The procedure itself does not yield a required storage
volume explicitly, but forms one step in an iterative design

process.



For OSD design, specific outflow-storage relations are often
not available and simple assumptions, such as constant
outflow, linear release rates or some other approximation,
reflecting the hydraulics of the system, are made (Figure
2). | Whether full reservoir routing 1is performed or
simplifying assumptions are made depends on the degree of
accuracy warranted by the specific project at hand.
Although the methodology is o0ld, the tools for generating
hydrographs and routing them through reservoirs - the

computer models ~ are new.

2.3 Current Trends in Canada

Examination of several recent projects indicates a
significant variation in 0SD minimum.release rates used in
design. Criteria of the Town of Markham require a minimum

release rate of 40 1/s/ha for roof storage. In order to
accommodate specific constraints, the trend ~in other
municipalities is . towards lower release rates. For a
pParticular industrial park in Canada, an OSD was designed
with a release rate of 17 1/s/ha (6.1 mm/hr). An even lower
value of 6 1/s/ha (2;2 mm/hr) was reported for another
project where the construction of a large storage facility
was economically feasible. Lower release rates are becoming
more viable and are being encouraged by the promotion of
commercially available control devices such as the

"Hydrobrake", roof controls, etc.
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Low release rates are often used in guality control ponds to
increase the detention time which allows the natural process
of sedimentation to reduce pollutant concentrations. For
example, if a 15 mm runoff is detained and released in 24
hours, the outflow rate should be less than 1 mm/hr (2.8
1/s/ha). Storage tanks recently designed in Metro Toronto
to reduce basement flooding and for runoff quality control
are based on small release rates of 5.5 mm/hour (15 1/s/ha).
However, many quality control studies, as with quantity

control, single event simulation is still used.

10
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3. LITERATURE REVIEW CF DESIGN TECHNIQUES

3.1 Event Modeling Techniques

Modeling can be roughly divided into two classes: event and
continuous simulation. . Between these two poles are
transitional methods which do not strictly fit in either
category. The most applied class of methods, event
modeling, can involve synthetic or historical storms but it
always involves a single rainfall event which yields a

single design hydrograph.

The rational method, although chiefly a peak flow technique,
has been augmented to produce volume estimates and design

hydrographs and was deemed the modified rational method -

11

MRM (APWA, 1981; F.C. Houston, 1983). The MRM is.

characterized by artificial triangular or trapezoidal
hydrograph shapes. Routing and volume estimation may
involve assuming a lihéar outflow rate. A critical storm
duration, one which produces the largest storage volume, is

sought.

Going a step further, Hall et. al. (1978) advocated using a
unit hydrograph procedure to generate inflow hydrographs for
storm durations - varying between two and five times the lag
tiﬁe - to systematically determine the maximum required

volume.
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Results of the various event ‘type storage estimation methods
may differ significantly. Rossmiller (1982) found that
several variations of the rational method. produced higher
storage volumes than SCS methods. The way in which inflow
and outflow hydrographs are generated is one of chief
relevance to the accuracy of the final storage volume
estimated. Coyler (1982) suggests that "hydrograph
formulation is the source of greatest error in the entire
design process, owing to fundamental disagreement among
competing methods and to imprecision of measurement of field

data required."

In addition to hydrograph formulation, accuracy in reservoir

routing is also important for sizing detention facilities.

12

Boyd (1982) compared various linear release rate assumptions

for a triangular inflow hydrograph and found that all three
of the assumptions studied underestimated the required
volumes by 5 tao 50% when compared with conventional
reservoir routing. The assumption of a constant outflow
rate gave fhe worst underestimation. A release rate
increasing linearly ffom zero to the maximum outflow rate

gave the best volume estimation.

By virtue of their simplicity, event methods overlook some

important hydrologic factors and, therefore, event—base&

designs may still need to be checked. Fok et. al. (1981)



advocate the testing of all detention facilities with the
largest observed storm or 24-hour statistically based events
in excess of this. They point out that the storm duration

is a relevant parameter affecting volume.

3.2 Transition Methods

Between event modeling and strictly continuous simulation
lies a whole category of methods that share characteristics

of each to a greater or lesser extent.

Walesh et. al. (1979) have developed the Historic Storm
Technique (HST) which consists of collecting hyetographs and
antecedent moisture conditions for major storm events,
generating hydrographs with an event model and selecting
annual peak discharges from the output for statistical
analysis resulting in a volume frequency distribution. The
HST is restricted to basins where rainfall, not snowmelt,
causes major flooding. Aitken and Goyen (1982) also
reported a simplified detention sizing technique based on a
runoff volume frequency distribution which was never put
into practice. While'representing an improvement over the
design storm approach, the method is, nevertheless, inferior

to continuous modeling.

Verworn (1984) tested basins designed with a simplified

event sizing technique by routing through the basins a

13
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series of 81 hydrographs simulated from 21 years of record.
Each of the detention basins were sized for various
combinations of release rates and storm recurrence
intervals. The number of overflows (failures) gave a better
indication of the actual recurrence interval of violations

than did the design recurrenée interval.

Findings indicated that the simplified event sizing method
sometimes overestimated and sometimes underestimated basin
volumes. Those basins designed for lower outflow rates
tended to to be underdesigned and 1less safe. Verworn
reasoned that there is a a higher chance of a large runoff
event finding a low outflow basin full or partly filled
leading to an overflow. Of course, such antecedent
conditions cannot be accounted for in simplistic design

techniques. Because he found no simple relationship between

14

the design storm and the actual recurrence interval of the

overflows, Verworn determined the need for new design
procedures which consider rainfall variation, catchment

characteristics and basin release rates.

Ormsbee (1984) has suggested finding one year in a long
period of continuous simulation which is statistically
similar to the entire period of record. The representative
year could subsequently be applied independently. This
"poor man's" continuous simulation technique may encounter

difficulties if substantial start-up time is required to
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reach modeling equilibrium or if a typical year is not to be

found.

3.3 Continuous Modeling Techniques

In contrast to event models, continuous simulation models
use 1long records of continuous meteorological data to
formulate long-term streamflow records which lend themselves
to statistical analysis. Antecedent soil moisture
conditions, depression storage, detention basin water levels
and other sensitive parameters are  monitored and
continuocusly adjusted internally throughout the simulation
period. Single event methods typically do not specify
antecedent conditions nor can they account for dynamically

changing watershed parameters.

Although continuous simulation is generally considered to

produce results technically superior to event modeling,
consultants have had economic concerns about applying
continuous models, and rightly so. Continuous modeling
requires moré.meteorological input data and, consequently,

consumes more computer time.

Several continuous simulation computer models are currently
available. In Canada, the more popular are: STORM,
Continuous SWMM (Huber et al., 1980) and QUALHYMO (Rowney

and Wisner, 1985).
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Raasch (1979) proposed an urban stormwater detention sizing
(USDS) technique based on analytical and statistical
analysis of continuous hydrologic simulation results. By
generating long term runoff files for specific land uses,
soil types and meteorologic combinations, annual peak
volumes are identified and analyzed to produce volume-
probability relationships. Subsequent application of USDS
involves wusing the runoff storage volume relationship
appropriate for the land use, basin release rate and time
required to drain the detention facility. In some respects,
the methodology is similar to the present study, however, no

comparison was made with single event sizing.

Padmanabhan and Delleur (1982) proposed a conjunctive use of
the STORM and ILLUDAS models. STORM, a continuous model
which simulates lumped storage in a basin, defines rainfall
events in terms of systeﬁ characteristics and not simply as
meteorologically dependent. STORM provides overflow
frequencies for various combinations of treatment rates and
total basinl storage volumes on a macroscopic scale.
Individual detention sizes and locations are then analyzed

with ILLUDAS.

Literature reviews reveal that there are less detention pond

sizing methods based on continuous simulation than methods

involving event simulation.

16
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4. HYDROLOGIC CONSIDERATIONS

As the release rate from an OSD storage is reduced, the
shape. of the inflow hydrograph and the ‘outflow-storage
relationship become less important for storage volume
computation (Figure 3). The detailed hydrograph modeling
performed in some projects becomes unwarranted and an
approximate runoff volume estimation becomes more important.
SCS has recognized this difference in the degree of modeling
sensitivity used in sizing storage volumes. TR-55 (SCsS,
1975) states that "when only a small volume is available for
temporary storage, the shape of the outflow hydrograph is
very sensitive to the rate of rise of the inflow hyarograph.
Conversely, when a large volume is available for storage,
the shape of the inflow hydrograph has little effect in the
outflow hydrographs which, in this case, is controlled by

the hydraulics of the structural system."

On the other hand, one should ask whether one event
simulation is indeed valid for both of the above conditions.
Woolridge (1982) discovered that "the «critical storm
duration for the design of storage tanks is about 30 to 40%
longer than the critical duration for the calculation of

discharge." The storm duration giving the maximum storage

17

varies according to local climate and is, therefore, site

spebific. Unfortunately, design storms which give the

highest peak flows are often indiscriminately used for
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storage volume estimation. Events with lower intensities
and higher runoff volumes or sequences of events may be more

critical than high intensity storms.

Walesh (1979) has given the following definition for design

storms:

"The overall idea of a design storm is to provide a
means of estimating a discharge or volume of specified
recurrence interval for planning or design purposes.
That is, a recurrence interval is assigned to the
design storm, a rainfall-runoff procedure is used to
convert the rainfall to runocff, and the recurrence
interval of the design storm is transferred to the

resulting runoff discharge or volume."

Sieker (1979) showed that the postulate of transferring the
storm recurrence interval to the hydrograph is false. James
et. al. (1982) stated that "storage design is more reliable
if based on continﬁous modelling rather than discrete event
modelling"” and'proceeded to point out several drawbacks of
using design storms. Synthetic design storms represent an
aggregation of storms of all types, cyclonic, thunderstorms
etc., into a single distribution which bears no resemblance

whatsoever to any of the observed storms. The probability

18

of generating a specific runoff volume is actually the joint:

probability of the initial conditions and the rainfall



intensity. Padmanabhan and Delleur (1982) alsc indicate
that the number of overflows from a detention is a function
of the storage and release rate. The design storm approach
considers only the input wi;h no regard for the system
characteristics - thus no scope for considering alternatives

or economic analysis is possible.

Another major weakness of design storm approach according to
Ormsbee (1984) stems from its inability to generate
statistical information such as flow duration curves and
probability distributions of outflows and overflows, which
are direct functions of the available storage volume and the
release rate. From this perspective, design storms are

simply inapplicable.

Marsalek (1978) conducted a study in which he found that the

19

popular Chicago design storm generated runoff peaks that

were 80% larger than produced by corresponding historic
storms of identical return periods and that the ISWS
(Illinois State W%ter Survey) storm overestimated by about
27%. Return'étorms of between 1 and 10 years were used in
both cases. Although not reported, errors in runoff volume

would also be expected.

Wenzel and Voorhees (1978) studied design storms by
comparison with recorded events and continuous models and

found that "surcharging and antecedent conditions dominated



tending to render the design storm concept of doubtful

value."

According to Fok et. al. (1981), the primary advantage of
continuous modeling is to better determine the frequency of
antecedent conditions such as soil moisture levels and
antecedent detention water levels. Such probabilities are
generally unknown in the design storm approach. Continuous
simulation affords the opportunity to observe the frequency

of overflow violations for a particular 0OSD design.

Although design storms have many serious limitations, there
exists no widely accepted alternative. The trend, however,
has been gradually away from single event input to a series

of historical storms or to continuous modeling.

Linsley and Crawford (1974) advocate continuous simulation
for water quality modeling because pollutant accumulation
depends on antecedgnt dry-days. No reliable probabilities
can be assigned to single events because the method is not
suitable for statistical analyses. It 1is the higher
frequency events which account for the majority of the
combined sewer overflows and thus the largest annual
pollutant 1loads. Therefore, designing a system for rare

events is uneconomical.

20



This 1is certainly not an exhaustive 1list of all the
researchers who advocate continuous simulation over design
storms. Johansen and Harremoes (1979), Urbonas (1979) and
Padmanabhan and Delleur (1982) as well as many others, have,

through much study, also come to this opinion.

21



5. STUDY METHODOLOGY

To test the performance of OSD's sized by event methods
using continuous simulation, the fundamental differences in
input requirements, procedures, assumptions and output of
the two methods had to be taken into account. Two

representative models were selected for simulation:

1. URBHYD, a submodel of OTTHYMO (Wisner, 1982), and

2. STORM (Hydrologic Engineering‘Center, 1976).

These two models are similar in some respects. Both are
algorithmically simple, both perform lumped hydrologic

simulation, and both have been well tested and applied.

22

URBHYD, an event model, is simply a runoff hydrograph .

generating tool. Used as a stand alone model in this study,
URBHYD does not simulate storage or reservoir. routiné.
STORM, a continuous mbdel, generates only hourly runoff
volumes, but. also simulates storage and outflow. Whereas
URBHYD is applied with a design storm, be it synthetic or
historical, STORM requires a continuous hourly precipitation
record. It is imperative to have a general understanding of
each model before analyzing, interpreting and comparing

results.



5.1 Event Simulation

5.1.1 The URBHYD Model

URBHYD, a submodel of the OTTHYMO package is widely applied
across Canada and is representative of event hydrograph
simulation methods currently applied in practice. A quasi-
linear parallel reservoir model, it simulates runoff from
pervious and impervious areas separately and adds the two
routed hydrographs at the outlet point. Previous
comparisons show that hydrographs generated by URBHYD are
comparable with those generated by discretized SwWMM
simulations. SWMM itself, was previously compared with HVM-
Dorsch and RRL. Because of these comparisons, conclusions
of this present study are not considered to be restricted to

a particular single event model.

Input to URBHYD consists of the watershed area, the
impervious ratio, infiltration parameters for pervious
areas, hydraulic parameters for routing - slope, length and
roughness - ahd the rainfall hyetograph in a user specified
time step. Output includes the runoff hydrograph which, in

OSD sizing, represents inflow to the detention facility.

23



5.1.2 Event Simulation Strategy

To be consistent with present practice, 5 and 1l0-year
Chicago design storms of three hour duration were derived
from Intensity Duration Frequency (IDF) curves for Toronto
and Montreal. Since the' watersheds were hypothetical,
hydrographs were generated for the following

characteristics:

a) imperviousness 20%, 40%, 60%, 80%

b) watershed area 2, 5, 10, 25, 100 Ha.

Watershed slope, which has no effect on runoff volume, was
arbitrarily set to 1.0% for all URBHYD runs. All other
parameters were set to the default values recommended in the

user manual (see Table 1).

Preliminary indications showed that watershed area had no
significant effect on the depth of runoff generated per unit
area. Consequentlf, all subsequent simulations were for a
10 ha area and imperviousness became the primary watershed

variable.

To be consistent with the units in the STORM model, volumes

were converted into mm per unit area and release rates into

24

mm per hour. Storage requirements were computed for the:
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TABLE 1 — URBEYD PARAMETER VALUES

MODEL
VARIABLE UNITS
DT hours
DA | Ha
XIMP %
TIMP %

NI -

FO mm/hr
FC mm/hr
DCAY 1/hr
F mm
DPSI mm
DPSP mm
STI,STP hr
SLI,SLP %
LGI,LGP m
MNI,MNP  imperial

13.21

258.2

0.013,
0.250

COMMENTS
Computational time step
Drainage area

Directly connected impervious
area ratio

Total impervious area (ratio
of total watershed area)

Number of rainfall increments
(3 hours @ 10 min. time step)

Initial infiltration rate
(default)

Final infiltration rate
(default)

Horton decay constant
(default)

Accumulated soil moisture
prior to start of rain
(default)

Depression storage for
impervious area (defaglt)

Depression storage for
pervious area (default)

Storage coefficient of linear
reservior fo impervious and
pervious areas (to be computed
based on the slope, length and
roughness to follow)

Slope of impervious and
pervious areas respectively

Length of impervious and
pervious areas rsspectively,
by default: 1.5L¢ = Area

Manning roughness coefficient
for impervious and pervious
areas.



following release rates:

1. 2 mm/hr = 5.56 1/s/ha,
2. 5 mm/hr = 13.9 1/s/ha,
3. 10 mm/hr = 27.8 1/s/ha,
4. 20 mm/hr = 55.6 1l/s/ha.

Hydrographs generated by URBHYD were plotted and storage
volumes for the above release rates were calculated
graphically based on the straight-line outflow approximation

(Figure 3).

5.2 Continuous Simulation

5.2.1 The STORM Model

The Storage Treatment Overflow Runoff Model - STORM - was
selected for continuous simulation because of its conceptual
simplicity and its unique definition of storm events. STORM
simulates quality and quantity of runoff from urban and non-
urban watersheds. STORM lumps both the watershed and the
storage facilities in the watershed. Statistical
information on the quality and quantity of washoff and
overflows is provided. The model is designed for use with
many years of continuous hourly precipitation records but

may be used for individual events also.
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Quality aspects were completely ignored in this study.
Runoff quantity computations. are accomplished in one of
three ways: by the coefficient method, by the SCS curve
number method and by a combination of the two. This third
alternative was selected, namely the coefficient method for

impervious areas and the SCS method for pervious areas.

As mentioned above, one of the reasons for selecting STORM
was its unique manner of defining rainfall events. The
implied philosophy is that a design storm cannot truly be
defined without consideration of the drainage system to
which it will be applied. Intensity and duration are not
the only factors involved 1in determining runoff or
overflows. Antecedent moisture and water levels strongly

influence the severity of an event.

STORM defines an event as the rainfall occurring between the
time storage is first utilized until it empties. In other
words, an event does not occur unless runoff of an intensity
greater than- the. detention facility release rate is
generated whetéby the untreated or excess runoff is diverted
into storage. The event ceases when the storage is allowed

to empty due to the termination or reduction of runoff.

STORM input consists of rainfall data, evaporation and

26

infiltration parameters, imperviousness, and storage size--

treatment rate combinations. Among many other statistics,
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output includes the dates and times of events and a tally of
the total number of events and overflows for each treatment

rate—storagé combination.
5.2.2 Continuous Simulation Strategy

Fourty-one and 26 years of continuous hourly rainfall data
for Montreal and Toronto, respectively, provided input for
the continuous simulation portion of the investigation.
Since release rates and storage are both measured on a per
unit area basis by STORM, watershed area was not a relevant
parameter and results were interpreted as generally
applicable for all areas. To be consistent with single
event modeling, default parameters were selected for STORM
in all cases of unknown hydrologic parameters. Matching
parameters with URBHYD was attempted wherever possible,
especially for imperviousness ratios and Horton infiltration
parameters. A 1list of parameters and their wvalues is

presented in Table 2.

Various combinations of release rates and storage volumes
(Table 2) were analyzed for both Montreal and Toronto
rainfall data to determine the number and magnitude of
‘ overflows. Comparison of the two methods could have been
3

i accomplished by entering the release rates and computed
i storage volumes from single event modeling directly into

STORM and obtaining the number overflows as output.
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TABLE 2 - STORM PARAMETER VALUES

MODEL

CARD VARIABLE UNITS

E2 AREA Ha

E3  RECVRT mm/day

E4 LOSSEQ -
CPERV ratio
CIMP ratio
DEPRS mm
EERC -
EPRC -

ES DEPR mm
ACTIA mm
SACT mm
SMAX mm
RATEIN mm
PERCMX mm/hr

F1l FIMP %

T2  TRATER mm/hr

T3 CAPR mm

VALUE

100

20,40,
60,80

1,2,5,
10,20

2,5,10'

25,40,100

COMMENTS

Area of subasin (does not
affect results since
storage and treatment
rate are measured per
unit area)

Pan evaporation rates for
each month of the year
(default values used)

Infiltration losses will
be computed by the
coefficient method for
impervious areas and by
the SCS method for
pervious areas '

Pervious area runoff
coefficient

Impervious area runoff
coefficient (default)
Maximum depression
storage capacity
Evapotranspiration
exponent

Percolation exponent

Max. initial abstraction
capacity

Starting initial
abstraction capacity
Starting soil moisture
retention capacity

Max. retention capacity

Max. infiltration capty.
Max. percolation rate

Percent imperviousness of
this land use.

Treatment rate
Storage capacity to be

analyzed for designated
treatment rate.



i
1
B!
i
i
1
i
o
Ei
4
i
o

T BTURRIIATT T L

G T

o

R AT T T L TR S R

However, in favour of a more general approach, release-rate
storage simulations were selected to represent a broader
range of conditions and situations. Release rateé modeled
tend to be 1low reflecting the objectives of the

investigation in 1light of present O0SD design practices.
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6. SIMULATION RESULTS

6.1 Results of Event Modeling

Graphically estimated storage volumes based on hydrographs
generated by URBHYD are 4presented in Table 3 £for the
specified release rates. As the release rate of the
detention facility decreases, storage approaches the total
volumetric runoff. Volumes are fairly similar for both
cities, as expected. It is evident that storage capacities
generated with event modeling depend on the design storm
return period and the release rate of the detention

facility.

6.2 Results of Continuous Simulation

STORM output, because of its sheer volume, can be best
presented graphically. Along with many other statistics,
STORM computes the humbér of overflows during the simulation
period for each 0SD - defined by a release rate and a
storage capacity - as. one measure of its effectiveness.
Consequently, the number of overflows is a function of the
storage volume and the release rate of the 0SD, and when

plotted against these two parameters, produces a family of

29

iso-release rates. Montreal iso-release rates are.

illustrated in Figures 4A to 4C for various impervious

ratios; Toronto results follow in Figures 5A to 5D.
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TABLE 3 — RESULTS OF SINGLE EVENT MODELING

MONTREAL:

S5-YEAR STORM

ESTIMATED STORAGE VOLUMES (mm)

FOR THE FOLLOWING RELEASE RATES . TOTAL
IMPERV- 2 5 10 20 mm/hr RUNOFF
IQUSNESS 0.056 .139 .278 .556 cms VOLUME
(%) (mm)
20.0 9.8 6.4 3.7 1.0 13.2
40.0 16.3 12.1 8.1 4.0 19.5
60.0 22.7 18.2 12.5 7.5 25.8
80.0 29.2 24.7 19.1 12.8 32.1
MONTREAL: 10-YEAR STORM
20.0 15.0 10.8 7.3 3.0 17.4
40.0 21.0 16.7 11.3 6.8 24.1
60.0 27.7 23.1 17.1 11.3 30.8
80.0 34.6 29.4 23.0 16.0 37.5
TORONTO: 5-YEAR STORM
20.0 13.3 8.9 5.6 2.4 16.5
40.0 21.0 16.0 9.9 5.9 23.3
60.0 27.1 22.2 15.5 10.1 30.2
80 34.1 29.4 22.4 14.0 37.1
TORONTO: 10-YEAR STORM
20.0 18.8 14.2 10.2 5.8 22.1
40.0 26.5 21.3 14.1 10.0 29.6
60.0 33.9 28.4 21.1 13.9 37.1
80.0 41.4 44.6

36.7 28.3 17.7
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Fundamentally different from URBHYD output, STORM provides
the frequency or recurrence of failures (overflows) of a
detention facility with a specified size and release rate.
Results form Montreal and Toronto are not easily compared

since the simulation periods encompass different time spans.

In addition to the number of events and overflows, STORM
provided much statistical data detailing the durations, time
spans and depths of events and critical (overflow) events.
After compilation of duration and time scale data from the
26 year Toronto simulations the following observations were

made:

A larger difference was generally noted between the total
duration of the rainfall event and the number of actual
hours that rain fell for overflow events than for non-
overflow events, especially at the lower release rates
tested. In other . words, overflow events generally
experienced intermittent dry periods more often than non-

overflow events did.

The total hours of actual rainfall and the total rainfall
depths for overflow events are generally larger than for

non-overflow events.

30



Overflow events tended to use storage facilities for a
longer period of time also.: Recall that STORM defines an
event on the basis of storage use. Thus, the overall
duration (dry periods included) of events which caused
overflows was longer than those which did not. The
average overflow event duration for Toronto simulations
was 6.8 hours; non-overflow events were considerably

shorter on average.

31



7. ANALYSIS AND DISCUSSION OF RESULTS

7.1 Procedure for Comparing Results

To enable a proper comparison between STORM and URBHYD
results to be conducted, a number of assumptions were made.
First, event modeling, by assumption, transfers the return
period of the design storm to the formulated hydrograph.
The frequency of failure (overflow) for an OSD designed with
this hydrograph is then the recurrence interval of the
design storm. In other words, a detention facility sized
with a 5-year design storm should overflow only once in five
years or 8.2 times in 41 years or 5.2 times in 26 years.
Similarly, an OSD sized for a 10-year storm should, on
average, overflow 4.1 times in 41 years and 2.6 times in 26

years.

By interpolating the iso-release rates of Figures 4 and 5 at
overflow frequencies rebresenting one failure in 5 and 10
years, it is possible to determine the volume of storage
necessary, according to continuous simulation, to ensure
these recurrence intervals. Graphically, overflow
frequencies of one in 5 and 10 years were plotted as

horizontal lines on Figures 4 and 5 (see example, Figure 6).

32

Intersections with the iso-release rate curves define the

so-called "design" storage volumes given by continuous

simulation.
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In this manner, storage volumes for specific recurrence
intervals, release rates and impervious ratios were
estimated from STORM output. Since the single event volumes
formulated with URBHYD output were functions of the same
three parameters, graphical. representation was essential to
clearly portraying and comparing the differences between the

two methods (Figures 7 and 8).

7.2 Analysis

According to Figures 7 and 8, the following three situations

were observed:

1. Event and continuous simulation give similar volume
estimates,

2. Event volume estimates are higher,

3. Volumes determined with continuous simulation are

higher.

The first sitﬁation is illustrated by the intersections of
the curves representing event modeling with the curves
representing continuous simulation. At these points there
is no difference in the required storage volumes given by
the two methods. Although obscure and ill-defined in some

cases, intersections generally occur in the range of 10 to

33
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40 1/s/ha and are greatly dependent on the watershed

imperviousness.

The second situation generally occurs for . higher release
rates. Under these conditions, event simulations formulate
storage volumes larger than continuous simulations would
indicate are necessary. BHere, event modeling produces safe,

conservative designs.

For the third situation, the detention facility sized by
single event modeling will, according to continuous
simulation, overflow more often than the return period for
which it was designed. 1In fact, in the majority of cases,
the storage volume dictated by continuous simulation is
greater than the total volumetric runoff under the design
hydrograph. This region of underestimation by event
modeling usually occurs for lower outflow rates and is
especially pronounced at lower impervious ratios. Under
these circumstances, continuous modeling techniques should
be implemented‘to ensure that OSD facilities are designed

with sufficient capacity.

7.3 Discussion

These findings agree with those of Verworn (1984), cited
above. Recall that he found no simple relationship between

the return period of the design storm and the actual

34



frequency of overflows and, therefore, recommended that new

design procedures be developed.

Verworn's explanations apply here also. Detention
facilities with 1low release rates will require longer
emptying times, hence incurring a greater probability of a
large successive rainfall finding the facility full or
partly filled and thus resulting in an overflow.
Conversely, higher outflow rates require less time to empty
and induce a smaller risk of successive events causing
overflows. Antecedent detention water level considerations

are foreign to all notions of the design storm approach.

By similar reasoning, it is possible to explain the observed
higher frequency of storage underestimation and the larger
magnitude of discrepancies by event models at lower
impervious ratios. Antecedent soil moisture conditions play
a far more important role in watersheds with higher
proportions of pervious area. A given rainfall volume will
produce drastically different effects depending on whether
the soil is saturated or not. It follows that event
modeling accuracy increases for zones of higher
imperviousness. Pervious area simulation generally requires

more parameters to model, is less understood than impervious

35

area simulation and is much more dependent on antecedent

conditions. For low impervious ratios, just as for low
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release rates, successive events, which cannot be accounted

for by event modeling, significantly influence the outcome.

Other observed trends can also be explained by the above
rational. For example, intersection points - points of
equal storage - generally decrease with increasing
imperviousness, likely as a result of decreasing accuracy in
single event simulation runoff volume for lower impervious

ratios.

A few curves do not follow the general trends and may be
categorized as curves which have more than one point of
intersection or curves which have no intersections in the
plotted range. These two deviant situations are likely the
result of interpolation errors in Figures 4 to 5; the
consequence of using a small number points used to draw the
iso-release rate curves. The anomalies, arising only in the
Toronto results, may also indicate that the simulation

period was too short.

Boyd (1982), cited above, found that approximating the
outflow hydrograph by a constant release rate underestimated
the required volume by some 50% for triangular inflow
hydrographs. To re-iterate, the constant release rate
assumption proved to be the worst of the three methods
examined, whereas an increasing linear outflow gave the best

results.
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Boyd's findings not only agree with this study, they
increase the éignificance of the volume differences noted
between single event and continuous modeling. Since STORM
assumes a constant outflow rate in its simulations and since
single event storage volumes were computed assuming the
increasing linear release rate, any errors incurred by the
use of these methods serve only to strengthen and intensify
the findings of this study. In other words, if single event
volumes were accurate but STORM volumes were low, then for
low release rate situatidns, where event modeling already
underestimates, the discrepancy between the two methods

would be even more significant.

7.4 Overflow Event Analysis

Inspection of the durations of STORM events, both overflow
and non-overflow events, reveals much about the types of
storms that cause. overflows and also provides further
insight into the differences in single event and continuous
simulation results. Three main types of storms have been

categorized as causing overflows.

Firstly, storms with a lower intensities and longer
durations than design storms can cause overflows (Figure 9).
As noted above, overflow events in STORM tended to be longer

- 6.8 hour average for Toronto — than design storm durations
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FIG. 9 — LOW INTENSITY EVENT

Montreal Storm of 14—09—79,
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used in many single event studies. Assuming the IDF curves
are accurate, a longer storm would necessarily mean a lower
intensity than the 3-hour Chicago design storms used in the

present research.

In the second category, overflows can be caused by a series
of events in  close succession (Figure 10). In this
situation, a detention facility with low release rates will
not be emptied between events and accumulation of runoff
water will eventually cause overflows. As observed and
noted above, overflow events tend to have longer
intermittent dry periods than non-overflow events,
especially for OSD's with low release rates. This strongly
implies that the critical rainfalls are often a series of
events characterized dry periods between successive
rainfalls. For lower release rates storage empties less
quickly and the probability of more rain falling beforé

storage is empty is higher.

The last category, short duration, high intensity storms
similar to Ehose generally used in single event simulation,
can also cause overflows. STORM output indicated that
overflow events tend to be larger than non-overflow events,
as expected. Even though on average critical storms were
longer than 6 hours, in some cases these storms were in the

order of 3 hours.
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Snowmelt events, which were not considered in this study,
can also cause 0OSD facilities to overflow. Snowmelts tend
to be long, low intensity events occurring during a specific
season of the year. To model effects. of snowmelt in
Canadian cities, it is advisable to assume that snow has

been removed from a percentage of the catchment.

39



AT e e

8. CONCLUSIONS AND RECOMMENDATIONS

During the course of this investigation, the following

conclusions were reached:

1. For storage analysis, it is impossible to define a design
storm which 1is independent of the catchment and the

detention system to which it will be applied.

2. Detention facilities designed for a specific storm return
period generally do not overflow at that design frequency in

actual practice.

3. At low release rates, 10 to 40 1/s/ha, the single event

design approach may significantly underestimate the required

storage capacity. For larger release rates, single event-:

design may be conservative.

4. Real storms which cause actual overflows can be long, low
intensity events, short high intensity events or a series of

storms in close succession.,

The following recommendations encompass design and future

studies:

Snowmelt events, an aspect not considered in this

investigation, should be studied to assess their impacts on
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storage volume estimation. Designers using the methodology
presented herein should alsc consider snowmelt effects where

applicable.

In conduéting similar studies, a minimum of 25 years of
continuous precipitation data should be used to generate
meaningful iso-~release rate curves. The number of overflows
occurring in a given simulation period is a discrete
integer. The chances of having curves with discontinuities
increases as the modeling period decreases. Discontinuities
may pose interpretation and analysis problems. In light of
these potential problems, twenty-five years is recommended

as the shortest period for this type of simulation.

Municipalities which accept release rates in the order of 10

41

to 40 1/s/ha (3.5 to 14 mm/hr) for 0SD facilities, should

include continuous simulation in the design process. From
this viewpoint, many existing OSD projects may be under
designed. It is still possible to use single event design
methods confidently, provided the release rate is relatively
high, say ébove 40 1/s/ha. For lower release rates, a
study, similar to the one described herein, carried out once
for a particular location yields results which may be

applied generally for many OSD projects in that region.

For similar reasons, continuous simulation is required for

many studies involving runoff quality control. Reviews show
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that single event modeling is still used in some studies.
As recommended by Linsley -and Crawford (1974), pollution
studies should also consider small, frequent rainfalls which
wash off streets and flush out pipes, contributing large
loadings to receiving water bodies. Continuous modeling
helps to overcome difficulties in the assessment of runoff
volumes for these smaller events which usually cause

problems for event models.
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ABSTRACT

One of the most popular urban runoff models in Canada and
the United States is the Soil Conservation Service (SCs)
Curve Number method. However, some limitations of this
procedure may restrict its application -under Canadian
conditions. Although in existence for some 30 years, the
method has not been subjected to direct verification by
comparison with observed rainfall-runoff measurements from
monitored urban catchments. A recent collection of
published rainfall-runoff data for urban watersheds
worldwide has made such testing possible.

SCS procedures are very structured and well defined. The
unit hydrograph used in SCS procedures is actually only a
specific case of the more general Nash unit hydrograph and
can, in this respect, be calibrated. Tests were conducted
on six urban catchments selected to represent both North
American and European conditions. A similar investigation
was carried out for a quasi-linear parallel reservoir model
called URBHYD. In all cases observed runoff volumes were
matched prior to calibration.

Hydrograph shapes were only marginally improved by the
calibration of Nash wunit hydrograph parameters whereas
URBHYD simulations represented relevant and consistent
improvement. The SCS procedure, which relies on a single
composite curve number to generate runoff, had particular
difficulty simulating the fast early responses typical of
urbanized watersheds.

The curve number method provides a conservative design tool
but should be used with caution for wurban hydrograph
simulation. Models which account for the unique responses
of pervious and impervious areas, generally simulate real
storm hydrographs - better. The minimum storm size
requirement specified in SCS guidelines precludes its use
for many water quality and detention pond studies in Canada
where smaller storms are generally used for design.
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1. INTRODUCTION

In the past, a major limitation in the development of urban
hydrology was the lack of reliable and accessible
measurements for the testing and verification of models. At
the International Symposium on Comparison of Urban Drainage
Models held at Dubrowvnik, Yugoslavia in 1986, a collection
of rainfall-runoff data for urban watersheds was assembled.
The publication "Urban Drainage Catchments" - UDC
(Maksimovic and Radojkovic, 1986) contains measured
rainfalls with corresponding hydrographs for 20 experimental
urban watersheds complete with detailed pPipe system layouts
and other relevant data. The data compiled at Dﬁbrovnik
provides an excellent opportunity for the study and testing

of urban hydrologic models.

The Implementation of Storm Water Management (IMPSWM)
program at the University of Ottawa, coordinated by
Professor Paul Wisner, is extensively applying the UDC data
for the study of various models. One of these models is the

SCS unit hydrograph.

Runoff control studies in many states of the USA are
conducted with the Soil Conservation Service (SCS) Technical
Release 55, a simplified method based on the SCS rural unit
hydrograph. This popular unit hydrograph is also ‘

incorporated in various user-friendly microcomputer models



(eg. TR-20). Models such as SWMM are used in pollution

control studies or relief sewer studies.

In Canada, however, no standard proéedure exists.
Initially, SCS methods were applied directly or in
conjunction with the HYMd model. In 1982, an urban
hydrology model, URBHYD (Wisner, 1982), was developed at the
University of Ottawa. URBHYD is presently applied in many
provinces in Canada although HYMO is still used in some
jurisdictions. SCS applications in Canada include smaller,
more frequent storms; right down to the 2-year return level.
According to an SCS representative (Miller, . 1987),
application in the USA is restricted to large storms, a
constraint emphasized in the 1986 revision of Technical

Release 55 (SCS, 1986).

The popular SCS procedure which, although originally
developed for rural hydrologic design, was later adapted and
extended for appliCatidh to small urban watersheds. A
recent study by Water Resources Council indicated that the
SCS procedure is among the most widely used hydrologic
methods in North America (McCuen et. al., 1983) and is
described in SCS publications (SCs, 1975, 1986) or textbooks
(Viessman et al., 1977; APWA, 1981; McCuen, 1982). Despite
its popularity, the design method has not been extensively

compared with other models on the basis of observed

rainfall-runoff data.



The Nash unit hydrograph was also chosen for study and as a
comparison model since it represents a more general form of
the SCS unit hydrograph. The objective of the study was to
determine if a Nash unit hydrograph could be found which was
superior to the SCS hydrograph for modeling urban
watersheds. The rainfall-runoff transformation was not the
object of investigation since in the comparison both models
employed the SCS curve number (CN) relation with calibrated

CN's.

As an alternative to the lumped CN unit hydrograph approach,
a quasi-linear parallel reservoir model was tested. - URBHYD,
a submodel of the OTTHYMO program (Wisner, 1982), generates
runoff from pervious and impervious areas separately. Since
its development in 1982, URBHYD has undergone extensive

testing on many watersheds in various parts of the world.

The study was not concerned with a comprehensive comparison
of model structurés in terms of 1input requirements,
execution time{ flexibility, applicability, etc. but rather
concentrated on the comparison of performance for recorded

UDC rainfall-runoff data and design storm input.



2. DESCRIPTION OF SCS PROCEDURES

2.1 Historical Development

The U.S. Soil Conservation Service developed a synthetic
unit hydrograph in the ear;y 1950's which, when combined
with a simple rainfall loss function based on a "curve
number" was initially used in the design of small dams for
predominantly rural watersheds. The principles of this
model were later incorporated in the SCS TR-20 computer
model (SCS, 1970). More recently, the method was expanded
for use in urban watersheds. The SCS Technical Release TR-
35 (SCsS, 1975) provides tables and charts for relatively
simple hand computation of "design hydrographs" and peak

discharges. TR-55 methodology was updated by SCS in 1986.

The use of a standard unit hydrograph from coast to coast,
the simplicity of the model, the consistency of approach in
more than three decades and the availability of curve number
parameters and desién storms explain the popularity of ScCS
procedures in tﬁe United States, especially in states where

SCS is the leading storm water management agency.




2.2 Generating Runoff

The SCS procedure for computing runoff is known as the
Runoff Curve Number (CN) method. Watershed runoff volume is
considered to be a function primarily of the rainfall and
associated losses due to infiltration characteristics such‘
as soil type, soil moisture, antecedent moisture condition,
cover type, impervious surfaces and depression storage.
Infiltration responses of the watershed are represented by
the initial abstraction and potential maximum soil retention
capacity. Infiltration, rainfall and runoff are then

related by the following expression:

0= _(P-1,)2 (1)
(P -Iz) + 5

in which Q is the volume of runoff (mm),
P is the volume of rainfall (mm),
Iz is the initial abstraction (mm) and
S 1is the potential maximum retention capacity of

the soil (mm).

The equation is valid only for P > I,.

Initial abstraction represents evaporation, interception,
depression storage and infiltration; in short, all losses
before runoff «can begin. Studies conducted on small

agriéultural watersheds yielded the following empirical




relationship between initial abstraction and soil retention

capacity:
I =0.25 : (2)

Substituting this expression  into equation (1) results in a
relationship for runoff in terms of rainfall and soil
retention capacity only. Retention capacity, S, expresses
the infiltration properties of the soil and the land cover.
The runoff curve number is defined in terms of the soil

retention capacity by the following expression:
S = 1000/CN - 10, or S = 25400/CN - 254 (3
in imperial (inches) or metric units (mm), respectively.

Whereas retention capacity has no upper limits the curve
number varies between 0 and 100 and is determined on the
basis of the 1land -use, 1land cover, antecedent moisture
conditions andlﬁhe hydrologic soil type. Tables describing
typical rural and urban land use scenarios are available to
aid in the selection of an appropriate CN. Area weighted
curve numbers are averaged in the computation of a lumped CN

representing the entire watershed.




2.2.1 Urban Adjustments

When the methodology is extended to urban watersheds,
certain adjustments are required to maintain a lumped CN
approach that represents both pervious and impervious areas.
Adjustment factors, reflecting the influence of both
connected and unconnected impervious areas, are recommended
in the 1986 edition of TR-55 for estimating a "composite
CN". While a distinction is made between the connected and
unconnected impervious areas for watersheds where less than
30% of the total area is impervious, for larger

imperviousness ratios no special correction is made.
2.2.2 Limitations of TR-55

TR-55 warns wusers about several 1limitations in the
methodology. Firstly, curve numbers were developed to
represent average watershed conditions for "design storm"
conditions, modeling’accdfacy decreases if historical storms
are used as input (SCS, 1986). Secondly, the curve number
equation does not contain any expression for time to account
for the intensity and duration of actual storm events and,
therefore, must be used with caution in these applications.
Another assumption, the relationship for initial abstraction
in equation (2), was based on agricultural watershed data

and may not apply for urban catchments. Lastly, the CN
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procedure is less accurate for total runoff less than 0.5

inches (12.5 mm).

This last limitation may prove a severe restriction. As an
example, a 2-year return storm, as‘ is commonly used in
Canada for the design of detention facilities in a watershed
with an imperviousness of about 30% is likely to have a
runoff of less than the new accepted limit. 1In the prairie
provinces a larger storm is necessary to meet this new

restriction.

2.3 Overland Routing

The rainfall-runoff transformation in the SCS procedure is
based on a linear synthetic unit hydrograph which, when
convoluted with the rainfall excess distribution determined
by equation (1), produces a design hydrograph. Originally
developed for rural conditions, the SCS unit hydrograph was

later borrowed for application to urban watersheds.

The time to peak of the unit hydrograph is conventionally

taken as:
tp = 0.67 te (4)

where to is the time of concentration.
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SCS provided two options for éomputing the time to peak of

the unit hydrograph: the lag method and the velocity method.
2.3.1 The Lag Method

The Lag Method, developed for overland flow, assumes
homogeneous conditions over the entire length of the flow
path and expresses lag time as a function of slope, flow
length and maximum soil retention capacity, S. The
assumption is evidence that the method was originally

intended for rural application.

To reflect the quicker responses observed in urbanized
watersheds, adjustment factors were developed in terms of
percentage imperviousness and the percentage of hydraulic
length replaced by channels (McCuen and Miller, 1983).
Although no mention of the lag method was made in the latest
edition of TR-55 (1986), the method was retained Ffor this

study to assess applications made in the past decade.
2.3.2 The Velocity Method

The Velocity Method differentiates between the individual

components of the runoff flow path such as overland, channel

and pipe flow, and account for the travel time associated

with each individual component as the ratio of hydraulic
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length to velocity. The outlet time of concentration is
simply the sum of travel timeé for all components along the
flow path. Intuitively, the velocity method appears to be
the superior approach, as substantiated by McCuen (1984b)

and others.

The 1986 edition of TR-55 presents a kinematic wave equation
for travel time estimates in the upper reaches of a basin
where sheet flow may be expected. The method is limited to
a flow path less than 300 feet (90 m), after which sheet
flow is said to become "shallow concentrated flow" and

velocities can be estimated from slope and roughness.

It was intended that TR-55 would be applied with a design
storm of magnitude and type defined by the return period and
location. The complete methodology together with a simple
routing method are incorporated in the SCS TR-20 computer

program (SCS, 1973).
2.4 Description of the Nash Unit Hydrograph Model
The linear cascade of reservoirs, as proposed by Nash

(1957), is another popular unit hydrograph model initially

applied to rural watersheds. Outflow from a series of N
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reservoirs is:

Oy = (t/tp)¥"1 exp {-t/tp} ~ (5)
tp [(N)

in which N is the number of linear reservoirs in cascade.
tp is the time to peak of the unit hydrograph, and

[T (N) is the gamma function of N.

The parameters, N and tpy uniquely define the shape of the
unit hydrograph making a whole family of shapes possible.
If N=4.75 the Nash unit hydrograph very closely resembles
the SCS unit hydrograph. In other words, the SCS unit

hydrograph is a special case of the Nash model.
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3. PREVIOUS STOUDIES
3.1 Previous SCS Studies
3.1.1 Initial Abstraction

Studies conducted by IMPSWM (Wisnér, 1986) in 1981 for the
Seymaz watershed in Switzerland found that the initial
abstraction was much less than 0.2S. Morel-Seytoux et. al.
(1982) reported similar findings and pointed out that
initial abstraction has been shown to vary with rainfall

intensity and, as such, can not be a constant value.:

~3.1.2 Application with Historic Storms

Prior to SCS self-imposed limits, Kent (1966) stated that
the procedures "are primarily for establishing safe limits
in design, and for comparing the effectiveness of alternate
systems of measures within a watershed project. They are
not used to récreate specific features of an actual storm."
Problems arise because SCS methods are commonly used to
simulate historic events - a practice which has never been
adequately tested. Some of the most widely applied computer

models - HYMO and TR-20 ~ use the CN procedure. Tschantz

12

(1985) has even developed a microcomputer program which

allows the user to enter a recorded historical storm and



apply SCS procedures to simulate runoff hydrographs for

urban watersheds.

There is a need for general methods which can apply both
design and historic storms. Marsalek (1978), Johansen et.
al. (1979), Urbonas (1979), James et. al. (1982) and
Padmanabhan et. al. (1982) all recommended -the general use
of observed events over design storms for a number of
reasons. The presupposition that the return period of the
design storm equals the return period of the runoff peak and
volume is weak and was most frequently and vigorously

challenged by different researchers.
3.1.3 Peak Discharge

Simulation results with observed rainfall-runoff data are
not available in any of the SCS publications. On the other
hand, peak discharges obtained with SCS methods for design
storms of wvarious fféquencies were compared with a
statistical distribution of gauged flows (from the same

watershed).

A previous paper by McCuen (1983) presented the results of a

comparison of various peak discharge methods including SCS

13

(McCuen, 1983). SCS results showed a greater scatter (less

accuracy) than the results from either the rational or USGS

methods but also accounted for the lowest bias.
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In still another study, McCueﬁ et al. (1984a) investigated
the accuracy of the urbanization factors introduced in TR-55
(1975) to adapt the previously rural SCS procedure to urban
conditions. SCS urban peak flow estimates for various
return periods were compared with peak discharge rates
generated by a Log-Pearson Type III distribution for annual
maximum flood series data on 51 urban watersheds. Results
indicated that, with minor modification, the urbanization
adjustment factors are acceptable for estimating peak
discharge rates for urban catchments with areas less than

1600 ha.

Previous studies have tested various components of the urban
SCS procedures and have investigated the accuracy of
simulated peak flows by statistical means. However, no
study has yet undertaken the comparison of the SCS method
with other urban runoff models for observed rainfall-runoff

data.
3.1.4 Time to Peak

Studies by Espey, Huston and Associates (1979), and McCuen

et al. (1984a, 1984b) have reviewed SCS procedures

14

considering the CN selection process, calculation of the

time of concentration and validity of urbanization

adjustment factors for estimating peak runoff rates. While
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these studies pointed out limitations in the curve number
selection process (Espey et.'al., 1979) or limitations in
time of concentration formulas (McCuen, 1984b), they did not

evaluate the shape of the SCS unit hydrograph nor did they

‘compare results with other models.

Espey et al. found that for over half of the watersheds
studied, the curve numbers optimized by HEC-1 were greater
than the corresponding values given by SCS tables. Also,
lag times, computed by the SCS lag method, appeared high in

comparison with times given by other methods.

McCuen et al. (1984b) tested both the 1lag method;and the
overland flow component of the velocity method with several
other techniques for estimating time of concentration. The
investigation was conducted with data from 48 urban
watersheds obtained from a U.S. Geological Survey data base.
The lag method and the overland flow component of the
velocity method gave times in the same order of magnitude.
For nonhomogeneous 1land uses where a combination of
overland, channel and pipe flow is possible, it was found
that a velocity based method has the potential to give the
most accurate results. The SCS velocity method falls into

this category of methods.

15



3.2 Previous Nash Model Studies

Bielawski (1984) compared the Zoch single linear reservoir
model with the Nash model on a 300 ha urban catchment
situated in Warsaw, Poland. Using summertime precipitation
and flow data he concluded that linear reservoirs were
satisfactory for the Warsaw catchment and that the Nash
model gave better results than the Zoch model. He found

that N was, in general, lower than 4.75.

16
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4. DESCRIPTION OF THE WATERSHEDS STUDIED
After screening the UDC watershed data, six catchments -
three from North America and three from Europe - were

selected for the study. Each catchment catalogued in UDC
included six recorded rainfall-runoff events. In addition
to this, three extra storms and hydrographs from the Malvern

basin, brought the total number of events up to 39.

Catchments were chosen to represent a wide range of climatic
and geographic conditions thereby giving the results more
general credibility. Watershed characteristics and
locations and rainfall data are presented in Table 1;
detailed descriptions and sewer system layouts are provided
in UDC. Large ranges in catchment area, imperviousness
ratios, rainfall volumes and observed runoff coefficients
are immediately evident. Total rainfalls range from 3 to 60
mm with the large; volumes generally occurring in North

America.

17
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5. STUDY METHODOLOGY
5.1 Evaluation Criteria

McCuen (1983) defines the following criteria for model

selection:

1. Conceptually rational,

2. Flexible in application to various design problems,
3. Widely applicable geographically,

4. Requiring minimal and easily obtainable inputs,

5. Consistent results from different modeler and

6. Conceptually simple to apply.

Although the above criteria are significant, relevant and
generally tend to describe both the SCS and Nash models, a
more objective measure must be defined for distinguishing

between the strengths and weaknesses of each model.

Singh (1979) addresses the questions of what a good model is
and how to choose between them. He emphasizes the need for
objective criteria in judging goodness of fit. A following

form is suggested:

E = a(error in peak flow) + b(error in volume)

+ cf{error in time to peak) + d(error in shape) (6)



where E is the objective error function and
a,b,c,d are positive weighting coefficients summing to

unity.

All errors represent deviations from the observed hydrograph
and are summations over all studied events. Errors in any of
the four measurements above can be expressed as a standard

error, for example:

error in Qp = / 1 (Opobs-gps)? (7)
n-1-p z Ppobs

where Qpops 1s the observed peak flow for each event,
Qps is the simulated peak flow for each event,.
n is the total number of events for a watershed,
p is the number of free model parameters and

n-1-p represents the total degrees of freedom.

The standard error is thus adjusted for the complexity of
the model, reflected in the number of parameters that can be
calibrated. It is expected that a more complex model will

out-perform a simpler one.

Errors in peak flow and the time to peak were the criteria

used to compare the performance of both models. Previous

19

experience with relations of the form of equation 7 show

that standard errors of this type may suffice for a first



model comparison. Visual appearance can also be used as a

subjective means of comparing simulated hydrograph shapes.

5.2 Model Study Procedures

Two model testing strategies are recognized. The most
frequently used strategy is to simulate measured runoff
hydrographs with real event input. SWMM (1971), ILLUDAS
(1974) and OTTHYMO (1982) etc. have all been tested using
this strategy and their user manuals illustrate comparisons
of modeled and observed hydrographs. The SCS TR-20 computer

program can also be used with historical storms and is valid

for application to urban catchments provided the proper

adjustment factors are applied to CN and time of
concentration wvalues. In order to test the basic
assumptions behind any method, it must eventually be

compared with measurements.

The second model testing strategy has already been used by
McCuen et al. (1984); that 1is to compare peak flows
generated for design sforms of various return periods with
peaks estimated statistically from recorded stream gauge

data.
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5.3 Verification of SCS Method

Due to a lack of previous work in the former direction, a
study of SCS procedures based indirectly on' the simulation
strategy was undertaken. The OTTHYMO model (Wisner, P'ng,
1982) was used for simulation purposes since it includes the
Nash model with the following input parameters: N, tps CN
and I. The advantage of using OTTHYMO being that both SCS
and Nash unit hydrographs may be simulated and each step of
the procedure = rainfall, runoff and routing ~ can be
analyzed separately. In calibration, CN and I determine
the runoff volume, whereas N and tp are strictly unit
hydrograph shape parameters. This investigation, being more
concerned with the shape of the unit hydrograph, examined
the improvements ébtained in shape by the "optimization" of
N and tp. By setting CN and Iz to match the runoff volume,
the study will focus on hydrograph shapes and peak flows
only. This also enables rainfall events smaller than the

12.5 mm limit to be-included.

A microcomputer version, MINI-OTTHYMO, (Wisner, Consuegra,
Sabourin, 1986) capable of plotting observed and simulated
hydrographs on the monitor, was a useful aid for the trail

and error calibration process.

Testing of the SCS unit hydrograph model was conducted in

21
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the following manner:

Curve numbers were calculated using equation (1) in order
to ensure that the observed runoff coefficient was
matched and, therefore, the runoff volume would be
correct. This also served to isolate the performance of
the unit hydrograph from the rainfall-runoff
transformation. Initial abstractions were determined
from preliminary calibration results and were held
constant for each catchment even though CN's varied from

event to event.

The number of linear reservoirs, N, was held conétant at
4.75 for all events since this defined the unique SCS
unit hydrographs shape. The time to peak of the unit
hydrograph for each catchment was estimated by using both

the SCS lag and velocity methods.

Computer simulations Qere conducted for all 39 events and
resulting hydrographs were compared with observed runoff

hydrographs.

SCS type II design storms for Metro Toronto rainfall
depths were then applied to three of the catchments using

the parameters obtained above.

22



5.4 Calibration of the Nash Model

The same 39 rainfall events were also used to calibrate the

Nash model as summarized in the following strategy:

Curve numbers and initial abstractions found to match
observed runoff volumes for SCS simulations were retained

for the Nash unit hydrograph simulations.
Hydrographs were calibrated to temporally match the
observed peak flow for each event by varying tp, the unit

hydrograph time to peak.

The number of linear reservoirs, N, was calibrated in an

attempt to match observed peak flows.

A compromise was affected between calibrated values of N

and tp.
Calibrated values of N and tp were applied with Toronto 5
and 100-year SCS type II storms for three catchments.

5.5 Comparison with the URBHYD Model

It is expedient to compare the results obtained with the SCS

and Nash models, both of which were originally intended for

23
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rural watersheds, with a model developed specifically for
urban conditions. URBHYD, a Quasi—linear model simulating
runoff for pervious and impervious areas separately (Table
2), was selected to run all of the events. URBHYD has been
extensively tested and found to be consistent with the EPA-

SWMM model (Consuegra and Wisner, 1986).

To be consistent, URBHYD parameters were set to match the
observed runoff volumes as was done in the previous
simulations. This was accomplished by assuming a value for
depression storage and calibrating the imperviousness ratio
so as to obtain the measured runoff. Default values were

assigned to all other parameters.

24
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6. RESULTS
6.1 Results of SCS Verification

In order to accurately reproduce observed runoff volumes, it
was necessary to significantlf reduce the initial
abstraction from 0.2S. Higher values of I, did not account
for the quick responses of observed hydrographs. Through
preliminary calibration, an acceptable range was found to be

0 to 1.0 mm.

One curve number could not accurately replicate tﬁe large
ranges of runoff coefficients observed in a some of the
watersheds of this study, as illustrated in Figure 1 for the

Malvern catchment in Canada.

The empirical 1lag method for estimating response time
consistently and significantly overestimated the time to
peak. Consequently, all further findings reported for the
SCS model are based on the time to peak as computed from the
time of concentration determined by the velocity method.
All subsequent references to SCS results imply the use of

the velocity method unless explicitly stated otherwise.

Hydrograph peaks simulated by the SCS unit hydrograph were,

in general, later than observed peaks as evident in Figure 2

25
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for the Malvern catchment. However, simulated hydrograph
shapes were reasonable for about 45% of the events.
Simulated hydrographs for all watersheds and all events may

be found in Appendix A.

Ratios of simulated peak flows to observed peaks are shown
in Figure 3 plotted against observed runoff volumes. Model
performance differed greatly from one watershed to another
confirming the supposition that validation of a model on a

small number of watersheds may lead to biased conclusions.

In practical applications of SCS methodology, a watershed is
assumed to be represented by a single curve Vnumber.
Simulations conducted with average watershed curve numbers
show a significant deterioration in performance over the
results in Appendix A. For example, Figures 4A to 4F
illustrate this deterioration for the French watershed when
applying an average CN of 86.8. The use of a single lumped
curve number is then a source of potential error. A single
curve number can not replicate the range of observed runoff

coefficients encountered in practice (see Figure 1).

6.2 Nash Model Results

A éignificant effort was made to improve the SCS unit

hydrograph results by calibrating the shape parameters (N

26
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FIG., 4B - FITTED VS CONSTANT CN
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FIG. 4C - FITTED VS CONSTANT CN
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FIG. 4E - FITTED VS CONSTANT CN
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FIG. 4F - FITTED VS CONSTANT CN
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and tp) of the Nash unit hydrograph. Since N and tp are
held constant or defined by eéuations in the SCS method, it
was thought that by calibration an improvement in unit
hydrograph performance could be achieved. | Optimized N
values were found to be highly dependent on individual
events and also varied considerably from catchment to
catchment. The time to peak was significantly lower than
estimates given by the Scs velocity method. After N and tp
were optimized separately for each event, watershed averages
were taken as representative of the true calibrated values
(Table 3) and are henceforth referred to as the "calibrated"

or "optimized" Nash parameters.

A complete set of hydrograph simulations including all
watersheds and all events for the calibrated Nash model can
be found in Appendix A. Calibrated parameter values are
presented in Table 4. A complete event by event listing of
observed and simulated peak flows and times to peak for both
SCS and Nash models is found in Table 5. Model results were
compared in terms of ratios of simulated to observed peak
flows which are summarized in Table 6. Standard peak flow
errors were also computed for comparison purposes and are

discussed in detail below.

Figures 5 to 8 illustrate the sensitivity of peak flows to
variétions in N and tp for the Danish watershed. Generally,

as the number of Nash reservoirs, N, increases, the peak
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TABLE 4 - SCS AND NASH RESULTS FOR ALL EVENTS

CATCHMENT EVENT OBSERVED SCS (velocity OPIMIZED
NO. p tp method) NASH
(cms) (hrt) Qp tp Qp tp
Malvern, 2 0.711 1.98 0.77 2.00 0.51 2.13
Burlington 8 0.135 1.88 0.18 2.17 0.16 2.26
12 0.901 0.52 1.28 0.50 0.91 0.65
15 0.140 0.77 0.18 0.84 0.15 0.92
16 0.770 0.15 0.60 0.17 0.40 1.88
21 0.428 0.15 0.36 0.57 0.28 0.69
22 0.188 0.25 0.20 0.52 0.17 0.64
23 0.201 0.18 0.15 0.52 0.12 0.62
24 0.249 0.83 0.23 0.87 0.18 1.00
King's Creek, 1 0.8595 0.28 0.90 0.33 0.94 0.33
Florida 2 0.753 1.25 0.72 1.16 0.72 1.25
3 0.493 0.47 0.66 0.42 0.67 0.42
4 0.441 2.97 0.51 2.74 0.50 2.74
5 0.391 0.13 0.25 0.17 0.24 0.25
6 0.451 0.88 0.40 0.42 0.37 0.50
Gray Haven, 1 2,261 1.58 2.51 0.60 2.33 0.70
Baltimore 2 2.212 1.58 2.28 - 0.65 2.07 6.70
3 0.864 0.38 0.87 0.70 0.71 0.75
4 0.828 0.38 0.77 0.70 0.68 0.75
S 0.763 0.48 0.70 0.50 0.63 0.60
6 2.466 0.22 1.63 0.20 1.53 0.35
Munkerisparken 1 0.103 1.17 0.079 1.05 0.063 1.10
Denmark 3 0.111 1.03 0.082 0.95 0.070 1.00
5 0.129 1.47 0.089 1.40 0.072 1.45
6 0.162 1.78 0.174 1.70 0.143 1.75
7 0.063 0.22 0.057 0.15 0.052 0.20
8 0.307 1.13 0.394 1.05 0.322 1.10
St. Denis, 1 0.985 0.83 1.13 1.30 1.28 1.17
Paris 4 0.903 1.42 1.10 1.40 1.29 1.58
1l 1.018 2.08 1.23 1.99 1.25 2.49
12 1.143 0.83 0.94 0.58 1.11 0.67
30 1.139 2.00 0.94 1.90 1.00 2.00
38 0.652 - 0.42 0.64 0.30 0.81 0.58
Miskolc, 1 1.290 0.07 1.33 0.08 1.38 0.13
Hungary 2 1.177 0.05 1.10 0.05 1.11 0.10
3 0.481 0.07 0.53 0.08 V.54 0.13
4 1.795 0.18 1.70 0.28 1.66 0.32
5 2.011 0.05 2.09 0.12 2.25 0.17
6 0.475 0.12 0.58 0.15 0.59 0.20
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flow also increases (Figure 5). Counteracting this, as the
time to peak increases, the peak of the unit hydrograph
decreases (Figure 6). This is an importaﬁt observation
which suggests that various combinations of N and tp can
generate identical unit hydrograph peaks (Figure 7). Figure
8, particularly, illustrates the changes in peak flows for
various values of N. Inspection of the figure reveals
points designated "SCS" which are not the same as points
designated "N=4.75". The variance is a result of using
different times to peak; those computed by the velocity
method for SCS points and optimized tp values for the latter
group of Nash points. However, N is equal to 4.75 for the

points designated "SCS".

Figure 9 indicates the range of calibrated N for 39 events

28

along with results obtained by Bielawski (1986) plotted

against basin area. The downward trend of N with area in
Figure 9 appears to be very weak. Bielawski calculated N
and tp from first and second moments of excess rainfall and
direct runoff distributions for a 300 ha watershed in Warsaw
and found tﬁat N ranged from 0.98 to 2.16 with tp ranging
between 13 and 52 minutes. For comparison, the largest
catchment of this study, St. Denis, France, is 255 ha in
area and produced an optimum time to peak of 6 minutes with

N = 1.4.
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For Malvern, a catchment where the SCS unit hydrograph
performance was weak, a reduction of N and tp produced
significant improvements (Figures 10A to 10I). Both the
peak flows and the times to peak were generally improved for
this basin. Figures 1l1A and 11B clearly demonstrate that
improvements in the peak flows were not as significant as
the improvements in the initial peaks of multi-peak
hydrographs. In other words, the response times have also
improved, as specifically illustrated in Figure 12. For
watersheds where SCS unit hydrograph parameters performed
acceptably, calibration of N and tp gave only marginally
improved results. Results for the catchment in Florida, for
example, were nearly identical £for both models;. It is
noteworthy that the Florida catchment experienced the

largest rainfalls in this study.

The overall performance of both models for each catchment is
illustrated in Figures 13 and 14 in terms of the criteria
established in equation (7). Mean standard peak flow errors
as defined ‘by equation (7)/_»a1fe presented in Table 6 and
plotted in Figure 13. -Recéil that the number of degrees of
freedom in the equatlon depend on the number of events used
in calibration and on the number of free model parameters.
Accordingly, with only the time to peak as variable, the
standard error for the SCS unit hydrograph is subject to

four degrees of freedom. On the other hand, the Nash model,

29
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FIG. 10B MALVERN  EVENT 8
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FIG. 10C MALVERN  EVENT 12
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FIG. 10D MALVERN EVENT 15
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FIG. 10F MALVERN EVENT 21
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FIG. 10G MALVERN

EVENT 22
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FIG. 10H MALVERN  EVENT 23
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FIG. 10I MATL.VERN EVENT 24
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FIG. 183 — PEAK FLOW ERROR
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FIG. 14 — ERROR FUNCTION
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having both parameters free for calibration, is relegated to

only 3 degrees of freedom.

Standard errors for an equally-weighted combination of peak
flow errors and errors in time to peak in equation (6) are
plotted in Figure 14. 1In this case, the coefficients a and

c of equation (6) are both set to 0.5:

Std Err = 0.5*/ 1 n (Qpobs-Qps)?

n-1-p Qpobs
+ O.va// 1 EE:(tpobs—tps)z1 (8)
n-1-p tpobs

In general, optimized Nash parameters represent a marginal
improvement in the simulation of observed hyarographs.
Inspection of the hydrographs in Appendix A indicates that
calibrated Nash parameters do not consistently improve
results over the SCS unit hydrograph. By observing the SCS.
and optimized Nash unit hydrographs for each of the six
catchments (Figure 15A to 15F) results can be better
understood. For ‘all But Malvern and Gray Haven, the unit
hydrograph peéeak flows for both models are approximately
equal. This similarity in peaks is possible because, as
discussed earlier in the sensitivity analysis, various
combinations of N and tp can generate the same unit
hydrograph peak. It is significant to note that the SCS
unit hydrograph gave its worst performance for the Malvern
cétchment. On the other hand, Gray Haven results for the

optimized Nash model were only marginally better than SCS.
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6.3 Comparison With URBHYD

For comparison URBHYD simulations were generated for two of
; the six catchments; Malvern in Canada and St. Denis in
% France. Measured event runoff volumes were matched by
0 varying the imperviousness ratio, yet simulations were still

largely conducted with default parameters.

URBHYD represented an improved simulation of observed
; hydrographs, not only over SCS, but also over the optimized
i Nash model, as exemplified in Figures 16A to 16F for the
Malvern watershed. Results for the French watershed are
A found in Appendix B. Additional simulation results with

URBEYD also performed well (Wisner and Consuegra, 1986).

: 6.4 Results With SCS Design Storms

The SCS method was developed for use with larger rainfalls,

specifically, to be applied with SCS design storms. In
light of this, the SCS model was compared with the Nash
model with optimized N and tp for design storm conditions.

SCS type II design storms were generated for rainfall depths

¥ e e a2 S Ry e s

defined for Toronto 5-year and 100-year return periods.
Peak discharge rates, peak ratios and runoff coefficients

for three catchments are presented in Table 6.




IR T T 0

IR R A L

ST P
ot SRR TSI

S e T e T R

T T S e e e e e

FIG. 16A - MALVERN EVENT 2

IWD i SDRLE ot HED 82! OBVMAL2 g
RG- g 14 o Tp= 2,030 %8: 8.l ews Tp= 1,
7 cun Di= .83 ¢t RV 734 tu.m Bi= 8,

-3
X .981
70,6 scs
08,0~

& OBSERVED
0.6 N
4.0-

08,8
206, &

m.e}
I—Tn e.Es 00 A LW LT LW LT IW D IR

D 8. SOML !
38: 8.7 oms Tp= 2.8
= 692 cu.n DIz 0.8

PRYD R ORIML2 e
P @2 ews T
'ng 134 cu.n Di= 8,

"l |
m.& gg:gRVED
660.6-
50,8
e
Ry
20,8
Ho.F

" 5 q BN ) 1‘25 28 2.5 2.50 .05

BD 8L OBVMLY  —ve !
e 8L 1 L% % !

= 41,9 whe
734 cu.nm DI= 8.83

b FI0T= 9.8 we

oS
x 881

09, 8: URBHYD

- OBSERVED —
6”.8‘ N\

589, 8-
.5
0.8
208
168, e-

40 0% 4 R 2 p & 3 4 2 2 3% 13

lm-s.a .25 8,58 8,75 L® 125 153 175 2.89 2.5 258275



FIG. 16B - MALVERN EVENT 8

HYD i SMALS2 —n—u—-’ HYD i W2 —os-! 2

i RB- 8,156 coxs TF 2.26 ! RGC 814 ¥:1.86! 1.6 w/hn
£ - ons o SN D12 883 ¢ R cu R D = 8.83 ! PI0T= 7.58 m
X 8 Bl e )

210.8- scs

189.6 \ .OBSERVED
150.8- :

i 120,
: W
e
0.

0 068 898 120 159 138 210 2.48 2.78 3.8 3.78

z

: HYD 81 SONALBZ e !
i gﬁ- 8.178 cus f: .16
Rz 417 cu.n DI: 8, gt

cKs I
x .8

) 82; (M2 —a—a-
ipz 0134 ens 1
z 49 L, nDF-

Z B2 e

20,6
- NASH
1806 OBSERVED ~—— ~—
15,8 AN
1208
9.8

68,8~
30,8+

NIt Rt AT

e e oo =
GERITIE

D e DA POy

sna

] i@ 8.5 858 005 L% LB L5 175 280 205 298 25 |

D L OB}MLB o | 9D 8 SUMELE | 5o
¢ 8134cnsl‘ 186'g8= 8,123 cus Tp= 2,
—td CU 0 D12 .83 ¥ Rz 477 cuuD = 8.8

- URBHYD
128,8- OBSERVED

L4 b 1% ¢ % B ¢ b 3 8 B ) %

s B 8.3 B8 LB L4 LTS 010 0.5 208 3.5 3.50 3.5




AR I T TR

IALIENY
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FIG. 16E -~ MALVERN EVENT 21
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When the lag method is used to compute the time to peak for
the SCS unit hydrograph, peak flows are considerably lower
than with other methods. However, with the more accurate
velocity method, the SCS unit hydrograph generated peak
flows that were generally within 10% of the Nash unit
hydrograph results demonstrating that for very large storms

optimization of the Nash model may be unnecessary.

In the same table, results are also compared with the quasi-
linear model, URBHYD (Wisner, 1982) - also part of the MINI-
OTTHYMO package. Runoff volumes are the same for the sake
of comparison. Simulations done with the URBHYD model were
acceptable using default values making calibration, other
than matching of observed runoff volume, unnecessary.
URBHYD peak flows are lower than Nash and SCS results. By
comparison SCS results were very conservative for St. Denis,

France and for the 5-year storm at Malvern.
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7. DISCUSSION

Prior to other remarks, it is suggested that caution be
exercised in applying curve numbers for Canadian conditions.
Figure 17 illustrates the range of total precipitation
necessary to generate the threshold runoff (12.5 mm) for a
range of curve numbers specified in SCS tables for typical
urban land-use scenarios. A substantial portion of this
range of required rainfall depths is larger than the 5 and
10-year storms used for the design of urban drainage systems

in many parts of Canada.

The SCS unit hydrograph model may give acceptaBie results
for real storm input on certain watersheds, even when the
total runoff is 1less than the 12.5 mm 1limit, provided
appropriate selection of I and CN is made and provided the
velocity method 1is used to estimate the time to peak.
Acceptable results were obtained for the Hungarian, Danish
and French waterSheds; all of which had one or more rainfall

events which were under the 12.5 mm limit.

However, caution must still be observed. Model results must
be compared with recorded hydrograph data for the specific
basin and specific range of anticipated runoff volumes prior
to design applications. As a preliminary recommendatiqn,
ﬁsers may select an initial abstraction of 1 mm and

calculate the curve number by equations (1) and (3) for an
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FIGURE 17 - TOTAL RAINFALL REQUIRED TO PRODUCE 12.5 mm
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average runoff coefficient compatible with the catchment

imperviousness ratio (see Figure 1).

The study clearly demonstrates the necessity of testing
models for a wide range of conditions. If fhe SCS model had
been tested on only onelwatershed, such as King's Creek,
Florida, it would have provided a very biased, albeit
optimistic, assessment and very different conclusions would
have been reached. Models may perform adequately for
certain conditions, but may have serious limitations for

another range of conditions.

The degree of performance improvement possible over the SCS
unit hydrograph by optimizing N and tp in the Nash model is
limited. One reason for this limitation is because the unit
hydrograph models in this study employed the SCS rainfall-
runoff transformation to estimate the rainfall excess
distribution. This loss equation creates an initial deficit
in runoff supply due to its structure and the initial
abstraction requirement. When the peak intensity occurs at
the beginniﬂg of the rainfall, the effect may be poor
simulation of the resulting hydrograph shape. The curve
number method 1is not appropriate £for wurban runoff
simulations because of its inability to reproduce the fast
responses typical of urban watersheds. Since the wunit
hydrograph shape parameters N and tp work in tandem, fixing

N to 4.75 as in the SCS unit hydrograph renders it very
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difficult to find a value of tp which will produce a good
hydrograph simulation. In . other words, the time to peak
will tend either to generate a hydrograph which will match
the peak discharge but not react quickly epough to simulate
early peaks or visa-versa, but not both. From a calibration
viewpoint, when N becomes fixed only one parameter, tp,s is
left to influence the hydrograph shape and the flexibility

to reproduce many and various shapes is greatly reduced.

In contrast, the runoff generating algorithm of URBHYD is

superior for replication of early peaks and quick responses.
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8. CONCLUSIONS

The following conclusions were drawn from the results of the

study:

1) Only limited improvement in hydrograph shape can be
achieved by optimizing the Nash unit hydrograph parameters N
and tp for any single catchment and a systematic improvement
is not possible for all watersheds. Although a general
improvement in hydrograph peak flows and peak times is
evidenced by Figures 12 and 13, improvement primarily
results from calibration of the Nash model, whereas the SCS
unit hydrograph parameters are either fixed or defined by
equations. Nevertheless, improvement was generally marginal

and inconsistent.

2) The performance of models which 1lump pervious and
impervious areas applied with real storm events is inferior
to that of models which generate hydrographs from pervious
and impervilo‘us areas separately; such as URBHYD or SWMM.
Compared with the latter mcdels, the SCS method, applied
with SCS design storms and the velocity method, gives

results which appear to be more conservative.

3) Because of the widespread application of SCS procedures,
more comparisons with measurements and other models are

recommended. Previous projects designed using the lag
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method of computing the time to peak may need to be
reviewed. The use of a single curve number for a watershed

and Iz = 0.2S may also lead to substantial errors.

4) 1In light of the overall results, use of either the SCS
or Nash unit hydrograph models for urban runoff simulation
requires caution. Specifically, the SCS runoff generating
method is not able to replicate the quick responses

typically observed in urban watersheds.
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APPENDTIX A

SCS and Nash Model Simulated Hydrographs
for:

King's Creek, Florida
Gray Haven, Baltimore
St. Denis, Paris
Munkerisparken, Denmark
Miskolec, Hungary
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APPENDTIX B

URBHYD Simulation Results for the
St. Denis, Paris Watershed
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TABLE 4 - SCS AND NASH RESULTS POR ALL EVENTS

CATCHEMENT EVENT OBSERVED SCS (velocity OPIMIZED
NO. Qp tp method) NASH
(cms) (hr) Qp tp Qp tp
Malvern, 2 0.711 1.98 0.77 2.00 0.51 2.13
Burlington 8 0.135 1.88 0.18 2,17 0.16 2,26
12 0.901 0.52 1.28 0.50 0.91 0.65
15 0.140 0.77 0.18 0.84 0.15 0.92
16 0.770 0.15 0.60 0.17 0.40 1.88
21 0.428 0.15 0.36 0.57 0.28 0.69
22 0.188 0.25 0.20 0.52 0.17 0.64
23 0.201 0.18 0.15 0.52 0.12 0.62
24 0.249 0.83 0.23 0.87 0.18 1.00
King's Creek, 1 0.895 0.28 0.90 0.33 0.94 0.33
‘Florida 2 0.753 1.25 0.72 1.16 0.72 1.25
3 0.493 0.47 0.66 0.42 0.67 0.42
4 0.441 2.97 0.51 2,74 0.50 2.74
5 0.391 0.13 0.25 0.17 0.24 0.25
6 0.451 0.88 0:40 0.42 0.37 0.50
Gray Haven, 1 2.261 1.58 2.51 0.60 2.33 0.70
Baltimore 2 2,212 1.58 2,28 0.65 2.07 0.70
3 0.864 . 0.38 0.87 0.70 0.71 0.75
4 0.828 0.38 0.77 0.70 0.68 0.75
5 0.763 0.48 0.70 0.50 0.63 0.60
6 2.466 0.22 1.63 0.20 1.53 0.35
Munkerisparken 1 0.103 1.17 0.079 1.05 0.063 1.10
Denmark 3 0.111 1.03 0.082 0.95 — 0.070 1.00
5 0.129 1.47 0.089 1.40 0.072 1.45
6 0.162 1.78 0.174 1.70 0.143 1.75
7 0.063 0.22 0.057 0.15 0.052 0.20
8 0.307 1.13 0.394 1.05 0.322 1.10
St. Denis, 1 6.985 0.83 1.13 1.30 1.28 1.17
Paris 4 0.903 1.42 1.10 1.40 1.29 1.58
1l 1.018 2.08 1.23 1.99 1.25 2.49
-12 1,143 0.83 0.94 0.58 1.11 0.67
- 30 1.139 2.00 0.94 1.90 1.00 2.00
38 0.692 0.42 0.64 0.3¢ 0.81 0.58
Miskolc, -1 -1.290 0.07 1.33 0.08 1.38 0.13
Hungary -2 1.177 © 0.05 1.10 0.05 1.11 0.10
o~ Z 3 0.481 0.07 0.53 0.08 0-.54 0.13
= -4 1.795 0.18 1.70 0.28 1.66 0.32
5 2.011 0.05 2.09 0.12 2.25 0.17
6 0.475 0.12 0.58 0.15 0.59 0.20
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