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PREFACE

by M. B. McPherson

Background

The following Technical Memorandum is Addendum 5 cf a 1977 ASCE Program

report on '"rban Runoff Control Planning". 1) Addendum 1, "Metropolitan
Inventorit s," and Addendum 2 "rhe Design St 9 Concept," were appended to the
latter report. Addendum 3(25 and Addendum 4 were the first of several additional,

individual Addenda to be released over the period 1977-1979.

The principal intended audience of the ASCE Program's June, 1977, report
was the agencies and their agents that are participating in the preparation of
areawide plans for water pollution abatement management pursuant to Section 208

of the Federal Water Pollution Control Act Amendments of 1972 (P.L. 92-500).

While the presentation which follows is also directed to areawide agencies and
their agents, it is expected that it will be of interest and use to many others,
particularly local governments.

ASCE Program

The ASCS Council on Urban Water Resources Research initiated and
developed its ASCE Program of the same name. The basic purposes of the Council and

its Program are to help advance the state-of-the-art by identifying and promoting
needed research and by facilitating the transfer of the findings from research to

users.

Abstracts of the twenty-eight reports and technical memoranda of J

Program for the 1967-1974 period are included in a readily available paper.'

The two reports and the six technical memoranda of the regular series completed

since are identified in a recent publication.(5 ) Also included in the latter is
a listing of all but one of the twelve national reports in the special technical

memorandum series for the International Hydrolo ical Programme; and the last

national report(6 ) and an international summaryf7 ) have been released since.

A Steering Committee designated by the ASCE Council gives general

direction to the Program: S. W. Jens (Chairman); W. C. Ackermann; J. C. Geyer;

C. F. Izzard; D. E. Jones, Jr.; and L. S. Tucker. H. B. McPherson is Program

Director (23 Watson Street, Marblehead, Mass. 01945). Administrative support is

provided by ASCE Headquarters in New York City.

The Model Tests

The Hydrologic Engineering Center of the Corps of engineers has provided,
in cooperation with others, two previous ASCE Program Technical Memoranda, a

documentation of the planning model STORM( 8 ) and a set of lectures on urban
stormwater managemento(9) One of the functions of the Center is to provide basic
technical information in support of urban projects of the Corps of Engineers, such

as for the many Urban Studies that have been undertaken. Thus, for example, the

latest versions of STORM4 have been developed at the HEC, where the computer program

is continually upgraded and made available to Corps of Engineers' offices and other

public agencies including local governments.

- ii -



In the U.S. national report on urban h:,,drolo f8 l modeling and catchment
research for the International Hydrological Programme, 0 we referred to two
studies in progress at the HEC, one on the use of STORM applied to four California
urban catchments (quantity and quality) and the other on the use of several models
(quantity only) on a single catchment. The report which follows is for the second
study. We expect to issue the other report subsequently.

STORM apparently enjuys the most extensive use nationally of the various
models used in planning applications, particularlY for total jurisdictions or
entire metropolitan areas. It was the primary tool used for the most recent
national assessment of urban runoff pollution,( 11 ,12) and we know or have heard of
a number of instances where it has been or is being employed in connection with
areawide planning under Section 208 of PL 92-500 and in several urban studies of
the Corps of Engineers. The only detailed validation of STORM that has been widlly
disseminated has been in the report noted earlier(8) and in the users' guide.(13j

Subsequent validations have been mostly inferential or incompletely reported. The
purposes of the following report were: to compare the performance of the newer
versions of STORM with the original version, and for the longer record of field
data that has since accumulated; to test the reliability of STORM, a relatively
simplistic model, against another simple model and more complicated and comprehensive
models; and to test the relative ease and cost oi using a wide range of models to
expand the repertoire of the Corps of Engineers at large.

The test results reported enhance the credibility of the use of STORM,
once calibrated against field data. However, one catchment does not constitute a
very good sample of urban America. Further, this study was not a contest, pitting
one model against the other. The intention was to make a reasonable effort in
the calibration of each model, giving equable attention to each, but not to engage
in elaborate fine tuning such as to maximize the agreement between observed and
calculated runoff. Therefore, the report should be read in terms of the relative
performance of simple versus more complicated models and the results for the wide
variety of models used should not be judged as being typical of any of them. To
reiterate, this was an exploratory or probing study. However, despite the fact
that water quality was not included, it appears to be the most extensive instance
of the use of a variety of model!s on a U.S. urban catchnent.

Lastly, readers are advised that the HEC has recently issued guidelines
for the calibration and application of STORM;( 14 ) and has described the
capabilities of STORM and two uth r " computer packages in a symposium paper.(

15)
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SECTION 1

INTRODUCTION AND SUIMMKRY

Introduction

For several decades the Rational Formula had been the almost exclusive
method used for planning and designing urban storaaiater facilities. With the
advent of high-speed digital computers more comprehensive and more conceptually
realistic techniques have been developed for the study and designi of urban water
resource systems. in particular, there is now a multitude of urban runoff
mathematical models, but these differ widely in their intended application, scope,
reliability, data requirements and output, yet often have certain capabilities or
features in cozmmon. To complicate matters, all such models are continuously
subjected to modification and further verification.

Unceasing efforts to develop model refinements and the large number and
kind of models have hindered development of acceptable criteria for systematic
evaluation of model performance. However, several attempts have been made to
categorize and compare their capabilities. Examples are an assessment of
mathematical models for storm and combined sewer management,(l) a review of
models and methods applicable to Corps of Engineers' Urba Studies,(2) and a
comparison of the performance of five watershed models .(

33

Six models, plus two variants of one and a variant of another, were
tested in the study reported here, with the objective of making a preliminary
evaluation of their relative capabilities, accuracies and ease of application.
A detailed comparison of the many capabilities and features of these models was
beyond the scope of the study. For four of the models, plus two variants of one
of them, the primary performance criterion was the degree to which simulated
values matched observed daily and monthly runoff volumes for the 5.5-square mile
Castro Valley Watershed near Oakland, California. In addition, tests were
performed for several individual runoff events for all six models.

Procedure

Urban runoff models are often classified in terms of their application
or the type of procedures used in computations with them. Principal usage
categories are planning, design and operations. In order to categorize the models
used in this study, four computational attributes are distinguished:

"Single-event simulation models, which generate a runoff hydrograph
from a discrete storm event, usually over a duration of a few hours
or days. Soil moisture processes reflect the accumulated wetting
from precipitation but not the dry-weather periods between storms.

"Continuous simulation models, which generate a runoff hydrograph
from a continuous series of storm events. The period of record
for which continuous runoff hydrographs may be calculated varies
from a few months to many years. A continuous history of
precipitation data is normally the primary type of input, and
soil-moisture conditions are continually simulated by the model
as a function of precipitation, length of antecedent dry periods,
evapotranspiration, etc.



" Hydraulic routing techniques, which approximate in varying degrees the
basic equations describing unsteady flow in open channels or on land surfaces.

" Hydrologic computation techniques, which employ empirical relationships to
estimate indirectly the effects of physical processes.

Four continuous simulation models were tested: Storage Treatment Overflow
Runoff Model (STORM);( 4 ) Hydrocomp Simulation Program (HSP);(5) Streamflow Synthesis
and Reservoir Regulation (SSARR);(6) and Continuous Flood Hydrographs (HE-lC).(

7 )

Comparisons for several single-storm events were made using STORM, HSP, SSARR, Storm
Water Management Model (SWN),(8 ) Flood Hydrograph Package (HEC-l)(7) and
Massachusetts Institute of Technology Catchment Model (MITCAT).(9 ) In Table 1 are
listed the salient features of each model. A description of each model is presented
in Section 2.

The Castro Valley Watershed (5.5-square miles) near Oakland, California,
was chosen to assess the performance of the models because of availability of

pertinent data. The basin consists of approximately 807. single-family residential
areas and schools, 5% is strip-commercial development and the remaining 15% is

undeveloped. The data base consisted of 42 months of continuous rainfall and runoff
data. Data oollection was funded by the San Francisco District of the Corps of
Engineers as part of a study to provide data to assess the quantity and quality of
storm runoff entering the San Francisco Bay. The U.S. Geological Survey at Menlo
Park, California, conducted the field data collection in cooperation with The

Hydrologic Engineering Center. The HEC published the annual data reports.(10)

While the performance criterion for the four continuous simulation models
was the degree of correlation between observed and simulated daily and monthly

runoff volumes, single-event tests were restricted to seven individual runoff events
from the 42-month record.

A split-record test was used to evaluate each of the four continuous
simulation models. Each model was calibrated with the first two-fifths of the
42-month record and the resultant set of coefficients were used in simulating the
runoff for the remaining three-fifths of the record. The single-event models were
calibrated with three individual events from the first part of the record and
applied to four events from the second part. The same seven single events from the
STORM simulations were extracted for comparison, with no attempt to recalibrate that
model for individual events. SSARR and lISP were also not recalibrated for the
individual events; however, because of available channel routing options they were
rerun for the individual events using shorter time-steps.

Results and Conclusions

The results showed that each model could 1e calibrated on a single set
of data and verified with acceptable accuracy on a different data set. The ease
of application was decidedly different for all models, due to the differing level
of detail in input data required. Going from the simplest to the most difficult

to apply, the continuous models rank as follows: STORM, HEC-1C, SSARR, and HSP.
Similar ranking of the single-event models is: HEC-l, SWMM and MITCAT. Also, a

recent capability added to the STORM model (i.e., SCS procedures for computing
runoff and routing) produced more accurate results than the coefficient method of
computing quantity of runoff incorporated in the original version of STORM.
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TABLE 1

MDDEL CAPABILITIES

CONTINUOUS MDDELS

Basin Channel Time Relative Runoff

Infiltration Routing Routing Step Complexity Quality

Coefficient; Triangular Modified Puls Empirical
STORK SCS; Unit I Hour Low

Snowmelt Hydrograph luskingum Equations

Simple
nonlinear

HEC-lC function of Unit lbdified Puls Variable Low No
precipitation Hydrograph Muskingum
and losses;
snowmel t

Complex

HSP accounting Kinematic Kinematic Variable High Empirical
of basin Wave Wave Equations
moisture

Variable
runoff
coefficient Multiple Multiple

SSARR is a Reservoir Reservoir Variable Moderate No
function
of soil
moisture

SINGLE-EVET H)DELS

Basin Channel Time Relative Runoff

Infiltration Routing Routing Step Complexity Quality

SWMM Horton's Kinematic Kinematic Variable Moderate Empirical
Equation Wave Wave Equations

Simple
nonlinearnolnerUnit Modified Puls

HEC-l function of Unit Musingus Variable Low No
precpitaionHydrograph M*iskingumprecipitat ion

and losses;
snowmel t

Horton;

NICT Holtan; Kinematic Kinematic Variable Moderate No
SCS; Wave Wave
Coefficient



These limited tests were not intended to serve as a basis for comparison
of the accuracy of the various models. However, they did show that the more
complex models did not produce better results than the simple models for the Castro
Valley Watershed data.

General conclusions regarding the applicability and accuracy of the
several models cannot be made on the basis of this study, and that was not the
intent. However, some general impressions surfaced as a result of attempts to
apply each model to the same data set.

The continuous models were calibrated on daily and monthly volumes for
the first 17 months of the record. Therefore, these models may not adequately
represent the peak flows for the single events, especially for such a small
drainage area. Their response could have been improved by recalibrating them
against discrete events.

The models which utilize hydrologic computation techniques (STORM, HBC-l,
and SSARR) produced results for the Castro Valley Watershed that were of an equal
acceptability to those which use hydraulic techniques (SWNI4, MITCAT, and liSP).
A possible explanation is that, at least for the data set used in this study, the
lumped-parameter hydrologic models required less judgment in assigning magnitudes
to the various model parameters. Because the data available were limited, the
exercise of having to estimate the magnitudes of a larger number of parameters
for the more complex models may have introduced errors. Therefore, while the Models
which use hydraulic techniques may produce more accurate results where adequate data
are available, the results of this study suggest that the simpler models can
definitely be used effectively in planning or screening type applications.

The relationship between the time step used in the models and the basin
time of concentration may have introduced errors. Each continuous model was
operated on a 1-hour time step, which is approximately equal to the time of
concentration for the Castro Valley Watershed. One would normally restrict the
time step to something less than the time of concentration of the basin in order to
define hydrographs adequately.

A disadvantage of STORM and HEC-IC is that neither simulate base flow,
Therefore, the base flow had to be estimated and added to the appropriate values
for use in comparison with observed data. SSARR and liSP results include base flow,
making direct comparison with observed flow data more straightforward.

-4-



SECTION 2

DESCRIPTIONS OF WATERSHED
AND MODELS

Watershed

The Castro Valley Watershed was chosen for this simulation study primarily
because of availability of precipitation and runoff data. At the present time there
are four recording rain gages in the basin and one recording flow gage at the outlet
of the basin. The flow gage, operated by the U.S. Geological Survey, and one rain

gage, operated by the Castro Valley Fire Department, were placed in operation in
November, 1971. Three other recording rain gages, two funded by The Hydrologic
Engineering Center and one by the Alameda County Flood Control and Water Conservation
District, were put in operation in the fall of 1975. The purpose of these additional

rain gages was to provide data on the spatial variation of rainfall across the basin
and thus to allow better computation of basin average precipitation. However, two

successive and unusually dry years have precluded collection of a significant amount
of data. Runoff quality for several selected storms each year was .collected during

the 71-72, 72-73, and 74-75 water years. The storm runoff quality measurements and
the flow gage were funded by the San Francisco District, Corps of Engineers, and the

equipment was operated by the Menlo Park office of the U.S. Geological Survey with
guidance from The Hydrologic Engineering Center.(1 0 )

Figure 1 is a topographic map of the Castro Valley Watershed. The
drainage area above the flow gage is 5.5-square miles. The basin is primarily
residential (807.) with a small amount of strip-commercial development (5%), and
the remainder is in the undeveloped, hilly, brush-covered headwaters of Castro
Valley Creek. The central portion of the valley is relatively flat while the
perimeter of the basin is quite steep and hilly. The minimum elevation in the basin
is 100-feet MEL while the maximum is 1110-feet MSL.

The climate of the area is characterized by warm, dry, summer-fall seasons
and relatively humid winter seasons. The average annual precipitation is
approximately 23-inches, almost all of which occurs during the period of November

through March. Temperatures below freezing are extremely rare.

Because little change in land use occurred over the 42-month period for

which data were used, the runoff record was considered to be statistically homogeneous.

Continuous Models

STORM

The Storage, Treatment, Overflow, Runoff Model is a continuous simulation
model designed to be used primarily in planning studies for evaluating storage and
treatment capacity required to reduce pollution from stormwater runoff or combined
sewer system overflows.( 4 ) Pollutograph (variations in pollutant mass-emission
rates with time) loadings can also be computed for use in a receiving water
assessment model. STORM uses a one-hour computation interval.

Because STORM was intended for use in metropolitan planning or total
jurisdiction master planning for screening alternatives, some of its analytical

techniques are necessarily simplified. For example, the two procedures used to
compute the quantity of runoff in STORM are the coefficient method and the Soil

-5-
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Conservation Service (SCS) method. In the coefficient method, a single runoff

coefficient weighted according to land-use is applied to each hour of rainfall in

excess of depression storage to compute runoff. Therefore, the runoff coefficient

is a function of only the relative amounts of pervious and impervious areas in the

watershed. Antecedent conditions and rainfall intensity are not taken into
account.

The SCS runoff-curve-number technique is considered to be more
conceptually correct than the coefficient method. The SCS curve consists of a
nonlinear relationship between accumulated rainfall and accumulated runoff.(ll)
The procedure, as developed by the SCS, was intended to be used on single events.
Three antecedent moisture conditions were available to adjust the curve number for
prior precipitation. Because STORM is fundamentally a continuous model, HEC

developed a procedure that computes the curve number for each event based on the

number of dry hours since the previous runoff event and the interevent
evapotranspiration and percolation. A third method used is a combination, with

the coefficient method applied to impervious areas and the SCS method applied to
pervious areas of the watershed.

STORM possesses many other capabilities which were not used in this

study. These include quality of storm runoff as defined by six parameters, snow
accumulation and melt, land-surface erosion, quantity and quality of dry-weather

flow, and analysis of storage volumes and treatment rates.

HEC-IC

HEC-iC is an adaptation of The Hydrologic Engineering Center's computer
program, Flood Hydrograph Package (HEC-1).( 7 ) It performs a simple continuous

synthesis of basin moisture. Basin moisture is expressed as a function of

precipitation, losses, and an evapotranspiration recovery factor. Basin moisture,

in turn, controls the loss rate function, which governs how much of the precipitation
is divided between losses and runoff excess. Runoff excess is transformed by a unit
hydrograph into sub-basin outflows. Outflows may then be combined and routed to
obtain a continuous watershed response. Various computation time increments may be

used, depending on watershed size and precipitation data available. Output

includes event hydrographs as well as daily, monthly, and annual runoff summaries.

SSARR

The Streamflow Synthesis and Reservoir Regulation (SSARR) Model is a
continuous simulation model designed to be used for operation of a river basin

system. Its development began in 1956 as an operational tool for the Columbia River
System.(6 ) However, in recent years it has been used successfully in many locations

in the U.S. and abroad. Its functional use is for large non-urban watersheds, but
in this study it was successfully applied to a small urbanized watershed.

The model consists of watershed, river system, and reservoir regulation
modules for comprehensive analyses and day-to-day operational use. Obviously,

the river system and reservoir regulation modules were not used in this study.

In the SSARR model, runoff in any given time period is a function of an
empirically derived relationship between runoff and the soil moisture index (SMI).
The SMI is then increased by the moisture input not contributing to runoff and

reduced by an adjusted evapotranspiration index. Computations are made for each

incremntal time period. The SMI is a relative soil wetness used to determine
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runoff. When the soil moisture is depleted (by evapotranspiration) to a value

approximately equivalent to the permanent wilting point, the value of the SMI is
considered to be zero. When rain and/or snowmelt recharges soil moisture, the
value of the SMI increases until it reaches a maximum value considered to represent
its field capacity. The computed runoff, which is a percentage of total moisture
input, based on the SMI, is divided into surface, :-ubsurface, and baseflow
components; and each of these components are routed separately through basin
storage and combined to develop basin outflow.

Hydrocump Simulation Program

The Hydrocomp Simulation Program (HSP) is an improved version of the
Stanford Watershed Mo~del and is one of the most comprehensive continuous models

available for analysis of runoff uantity. The program is organized into

subprograms for: (1) data management; (2) modeling the rainfall-runoff process on
the land surface; and (3) routing land surface runoff through a stream network of
open channels and closed conduits to produce continuous hydrographs at a series of
locations within the watershed.

The "Lands" subprogram i7 the principal component in the determination
of the total stream flow timing and runoff. "Lands" is intended to represent the
hydrologic cycle for a unit area using observed precipitation to simulate either
rain or snowfall, and accounts for interception storage, infiltration (based upon
the equation for infiltration developed by Phillips) to two soil moisture storages,
routing of surface runoff over an overland flow plain from pervious surfaces,
impervious runoff, interflow runoff, and groundwater runoff. Estimated continuous
potential evapotranspiration is determined from observed evaporation and used in
the model to estimate the actual evaporation from each storage. Watersheds with
different land-use characteristics can be represented by a series of subwatersheds
with specific parameters assigned to them for unique hydrologic characteristics.
The channel network is represented by a series of channel lengths where each length
has a tributary area. The description of the channel network is entered as the
physical characteristics of the individual channel length. The upstream and
downstream elevations, bottom and top width, channel depth, overbank flood plain
slope, and Manning's n for the channel and overbank flood plain are specified for
each open channel reach. Closed conduit channel lengths are represented by invert
slope, diameter, and Manning's n. A good physical representation of the channel
network is necessary for evaluating the impact of proposed changes to the channel
svstem.

The HSP routing algorithmi is based upon the kinematic wave approach.
Other capabilities of HSP include the simulation of stream water quality and
reservoir routing.

Single-Event Nbdels

HEC-1

The Flood Hydrograph Package (HEC-l) is s::Itable for most rainfall-runoff
computations for a complex, multi-basin, multi.-:hanmel river basin.(

7 ) Precipitation

must he input as a single hypothetical or recorded event because there are no

computations for loss-rate recovery during periods without precipitation, as opposed

to HEC-lC, described earlier. HEC i has a usr-specified computation interval.
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Five major types of flood hydrograph analyses can be performed using

KUC-l:

Rainfall-runoff routing to simulate the hydrologic

response of a watershed.

Stream system computations for a watershed using

prec ipitat ion depth-area relationships.

Optimization of unit hydrograph and loss rate

parameters.

Optimization of routing parameters.

Simulation of multiple-basin development plans using

multiple floods and economic analysis of flood damages.

The model may be used to optimize loss rate and routing parameters to

achieve a best-fit reconstitution of an observed hydrograph using known

precipitation. This option was used in the calibration phase of this study to
develop a set of parameters for several observed events.

Several techniques are provided to process and distribute precipitation

data, compute precipitation or snow accumulation, compute precipitation or snow-

melt excesses, define sub-basin outflows by using unit hydrographs, and to route

hydrographs using hydrologic methods. Different techniques for each process may
be combined in the same project if appropriate. Graphical display of precipitation
excess and runoff hydrographs can be provided.

Storm Water Management Model

The Environmental Protection Agency's Storm Water Management Model (SWMM)

was designed specifically for analysis of urban storm water runoff and is one of the
most comprehensive of such tools available.(8) Storm runoff and sanitary sewage

flows from several subcatchments can be computed using data from several precipitation
stations. Flow and quality are routed in a converging or "tree-like" network of

pipes or open channels. Diversion features can be modeled and either on-line or

off-line storage can be simulated. Off-line treatment can be modeled. The program

also contains a module to assess the impact of pollutant loadings on a receiving
water body.

The only portion used in this study was the runoff module. Techniques

used in this module are hydraulic in nature, i.e., explicit calculations are made

of the depth of water in overland flow and in channels. This technique requires

detailed subcatchment data, including subcatchment characteristics and channel

geometry. Rainfall excess is computed using Horton's infiltration equation, a

simple time-decay of infiltration rate. Rainfall intensity is not considered. The

model has the capability of using data from a different raingage (a single hyetograph)
for each subcatchment. The kinematic wave method is used for overland flow and

channel flow routing in the version of SWNM employed in this study.

Massachusetts Institute of Technology Catchment del

The Massachusetts Institute of Technology Catchment model (MITCAT)( 9 ) is
a comprehensive mathematical model used for the study of stormwater runoff. It has

many similarities to the SWO model except that MITCAT has no runoff quality
computation capability and does not possess computational elements for treatment
and receiving waters.

° 9 "



Runoff volume is calculated by one of four infiltration equations:
Horton's method, Holtan's method, SCS method and the coefficient method. A catchment
is discretized into a series of overland flow planes, stream segments and pipe
segments. Runoff excesses are routed over the watershed surface and in conveyance
elements by the kinematic wave method. The model also possesses a reservoir routing
module.

1
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SECTION 3

SIMULATION RESULTS,
CONTINUOUS MDKLS

Procedure

A split-record test was devised to demonstrate the application of each
continuous simu~lation model. The available runoff record was divided into two
subsets. The first subset consisted of the records for the 17 months beginning
in November 1971 and continuing through March 1973. The second subset consisted
of the records for the 25 months beginning in April 1973 and ending in April 1975.
For several of the months in each subset there was no measurable precipitation
(four months in the first subset and 12 in the second subset). STORM and HEC-lC
did not generate any simulated runoff for these months because they do not
simulate base flow.

The first data subset was used as the calibration period. Appropriate
coefficients regulating the runoff quantity in each model were adjusted so that
computed total period runoff volumes, monthly volumes and daily volumes most
nearly matched observed values for the data subset. Each model was considered
calibrated when further adjustment of certain coefficients did not produce
significantly closer agreement. One cannot guarantee that the final sets of
parameters are unique since there are more parameters requiring adjustment in
each model than the number that are measurable or can be easily defined.

The following routing methods were used in the continuous model

applications, with a one-hour time step employed in each instance:

STORM HEC-1C HSP SSARR

Land Surface: unit unit kinematic multiple
hydrograph hydrograph wave reservoir

Channels: none none kinematic multiple
wave reservoir

Results

Table 2 presents the computed and observed monthly runoff volumes for
the calibration period. Table 3 presents the computed and observed daily runoff
volumes for the calibration period.

Conclusions with respect to the accuracies of each model for the Castro
Valley application should be made on the basis of agreement between computed and
observed results from the second data subset or verification period. All results
for the verification period were obtained by using the coefficients developed
during the calibration phase for each model. Table 4 presents the computed and
observed 'monthly runoff volumes for the verification period. Table 5 presents
the computed and observed daily runoff volumes for the verification period.

Interpretation of Results

A statistical analysis was performed using the~. HEC Multiple Linear
Regression program(l2) 14 order to quantify the degree of agreement between computed
and observed results. The results of that analysis are presented in Table 6, page 19.

(Continued on Page 20)
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TABLE 2

RESULTS FOR CONTINUOUS MDDELS
FOR THE CALIBRATION PERIOD,

CASTRO VALLEY WDNTHLY VOLUMES (INCHES)

Year Month Observed Estimated STORM**Runoff Base Flow* LEQ-1 LEQ-2 LEQ-3 HEC-IC lSP SSARR

71 11 .31 .04 .35 .40 .37 .48 .20 .29

12 1.33 .08 1.21 1.86 1.60 1.68 1.56 1.87

72 1 .45 .12 .38 .40 .37 .48 .29 .62

2 .53 .14 .40 .47 .44 .56 .32 .62

4 .30 .09 .23 .23 .28 .36 .13 .21

6 .15 .09 .15 .16 .16 .18 .07 .15

9 .19 .05 .27 .12 .17 .21 .27 .22

10 .90 .06 .77 1.31 1.01 1.28 2.73 .91

11 2.53 .13 1.39 2.30 2.16 2.80 2.65 2.62

12 .81 .17 .73 .76 .78 1.16 .79 1.22

73 1 5.13 .68 2.80 4.71 5.00 5.36 5.59 6.00

2 3.84 .66 2.17 2.95 3.03 3.82 3.24 4.21

3 1.81 .52 1.31 1.58 1.46 2.33 1.70 2.28

SUM 18.28 2.83 12.16 17.25 16.83 20.70 19.54 21.22

MAN 1.41 .22 .94 1.33 1.29 1.59 1.50 1.63

STANDARD
DEVIATION 1.56 .82 1.36 1.41 1.59 1.66 1.78

*: Baseflow estimations have been added to values for STORM and HEC-IC.
(Baseflow is included in values computed by HSP and SSARR).

**: LEQ-1 = Loss Equation No. 1 (Coefficient Method)
LEQ-2 = Loss Equation No. 2 (SCS Method)
LEQ-3 = Loss Equation No. 3 (Combination of both methods)
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TABLE 3

RESULTS FOR CONTINUOUS MODELS
FOR THE~ CALIBRATON PERIOD,

CASTRO VALLEY DA ILY RUNOFF LUMES (INCHES)

DAE OBSERVED STORM HCl S SR
DATE RUNOFF LEQ-1 LEQ-2 LEQ-3HSSSR

711111 .007 .000 0.000 .010 0.000 0.000 .008
711112 .020 0.000 0.000 .010 0.000 .008 0.000
711113 .060 .148 .128 .190 .073 .106 .139
711126 .039 .045 .037 .070 .046 .038 .054
711128 .139 .165 .145 .150 .106 .114 .127
711202 .146 .242 .168 .240 .146 .144 .174
711203 .030 .010 .024 .030 .020 .030 .020
711213 .093 .076 0.000 0.000 .086 .068 0.000
711221 .113 .167 .109 .160 .106 .068 .125
711222 .126 .166 .135 .260 .106 .213 .124
711223 .023 .019 .034 .040 .026 .053 .027
711224 .252 .559 .279 .360 .246 .380 .415
711225 .272 .488 .182 .200 .756 .440 .446
711226 .021 .005 .010 .050 .010 .068 .011
711227 .120 .042 .061 .070 .011 .152 .049
711228 .009 .000 .007 .010 .033 .023 .006
711229 .021 .003 .014 .020 .027 .053 .011
720124 .004 .020 .011 .040 .033 .061 .033
720125 .065 .058 .093 .100 .080 .121 .076
720126 .028 .007 .037 .040 .033 .091 .030
720127 .153 .192 .124 .150 .106 .213 .112
720204 .040 .007 .006 .060 .027 .061 .030
720205 .240 .257 .176 .240 .160 .273 .180
720206 .015 0.000 0.000 0.000 .013 .030 0.000
720221 .013 .005 .004 .050 .028 .030 .024
720222 .067 .057 .060 .060 .040 .091 .052
720223 .022 .004 .015 .010 .013 .030 .012
720405 .080 .054 .056 .100 .047 .046 .070
720406 .064 .008 .038 .030 .027 .030 .030
720424 .056 .061 .046 .080 .060 .053 .062
720609 .062 0.000 0.000 0.000 .047 .061 .074
721009 .073 .076 .071 .110 .073 .068 .082
721011 .418 .952 .409 .750 .458 .334 .645
721012 .021 .001 0.000 .010 .047 .038 0.000
721013 .004 0.000 0.000 0.000 .002 .008 0.000
721014 .100 .102 .078 .140 1.567 .121 .088
721015 .059 .015 .042 .040 .146 .091 .034
721016 .126 .101 .082 .150 .153 .137 .087
721017 .030 .005 .014 .020 .070 .076 .012
721018 .005 0.000 0.000 0.000 .027 .008 0.000
721019 .003 0.000 0.000 0.000 .013 0.000 0.000
721103 .140 .136 .153 .400 .166 .114 .157
721104 .299 .222 .103 .080 .060 .114 .149
721105 .013 0.000 0.000 0.000 .013 .008 0.000
721106 .010 0.000 0.000 0.000 .007 0.000 0.000
721107 .166 .106 .088 .170 .100 .114 .096

1721108 .005 0.000 '2.000 0.000 .013 .008 0.000
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TABLE 3 (Continued)

RESULTS FOR CONTINUOUS M'VDELS
FOR THECALIBRATION PERIODI

CASTRO VALLEY DAILY RUN4OFF VOLUMES (INCHES)

DATE OBSERVED STORM HCl S SR
RUNOFF LEQ-1 LEQ-2 LQ3 HCi S SR

721109 .013 .003 0.000 .030 .020 .008 .006
721110 .312 .383 .216 .380 .279 .250 .300
721111 .093 .081 .064 .130 .146 .121 .067
721112 .008 0.000 0.000 0.000 .033 .008 0.000

721113 .200 .157 .134 .170 .146 .167 .174
721114 .246 .006 .002 0.000 .219 .288 .005
721115 .656 .994 .414 1.030 .876 .615 .982
721116 .146 .027 .036 .110 .166 .281 .038
721117 .021 0.000 0.000 0.000 .113 .114 0.000
721118 .012 0.000 0.000 .010 .046 .030 0.000
721119 .080 .057 .053 .170 .146 .167 .059
721206 .153 .146 .153 .240 .140 .228 .142
721207 .062 .006 .056 .050 .060 .137 .046
721208 .010 0.000 0.000 0.000 .013 .015 0.000
721209 .009 0.000 0.000 0.000 .013 0.000 0.000
721216 .023 .015 .013 .060 .040 .053 .034
721217 .160 .084 .150 .120 .053 .121 .122
721218 .023 .203 .143 .380 .179 .129 .142
721219 .120 .127 .046 .020 .086 .220 .084
721220 .017 0.000 0.000 0.000 .033 .023 0.000
721222 o044 .001 0.000 .040 .026 .046 .012
721227 .028 .005 0.000 .030 .013 .038 .012
730108 .272 .329 .254 .500 .310 .387 .310
730109 .671 .690 .308 .450 .548 .653 .561

*730110 .046 0.000 0.000 0.000 .132 .091 0.000
730111 .472 .472 .246 .480 .515 .493 .418
730112 .558 .252 .148 .290 .429 .425 .345
730113 .047 0.000 0.000 0.000 .105 .030 0.000
730114 .032 0.000 0.000 0.000 .052 .008 0.000
730115 .023 0.000 0.000 0.000 .033 0.000 0.000
730116 .967 .897 .425 1.150 1.010 .956 .914
730117 .362 .276 .190 .480 .522 .417 .424
730118 1.003 .942 .373 .900 1.040 1.154 1.140
730119 .073 0.000 0.000 0.000 .159 .061 0.000
730120 .036 0.000 0.000 0.000 .079 .008 0.000
730121 .100 .045 .034 .0&) .126 .167 .045
730125 .061 .014 .026 .030 .066 .129 .030
730129 .133 .108 .100 .240 .159 .266 .105
730203 .080 .022 .035 .080 .066 .137 .048
7130205 .048 .010 .018 .050 .039 .030 .018
730206 .675 .733 .363 .80(0 .727 .812 .620
730207 .060 0.000 0.000 0.000 .106 .137 0.000
730208 .030 0.000 0.000 0.000 .059 .023 0.000
730209 .259 .209 .161 .420 .337 .250 .222
730210 .166 .037 .054 .070 .145 .296 .050
730211 .146 .034 .078 .100 .165 .213 .082
730212 .186 .088 .106 .130 .205 .243 .181
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TABLE 3 (Continued)

RESULTS FOR CONTINUOUS MODELS
FOR THE CALIBRATION. PERIOD,

CASTRO VALLEY DILY U4OFF VOLUMES (INCHES)

DTE OBSERVED STORMRUNOFF LEQ-1 LEQ-2 LEQ-3

730213 .146 .099 .043 .040 .185 .220 .126

730214 .239 .099 .110 .230 .284 .296 .187
730215 .045 0.000 0.000 0.000 .085 .023 0.000

730226 .326 .348 .206 .400 .013 0.000 .262
730227 .996 .595 .324 .750 .443 .562 .543
730228 .139 .000 .005 0.000 .072 .205 .005
730303 .259 .188 .129 .320 .218 .334 .161
730306 .232 .171 .099 .310 .231 .281 .126
730307 .086 .033 .034 .090 .092 .091 .037
730308 .056 .004 .015 .010 .072 .121 .012
730310 .073 .043 .024 .110 .046 .114 .045
730319 .232 .271 .181 .410 .178 .273 .220
730320 .052 .001 .006 .010 ..039 .197 .005
730321 .099 .079 .091 .180 .145 .228 .074
730330 .232 .270 .209 .370 .212 .372 .264

SUm 16.02 8.93 14.24 13.67 17.15 17.72 18.15

MEAN .147 .082 .131 .125 .157 .163 .167

STANDARD

DEVIATION .200 .104 .220 .206 .226 .242 .197
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TABLE 4

RESULTS FOR CONTINUOUS MODELS
FOR THE VERIFICATION PERIOD,

CASTRO VALLEY MONTHLY VOLUMES (INCHES)

Observed Estimated STORM**
Year 1Mnth Runoff Base Flow* LEQ-I LEQ-2 LEQ-3 HEC-IC HSP SSARR

73 10 .39 .09 .39 .42 .41 .59 .27 .25

11 3.84 .15 2.46 4.69 4.50 5.20 4.08 3.65

12 2.63 .25 1.10 2.38 2.11 2.34 1.99 1.88

74 1 1.68 .48 1.60 1.55 1.60 1.97 3.13 3.35

2 .69 .25 .44 .64 .60 .91 .43 .65

3 2.04 .44 1.38 1.85 1.64 2.07 1.43 1.84

4 2.49 .51 1.43 2.56 2.53 2.77 2.24 1.98

11 .27 .05 .23 .36 .29 .55 .17 .12

12 .57 .09 .59 .60 .57 .86 .34 .37

75 1 1.02 .10 .85 1.39 1.15 1.58 .74 .65

2 1.56 .38 1.36 1.46 1.59 1.94 1.68 1.49

3 2.68 .46 1.90 2.97 2.62 3.84 2.88 3.07

4 .99 .37 .79 .95 .88 1.34 .62 1.06

SUM 20.85 3.60 14.52 21.82 20.49 25.96 20.00 20.36

MEAN 1.60 .28 1.12 1.68 1.58 2.00 1.54 1.57

STANDARD
DEVIATION 1.08 .65 1.23 1.17 1.34 1.26 1.20

*: Baseflow estimations have been added to values for STORM and HEC-iC.
(Baseflow is included in values computed by HSP and SSARR).

**: LEQ-1 = Loss Equation No. I (Coefficient Method)
LEQ-2 = Loss Equation No. 2 (SCS Method)
LEQ-3 = Loss Equation No. 3 (Combination of both methods)
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TABLE 5

RESULTS FOR CONTINUOUS JODELS
FOR THE VERIFICATION4 PERIOD,

CASTRO VALLEY DAILY RUNO0FF VOLUMES (INCHES)

OBSERVED STORM SS&R
DATE RUNOFF LZQ-1 LEQ-2 EQ-3 NSF SSAR

731006 .013 .004 0.000 .030 .013 .137 .012

731007 .133 .180 .189 .170 .139 .008 .174

731008 .033 0.000 0.000 0.000 0.000 0.000 0.000

731009 .013 0.000 0.000 0.000 0.000 .030 0.000

731022 .099 .126 .095 .240 .085 .053 l104

731105 .996 1.347 .574 1.030 .549 .342 1.071

731106 .532 .373 .185 .240 .304 .410 .289

731107 .066 0.000 0.000 0.000 .072 .038 0.000

731108 .027 0.000 0.000 0.000 .033 .008 0.000

731109 .133 .014 ,006 .050 .039 .053 .029

731110 .266 .148 .167 .210 .165 .266 .155

731111 .398 .394 .270 .640 .423 .478 .498

731112 .066 .385 .144 .250 .364 .402 .430

731113 .023 .003 .003 .030 .079 .083 .007

731116 .246 .387 .242 .620 .463 .516 .369

731117 .186 .229 .149 .330 .278 .380 .302

731130 .617 1.207 .529 1.460 1.020 .713 1.113

731201 .272 .380 .103 .120 .297 .653 .304

731211 .093 .095 .067 .200 .092 .197 .080

731213 .093 .099 .085 .130 .119 .213 .075

731221 .133 .100 .103 .180 .112 .220 .107

740103 .412 .626 .315 .690 .740 .721 .566

740104 .173 .144 .050 .070 .238 .243 .141

740105 .080 .019 .056 .090 .198 .182 .025

740106 .052 .002 .032 .040 .099 .091 .,026

740107 .073 .002 .027 .020 .079 .091 .022

740116 .246 .201 .189 .400 .25 .395 .216

740117 .073 .025 .028 .020 .126 .213 .032

740118 .067 .000 0.000 .010 .052 .046 0.000

740119 .080 .010 .032 .050 .079 .106 .029

740131 .046 .039 .028 .060 .052 .114 .047

740201 .052 .019 .042 .060 .052 .129 .034

740212 .064 .029 .018 .110 .039 .091 .039

740216 .040 .029 0.000 .060 .019 .053 .037

740219 .153 .216 .126 .290 .145 .288 .149

740228 .173 .092 0.000 .110 .006 0.000 .082

740301 .415 .465 .204 .450 .231 .243 .320

740302 .166 .022 .078 .090 .152 .304 .065

740303 .173 .129 .081 .080 .178 .205 .126

740307 .120 .123 .076 .130 .112 .197 .092

740325 .093 .102 .106 .130 .099 .175 .115

740327 .252 .301 .220 .550 .337 .220 .251

740328 .212 .193 .105 .070 .066 .334 .153

740330 .133 .062 .054 .050 .046 .121 .044

740401 1.508 1.800 .695 1.660 1.560 1.442 1.760

740402 .120 0.000 0.000 0.000 .172 .167 0.000

740409 .146 .126 .107 .280 .106 .266 .117

740423 .113 .113 .o84 .200 .079 .106 .09f,
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TABLE 5 (Continued)

RESULTS FOR CONTINUOUS MDDELS
FOR THE VERIFICATION PERIOD,

CASTRO VALLEY DAILY RUNOFF VOLUMES (INCHES)

DATE OBSERVED STORM Hc1 S SRRUNOFF LEQ-1 LRQ-2 LEQ-3 ECi S SR

740708 .113 .152 .124 .160 .092 0.000 .133
741027 .092 .031 .028 .070 .046 .053 .047
741028 .055 .061 .048 .040 .033 0.000 .041
741029 .001 0.000 0.000 0.000 0.000 0.000 0.000
741107 .139 .280 .162 .390 .139 .121 .191
741121 .050 .028 .015 .080 0.000 .030 .037
741202 .119 .074 .105 .150 .113 .076 .110
741203 .165 .277 .194 .360 .133 .152 .175
741227 .119 .142 .151 .210 .133 .091 .153
741228 .041 .009 .029 .030 .027 .046 .024
750106 .403 .799 .367 .780 .412 .334 .623
750107 .046 .003 .010 .040 .053 .038 .009
750108 .192 .204 .168 .240 .080 .137 .147
750131 .198 .268 .202 .380 .173 .152 .246
750201 .099 .026 .071 .080 .080 .182 .057
750202 .139 .076 .113 .170 .126 .182 .091
750203 .085 .067 .075 .060 .093 .167 .062
750204 .099 .037 .066 .120 .120 .152 .055
750208 .139 .066 .102 .180 .100 .083 .081
750209 .238 .282 .180 .260 .226 .296 .254
750210 .048 .000 .010 .010 .106 .197 .007
750212 .145 .239 .152 .340 .206 .167 .209
750213 .225 .208 .124 .150 .252 .417 .281
750219 .092 .075 .079 .130 .093 .197 .091
750305 .043 .043 .031 .070 .040 .038 .049
750307 .383 .439 .301 .590 .325 .463 .362
750308 .159 .118 .102 .110 .179 .281 .100
750309 .019 0.000 0.000 0.000 .053 .030 0.000
750310 .132 .126 .086 .120 .146 .213 .086
75031i .377 .643 .290 .890 .624 .577 .576
750314 .035 0.000 0.000 0.000 .053 .099 0.000
750315 .198 .178 .107 .280 .186 .152 .141
750316 .126 .057 .021 0.000 .093 .213 .044
750321 .483 .648 .321 .840 .511 .440 .577
750322 .126 .002 .010 .010 .113 .334 .009
750325 .251 .256 .153 .380 .319 .357 .202
750404 .239 .294 .239 .540 0.000 .334 .253
750405 .192 .070 .079 .100 0.000 .342 .076
750407 .119 .178 .102 .280 0.000 .099 .128

sum 15.60 10.08 16.82 1.5.43 20.34 15.44 18.98

MEAN .179 .116 .193 .177 .234 .178 .218

STANDARD
IDEVIATION .209 .127 .296 .267 .303 .229 .211
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TABLE 6

STATISTICAL ANALYSIS OF RESULTS
FOR THE CONTINUOUS MDELS

STORM HEC-lC iSP SSARR

MJNTH4LY CALI BATION PERIOD

-2 .97 .96 .97 .97 .97 .99

Standard
Error .27 .32 .25 .18 .56 .17

(in.)

MQNTHLY VERIFICATION PERIOD

-2 .84 .95 .94 .91 .81 .75

Standard
Error .43 .24 .26 .33 .47 .55

(in.)

ILY CALIBRATION PERIOD

-2 .76 .79 .85 .79 .52 .84

Standard
Error .10 .09 .08 .09 .14 .08

(in.)

I ILY VERIFICATION PERIOD

-2 .82 .89 .88 .75 .77 .67

Standard
Error .09 .07 .07 .10 .10 .12

(in.)
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The results presented in Table 6 show that the SCS Runoff-Curve-Number
Technique in STORM (combined with the REC-developed simple moisture-accounting
procedure) produced better results than the coefficient method. One would expect
this to be the case since the HBC-developed method attempts to account for
antecedent conditions (although crudely) and the SCS method attempts to account
for the nonlinearity between rainfall and runoff during a rainfall sequence. The
coefficient method uses a land-use weighted runoff coefficient computed from
runoff coefficients for the pervious and impervious portions of the watershed.
The basis of weighting is the relative per cent of imperviousness of each land use.
The composite runoff coefficient is held constant throughout an entire simulation
regardless of rainfall amounts or antecedent conditions.

The degree of complexity of data preparation and rainfall-runoff
calculations had less effect on results than expected. While rainfall-runoff
proceduras in liSP and SSAU are quite involved, they did not produce better
results than STORM or HEC-lC when comparing daily and monthly volumes. It should
be pointed out that SSARR was developed to model rather large nonurban basins in
the Columbia River System, while STORM and IEC-lC were developed to be used as
generalized planning tools for smaller urban or urbanizing basins. Despite this
difference in original purpose, SSARR was successfully adapted to an urban
watershed.

- 20 -



SECTION 4

S IMULATION RESULTS,
SINGLE-EVENT WDELS

Procedure
Comparisons of results from STORM, HSP, SSARR, HEC-l, SWMOI and MITCAT

were made for several individual runoff events. Three events were taken from the
calibration period and four from the verification period. For the continuous
simulation model STORM, the corresponding single-event hydrographs were simply
extracted from the results previously obtained during the calibration and

verification of monthly and daily runoff volumes (i.e., no special attempt was
made to recalibrate for the single events). For the continuous simulation models
SSARR and lISP, no special attempt was made to recalibrate them for single events;
however, because of available channel routing options they were rerun for the
individual events using shorter time steps (6-min. for SSARR and 15-min. for lISP).

The following routing methods were used in the single-event model
applications:

HEC-l SWNH MITCAT

Land Surface: unit kinematic kinematic
hydrograph wave wave

Channels: none kinematic kinematic
wave wave

Results

The observed versus the computed results for the three events in the

calibration period are shown in Figures 2 through 7, and Figures 8 through 15

show the results for the four events in the verification period:

Calibration
16 Jan 73

Continuous Models: Figure 2, page 22
Single Event Models: Figure 3, page 23

17-18 Jan 73
Continuous Models: Figure 4, page 24
Single Event Models: Figure 5, page 25

6 Feb 73
Continuous Models: Figure 6, page 26
Single Event Models: Figure 7, page 27

Verification
3-4 Jan 74

Continuous Models: Figure 8, page 28
Single Event Models: Figure 9, page 29

5 Jan 74
Continuous Models: Figure 10, page 30
Single Event Models: Figure 11, page 31

16-17 Jan 74

Continuous Models: Figure 12, page 32
Single Event Models: Figure 13, page 33

1 Apr 74

Continuous Models: Figure 14, page 34

Single Event Models: Figure 15, page 35
(Continued on Page 36)
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Mdel Parameters

Several parameters required for the SCS method in STORM were obtained

from References 13 and 14. A summary of the important STORM loss parameters is
given in Table 7, page 37.

The parameters for the single-event version of HEC-I (Flood Hydrograph
Package) were developed on a number of individual events in the calibration period.
Initial estimates of the unit hydrograph characteristics required for HEC-1 for
Castro Valley were developed using a U.S. Geological Survey procedure.(1 5 ) Seven
storms were selected from the calibration period to serve as the basis for
development of average unit graph, loss rate, and antecedent moisture parameters.
The HMC-l model has the capability of optimizing the magnitudes of these parameters
for individual events on the basis of accurate reproduction of the observed

individual events. The optimized parameters are shown in Table 8, page 38. Mean
values of the parameters were then used for each of four individual events in the
verification period. The results using HEC-1 are presented in Figures 3, 5, 7, 9,
11, 13 and 15.

Recall that the SWMM and MITCAT models were also applied to a total of

seven individual events. Table 9, page 38, presents the adopted values for the
several parameters used to calibrate these two models. These adopted values,
developed from three events in the calibration period, were used to reconstitute
four events in the verification period. The results are shown in Figures 3, 5, 7,
9, 11, 13 and 15.

Interpretation of Results

Based on the results from reconstituting four hydrographs in the

verification period, none of the models tested exhibited a distinct advantage in
accuracy. Each model produced acceptable results, in view of the limited effort
of each application.
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TABLE 8

EEC-I OPTIMIZED PARAMETERS
FOR THE CALIBRATION PERIOD, CASTRO VALLEY

DATE TC R STRKR ERA_ DLTKR RTIOL PRECP xCESS

22 Dec 71 1.06 .21 .21 .47 .51 1.00 .42 .16

27 Dec 71 .94 2.08 .13 .50 .35 10.12 .19 .03

11 Oct 72 .22 .72 .30 .51 .89 3.37 1.45 .45

9 Jan 73 .37 .72 .09 .56 .35 10.12 .67 .45

16 Jan 73 .35 1.99 .11 .52 .45 9.53 1.35 .98

17 Jan 73 .17 1.65 .12 .50 .14 1.00 .70 .48

6 Feb 73 .47 1.30 .17 .46 .40 5.06 1.39 .67

TABLE 9

SWIM AND MITCAT PARAMETERS,
CASTRO VALLEY

SWNM Parameters

Impervious area resistance factor = 0.013

Pervious area resistance factor = 0.250

Depression storage on impervious areas = 0.04 inches

Depression storage on pervious areas = 0.06 inches

Maximum infiltration rate = 0.3 inches/hr.

Minimum infiltration rate = 0.1 inches/hr.

Decay rate for infiltration = 0.00115

MITCAT Parameters

SCS Curve Number for impervious areas = 98

SCS Curve Number for pervious areas = 89

Initial surface detention = 0.02 inches
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SECTION 5

SIJIATION RESULTS, GENGER&L

The ease of data preparation and application was judged to be the most
significant basis for differentiation among the models tested. STORM required
the least amunt of data preparation, while SIOGE and MITCAT required the most.
HNC-I required moderate data preparation. The amount of data required is
directly related to the type of computations performed by the model. STORM and
INC-I use lumped-parameter hydrologic methods. These include generalized loss-rate
functions based on land use, accumalated loss or some other nongeoetric attributes
of the watershed or of rainfall-runoff characteristics. These two hydrologic
methods usually require a minimum amount of data. By contrast, SWMK, liSP and
NITOAT use a hydraulic method to compute the routing of flow over watershed
surfaces and in conveyance elements (pipes and channels), namely, the kinematic
wave method of routing flows. Considerable effort was required to subdivide
the watershed and to determine subcatchment detailed characteristics such as
areas, surface slopes, surface roughness, pipe and channel geometry and roughness,
and the connectivity of the conveyance elements. Table 10 presents a summary of
the relative accuracies of all six models for both the calibration and verification
periods. Table 11 sumarizes computer processing-time requirements for the
continuous models and provides typical requirements for the single-event models.
CPU requirements in Table 11 are all for a CDC 7600 computer, except for the HSP
which was run on an IBM 370.
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TABLE 11

COMPUTER TIME REQUIREMENTS

CONTINUOUS MDDELS,*

PERIOD OF SIMULATION NOVEMBER 1971 THROUGH APRIL 1975

STORM STORM STORM

LE-1 9Zj LEQ-3 HEC-iC HSP SSARR
CPU Seconds 1.1 4.1 3.9 1.1 29.4 11.0
Time Step, Minutes 60 60 60 60 60 60
Number of

Subcatchments 1 1 1 1 2 2
Number of

Routing Reaches 0 0 0 0 0 1

(*: HSP was run on an IBM 370/168. All others were run on a CDC 7600, which is
approximately twice as fast).

SINGLE-EVENT MDDELS ,**

PER SINGLE EVENT

HEC-i SWMM bUTCAT

Average Execution Time,
CPU Seconds 0.129 3.13 28.80

Time Step, Minutes 15 10 15
Number of Time Steps

Simulated 150 90 100
Average Execution Time

Per Time Step,
CPU Seconds 0.00086 0.035 0.288

Number of Subcatchments 1 32 17
Number of Routing Reaches 0 38 11

(**: MITCAT has a greater amount of Input/Output processing than HEC-I and SWMM).
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