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ABSTRACT

Advances in hydrologic modeling techniques typically involve

the incorporation of higher complexity into the hydrology model
by use of hydraulic submodels. With over 150 models reported

in the open literature, it is appropriate to review the progress
achieved by the complexification of hydrologic models, That

ig, it is still not clear whether the general level of success
afforded by the many types of complex models provide a marked
improvement over that achieved by the more commonly used and
simpler models such as the unit hydrograph method. Such a
review indicates that it is still not clear, in general, whether
ag modeling complexity increases, modeling accuracy increases.

~ INTRODUCTION

fundamental to the preparation of a policy statement for the develop-
ment of flood control system design values are the decisions of (1} the
specific hydrologic model to adopt; (2) the selection of calibration data
saets; (3) the selection of a desired level of flood protection (e.g., 100-
year flood, or other); and (4) the selection of a level of certainty in
achieving the Jevel of flood protection. Each of these decision points,
must be considered in formulating a policy. This paper provides a dis-
cussion of each of the points and the factors that were considered in
formulating a flood contro] and drainage policy for a county in southern
tal1forn1a.

In the selection of the hydrologic model, the need for both runoff
peak flow rates and runoff volumes {for the testing of detention basins)
require the selection of a model that produces a runoff hydrograph. The
U.5. Army Corps of Engineers (COE) Hydrologic Engineering Center (HEC)
Training Document {TD) Ne. 11, (1980) categorizes al) hydrologic models
into eight groupings of which three develop a runoff hydrograph; namely,
single event (design storm), multiple discrete events, and continucus
records (continuous simulation). These models can be further classified

according to fhe submodels employed. For example, a unit hydrograph or
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a kinematic wave model may be used to represent the catchment hydraulics
in a design storm model,

In a survey of hydrologic model usage by Federal and State govern-
mental agencies and private engineering firms (U.S. Department of Trans-
portation, Federal Highway Admin., Hydraulic Engineering Circular No. 19,
October 1984), it was found that "practically no use is made of watershed

models for discrete event and continuous hydrograph simulation.”

In comparison, however, design storm metheds were used from 24 to 34
times more frequently than the complex models by Federal agencies and
the private sector, respectively. The frequent use of design storm
methods appear to be due to several reasons: {1} design storm methods
are considerably simpler to use than discrete event and continuous
simulation models; (2) it has not been established in general that the
more complex models provide an improvement in computational accuracy
over design storm models; and {3) the level of complexity typically
embodied in the continubus simulation class of models does not appear
to be appropriate for the catchment rainfall-runoff data which is
typically available. Consequently, the design storm approach is most
often selected for fiood control and drainage policies {considerations
in the choice of modeling approach are contained in the literature
review).

The next decision 1s whether to use the standard unit hydrograph .
method or the more recently advanced kinematic wave method to medel
catchment hydraulics. Again, it has not been clearly established that
the kinematic wave approach (e.g., the overland flow plane cancept)
provides an improvement in maodeling accuracy over the unit hydrograph
approach that has been calibrated to local rainfall-runoff data.

For the choice of design storm to be used, the work of Seard and .
Chang (1979) and HEC ("Hypothetical Floods", 1975) provide fundamental
reasons for developing & design storm using rainfalls of identical

return frequency, adjusted for watershed area effects.
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Finally, specific components of the design storm/unit hydrograph
approach must be selected and specified in the policy statement; the
components include the design storm, the loss rate function, catchment
1ag relationships, and unit hydrograph or S-graph development. Inherent
jn the choice of submodels is the ability to calibrate the model at two
jevels: (1} calibration of model parameters to represent local or regional
catchment rainfall-runoff characteristics, and (2) calibration of the
design storm to represent local rainfall intensity-duration-frequency
characteristics. Beard and Chang (1979) note that in a hydrologic model,
the number of calibration parameters should be as small as possible in
order to correlate model parameters with basin characteristics. They also
write that a regional study should be prepared to establish the loss rate
and unit hydrograph characteristics, "and to compute from balanced storms
of selected frequencies {storms having the same rainfall frequency for all
durations) the resulting floods."

In order to facilitate these two calibration reguirements, the runoff
hydrograph model should be as simple -as possible. For example, by using
a loss rate defined as a fixed percentage of rainfall (¥} such that the
losses do not exceed a maximum value of Fm (phi index}, then the design
storm pattern shape and location of the peak rainfall are essentially re-
moved as variables in the calibration of the design storm. The parameters
for a single area unit hydrograph model are S-graph, lag, and loss rate
values of ¥ and Fm. Here, Y is essentially Y = (1- yield), and Fm serves

as a phi index ioss function.

To calibrate the peak flow rates, flood frequency curves must be
developed. Additiomally, by the selection of a desired level of con-
fidence in achieving the level of flood protection, such as 85 percent
confidence in protecting for the T-year flood, confidence limits must
be computed. Since the Water Resources Council Bulletin 17A and 178
procedures do not always achieve the desired confidence limits (e.g.,
Stedinger, 1983), a simulation procedure is used to determine the B5S per-

cent confidence limits. In this fashion, model uncertainty in applications
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at ungaged catchments can be evaluated with respect to the chosen level of

confidence in achieving fiood protection at gaged sites.

LITERATURE REVIEW

Choice of Watershed Model

In developing a flood control and drainage policy, the first, and
possibly the most important question to answer is: what type of model should
be used to form the basis for design calculations? To answer this question,
the literature was reviewed extensively. Based on the research findings
summarized in the following paragraphs, the design stormfunit hydrograph
was selected because it appears to combine the accuracy needed with the
simplicity that is necessary for practical reasons.

A criterion for complex and simple models is given by Beard and Chang
(1979) as the "difficulty or reliability of model calibration....Perhaps
the simplest type of model that produces a flood hydrograph is the unit
hydrograph model”...and..."can be derived to some extent from physical
drainage features but fairly easily and fairly reliably calibrated through
successive approximations by relating the time distribution of average '
basin rainfall excess to the time distribution of runoff.” :

In comparison, the "most complicated type of model is one that represents
each significant element of the hydrologic process by a mathematical N
algorithm. This is represented by the Stanford Watershed Model and reqdiregg
extensive data and effort to calibrate.” ?

The literature contains several reports of problems in using com-
plex models, especially in parameter optimization. Additionally, it ha§
not been clearly established whether complex models, such as in the con-
tinupus simulation or discrete event classes of models, provide an incré§s€£
in accuracy over a standard design storm unit hydrograph model. ;

There are only a few papers and reports in the literature that prﬁ@id&
a comparison in hydrologic model performance. From these references, fé
appears that a simple unit hydrograph model provides as good as or bétfé}
results than quasi-physically based {or QPB, see the work of Loague aﬁgb

Freeze {1985)) or complex models.
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In their paper, Beard and Chang (1979) write that in the case of the
unit hydrograph model, "the function of runoff versus rainfall excess is
considered to be linear, whereas it usually is not in nature. Also, the
variations in shapes of unit hydrographs are not derivable directly from
physical factors. However, models of this general nature are usually
as representative of physical conditions as can reasonably be validated
by available data, and there is little advantage in extending the degree
of model sophistication beyond validation capability." It is suggested
that "if 50 yr-100 yr of streamflow were available for a specified con-
dition of watershed development, a frequency curve of flows for that
condition can be constructed from a properly selected set of flows."

Schilling and Fuchs (1986) write "that the spatfal resolution of
rain data input is of paramount importance to the accuracy of the
simulated hydregraph" due to "the high spatial variability of storms" and
“the amplification of rainfall sampling errors by the nonlinear transforma-
tion" of rainfall into runoff. Their recommendations are that a model
should employ @ simplified surface flow model if there are many subbasins;
a simple runoff coefficient loss rate; and a diffusion {zero inertia) or
storage channel routing technique. Hornberger, et al. (1985) writes that
"Even the most physically based models...cannot reflect the true complexity
and heterogeneity of the processes occurring in the field. Catchment
hydrology is still very much an empirical science."

In attempting to define the modeling processes by the available field
data forms Hornberger, et al. find that "Hydrological quantities measured
in the field tend to be either integral variables (e.g. stream discharge,
which reflects an integrated catchment response) or point estimates of
variables that are likely to exhibit marked spatial and/or temporal variation
{e.g., soil hydraulic conductivity}." Hence, the precise definition of the
Physics in a modeling sense becomes a problem that is "poorly posed in the
mathematical sense." Typically, the submodel parameters cannot be estimated
precisaely due to the large associated estimation error. "Such difficulties
often indicate that the structural complexity of the model is greater than

is warranted on the basis of the calibration data set."
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Schilling and Fuchs (1986} note that errors in simulation occur for
several reasons, including:

“I. The input data, consisting of rainfall and antecedent conditions,
vary throughout the watershed and cannot be precisely measured.

2. The physical laws of fluid motion are simplified.

3. Model parameter estimates may be in error."

By reducing the rainfall data set resolution from a grid of 81 gages
to a single catchment-centered gage in an 1,800 acre catchment, variations
in runoff volumes and peak flows "is well above 100% over the entire
range of storms implying that the spatial resolution of rainfall has a
dominant influence on the reliability of computed rurcff." It is alse
noted that "errors in the rainfall input are amplified by the rainfall-
runoff transformation” so that "a rainfall depth error of 30% results
in a volume error of 60% and a peak flow error of B80%."

Schilling and Fuchs (1986) also write that “it is inappropriate
to use a sophisticated runoff model to achieve a desired level of
modeting accuracy if the spatial resolution of rain input is Tow" {in
their study, the raingage densities considered for the 1,800-acre
catchment are 8l-, 9-, and a single centered gage}.

In a similar vein, Beard and Chang (1979} write that in their
study of 14 urban catchments, complex models such as continuous simula-
tion typically have 20 to 40 parameters and functions that must be
derived from recorded rainfall-runoff data. “Inasmuch as rainfall data
are for scattered point locations and storm rainfall is highly variable
in time and space, available data are generally inadequate in this
region for reliably calibrating the various interrelated functions
of these compiex models.” Additionally, "changes in the model that
would result from urbanization could not be reliably determined.”

They write that the application of these complex models to evaluating
changes in flood frequencies usually requires simulation of about 50
years of streamflow at each location under each alternative watershed

condition."
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Garen and Burges {1981} noted the gifficulties in rainfall measure-
ment for use in the Stanford Watershed Model, because the K1 parameter
{rainfall adjustment factor) and UZSN parameter (upper level storage)
had the dominant impact on the model sensitivity. This is especially
noteworthy because Dawdy and 0'Donnell (1965} concluded that insensitive
model coefficients could not be calibrated accurately. Thus, they could
not be used to measure physical effects of watershed changes.

Using another complex model, Mein and Brown {1978) write that on
“the basis of several tests with the Boughton model $t is concluded that
for this model at least, relationships derived between any given para-
meter value and measureable watershed characteristics would be imprecise;
i.e., they would have wide confidence limits, One could not be confident
therefore in changing a particular parameter value of this model and then
claiming that this alteration represented the effect of some proposed
Tand use change. ©On the other hand, the model performed quite well in
predicting flows with these insensitive parameters, showing that individual
parameter precision is not a prerequisite to satisfying output
performance."

According to Gburek (1971),"...a model system is merely a researcher's
igea of how a physical system interacts and behaves, and in the case of
watershed research, watershed models are usually extremely simplified
mathematical descriptions of a complex physical situation...until each
internal submodel of the overall model can be independently verified, the
model remains strictly a hypothesis with respect to its internal locations
and transformations..." (also quoted in McPherson and Schneider, (1974)).

The introduction of a paper by Sorooshian and Gupta (1983} provides
a brief review of some of the problems reported by other researchers in
attempting to find a "true optimum" parameter set for complex models,
inzluding the unsuccessful two man-year effort by Johnston and Pilgrim (1576}
to optimize parameters for a version of the Boughton model cited above.

In the extensive study by Loague and Freeze (1985), three event-
based rainfall-runoff models (a regression model, a unit hydrograph

model, and a kinematic wave quasi-physically based model) were used on
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three data sets of 269 events from three small upland catchments.

In that paper, the term "quasi-physically based" or QPB is used for
the kinematic wave model. The three catchments were 25 acres, 2.8 mi?,
and 35 acres in size, and were extensively monitored with rain gage,
stream gage, neutren probe, and soi) parameter site testing.

Far example, the 25 acre site contained 35 neutron probe access
sites, 26 soil parameter sites (a1l equally spaced), an on-site rain
gage, and a stream gage. The QPB model utilized 22 overland flow planes
and four channel segments. In comparative tests between the three
modeling approaches to measured rainfall-runoff data it was concluded
that all models performed poorly and that the QPB performance was only
slightly improved by calibration of its most sensitive parameter,
hydraulic conductivity. They write that the "conclusion one is forced
to draw...is that the QPB model does not represent reality very well;
in other words, there is considerable model error present. We suspect
this is the case with most, if not al) conceptual models currently in
use." Additionally, "the fact that simpler, less data intensive models
provided as good or better predictions than a QPB is food for thought."”

Based on the literature, the main difficulty in the use, calibra-
tion, and development of complex models appears to be the lack of
precise rainfall data and the high model semsitivity to (and magnifica-
tion of) rainfall measurement errors. Nash and Sutgliff {1970} write that
"As there is littie point in applying exact laws to approximate boundary
conditions, this, and the limited ranges of the variables encountered,
suggest the use of simplified empirical relations.”

[t is noteworthy to consider the HEC Research Note No. 6 {1979)
where the Hydrocomp HSP continuous simulation model was applied to the
West Branch DuPage River in I11inois. Personnel from Hydrocomp
(R. Linsley, N. Crawford, co-authors of the Stanford Watershed Model,
principals), HEC, and COE participated in this study which started with a
nearly complete hydrologic/meteorclogic data base. "It took one person

six months to assemblie and analyze additional data, and to learn how to
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gse the model. Another six months were spent in calibration and long-

record simulation.” This time allocation applies to only a 28.5 mi2 basin.

The quality of the final model is indicated by the average absolute monthly volume
error of 32.1% and 28.1% for calibration and verification periods, respectively,
peak flow rate average absolute errors were 26% and 36% for calibration and
verification periods, respectively. It was concluded that "Discharge fre-
quency under changing urban conditions is a problem that could be handled

by simpler, quicker, less costly approaches requiring much less data; e.g.,
design storms or several historical events used as input to a single-event
model, or a continuous model with a less complex soil-moisture accounting
algorithm.”

The complex model parameter optimization problem has not been resolved.
For example, Gupta and Sarooshian (1983) write that "even when calibrated
under ideal conditions (simulation studies), it is often impossible to
obtain unique estimates for the parameters.” Troutman (1982} also dis-
cusses the often cited difficulties with the error in precipitation measure-
ments "due to the spatfal variability of precipitation.” This source of
error can result in "serious errors in runoff prediction and large biases
in parameter estimates by calibration of the model."

Because it is still not clear {e.g., the Stanford Watershed Model or
Hydrocomp HSP has been in operation for over 20 years) whether there is a
significant advantage in using a watershed model more complex or physically
based than a design storm unit hydrograph approach, the design storm unit
hydrograph method is proposed for use in the flood control runoff hydro-
graph model.

Nonlinearity: Use of a Nonlinear Kinematic Wave Method or & Linear
Unit Hydrograph Method

The dominant method used'in runoff hydrograph development for repre-
senting catchment runoff response is the unit hydrograph (UH). The next
most frequently used method is the kinematic wave overland flowplane concept
(KW). HEC TD#15 (1982) provides a description and comparisan 6f these
two alternatives. The relative usage of KW by 1983 js indicated in Cermak

and Feldman {1983} who write that “actual applications by Corps field offices
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have been few to nonexistent. Even at HEC the KW approach has not been
utilized in any special assistance projects.” The relatively small usage
of KW were then explained as being due to the slack in hydrologic studies
and due to unfamiliarity with the technigue.

Watt and Kidd (1975) write that in the comparison of so-called
'physically-based' or 'black-box' modeling types (e.g., UH or n-linear
reservoirs) the differences are not clear. For example, "except for
certain 'ideal® laboratory catchments, the flow does not conform to the
sheet-flow mode) but instead occurs in many small rivulets...The choice
is then between a 'black-box' model and a 'physically-based’ model which
is based on a physica) situation quite different than the actual field
situation, i.e., a ‘black-box' model."

However, use of KW implies a non-linear response whereas the UH
implies a linear response. Nash and Sutcliffe (1970) write that “the
UH assumption of a linear time invariant relationship cannot be tested
because neither the imput (effective rainfall) nor output (storm runoff)
are unequivocally defined.” Although watershed response is often con-
sidered to be mathematically nonlinear, the nonlinearity of the total
watershed response has not peen shown to be exactly described as a KW.
Indeed, a diffusion hydrodynamic model, DHM (Hromadka and Yen, 1986},
provides another nonlinear watershed response that includes an additional
term in the governing 5t. Venant flow equations and that may differ sig-
nificantly in response from a KW model (e.g. overland flow planes with
KW channel routing). There are an infinity of nonlinear mathematical
representations possible as a combination of surface runoff and channel
routing analogs, therefore, merely claiming that the response of .2
watershed model can be ciassified as 'nonlinear' is not a proof that the
model represents the true response of the catchment.

Given that the KW analog is only used to cbtain an approximation to
catchment response, the KW approach does not appear to provide signifi-
cantly better computational resuits {for floods of interest in flood

control design and planning) than the commonly used UH method. Dickinson
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et al. (1967) noted that "in the range of discharges normally considered
as flood hydrographs, the time [of concentration] remained virtually
constant. In other words, in the range of flood interest, the nonlinear
effect approached linearity." An explanation was advanced that “at low
discharges, the mean velocity may vary considerably with discharge.
However, for higher discharges contained within banks, the mean velocity
in the channel remains approximately constant."

In actual travel time measurements of flows in a 96-acre catchment
using a radiocactive tracing technigue, Pilgrim (1976} noted that although
the flood runoff process "is grossly nonlinear at low flows, linearity is
approximated at high flows." Pilgrim also writes that "simple nonlinear
models fitted by data from events covering the whole range of flow may
give gross errors when used to estimate large events." It is noted
that overbank flow was one of the factors for linearity in this study.

Beven (1979) proposed to place Timits on the nonlinearity associated
to KW by the specification of a constant flow velocity for catchment runoff
for large floods. He proposes "a nonlinear channel system at low flows
and a linear system at high flows into a single model." Hence for flood
flows of interest in flood control planning and design, Beven's model
would reduce to a Tinear representation of the catchment hydraulics.

A physical test of the KW concept was provided by Hjelmfelt and
Burwell (1984), who studied a set of 40 similar erosion plots and the
net response to storm events. Due to the large variability in measured
runoff quantities from the plots, however, it was conciuded that a
criterion for a valid rainfall-runoff model "is that it predicts the
mean runoff for each event." The KW method did not fulfill this objective.

In HEC Technical Paper No. 59 (15978}, six models, pius two variants
of one of these models and a variant of another, were calibrated and
tested on a 5.5 miZurban catchment in Castro Valley near Oakland,
California. Botﬁ single event and continuous simulation models based on
both UH and KW techniques were used in the test. The study concluded that

for this watershed "the more complex models did not produce better results
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than the simple models..." An examination of the test results between
the KW and HEC-1 UH models did not show a cltear difference between the
methods.

1t is of interest that Singh (1977) concluded that "if one is not
very confident in estimates of watershed infiltration then in some

circumstances linear models may have an advantage over nonlinear models

in runoff peak predictions because they do not amplify the input errors.
That is, the uncertainty in effective rainfall quantities may be magni-
fied by a nonlinear model; consequently, there is an advantage in using
a linear model when there are errors in loss rate and precipitation
estimates.

Because it is not evident whether the nonlinear KW method for model-
ing surface runoff provides an improvement in accuracy over the linear
UH based hydrologic models, the UH model is proposed for use with a
design storm.. The UH approach is simpler to apply, and there is less

chance that the UH approach will be incorrectly applied.

Design Storms
HEC (Beard, 1975) provides an in-depth study of the use of design

runoff hydrographs for flood confro] studies. "Hypothetical floods
consists of hydrographs of artificial flood flows...that can be used as

a baﬁis for flood-control planning, design and operation decisions or
evaluations. These floods represent classes of floods of a specified or
implied range of severity." Such “floods are ordinarily derived from
rainfall or snowmelt or both, with ground conditions that are appropriate
to the objectives of the study, but they can be derived from runoff data
alone, usually on the basis of runoff volume and peak-flow frequency
studies and representative time sequences of runoff."

In complex watershed systems that include catchment subareas, and
channel and basin routing components, Beard (1975) writes that "it is
usually necessary to simulate the effects of each reservoir on down-
stream flows for all relevant magnitudes of peaks and volumes of inflows.

Here it is particularly important that each hypothetical flood has a
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peak flow and volumes for all pertinent durations that are commensurate in
seyerity, so that each computed reguiated flow wil) have a probability

or frequency that is comparable to that of the corresponding unregulated
flow...In the planning of a flood control project invelving storage

or in the development of reserveir operation rules, it is not ordinarily
known what the critical duration will be, because this depends on the
amounts of reservoir space and release in relation to flood magnitude.
yhen alternate types of projects are considered, critical durations

will be different, and a design flood should reflect a degree of
protection that is comparable for the various types of projects.”

Beard (1975) notes that the balanced storm concept is an important
argument for not using a historic-storm pattern or sequence of storm
patterns {e.g., continuous simulation or discrete event modeling) as
“No one historical flood would ordinarily be representative of the same
severity of peak fiow and runoff volumes for all durations of interest.”
Indeed, should a continuous simulation study be proposed such that the
*oroject is designed to regulate ali-floods of record, it is likely that
one flood will dictate the type of project and its general features, be-
cause the largest flood for peak flows 15 also usually the largest-volume
flood." Hence, a continuous simulation model of say 40 years of data can
be thought of as a 40 year duration design storm with its own probability
of re-occurrence, which typically reduces for modeling purposes to simply
a single or double day storm pattern.

Beard and Chang (1979) write that for design storm comstruction,
"it is generally considered that a satisfactory procedure is to conm-
struct an approximately symmetrical pattern of rainfall with uniform
areal distribution having intensities for all durations corresponding
to the same recurrence interval and for that location and size of area"
{i.e., depth-area effects).

The nested design storm concept is develgped in detail in HEC

0415 {1982}, including the use of depth-area adjustments.
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Rainfall to Runoff Freguency Relationships

The association between return frequency of rainfalls and the
return frequency of runoff is not clear. However, some studies have
been reported in the literature that suggest relating the two frequency
curves. Rose and Hwang {1985) used a rainfall-based frequency curve
design storm pattern with the HEC-1 Flood Hydrograph package and
developed an "Equivalent Frequency" to relate rainfall to runoff
frequencies. Bell {1968} shows in a plat of return period of gross
rainfall to return period of flood peak, approximately "the same
number of points fall on each side of the 45° line for the full range
of values, indicating that, on the average, the same return period
applies to both rainfall and associated floods. The average 100 year
flood, for example, corresponds with the average 100-year rainfall
for the watersheds considered.”

The above statement does not apply to all watersheds, but study
results of Bell (1968) do provide a general study for comparison to
the results from the design storm model calibration effort used for the
Los Angeles, California area, where a direct relationship between

rainfall and runoff fregquency curves appears reasonable.

Model Selection

Of the over 100 models available, a design storm/unit hydrograph
model (i.e. "model™) is selected for this particular application. Some
of the reasons are as follows: (1) the design storm approach--the
miltiple discrete event and continuous simulation categories of models
have not been clearly established to provide better predictions of
flood flow frequency estimates for evaluating the impact of urbaniza-
tion and for design flood control systems than a calibrated design
storm model; (2) the unit hydrograph method--it has not been shown
that the kinematic wave modeling technigue provides a significantly
better representation of watershed hydrologic response than a mode)

based on unit hydrographs {locally calibrated or regionally calibrated)
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that represent free-draining catchments; (3) model usage--the "mpdel"

has been used extensively nationwide and has proved generally acceptable
and reliable; (4) parameter calibration--the "model" used in this appli-
cation is based on a minimal number of parameters, giving higher accuracy
in calibration of model parameters to rainfall-runoff data, and the

design storm to local flood flow frequency tendencies; (5} calibration
effort--the "model" does not require large data or time requirements for
calibration; {6} application effort--the "model" does not require exces-
sive computation for application; (7) acceptability--the "model" uses
algorithms that are accepted in engineering practice; (8} model flexibility
for planning--data handling and computational submodels can be coupled to
the "model” (e.g., channel and basin routing) resulting in a highty
flexible modeling capability; (9) model certainty evaluation--the certainty
of modeling results can be readily evaluated as a distribution of possible

outcomes over the probabilistic distribution of parameter values.



‘6981 ‘Jequadey

'S CON ‘S ‘TOA ‘YUDIESEBY SSDINCEEY ISIEM ‘EUIOIS BATIONAURD
ulp ssjouenbeld {[EJUTEH JUIOG ‘T UT#ISADONQ 'Y [#dog
"TZBT ‘lequeidss 'GAH ‘ON ‘26 oA

‘UUTSTAIQ SOTINELPAH &4 O |eYuInOf ‘SpeysJsien trews Jog
senbjuyse] Rujirewiysy Aousnbeig poo|d **Q zursyg ‘''n Jujue|y

“LE61 ‘sequaidag ‘ecpeioio)
"SUTLIOD 1404 ‘Ajpsseatun 81ES opeio|on ‘sisdey LYo |oapAH ‘5T 'oN
fAITIIORA jjouny-[IWjulEd jeIudWTIedx3 uy ‘1T 38 ‘'pm UOSUTIXDIQ

366

'TE6T '18Qo3ap OTAH CON ‘BOT C10A ‘UOISIALQ SDTINEIPAH Y3

40 1eusnor ‘saalny Buramwilsy alrvaey poo|d ueqlin ‘C) ©aag
‘G961 ‘AN YAK “ON

‘16 *1OA GOTSIALQ SO]IneIpAH ®yj JO (RUINOf ‘iojaeysg
IuIUYDIT) JO S{HPOY [eDI1jwLBYIEY ‘) []8uuOg,.0 ‘'Q APARQ
6961 *J48Qo30Q ‘S CoN

‘S "IOoA '4YDIEESRY SBDINOSHY JEIEM ‘uBIR[ROIS AO|jeERJ)S
UG AV | TgRiEA fTejUlEN o 1985)3 ' uwulrsg ‘g Apmeq
‘ZTE6Y ‘a8qo3IdQ

‘OTAH "©ON ‘BOY "10A ‘UDIS1AIQ DTINEIPAY #Y3 jo
‘sjueag poO|d BWBJIXF JI04 SaAIN) Bdo[aAUY

{eUINOL
‘er uaddrag

"ZEBT ‘AIN© ‘LAH ‘*ON ‘BOT ‘TOA

*sdebutBulg 114150 jo A3e1o05 veDilewy syy jo sBujpesooilg
‘UOTETATQ BLY|NWIPAH Sy} JO [wuInCp ‘[BpON sweysAs

oy Bo|0IpAH TRIBUSD IO Hni] €Yl ‘A AwemsTepuE[ny "'p moyo

‘gl Jeguajdas gyl CON ZOT C10A UOTSIALQ aleuyTiq
pue uolieRILA] @Yy JO IEUINDL CIUSTSTIFE0D JJouny feuojliey
pue ydealolaAp ultsaq DIIBYIUAS ‘'S @ 18j3wg ‘" ueIyj

'zt

‘mn

"ol

sgwx®] ‘OfUD3IUY UES ‘ERST ‘C1-5 JEQOID0 ‘EIUSINIUOD
VUMY [ERUUY Y3IET YLl IT PRIUSESIJ AR DIIWNSUIN/1-DEH
Buren Juy(wpol 2I1BCI0IPAH LRI ‘Y URWP(B ‘'Y KRBIND

"EPUN|[JBYINN SYL Ul PIUTIg-DEpierswmy ‘Auvdwes Fupystiiang
O1J1IUBIDS IBTARS(E ‘JZT-LTT (RLB1)EE ‘ABojodpdH jo jwusnar
'UQIITWIOIU] JOTJId YIIM [OPOK JESULT (Risus) @Yl ‘] ¥SIE

"5L6T *I8Q032(0 ‘G CON ‘ST “[OA ‘YO INSEEY EPIINOENY
JB3WH ‘POUISY BUTINCY STIERGULY PRZIEIAULD A4 UD ‘"M usamg
98T SUNp ‘7 ‘ON ‘COPRIC|DYH

‘EUT110D 3404 A3TSJAsAlUN ®YE3E GRpTI0|0) ‘sisdey A¥opoapAH
‘T1ejurey awssyx3y wody spoo|d uliseq Fusjewlyss "4 [i1e8

‘RLET

‘IMQEBAON *TTIAH "ON '#0T *10p ‘siesutrduly [YATD JO AjerDes
UEDIdmy UDTEIATIQ EDTINTEJIPAH PYL JO |TUJNOL *SOUTJIMSU)
Poold u) ssriviwrsecun 1PojoipAd g0 3owdw) ‘- piwag

‘ez ‘SUN[ ‘A0 juwasl§ Lo jowdwf uopjeziueqIn
‘UGIETATg SDEINRIPAH #4Yl §O jeulnof ‘-g Fuwys ‘' pamsg
16T ‘aunp ‘9AH BN ‘101 CI1OA

‘s1e8utkul (1a1D Jo Ajetdog uesjJawy syl Jo sdurpeaanoid
‘Butiadutdul SYtneEIpAH O jeusnor ‘uofsiedsiq
JUBWIPES-PAPUBHENS JO E18POY DIIEEYDOIE ‘"D OSUO]Y

'IB61 ‘sunr ‘QAH TON L0V '{OA

‘sJesutdul |1A10 JO AIRIO0S uedTaswy Y3 jou Sdulpeseoodd
‘UOTSIATT SDTINRIDAKH JO [BUSROL 'ENJOATEN duuTy)

u} Bupanoy pooid saem - UDTENJETQ ‘g uay ‘v ueny

LSIT FONTHIIIH

1



~
0
o
CEPUE|ISYION SU UT PEIUTJ-NWRISISHY
‘Auvdeo) Fujysii1qng 21FIIURTOE JejneB{3 ‘ZZ-6 {(6L61)Z¢ *400j01pAH
30 JeuInor *s)epow J:Bo1oIpAy D131BWYD03S twuolIwasd(; £ peastasg
S]] STJUSPIJUD) Ul BDURPTZUDD PRITETY 'Y NDng ‘°p sewely

"GLET ‘Aaeniqed ‘T ‘en ‘TI C1oA 'udJmesey

BaZInosey Jeiwp ‘sjusazg udpseq o} S3}WIT] BPuSpiJuel ‘"D IR
“EOUR|IBYUION SUI U} palulig-mwpiayrwy ‘Auwdecsh
BUTYSTIQNd PIITIUSIDOE EXARE]D "Li-§& (5281342 "ADojoapAy
30 JRUIADL ‘SIS IQ0ig JBPIOSEY [ IWIUTEY WYL ‘g Aeajry

QLG ‘+MgOI0Q0 ‘S "ON ‘ZT ‘1Ch ‘udiveseyp
SODIN0ELY JEIWH CEETEIUYOR] JUFRLADY-ALd BEOUSIE; SIS
BITETY PUT EENISAS JESUTT 1D UOSTiwdwO) ‘|- aBpjesn

‘Eesy “4AwH
‘Fugsasuiluz orIneccAyd jo 1wuinog
nesrg-meq Jo A311iq¥071ddy

‘S 'ON ‘BOT "l10A
IS SO ARy POO:J
o5 sRquRyds *°N sepodoaes

‘BLET CMaup ‘g tan
‘21 Cioa 'YDINS<IN ESDANOBRY IR ‘FIADOL LEYSINIZA
dG] WOTIRZIWIYIIC rejemwIwg ‘e wya¥iig g uDysuyer

‘tgEf A8QL o0
0T RIS IUTEDY
‘uojjyejoduss] Jo jusaizdwdeg g ABopoIpAd

‘61 "OoN JelnDIr) Buriseuidul SiiRREpAR
AwnyI iy (waepe

"S.LBT 'uyosawy 'S BWN[OA TCW) ‘sjsej
fAmay 'g°n ‘szasujlujg Jo sdiop ‘aerusy Jursssutsduz jEoiBojoipdp
*Libs LD 48QOR02)

‘*OTAH °ON ‘90T 1PA ‘uOIBJATQ SOTINEIPAH B4 20 JwuUInpp
‘POUIE, MOUSISIJTIN e3juld Ag Ruiinoy jeudwy)y ° ) Buwny

“§@5T "oeQ 'Y AN 1T CIcGA

‘Yoswesdy BEDINOEEY ABIWN ‘IUGNYDIE) PBISSICS | [EWS ¥ O3

|opol w2 1R0L0IpAK welyY Juiangiizuoc) »1qrjIep ‘peseq- Aydeslodo
e ¥ }0 UGIIRIQIIED :APNIS PEYS INIWM YrOpuvusys ‘(e e sadiegiop
‘L5651 Bunp ‘g CCp
bt 1% fT Y 10A THOLIRSSSN SSDINOESYH I8 TA lwAlaily FOUSIINSEY
AUSINSITT IO SPOOLJ UD UOTITZIUEQEN JO IDN)FI Wy fn SEITOH
‘TE TEPUT [ ABUABN BY] NI DEIUTIJ-UADISISWY ‘A E SIBYSTIQn
#OVwIDS AR JASE[F 'EOE-TOE (SEGT/¥EG6T)%: ‘A0 |QipiH JoO |eusnof
‘suojienbI Bamm DIANKBULN Y[ PUY USTIN|DALES f Yy JisImiRiN
e ‘vE6T
‘qaRp) T ‘ew tfct o joa tRut cesutlus TETUTRSIG SR sotaeBtir: 1o
TR S JPOMGY 43 ARTTEamicza [B1%%05 * 6 lles AE YT FY 2L SH
"oE ‘veal TL1eQEe: o0
YEZT O rhx Q1T Clea ‘Butasact?ug O INRLDAM JO (R Wwor ‘muaziiy
TLLEDML TMENE) WPISA ALHUTS U] BEROI ] USRI ‘W uTsJEmTE
62 CEBET Ctanndqeg
‘1 N 'Bi O C104 'NOIWBSEy BeddNCEuL LT-IR suwe B
WUtk DDIB WG] TIJOISWE-RI (SPOY [ioUmNL|lRUIE4 CTnIdedud)
10 Artuasio%qp pizs sFaaanbiun <RIYRRo.0g Cp ewdnr
8T
=710 w@idal FEBT AN
oDl c1Ma ‘FICauRBUI (145D 10 L4€700¢ UBLjadav ‘UOTSIAIQ
afeutxng PDUE UOTIRA;SI] PULT 4 ¢TUINGE LI IETTV Ty
it 10§ serey 8RITuukic NEA4 SO AUITISAGRY UV yORIPD
TLRET ‘IRGUean “TTAHM "GN
L0V CITh CHSEY ‘SSfeuifg JAID FC SIBIDCS UELYISEY SUL
J0 SELTpeIDOAY ‘LUGTMTATQ SO INEIPAH By ;o aeurnor ‘sudesBoapay
"9z

PEIE{NNTIS 104 SPUNSE FDI:I3 syewixciddy s selang 'g usiEn

13

14

14

‘T

M 4

‘ot



‘BYE-CEE (5281
vz ‘AJ00dpAH JO (wuJnop ‘seanpeonag Bullnoy jussyoreg
2ftneIpAn pue 2130 (0apdH jo uoisjdeduc)y ¥V ‘°[ I8330g

‘Spue|JEYIeN Yyl U] PEIUTIL

-wepiedsmy ‘Auwdmod BUyE{Qnd D) FIIUNIDE Je1ANE(T ‘Di-B5 (BL61)8C
‘ABD[CIpPAH JO [RUINDf ‘BOUEMIC}IIO4 JO UOSTIRAHDD y-A)ixejdecy
Buide}JIQ O B[EPOY JUSLYDIE) AR UDTITISUSD MD|d ‘°‘p UesIlyd

*PLET ‘sunp ‘g CON ‘ZT C[OA ‘yalwessy
PAYSISIEN | |TES ¥ UD BIUSNSINFESL JEOWI]
' miad3g

IIUhﬂUIIE I83em
moZ4 JIOURY POO[4 O AJTISUTIUCN Puw SSul) [saed)

‘0861 ‘A% ‘SAH
1RUJnOr ‘lepojy
‘of uBRIepE4

'oN 'G0T "Iop ‘uoiBlAalg ED1INRIPAH WYY 6
Jjostesey swsuy jBulS Aq sydwidoapiy ‘*1%w38

'6867 “1pddy ‘Z ‘ON ‘S *|0op
‘spaysiesies pur|sluwypyIwiessg
"e sued ‘Y uIoqQs0

Y2INIERY S8DJNOSeY JB83Wp
{1eas Axep 20} jiouny ~uorawridiosag

"QUET ‘A3eniqed ‘T ‘ON ‘v ‘{OA 'NDIeARey

S8LINCEAY Jejen ‘euDIlly ‘UOSON] Jejusy yoleassy paysiazep
IEPAYINOS “‘PEYsSIeIEM puE(sduey pliviess y wold jrouny
Bujicmyyv jleiutey Jo A3F|1QEIIEA ‘°Y AOXOIH '*H uJoqsg

‘EPUR|JBYYeN BY3 Ul PpEIUIIG-EEpISIEEY ‘Aundwo)
Fusysyigng D1J1IURIDS J81ASE1T 0ZZ-CT1Z (LLBT)IGE 'Aloj0Ipin
36 peuzinopr *‘zaflen afen ujey vy S90Q UT®Y YONK MOH "3 JIeN

“06Z-2BT (0L6T) 01 'ABo|0JipAH Jo [wusnop
‘sejdioutdgd §O UOISEROS)QG ¥ - 1 3I%d S|epoy [enjdecuon
GBnoJy]l FUlASESBLIOG mOid JealY ' AFFT119INS YU yEEN

‘suny ‘g ‘ON ‘01 [OA ‘ubIessely SEDINOESY i8jEn ‘Spayklajen
ueqan BujIspPON Ul BmeiQLId ‘‘m JEPIEUYDS ‘Y HOSIBYJON

“wlBT

49

‘18

"os

"6%

s

13

i

‘YQ6T ‘udawR ‘E ON ‘QT1Y “10A ‘Bujsesuidul of|neapiy
4O [RuInor ‘SPOyIEY MOld NWE4 UWQIN) §HE ‘C[erIe Ty USnNIoN

‘YEBT AIBp ‘L 'ON ‘QTY C1OA ‘Butseauilduy O} (NEIPAH ;O
[REINOT ‘4OI3WIJuUEDUG) Jo smil uwgin JUIIRWIIET ‘i 38 *°y usnjoy

. ‘EQ@ET ‘sunr ‘Z "ON ‘60T ‘1o
Butissujfuz sdeujwag pur uopyefizl Jo TRuInOr ‘miojowy
3wy Awdd ydwaloapAl 3run Dursewjasy *°1 PEISPUcHE ‘Y uenIoy

*TEGT ‘Isndny ‘zgr.yvy; S¥IE4 ‘v CON ‘@Y1 ‘10a ‘SeBINOSey leiwp
‘Julwwadosyd JweupiuoN ®ia ydeiFOlIpAH 3TuUn ‘D Jnel ‘e mAwy

‘Kaenuer *TAH "ON ‘SO "ICA ‘sassupiug (1A1D Jo L318)00§
‘UQESTAT(Q SPTINRIPAY Sy} JO JEUINO[ ‘UDFINUILINING
ydwiloapiy 37uUn Jo uoiiezimizdp ‘"7 sajol * ] sAwy

"0881
uwo[INWY

'gL6T ‘Irady
‘S |epoy peysIeLEN
roH uien

*Z CON ‘vl *TOA ‘Youmassy S8DINC3REy Jsjwp
uj EIeIBERINY POZiwi3d) Jo AJFATITSUSS ‘el‘g umolg

‘Spuw | JsyIaN SY} UT PEIUSg

-vtpreysey ‘Auwdwo) BuiusiiqQng IIJTIUSIOS ISTARE!T ‘LZE-SIE
(IR6T)I8y ‘ANCIoIpAH 30 jruinop *‘ETsA|wuy IUSAZ-TIINH ®mOI4
sydesNoIpAH ITUR 30 wOiledjITIvep] ‘cy Bel ‘*r Asispamy

*4@BY ‘AJeniqey ‘T "ON ‘1Z 'ICA
‘Yo INesEey SecJinossy Jdsiep ‘sjussyolwl puwidp [iwws uo senbyuusey
Jujtepoy JJOURY-[1EZUTEY JO uosliedwon vy -y exesdg ‘‘H Snfwon

. . "EBST 'Ifidy
, v ‘ON ‘80T ‘rtop ‘Buyissutdum 21\nwdpAH JO [RUINO[
tetiumiog sdwung Jujpoo|y Jeiempesy ueqiq ‘*l xBsE3 ‘"7 a9

ey

60

‘8t

i as

"9

13



‘PREY dWQUITD ‘BT "ON FRINDB41D Butdesughul o1 nedpiq ‘Ao
toLpAH
UOTIRINEUTEPY AwmyBiy T=J40pdd ‘uopiwysodsuws) §o Jusmjswdeg .M.:

*Z861 *11idy ‘g °ON jusEnsog Fujujess ‘T-a3H
Suisn speysimymy pedwdupn jo Fies[vuy SIBO[OIPAH 'Ie3us]
Jupsasutbug o180 10IpAH eyy ‘srasuiduz jo sdI0D Amly ‘§5°p

"8 "oN PION yoIRESEY ‘JSH 5 ,dRODDIPAH

40 uciiedjiddy uy :oleDIys 35em 8aoqy Jeaty edwdng

youelg 18ém eyy o uoiitinuig S1lo(0lpAH BHORUIIUDD ‘dejus)
2ursesutduy oyFot¥oIpAH syl *sassuilug Jo sdios Awdy en

‘OB6Y *Isquaides ‘yz ‘ON IUSNNDOG UDINESEY
‘EPoYIey BUTINGY POD(Y JO EIEA[wUy eapisiwdeoy R LELT L
fuyzesuidug ot¥oroipiy ey) ‘sseeuidug Jo sdion Amay ‘g-q

‘Arenigey ‘11 ‘oN jusunsog Jututesy ‘suojiecen pededup
3T S8IRWIIET Apusnbely mOpg pooly JO uo)3dopy ‘IRjven
fujasautfug otrBotoaphy eyy ‘sissuiduy o vdaon Awdy *5'p

‘0§81

‘ORIY-EQ 32048y FUOIIRRIINAU[ EBDINOSEY-JEIWN
Asazng [e21¥0108D) ‘g (1 ‘SPOYISL UOTIN|OAUDY

A8 Buj3nOY MO YIS JOJ [ehow IeIf¥ig ¥ ‘Aeaang
1e2120108n JoTINIU] BY3} JO jusuisedeg s83T15 Pajlun

"ZEGT ‘iFndnvy ‘vrE6-sv8 sedeg

‘v CON ‘BT “TOA ‘YD IESSSY BADINOSEN I8IWH ‘SeqQUidwp
Juspusdapu] eyl ujl S3I0J33 Y3In ueysssadey Juysp sjepoy
JIoUNY-uoi1desIsg Ul Indul }O SISA[EUy UY ‘R UtEINOJ]

"SEE1 ‘yddey ‘'t Con ‘111 tjoA ‘Buyissuiduz
DIINTIRAY FO pwudnor ‘BulInoy poold I} 1spoy
uoIsSnIz1q 1WDI34 WUy ‘°S5 Jeypuruel -1 jleysuwsluy)

"89

‘$9

€9

"19

‘ERBT *)Fidy
‘TTS-T1Tg SeFed 'z ‘oN ‘61 ‘10A ‘UDJesey ssoJnoley
183wh xSty POOId peTFIoads yiim siusaz udjseq ‘r IsBuipsys

-1
‘Agenuwr 'y coN ‘60T "10A ‘Jutaesuidul DFinwIpAH JO (euInDp
‘sjusay ulpseg Jo) Elwase3iu]| souspijuog ‘°r aedurpes

“EEET ‘AIeNnJQed

‘1 +oN *&T °10p ‘UDJwWasay sedinoSay iS3EH ‘ssausnbiun puw
£37119RAIS8QD I8I0WRIEI JO USIISSND SY]IS[SPOY FiOURH-TIRJUTEN
tenadesuos Jo uetiwiqitres Dijesoiny ‘cp widng ‘g uURTYN00JOS

"ge61 ‘isndiny
e tON ‘S "I0A ‘MOIRASEY S8DINOSSY ABIEN (| [wIMjEY lwWIng
DO1; EsEINT [(RIUTEY JO uciywsedsg ‘g sspusg ‘- A[1035

*gE61 ‘AJendasd ‘z 'ON *ZIT ‘1o
sButassuidulg o] INEIPAH JO |RLINOr ‘JUSHESSSSY EAjifiuen(
v-JupIBPON Je3TAWIOLS U| EI0IIT ‘- €4INd “n BuFI[TUSS

*§.61 '13ady 'z 'ON ‘1T1°10A ‘yoleasay
83100888 Islen ‘Bursnoy Jmjen 10 vopiTwirosday
sAws DiIWwBULY JsujuoN *clE3s ‘17 Buld-yny

‘EBGT ‘ST-TZ AINT CARSDIUEY 3D Aj1s3eatup

*1@I3uD) AYTieNl Jeymy puv FOINIONIIBEIJU] D INBIPAYH
‘KFO[0IpAY ueqQdn uo Bnisodeds [WuBiieuIsIU| SEET ‘speusIELIEn
feany [1®wws 207 Aousnbsldy [1ejuyey pur Ladusnbary

AO{INREIIEC URSAIRE BaOuSIBIi1g 30 Apazg ¥ t-n Buwmy ‘td axoy

+SpuefJieyjey

UL U] PRIVTIJ-DEPIIBWY ‘Auedeo)d BuiysTiqng PUT]OWH-Ylaioy
‘GOE-G6Z (GLET)SZ 'ARBOCIPAH 30 teuinor ‘swi) Jeq erqeflep

304 BuIplaOI4'18pON JIOUNP-LRJUTEY JTRUITI-UON ¥ *|® 38 “Q PeRY

11

'BS

i

Y

11

"5

‘€%



370

6%,

10.

mn.

12

73.

T4.

75.

76.

7.

78.

79.

U.3. Army Corps of Engineers, The Hydrologic Enginsering
Center, Introgduction and Application of Kinematic Wave
Routing Techniques uUsing HEC-1, Tralning Document No.10,
May, 1879. '

U.5. Army Corps of Engineers, The Hydrologic Engineers
Canter, Tesating of Saveral Runoff Modeis On An Urban
Watsrshed, Techincal Faper No. 5%,

U.S. Department of Agriculture, Soil Consarvation Sarvice,
National Engineering Handbook Section & (NEH=-4) 210-V1
Amendment 5, Transmission Losses, Washingten, D.C.,

Harch L, 1982,

Wallls I., Wood E., Relative Accurscy of Lag Peacsan 111
Procedures, Journal of Hydraulic Enginesring Vol. 1t1,
No. 7, July, 198S.

Wwatt W.. Kidd €., Quurm+A Realistic Urban Runo?f? Model, Journatl
ot Hydrology, 27(197S) 225-235, Elsevier Scientific Pubiishing
Company, Amsterdam-Printed {n The Netherlands.

Weinmann E., Laurenson E., Approximate Flood Routing
Methods: A Review, Journal of The Hydraulics Division,
Voi. 105, No. HY1l2, December, 1979.

Whitley, R. and Hromadka II, T.V., “Computing Confidence Intervalsg
for Floods, I", Microsoftware for Engineers, in-press (1986).

Whitley, R. and Hromadka II, T.V,, "Computing Confidence Intervals
for Floods, II*, Microsoftware for Engineers, in-press (1986).

Williams D.W. et al, TRRL and Unit Hydrograph Simulations
Compared With Measurements In An Urban Catchment, Journal of
Hydrology, 48{1980) 63-70, Elsevier Scientific Publishing
Company, Amsterdam-Printed in The Netherlands.

McCuen, R.H., Yen, C.C., and Hromadka II, T.V., "Adjusting Stream
Gage Data for Urbanization Effects”, Microsoftware for Engineers,
19486 {in-press).

Zaghloul M., SWMM Model and Level of Discetization, Journal of
the Hydraulics Division, Proceedings of the American Society of
civil Engineers, ASCE, Vol. 107, No. HY1ll, November, 198l1.



