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CHAPTER |
INTRODUCTION

Flood plains have been and continue to be under pressure for develop-
ment to more intensive uses, and today they comprise a disproportionate
amount of urbanized land in many sections of the nation. Pressure to in-
tensify flood plain utilization jis increasing as accessible undeveloped
lands near urban regions are becoming more scarce (4).

In recent years, the federal government has spent many billions of
dollars to indemnify flood victims for property losses. Since 1936, more
than $7 billion have been spent to construct flood protection works, (4,
11). Yet annual fléod losses exceed $1 billion and are continuing to in-
crease, mainly as a consequence of the improper use of the nation's flood
| plains (4, 11, 62, 90).

The Stillwater, Oklahoma, métropolitan area is no exception. Still-
water, Boomer, Cow, and Duck Creeks flood frequently, causing thousands
~ of dollars in property damage. Duck Creek has been flood-prone for years;
at least once avyear it overtops its banks and threatens to flood the
residences that adjoin the creek (70). The October, 1959 flood is the
maximum flood of record, causing about $79,000 in flood damages in Duck
Creek (95). In the most recent flood (May, 1975) over four inches of rain
fell in less than two hours. McFarland Street was transformed into
""McFarland River'" with water flowing over three feet deep in the street

(27).



Recognizing that the nation can no longer tolerate the losses of
lives and property that result from the improper and unrestrained use of
our flood plains, the Congress enacted the Flood Disaster Protection Act
of 1973 (43)., Every flood~prone community in the nation is required to
maﬁagé new development in areas subject to flooding in order to minimize
flood damage. v|n addition, property owners in flood-prone areas must pur-
chase flood insurance as a prerequisite for any form of federal or feder-
ally-related financial assistance for acquisition or construction of
buildings in designated special flood hazard areas (11, 43).

A vital step in meeting the goal of a nationwide program of proper
flood plain management measures is. an evaluation of a community's exist-
ing flood damage potential. This evaluation, the Flood Insurance Study,
is also an important prerequisite .in the community's continued participa-
tion in the National Flood Inéuran;e Program. Basically, detailed engi-
neering (field) studies énd backwater analyses are made that result in
the determination of the lOl, 50-, 100-, and 500-year flood brofiles and
that provide data necessary for floodway determination. From this infor-
mation, flood insurance rate maps are made that divide the study area in-
to zones that are used to establish actuarial insurance rates (44).

The major flaw in the Flood Insurance Study is that only existing
conditions are studied. Only a minor concession is made for future condi-

tions; ""Flood hazard determinations should be based on conditions that

]The 10-year flood has the probability of occurring once in ten years.
The probability of a specific flood occurring in any one year is P.=1/T;
where P is the probability and T is the return period or frequency. Thus,
the probability of a 10-year flood occurring in any one year is: Pr=1/10
or 10 percent.



will exist in the community 12 months following completion of the draft
report" (44, pp. 2-4). |

Urban development of the watershed basically affects drainage charac-
teristics in two ways: (M reduéfion in. infiltration losses because of
coverjng.the permeable soils wjth streets, parking lots, roofs,.etc.; and
(2) provision of'moré hydrauiiéally effiéient drainage systems (étorm sew-
ers, improved channels, eté.). These changes generally result in an_dver-_
all increase in storm runoff volume because of ked0ced ihfiltration losses
and higher peak runoff rates because of shorter concentration time in the
more efficient dranage systems (55). ‘Thenefore, hydrologic analyses should
include not only estimates of flows under existing conditions, but also
estimates of how flows for various frequencies would be affected by water-
shed changes (67). |

For example, téke a hypothetical homeowner who takes the precaution
of checking the existing flood hazard maps and whose home is clearly out
of any flood-prone area. Then in the future, say ten yeafs later, a new
set of flood hazard maps is produced and his home is in a flood-proné
area due to watershed development. What is the impact of the change in

the designated flood-prone area?
Study Objective

The obje;tive of this study fs to develop a méthodology to assess
the. impact of a changing flood plain determination on an ungaged urban
basin. Duck Creek, Stil]water,‘Oklahoma, is used as the test basin in
this investigation.

Duck Creek is a small tributary of Stillwater Creek with its drain-

age basin located in the northwest portion of Stillwater, Oklahoma



(Figure 1). In this study, four basin development conditions are investi-
gated:

1. Present basin development (October, 1978) with present urbaniza-
tion and present channel.

2. Present urbanization‘with a planned channel improvement project
(100) simulated between the mouth of Duck Creek and 6th Avenue.

3. Future urbanization simulated on the basin with no channel im-
provement.

L. Future urbanization and a planned channel improvement simulated
on the basin.

Hydrographs, peak discharges, flood profiles, and flood hazard maps
which correspond to each basin development alternative are determined.
The results for the present basin development ;hould correlate approxi-
mately with the present flood hazard maps (26)1 However, there has been
construction of more efficient bridge structures on Sherwood Avenue,
ArroWhead Drive, and 12th Avenue which make present conditions different
from the previous conditions under which the'existing flood hazard maps
were developed. |

Finally, the 100-year flood direct damages are determined for each
basin development alternative to provide a relative comparison of the im-
pact if new areas in the Duck Creek watershed are included in the desig-
nated flood-prone area when the new flood profiles and flood hézard maps

are developed.
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CHAPTER 11
LITERATURE REVIEW
National Flood Insurance Program

Introduction

Today flood insurance fOr a home and its contents is available in
many more afeas of the nation than ever before--and it is affordable. The
Nationai Flood Insurance Program (NFIP) is responsible for making it avail-
able (37). |

Ovef the past 40 years the United States government has been unable
to stop fhe annual increase in flood losses by structural flood-control
measures (75). A feasibility study requested by Congress found that in
addition to increasing pressure for development in flood-prone property,
many people were seriously uninformed about flood risks, were overoptimis-
tic about the chances that their property would not be flooded, or expect-
ed the government to assist them after‘a flood disaster (11).

Congress‘accepted the study's recommendation for sound land use and
control measures when it enacted the National Flood Insurance Act of 1968
(82). However, the low enrollment in the program made it clear that the
.voluntary nature of the program was its major defegt and that without man-
datory requirements to promote sound flobd plain management, no real prog-
ress could be made toward decreasing flood losses (11, 62). Therefore,

Congress passed the Flood Disaster Protection Act of 1973 (43).



This Act and its amendments expanded the 1968 Flood Insurance Pro-
gram by:

1. Requiring insurance on all federal or federally assisted
financing of development in flood-prone areas.

2. Creating incentives for flood-prone communities to partici-
pate in the program and thus make insurance available to
their citizens. '

3. Accelerating the completion of Flood Insurance Studies for
flood-prone communities.

L. Establishing detailed procedures for technical appeals of
floor elevation determinations (11, p. 11).

Now residents may make their location decisions with full knowledge of
the flood risk through premiums paid for flood insurance. Thé NFIP has
subsidized rates (11,17, 105), but it should result in more information
and better location decisions.

Insurance companies have pub]ishéd easy-to-understand articles ex-
plaining flood insurance (37) and the federal government has prepared a
pamphlet which explains the NFIP in clear, layman terms (85). Iﬁ addi-
tion, flood plain management guidelines for federal agencies (4, 46) have
been adapted so that federal agencies may ''lead the Nafion by exemplary
demonstration of a comprehensi?e approach to floodplain management'' (46,
p. 1).

The cornerstone of the NFIP is the Flood Insurance Study (FIS).
Evaluation of special flood hazard areas is accomplished in this study
for a flood-prone community and portrayed in Flood Insurance Rate Maps.
These are detailed maps which show the elevations and boundaries of the

100-year (Zones A and V) and 500-year flood plains (46).

The quodway

One of the important components of the FIS is the inclusion of a



designated '"floodway' for a watercourse. For flood plain managément pur-
poses, no construction of buildings or any development that would obstruct
the flood flow of the watercourse is allowed within the boundaries of the
designated floodway.

The concept of a floodway is more éasfly grasped with the help of a

diagram (Figure 2). Guidelines and Specifications for Study Contractors

defines the floodway as follows:

1. A floodway is the channel of a river or other watercourse
and the adjacent land areas that must be reserved in order
to discharge the base flood without cumulatively increasing
the water surface elevation more than a designated height.

2. Normally the floodway will include the stream channel and
that portion of the adjacent land areas required to pass
the 100-year frequency flood discharge without cumulatively
increasing the water surface elevation at any point more
than one- (1) foot above that of the pre-floodway condition

(4k4, pp. 2-13).

Conflicting Flood Plain Determinations

Since the passage of the NFIP, the use of detailed studies for regu-
latory purposes where a small variation in flood elevations affects a
large amount of property has led to numerous conflicting studies being
prepared on behalf of various intérests. Disputes have arisen as to which
of several conflicting flood plain determinations should be utilized as
the Basis for local regulations and flood insurance rates (5).

The present state of the practice of hydrology is as muéh an art as
a science; therefore, the detailed studies made by any of the.several pri-
vate consultants or government agencies engaged in this type of work are
subject to wide variation. The factors causing this variation can be
classified by the four basic portions of the study analyses (5): (1) geo-

metric data, (2) hydrologic analysis, (3) hydraulic analysis, and (4) mapping.
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The accuracy of the geometric or cross-sectional data can have a sig-
nificant effect on flood plain determination. Stream channel cross sec-
tions are usually obtained by using a large scale topographic map, field
surveys, or aerial photography. Besides the error inherent in each meth-
od, the ﬁross section§ may not fully represent channel geometry due to
improvements constructed since the cross sections were determined. Due
to the alternate methods of determining cross-section geometry, a differ-
ence in cross-section area and flow capacity can easily occur (5).

Another source of variation may be the method of hydrologic analysis
and the application of this method. The methods generally used in hydro-
logic analyses are: (1) hydrograph analyses, (2) statistical analyses, and
(3) regional discharge studies. Usually the largest variations in the
hydrologic analyses result from differences in assumptions based on engi-
neering judgment, and the amount of detail used in the application of a
particular method (5).

Sources of variation in hydraulic analyses are: (1) the method of
computation, (2) the alignment and spacing of cross sections, and (3) the
roughness coefficients, or Manning's '"n'" values. The step-backwater meth-
od is the accepted method to be used for detailed studies (44), and in-
volves a detailed solution of the Bernoulli equation for steady, gradually
varied flow. However, the computer program used for the calculations can
affect the résults (80). In the step-backwater method, the spacing, loca-
tion, and alignment of cross sections are important factors in the compu-
tation of the water surface profiles--the selection of whicH is based on
engineering judgment. The roughness coefficients are usually determined

by an initial estimate based on references such as Chow (20) and
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engineering judgment. Calibration of 'n'' values may be possible if re-
cordéd elevations and discharges are avaiiab]e (5).

Large differences in the areal coverage of a particular floqd event
may be the result of either the contour interval or the relative accuracy
of maps used for flood plain determinétfons. Topographic maps have an ex-
pected accuracy of one-half contour interval. A]so‘variation between the
datum of mapping and the datum of the geometric data may result in differ-
ing flood plains. (5).

However, as can be seen from_an overview of the sources of variation
in conflicting flood plain determinations, the skill and judgment of the

analyst are the most important components of a detailed study (5, 34, 48,

66).
Effect of Urbanization

Introduction’

The United States has become a metropolitan nation, with only about
one-twentieth of the land occupied by over two-thirds of its population.
If projections based on historical growth and trends are valid, the amount
of urbanized land will double in the next 30 years (89). The development
of an urban area within a watershed is a significant change of land use
and it has major effects onlthe hydrologic response of the watershed dur-
ing flood conditions (61). .

The urbanization process affects the drainage cha?acteristics of a
watershed in two basic ways: (1) rendering a large portion of the land
impervious by covering the natural grdund with roofs, streets, parking
lots, driveways, etc., and (2) providing more hydraulically efficient

channels for storm runoff. These factors result in an increase in storm
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rUnoff volume due to reduced infiltration and storage and higher peak run-
of f rates because of shorter concentration time (lag time) in the more
efficient drainage systems (3, 7, 12, 14, 31, 34, 38, 55, 67, 74, 76, 77, 86,
89, 104, 108). Generally, the most sjgnificaﬁt effect of urban development
'is to produce flood hydrographs'of increased magnitude that are quicker to
rise and recede than those for ﬁatural runoff (77) (Figure 3).

It has not been difficult to determine the general effects of urban
development, but it has been very difficult to develop relationships which
accurately define the extent of these changes;' Chow (22) has a comprehen-
sive table of the general hydro]ogié effects of urbanizatjon. Two task
committee reports of the American Society of Civil Engineers (38, 39) have
selected bibliographies of literature related to specific urbanization
effects. The following is a selected review o% the attempts to quantify

, o
the extent of urbanization effects.

Impact on Peak Rates

The effects of increased imperviousness and improved drainage systems
are numerous. The precipitation cannot infiltrate through an impervious
surface as readily so the volume of runoff increases; More hydraulically
efficient surfaces and drainage systéms cause the runoff to occur faster.
In addition, less natural storage in the basin further increases the rate
of runoff. This results in generally higher peak flows (34).

Anderson (3) found that on small, steep basins, drainage improvements
alone may triple‘average flood sizes and complete development of sfream
channels and the basin surface may increase average flood peak maénitudes
by a factor of eight. Bras and Perkins (14) observed peak increases from

7% to 200%. Based on analyses by Dempster (36), changing a rural basin
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to a fully developed resideﬁtia] urban basin will increase the flood peak
at the 2-year recurrence interval by about 1.4 times, at the 10-year re-
currence interval by about 1{2 times, and at the 50-year recurrence inter-
val by 1.2 times. Esprey'and Winslow (39) found that the flood peak dis-
charge due to urbanization is signfficantly increased on two Texas creeks,
‘ranging from no increase to about a 200% increase. In the Houston area,
Hare (55) demonstrated that urbanization of an area will increase peak
discharge rates for a given storm by a factor of from two to three. Work
by Hollis (61) suggests that: (1) shall floods may be increased by a fac-
tor of 10 or more depending on the amount of urbanization, and (2) 100-
year floods may be doubled by the complete urbanization of a basin if at
least 30% paving occurs. Simulations by Walesch and Videkovich (107) in-
dicated that ]CO—year peak discharges at diffe}ent locations in a water-
shed may be expected to increase by factors of 1.4 to 6.4 with a median
value of 1.9.

For more severe storms, the effects of urbanization on a watershed
can be expected to be less pronounced. After the initial infiltration
loss and surface storage, a watershed begins to respond in a similar man-
ner, whether the basin is urban or rural (39, 86). An analysis by Hollis
(61) showed that the relative increase in flood peak discharge caused by
urbanization declines as recurrence intervals increase (Figure 4). This
relationship was also demonstrated by Croley and Barnard (30), who found
that most of the urbanization impact appears és changes in the low recur-
rence interval flows. Anderson (3, p. 20) stated, '"A completely impervi-
ous surface increases the average-sized flood by a factor of 2%, but an
impervious surface has a decreasing effect upon larger floods and has an

insignificant effect upon the 100-year flood."
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Impact on Lag Time

An impervious surface is much smoother than natural ground and thus
more hydraulically efficient so that runoff occurs faster. The collector
channeis replace the natural channels with storm sewers or channel im-
provements that convey flow efficiently. Therefore, another ﬁet effect
on a watershed that has considerable urban development as compared to its
natural condition is that of increasea speed of runoff or reduced lag
time (34).

Anderson (3) found that lag time was the basin characteristic that
was most affected by urbanization. Streams studied in northern Virginia
showed that the lag time for a completely storm-sewered system is about
one-eighth that of a comparable natural system:. Bras and Perkins (14)
showed urbénization reduces time to peak from 8% to 40% in Puerto Rico.
The lag time of a basin in Charlotte, North Carolina, was found to de-
crease from 572 to 15% of the natural basin lag time as urbanization in-
creased by Cruise and Contractor (31). McCuen (76) demonétrated that
time-to-peak changed very little on a developed watershed in Maryland as

compared to the natural basin.

Flood Hydrograph and Peak Flow

Frequency Techniques

Introduction

The accurate prediction of streamflows is vital to the planning of
water resources systems (41). This is especially true as concerned engi-
neers, planners, and other professionals grapple with the consequences of

land development and use on the quantity, and quality, of water in the
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surface water system of entire basins. Decisions on Futuré urbanization
may now be made with the benefit of prior evaluation of the probable ef-
fects of that urbanization on the surface water system. Numerous urban
flood hydrograph and peak flow frequency techniques, primarily digital
computer models of varying'complexify, are now available to predict the
impact of urban development and provide data for land-use p]énningvin
flood-prone areas (107).

A report by Rawls, Stricker and Wilson (86) provides a literature
review of 128 papers (1962 to 1979) on urban flood flow frequency tech-
niques. A coneise overview of all categories of flood flow frequency pro-
cedures with descriptionsnbf the more common models can be found in
Feldman's report (41). Chen (19) and Narayana et al. (81) present well-
documented reviews of the development of urban‘runoff models and Yen (112)
provides a comprehensive review of existing urban storm runoff models.

The following sections will review the classification, comparison,

and determination of use of flood hydrograph and peak flow frequency tech-

niques.

Classification

Numerous classification schemes have been proposed for flood flow
frequency estimation procedures (10, 41, 48,86, 112). One of the most
logical classification schemes is that presented by Feldman (41), which
proposes that the techniques be separated into the following categ§ries:
(1) empirical formulae, (2) frequency analysis of historical streamflows,
(3) statistical equations, (4) single event watershed models, and (5) con-
tinuous watershed models. ' In general, the first three categories predict

only peak flow, while the second two categories predict the whole
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hydfograph of series of hydrographs, including a peak flow, by simulating
the rainfall-runoff process.

Empirical forhulae estimate‘a flood discharge of a given frequency
as a function of watershed, climatic, and urban (Where applicable) charac-
teristics. The most famous and long lasting of these equations is the
Rational formula, which is included in a comprehengive summary of various
methods which utilize hydrologic variables iﬁ the design of small drain-
age structures by Chow (21). However, use of these equations is inconsis-
tent and requires a great deal of engineering judgment at best.

Frequency analy;is of historical streamfiows utilizes streamflow re-
cords to directly estimate peak discharges at various frequencies. |If
adequate records exist and the watershed has not changéd during that peri-
od of record, then this method may produce a gbod estimate of a watershed's
flood responses in its present condition (41). The Water Resoﬁrces Coun-
cil's guidelines (52) describe the currently recommended techniques for
utilizing the Log Pearson Type Il| distribution with nuﬁerous refinements
and special situations. A basic understanding of the technique can be
found in Beard (6) or Hjelmfelt and Cassidy (59). However, this method
cannot be used directly to predict the magnitude-frequency of streamflows
under some future watershed condition or if the basin has undergone signi-
ficant changes during the period of record (41).

Statistical fiood peak estimation procedures predict instantaneous
peak flows of designated frequencies through a regression analysis of
drainage basin and meteorologic variables affecting the storm runoff. A
basic discussion of the method and the geographic variables that can be
used to predict streamflows is presented in Beard (6). The most common

examples of this technique are the U.S. Geological Survey's statewide
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regional analysis multiple regression equations. Thomas and Corley's re-
port for dk]ahoma (103) is an example. Adjustments for urban basins are
based on percentage of the area impervious and served by storm sewers
adapted from Leopold (72) (ngure 5). This.method is subject to statisti-
cal error. | |

When it is necessary to use a watershed model instead of the simpli-
fied empirical or statistical methods? The watershed ﬁodels are usually
required when: (1) an entire hydrograph is desiredg (2) analyzing complex
areas; or (3) the proposed future watershed responsé characteristics are
changing. Watershed models are particﬁlarly desirable when analyzing the
effect of various water management plans (41).

A single event model is used mainly for individual storm events. Two
factors usually limit its use to single events; (1) the continuity of soil
moisture (loss rates) is not simulated, and/or (2) the model is 56 detail-
ed and requires so much computation time that it is not economical to run
over long periods (41). Some of the most widely used single event models
are:

1. HEC-1: Flood Hydrograph Package (56).

2. TR-20: Computer Program for Project Formulation Hydrology (28,
(29). - |

3. U.S. Geological Survey (USGS) Rainfall-Runoff Simulator (35).

The current tendency in watershed modeling is to incorporate.parameters
that relate to the physicé] process and can be determined directly from
easily available geographic data. As.sing]e event models become more geo-
graphically based and capable of readily predicting initial conditions,
the less necessary continuous models may be. Then the single event model

could be started before each significant event and a statistical analysis
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of the peak flows could be perfdrmed to make predictions for design pur-
poses (41).

Most of today's continuous watershed models are derived from the
Stanford Watershed ﬁodel. _One Of_the‘most widely known of these deriva-
tions is the National Weather Service's NWSRFS model (84). The U.S. Armyl
Corps of Engineefs' STORM (99) is one of the simplest and most economical
continuous watershed models. In - these models the continuity of soil mois-
ture (loss rates) is simulated and a long-record precipitation series is
synthetfcally generated. This type of model is often'cfiticized for its
enormous data requirements. Usually the cost of assembling the necessary
data often prohibits the use of these models in all but the most compre-

hensive studies (10, 41).

Urban Model Comparisons

There are now a multitude of urban runoff mathematical models that
differ greatly in their scope, refiability, intended use, data require-
ments, and output. The continuous development of model refinements, and
the large number of models available have hampered efforts to develop an
acceptable criterion for systematic evaluation of model pefformance (2).
However, there have been several efforts to catégorize and compare their
capabilities.

Brandstetter (13) made a comprehensive analysis of 18 urban storm-
water models which compared catchment hydrology, sewer hydraulics, waste-
water quality, and miscellaneous characteristics. Wanielista (109) re-
viewed 16 mathematical models relating details on input/output and computer
hardware requirements. Chow and Yen (23) compared and evaluated 8 urban

stormwater prediction methods. Six models, plus two variants of one and
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a variant of another were tested,By Abbott (2), who made a preliminary
evaluation of their relative capabilities, accuracies, and ease of appli-
cation. Six single event urban rainfall-runoff quantity models commonly
used by federal agencies were compared by Williams (111) and cétegorized
by engineering uses, model use costs, and model resource needs. Rawls
(86) reviewed 12 articles containing comparisons of urban flood flow fre-
_quehcy procedures.

There is an interesting program presently underway by the U;S. Water
Resources Council (WRC). The WRC is testing procedures Fdr.estiméting
flood magnitude and frequency for ungaged watersheds (Ai, 102). In the
first stage of the tést, several people will estimate flood-frequency
curves (2-; 10-, and 100-year peak discharges) at 65 watersheds in north-
western and central United States Qsing ten di%ferent estimating tech-
niques. The ten different techniques, to be tegted, including some models,
are:

1. U.S. Geological Survey (USGS) statewide regression equa-
tions.

2. Federal Highway Administration (FHWA) regression equations.

3. Regression equations developed by Brian Reich (Flood-Plain
o Manager, Pima County Highway Department, Tucson, Arizona).

k., U.S. Army Corps of Engineers (USCE) snowmelt runoff equa-
tions.

5. USGS Index Flood Method.

6. Rational Formula.

7. Procedure in Soil Conservation Service (SCS), Chapter 4.
8. Procedure in SCS TR-55, Chapter 5.

9. SCS TR-20 unit-hydrograph computer model.

10. USCE HEC-1 unit-hydrograph computer model (102, p. 88).

The ten methods will be applied at each of the 65 gaging station
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sites as if no data existed. The estimated flood-frequency curves will
be compared to the station flood-frequency curves and the following cri-
teria evaluated: accuracy, reproducibility, and practicality (102). The
second phase will ‘include a similar application in the southwestern and
southeastern United States. A later phase of the studies will include

urban studies (41).

Determination of Model Use

After reviewing the comparisons between urban runoff mathematical
models, there remains the problem of determining which model to use. In
selecting a model or ﬁodels to use for a particular study, a tradeoff al-
ways exists between model simplicity and model accuracy (10, 48,67). A
more sophisticated model generally increases the accuracy of estimates,
but requires more exteﬁsive data énd increases the study cost.

General considerations in urban model selection are suggested by
Beard (10): (1) data and time requirement for calibration and/or applica-
tion, (2) computation requirement for application, (3) suitability for
evaluating impact of urbanization, and (4) computer equipment required.
In addition, another important consideration for many studies, including

this one, is suitability for use on an ungaged watershed.
Hydrology

Introduction

An urban area is usually a hydroTogically complex ‘area with many fac-
tors contributing to the rainfall-runoff relationship. Therefore, it is
desirable to employ an urban flood flow frequency method which develops

the entire hydrograph instead of just the peak flow.
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The shape of a watershed's hydrograph is a function of two main
groups of factors that must be accounted for in a method (12): (1) hydrau-
lic characteristics of the watershed, and (2) storm characteristics.

The hydraulic characteristics“can be_divided further into two major
groups (12): (1) surface properties such as topography, stream density,
channel storage, and percenfage of impervious cover; and (2)'wé£ershéd
‘geometry such as area, length, shapé, and slope. Storm characteristics
include (106): (1) frequency, (2) duration, (3) -amount, (4) temporal dis-
" tribution, and (5) spatial distribution.

In developing design runoff hydrographs, there are generally four
major tasks: (1) estimating a design storm rainfall; (2) estimating ab-
stractions from rainfall; (3)‘deve]oping a hydrograph from rainfall ex-
cess; and (4) routing the hydrograph through stream channels and reser-

voirs.

Design Storm

The starting point for most urban water resources studies.is the con-
sideration of storm rainfall. Rainfall data are much more readily avail-
able than streamflow data and less affected by urbanization (54). It is
necessary to compute design floods from rainfall where conditions in the
watershed change from historical conditions or where runoff records are
not available (7).

The factors that must be coﬁsidered in a design storm are (106): (1)
frequency, (2) duration, (3) amount, (4) temporal distribution, and (5)
spatial distribution.

In general, it is desirable to express the magnitude of peak flow

for a specified frequency of recurrence. There are two general classes
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of rainfall-based prediction techniques: (1) runoff fréquency is assumed
to be equal to rainfall frequency, and (2) runoff frequency is calculated
independently of rainfall frequency (41). The first assﬁmption is often
used (7, 10, 41, 55) because it simplifies the required analysis and be-
cause the second technique requires runoff records‘to dévelgp.

Procedures for fhe computation of frequency curves of station preci-
pitation are generally identical to those for streamflow analysis (6, 22,
23). However, inﬁtantaneous peak intensities are not usua}]y analyzed,
but linked with amounts for specific durations to obtain depth-durafion-
frequency curves. An extensive compilation of these curves for the
United States can be found in U.S. Weather Bureau Technical Paper. 40
(UswB TP40) (58) with instructions of how to apply data to specific loca-
tions. Some single event modelers have devised their own rainfall fre-
quency analysis procedures to use. in thier models (41).

One of the problems with a single storm is that a particular sequence
of precipitation events may also cause a critical flood situation. This
would make the use of continuous models attractive. However, the construc-
tion of a long-period precipitation series is also a difficult task due
to the scarcity of data (41).

In urban stormwater studies, relatively short duration but high in-
tensity rainfalls are the most important (54). For sma]liwatersheds,
durations of approximately 6 hours or less are satisfactory for design
storms (106). Kent (71) states the effective storm period that contri-
butes to an instantaneous peak rate of discharge for most watersheds
smaller than 2,000 acres is less than 6 hours. Design storms of 30 min-
utes to 14 hours have been used for urban basins (1,19, 23, 53, 54, 66,

101).
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Rainfall amount or depth is obtained using a network of both record-
ing and non-recording gages. The National Weather Service (NWS, formerly
USWB) maintains the largest network in the United States with many organ-
izations énd individuals contribﬁting data. The recording gaéeé provide
a complete time-intensity history of rainfall events with the ﬁon-record-
ing gages used primarily for 24-hour rainfall amounts. As previously men-
tioned, the data are used to compute depth;duration-frquency curves.

Next to the degree of watershed imperviousness, the storm pattern
used in a study is the most important factor. Runoff changes significant-
ly with temporal rainfall distribution (I; 15).

The difficulty of estimating a rainstorm pattern given a return peri-
od has led'to the'development of synthetic storms. These synthetic storms
have the advantage of a consistent basis for design (54). In general, a
single tfme pattern for any given storm frequency is satisfactory, if the
depth-duration relationship represents an average of all storms of that
frequency (8). A 'balanced' storm rainfall pattern is constructed from
the depth-duration-frequency curves conéisting of a typical time sequence
with intensities or depth for each duration corresponding to the speci-
fied recurrence frequency for that duration (9, 10). ' In other words, for
a given frequency the 30-minute depth is in the peak 30 minutés of the
synthetic battern, the 1-hour depth is contained in the peak 1 hour of
the éurve, etc.

How the incremental volumes should be arranged to form a typical pat-
tern has been the subject of much research. Huff (63) studiéd the time
distribution of heavy rainfalls from small central I1linois watersheds
with a duration of 3 to 48 hours. He divided the storms into four groups

depending on the time quartile in which the majority of the rainfall
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volume occurred. In each quartile, nine curves were constructed from 10%
to 90% probability, which indicate a storm has that time distribution or
one above it. Of the total number of storms, 66% were in_the first or
second quartiles; ‘The 50% or median curve is recommended for most appli-
cations (106).

The SCS has developed two 24-hourvstorm patterns called Type | and
Type |1 (Figure 6) (65, 71). The curve used depends on the part of the
United States that is being studied. These mass curves were dérived so
that for the selected frequency, the depth-duration curve based on the
curves would be close to the depth-duration curve developed from the USWB
TP 40 (54, 58). A synthetic storm of a given frequency for a given dura-
tion, tWo hours for example, would be constructed by using thé most in-
tense two hours of fhe curve. These two hours‘are then incremented and
the 24-hour rainfall amount is multiplied by the incremental curve values
(54). |

The SCS has also developed a 6-hour design storm distribution used
in developing emergency spillway énd freeboard hydrographs (58). This
curve is very similar to Huff's 50% (median) second quartile curve (63,
106).

‘Precipitation depths often vary from point to point during a storm.
This spatial or areal variation can have a significant impact on runoff
hydrographs (15, iOl).

Rainfall depth-duration-frequency data are developed from point rain-
fall informatién. When the data are applied to large wateréheds, reduc-
tion factors must be applied as given in USWB TP 40 (58). The correction
is much greater for short duration storms which might generally be thgn-

derstorms (54).
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In small watersheds, areal variation in design storm depth is normal-

ly disregarded (106).

Abstractions

Abstractions. from precipitation are ''losses' that do not show up as
4 storm runoff. Therefore, the volume of stormwater runoff is équal to the
volume of efféctive rainfall or rainfall excess, precipitation minus ab-
stractions. Abstractions include evaporation, transpiration, intercep-
tion, detention storage, and.infiltration.

Evaporation is the process by which water is transferred from the
land and water masses of a watershed to the atmosphere. Transpiration is
the process by which water is evaporated from the pores in plant leaves.
The total evaporation from an area, combined evaporation and transpira-
tion, is called evapotranspiration. During storm periods, evapotranspira-
tion is usually not significant (106). There are discussions of these
factors and estimation techniques in Chow (22), Hjelmfelt and Cassidy
(59), and Viessman et al. (106). Only complex models, especially continu-
ous event models, account for these factors.

Interception is the part of storm precipitation which is intercepted
‘by vegetation and other forms of cover on the watershed. Detention stor-
age is the part of precipitation that is trapped in numerous small depres-
sions on the surface of the watershed. Reservoir storage is usually
treated 'in hydrograph routing, as explained in a later section. These
factors are generally includéd in initiél abstraction which includes all
the storm rainfall occurring before surface runoff starts (65, 104). De-
tailed discussions of these componéhts with numerous account methods can

be found in hydrology references (22, 65, 106).
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Infiltration is the flow of water into the ground through the earth's
crust. The rate at which it occurs is highly dependent upon the type and
condition of the watershed's sdfface. Infiltration is a very important
factor because it not only affects the tim?hg, but also the distribution
and-magnitude of surface runoff (54,106).v Therefore, any hydrologic model
. must include a reliable method of estimating infiltration, which is a
major abstraction from precipitation. All models of moderate to high com-
plexity generally employ some nonlinear relationship that indicates as
rainfall supply exceeds infiltration capacity, infiltration rate tends to
decrease in an exponential manner. Diécussfon of specific infiltration
functions may be found in hydrology references (22,59, 65, 106) and in
each model's description (19, 23, 28, 33, 35, 40, 48, 53, 54, 56, 60, 71, 74,
76, 79, 84, 87, 92, 101, 104).

Hydrograph  Development

The unit hydrograph method ié the most versatile approach té hydro--
graph synthesis of excess runoff (40) and this method is utilized in most
hydrologic models (93). The following discussion is a brief overview of
hydrograph nomenélature, unit hydrograph concept, and the synthetic unit
hydrograph method.

Most of the nomenclature used in discussing runoff hydrographs is
shown in Figure 7 (54). The rainfall excess hyetograph is depicted as a
single block of rainfall with duration D in the upper portion of the dia-
gram. The runoff hydrograph comprises the lower portion of the figure.
The area enclosed by the hydrograph and hyetograph depicts the same vol-
ume of water. |

The maximum flow rate on the hydrograph is the peak flow qp;the time
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from the start of the hydrograph to qp is the time to peak tp. The total
duration time of the hydrograph is known as the base time tb. The lag
time t is defined here as the time from the center of mass of the effec-
tive rainfall to the peak of the runoff hydrograph. Using that defini-

tion:

‘tp=tL+D/2 : (2.1)

However, some define lag time as the time from the center of mass of effec-
tive rainfall to the center of mass of the runoff hydrograph (54).

A time parameter not displayed in Figure 7 is the time of concentra-
tion, tc. The time of concentration is the time it takes water to flow
from the hydraulically most remote point on a watershed to the watershed
outlet.

Next the unit hydrograph concept will be aiscussed. A unit hydro-
graph is defined as the direct runoff hydrograph due té one inch of effec-
tfve rainfall falling uniformly over the watershed during a storm of a
specified duration (12). The method of constructing a unit hydrograph
from an observed runoff Hydrograph with a given rainfall excess is de-
scribed in detail in hydrology books (22, 59, 106). Basically, after find-
ing the storm of the desired duration, and separating the baseflow from
direct runoff on the chosen streamvflow hydrograph, each of the ruqoff
time coordinates is divided by the average depth of rainfall excess to
find the unit hydrograph ordinates. Usually many are constructed and an
average or representative unit hydrograph is used (59).

To construct a hydrograph resulting from a storm with the same dura-

tion as the unit hydrograph, but with rainfall excess different than one
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inch, just multiply the ordinates by . inches of excess rainfall, keeping
the time coordinate unchanged.

Then to construct a hydrograph representing a storm duration differ-
ent than that of a unit hydrograph, a method is used as shown in Figure 8.
The rainfall excess fs divided into increments, with each increment having
a duration equal to that of tﬁe unft hydrograph. Then the unit hydrograph
is applied to each incremgnt and a composite hydrograph is constructed
(59).

However, the number of streams which have‘gaging stations is very
small compared to the total of streams and rivers, especially urban
streams. Therefore, ft is gsually necessary.to synthesize a unit hydro-
graph for a stream of interest. |

Many methods have been developed for obta%ning synthetic unit hydro-
graphs which are presented in hydrology references (22,59, 65, 106) and in
each hydrologic model's description (19, 23, 28, 33, 35, 40, 48, 53, 54, 56,
71, 74, 76, 79, 84, 87, 92, 101, 104). -

The general procedure for predicting the hydrologic characteristics
of a watershed_by synthetic unit hydrograph includes the following:

1. Choosing a number of hydraulic watershed parameters, such

as percentage of impervious cover and area, that seem like-

ly to influence the unit hydrograph.

2. Selecting a number of gaged watersheds possessing these
parameters in a varying degree.

3. Looking for correlations between these parameters and char-
acteristics of the observed unit hydrographs such as peak
discharge, and time to peak.

L. Expressing the most significant correlations either graphi-
cally or mathematically in such a form that they can be
used to predict the unit hydrographs of either other ungag- .
ed watersheds, or gaged watersheds where a change, such as
an increase in urbanization, has taken place (12, p. 150).
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Hydrograph Routing

The method for computing runoff hydrographs that is most complete
would be to route the rainfall excess as overland flow to established
channels and as channel flow to the watershed outlet or control point.
This would take into account the storage characteristics ofbthe watershed
that would delay and decrease‘thé peak of the runoff hydrogréph (54).

Any- procedure would rely on the momentum equation ahd qontinuity
equations (known as the St. Venant equations) as set forth by Yen (112),
as well as flow'relationships between various hydraulic factors such as
slope, roughness, channel shape, and hydraulic radius. Various simplifi-
cations have been developed to give approximate solutions to the two com-
plex equations (llé).

Routing models using only the continuity equation, often rewritten

in the form:
| - 0 = dS/dt , ' (2.2)

where

‘1 = rate of inflow into the control volume considered;

0 = rate of outflow from the control volume considered;

S = storage within the control volume considered; and

t = time elapsed.
are known as hydrology routings (112). The hydrologic routing methods,
including the various coefficient routing procedures such as the Musking-
hum technique, and the reservoir routing, can be found in standard refer-
ence books (20, 22, 59, 65, 106).

Many models also include the option for routing through reservoir

storage which would have similar effects on the runoff hydrograph.
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Hydraulics

. Introduction

Once the flood discharges are computed by a hydrologic model, the
water surface elevations along a stréam must then be determined for.a FIS.
Flood elevations are normally calculated using step-backwafer computer
models (44, 93). These models utilize an iterative procedure, the stan-
dard step method; whfch‘attempts to solve Bernoulli's energy equation in
a stream reach defined by two cross sections at the two ends of the reach.
Chow (20) presents a detailed discussion of the theéry behind the method
and a comprehensive example of the step-by-step procedure.. The calcula-
tions are very laborious, and as an Tterafive method quite suited to
digital computer application.

Three commonly used step-baékwater computer programs are (80): (1)
HEC-2, developed by the USCE Hydrologic Engineering Center (57); (2) E-431,
developed by the USGS (91); and (3) WSP-2, developed by the SCS. The
models differ in how they compute head losses and conveyance, or the mea-

sure of the carrying capacity of the channel.

Model Differences

The head losses usually accounted for are friction head losses, head
loss through a bridge structure, and minor losses such as expansion and
contraction losses. In all the models, the friction head loss in the reach
is computed by Manning's equation,‘but head loss through a bridge is com-
puted differently in each model by using different hydraulic equations
(57, 80, 91). HEC-2 requires the input of both expansion and contraction

coefficients, which are then used to multiply the difference in the
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velocity heads of the tWo cross sections to obtain the expansion and con-
traction head losses in the reach. E-431 assumes the expansion loss to
be one-half the difference in the velocity heads, and no contraction loss.
WSP-2 does not have any provision for minor losses in the_model‘(80).

A cross-section can be divided into subsecfioné to calculate hydrau-
Iic'properties in alf the mode]s.'.HEC-Z computes overbank conveyances
station by station, whilé E-431 computes a total wetted perimeter and
hydraulic radius and then conveyance-for each overbank section. There-
fore, HEC-2 will u;e a smaller wetted perimeter and larger conveyance for
overbank sections. The average conveyance of the stream reach are com-
puted differently in the models: HEC-2 takes the arithmetic mean of the
conveyances at the two cross sections; E-431 uses the geometric mean; and
WSP-2 assumes the conveyance of the'upstream séction as the average con-
veyance (80).

Motayed and Dawdy (80) conducted a comparison of the three models on
a stream reach and found differences in water surface elevation computa-
tion.due to minor loss and conveyance calculation differénces alone.
E-431 gave the highest elevations, WSP-2 the least, and HEC-2 produced an
intermediate water surface profile. Bridge computations should also con-
tribute to differences in water surface elevation profiles. Therefore,
befofe utilizing a particular model, the user must understand.the problem

studied, and the assumptions and vélidity of the model results.
Urban Flood. Damages

Introduction

In any flood plain management plan, methods are needed to estimate
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flood damage to assess flood control measures. There are five empirical
categories of flood damage (51, 67, 68, 75):

l.' Direct damages to inundated property such as structures, and pub-
lic facilities such as roads and utilities.

2. Indirect damages caused when a flood ihterrupts business aﬁd ser-
vices; and the cost-of the alleyiation of hardship and health safeguards.

3. Secondary damages resulting from losses to those depending on
the use of or output from the interrupted services or damaged propérty.

L. Intangible damages such as hafdship, grief, loss of life and
health, environmental quality, social well being, and aesthetic values or
other items that are difficult to evaluate in monetary terms.

5. Uncertaihty damages accruing to the o?cupants of a flood plain
because of the uncertainty with regard to when the next flood will occur
and how severe it will be.

Indirect damages have been estimated as a percentage of direct dam-
ages depending on land use (51,67, 107). Generally, the secondary damages
are offset by secondary benefits and ére not included in damage estimates
(51). intangible benefits are very hard to quantify (51). Therefdre,the
next sections will explore methods of estimating direct damages and uncer-
tainty damages, followed by a synopsis of the factors that affect flood

damages.

Direct Damages

There are various methods used to calculate direct damages. Using
the classification proposed by Grigg and Helweg (51), there are three
categories: (1) aggregate formulas, (2) historical damage curves, and (3)

empirical depth-damage curves.
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James and Lee (68) have an example of the aggregate formula approach.

They suggest for estimation of single event urban damages:

Cy = Ky M, d | (2.3)
where
Cd = direct damage for a pérticular flood event, in dollars;
Ky = marginal flood damage per unit of depth, in feet-] (ft_]);
M, = market value of inundated structures, in dollars; and
d = depth of flooding, in feet (ft).

For shallow flooding one value of K, is used and for deeper flooding the

d
marginal flood damage per unit of depth can be expected to decreése
approximately as shown in Figure 9 (68).

The historical damage curve method results in the historical damages
of floods plotted against flood stage; an example is shown in Figure 10.
For valid current use, the damage costs must be corrected to present val-
ues by including additional development of the flood plain and the correc-
tion of inflation (51).

The third damége estimation methqd requires a property survey of the
flood plain and either an individual or compdsite estimate of depth ver-
sus damage curves for the structures on the flood plain (51).

The value of property on the flood plain can be obtained in many
ways. The most common method is to obtain the market value of property
from local property tax records (67). There has been some work to uti-
lize statistical techniques to obtain land valuation (50, 90, 94). The
two major problems with utilizing regression equations or any other sta-

tistical technique has been low predictability, since it is unlikely that
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a single set of relevant indépendent variables will be applicable across
different urban areas, and the requirement for extensive data (50).

The depth-damage curves are commonly developed as depth versus per-
cent damage tables. The Federal Insurance Agency (FIA, now Insurance and
Mitigation Division of the Federal Emergency Management Agency} has con-
structed many depth versus percent-damage tables from extensive data for
residential structures (42). Grigg and Helweg (51) compared these tables
with other available data and found them reasonable.

One problem in using the damage tables is that percent damage is
applied separately to value of structure and then to value of contents.
Due to the difficulty of obtaining content value data, often a percentage
of structure value is used. Values for this percentage range from 20% to
60% (51, 67, 69). Many private insurance companies use 50%. After é per-
centage is chosen, many authors use a composité depth versus percentage
damage curve, as shown in Figure 11 (51, 69).

Therefore, depth-damage curvés, in conjunction with flood elevations,
may be used to estimate single event direct damages or used to estimate
a term called expected annual average flood loss, as depicted in Figure
12. The stage-discharge relationships and discharge-frequency data for a
stream are used to obtain a stage-frequency relationship. Then this is
combined with the single event damages for various floods to obtain an
aggregated damage-frequency curve. The area under this curve yields the
expected averége annual flood loss. Lovell and Smith (73) describe a com-
puter program called DAMAL which utilizes an extensive data base oh a

watershed to compute these economic data.
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Uncertainty Damages

The qncertainty damage cost may be computed as the amount in excess
of the expected value of the damages that flood plain residents are will-
~ing to. pay to avoid a flood loss (51). Also, it has been shown that some
individuals are willing to pay an amount greater than the expected mone-
tary value of a loss in insurance premiums to escape uncertainty (105).
Therefore, annual insurancé premiums would be a reasonable indicator of
uncertainty damage costs.

Vaut (105) has a comprehensive discussion of the economic theory of

flood insurance, including individual behavior under uncertainty.

Flood Damage Factors

Although the general depth-damageicurves will give a good estimate
in most cases, it must be noted that damages are affected By many vari-
ables besideé depth. McCrory, James and Jones (75) present‘a summary of
these factors:

1. Flood depth. Flood depth determines the elevation to which
property is wetted, the magnitude of hydrostatic pressure,
and whether or not escape transportation is cut off.

2. Flow velocity. High velocity flows create hydrodynamic
forces that add pressure on walls, scour around foundations,
and transport debris that can batter structures.

3. Flood duration. Prolonged wetting lengthens the decay peri-
od and adds to the damage of most materials, and prolonged
periods of inundation add to the seriousness of human dis-
placements.

L. Advanced warning. Longer advanced warnings provide greater
opportunity for emergency flood proofing and moving trans-
portable items to safety.

5. Sediment content. Sediment increases abrasive action, adds
to the work and cost of cleanup, and accelerates deteriora-
tion by slowing the drying process.
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Wave action. Waves increase flood depths and add to hydro-
dynamic forces.

Season. Recreational activities are most vulnerable to
damage in the summer, and crops are most vulnerable immedi-
ately before harvest.

Time between floods. People tend to forget the risk and un-
wisely develop the flood plain during long flood free peri-
ods. After very short periods between floods, previous dam-
ages may not be sufficiently repaired for much more harm to
occur. :

Type of structure. Certain building materials and layouts
are more subject to flood damage than others.

Placement of contents. Flood damages are reduced as more
of the building's contents are located at higher elevations

(75, p. 199).



CHAPTER 111
BASIC DATA
Introduction

Before any water resources investigation is undertaken, é large data
base must be compiled. Many federal, state, and local government agencies
have to be contacted to obtain e?ery data source possible. The following
sections are compilations of the basic data--the maps, photographs, and

cross-section data--used in this study.
" Maps

Maps-ére an invaluablé aide to the invéstigator to obtain watershed
characteristics such as area, topography, and drainage systems. An accu-
rate, currént, large scale map, with a scale of 1 inch = 400 feet or larg-
er and contour intervals of 5 feet or less, is desirable for urban stud-
ies.

The following maps were utilized in this investigation:

1. City of Stillwater planimetric maps with a scale of 1 inch =
200 feet and a contour interval of 5 feet (25).

2. 'City of Stillwater drainage area map of 6th Avenue with a scale
of 1 inch = 200 feet.

3. City of Stillwater drainage area map of Western Road and Hall of

Fame Avenue with a scale of 1 inch = 600 feet.
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L. Oklahoma State University planning map showing the university
buildings and storm sewer system with a scale of 1 inch = 200 feet.

5. USGS topographic maps with a 10 foot contour interval and a
scale of 1 inch = 2000 feet (97, 98).

6. A base map of the Duck Creek Study Area with a scale of 1 inch ="
40O feet was made by enlarging a composite of the USGS topographic maps

above.
Photographs

Since maps usually do not portray a current picture of a watershed's
characteristics, aerial photographs and field photographs are a necessity
to obtain an up-to-date assessment of such factors as urban development,
watershed cover, and stream channel condition &49, 108). Current aerial
photographs of a scale 1 inch = 400 feet or la}ger are desirable for urban
studies. |

The photographs used in this investigation are:

1. City of Stillwater aerial photographs with a scale of 1 inch =
200 feet (24).

2. SCS soil survey field sheets of Payne County with a scale of 1

1320 feet.

inch
3. Duck Creek channel field photographs by author showing channel
condition (Figure 13). |
4. A base aerial photograph of the Duck Creek Study Area with a
scale of 1 inch = 400 feet was made by reducing a composite of the City

of Stillwater aerial photographs above.
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a. Looking Upstream Near Mouth of Duck Creek

b. Looking Upstream From 9th Avenue Culvert

Figure 13. Examples of Channel Photographs
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Cross-Section Information

Cross-section information is necessary for hydrologic analysis if a
moderate to complex model is used.and_for the hydraulic analysis of flood-
prone area determination. vNext to the hydrologic and hydraulic analyses,
ostéining theése basic data is often the most expensive part of a study if
no prevjous data are available.

In addition to utijizing maps, photographs, and field inspection, the
following soﬁrces were used for cross-section geometry: |

1. USCE surveyed cross-section information used in the Stillwater
Flood Plain Information Report (45).

2. Hudgins, Thompson, Ball and Associates preliminary construction
plans for Duck Creek channel improvement (100).

3. SCS as-built construction drawings of Dam 30 (96).



CHAPTER 1V
HYDROLOGY
lntroductioh

One of the major decisions in a flood plain management study is.which
method to use in the hydrologic analysis. The SCS method (65,104), uti-
lizing the TR-20 computer program (28, 29), was chosen because it ié well
suited to flood plain management studies and is moderéte in model use
costs and resource needs (111).

The SCS's curve number technique has receiyed increased intenést and
usage (19, 32, 41, 48, 53, 76, 79, 102) due to the current strong interest in
relating watershed model parameters to geographic characteristics. This
method is the only one in which both the precipitation loss rate and the
excess precipitation to runoff transformation (unit hydrograph) can be
determined from readily available geographic data (41). The advantage of
a model that has input parameters defined in terms of land use or land.
cover is that the investigator can experiment with alternate conditions
of land development and assess the impact the changes might have (87).

Although it is desirable to calibrate any model with observed runoff
data, the TR-20 model should give reasonable estimates on ungaged water-
sheds, as shown by studies such as those conducted by Danushkodi (32) and
Williams (111).

Thomas and Corley's regression equations (103) are also used to pro-

vide an estimate of peak discharge rates in order to compare the TR-20
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results with a metﬁod that has low médel use costs and resource needs.

In the following sections, first the two methods of beak discharge
computation will be discussed and then the preparation of the input para-
meters for the TR-20 model. Finally, the resulting design peak discharges

will be presented.

U.S. Geological Survey Regression Equations

Introduction

Thomas and Corley (103) contains the USGS's statewide regression
equations for eétimating flood discharges for Oklahoma streams with drain-_
age areas under 2,500 square miles. Equations and grabhs for obtaining |
estimates of the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year flood peak dis-
charges are presented.

To obtain peak discharges for an ungaged urban basin requires two
steps: (1) calculate thev2-year peak discharge and other recurrence inter-
val floods as desired for an ungaged rural site, and (2) calculate the

urban peak dischafges with the ungaged urban site equations.

Ungaged Rural Site"

In the first step, the following equations for an ungaged rural site

were used for the Duck Creek basin (103):

_ 0.66 _.0.23 _1.92

Q, = 0.111 A S, P, (h.l)
_ 0.68 0.28 _1.22

Q]O = 2'99 A SO Pa (4.2)
= 20.0 A0'69 s0-31 P0'8] (4.3)

Q50 - o a



oo, .0.70 0.32 _0.67 ' |

Q] 00 - 38-6 A SO Pa (LLL})
~ 0.71 _0.33 _0.40 '

Q500 = 140 A So Pa | (4.5)

where

QT = peak discharge for recurrenc¢ interval T, in cubic fee§ per .
second (ft3/s);

A= contfibuting drainage area of the basin, in square miles (miz);

S = méin—channel bottom slope, determiﬁed from elevations at points
10 and 85:percent of the distance along the channel from the
gaging station (control point) to drainage divide, in feet per
mile (ft/mi); and

P_ = mean annual precipitation for the basin during the period 1931-

1960 (Figure 14), in inches (in.).

Ungaged Urban Site

In the second step, the percentage of the basin impervious and served
by stdrm sewers is required in addition to the variables fequired for the'
rural site equatfons. The percentage of the basin impervious was deter;
mined from the curve number analysis, which will be explained fn a léter
section. Thomas and Corley (103) state that the percentage of the water-
shed served by storm sewers ''should be determined from the best available
storm sewer and drainage map'' (p. 14). Since the streets serve almost as
efficiently as storm sewers in high recurrence interval flood events, it
was assumed that all of the urban area waé storm sewered and a value of
100% was used within that area. These values must be weighted by area
when open spaées and rural areas are included with the urban area.

‘After determining the percentage of the basin impervious and served
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by storm sewers, RL’ the urban adjustment factor, is obtained from Figure
5. The.urban adjustment factor is the ratio of the mean annual flood
under urban conditions to rural conditions. The following equations can

then ke ‘used to adjust estimates from equations in step one to urban con-

ditions:
QLw TR (4.6)
Qo) = 1.87 (R - 1) Qz+°°‘67 (7-R) (4.7)
Qso(u) = 2.46 (RL- 1) Q2+0.]67 (7-RL) Q50 (4.8)
Q00(u) = 2.72 (RL-]) Q, +0.167 (7-RL) Q00 (4.9)
oo () = 3.30 (R - 1) Q,+0.167 (7-R) Q0 (4.10)

Soil Conservation Service Method

introduction

The SCS developed its computer program TR-20 (28, 29) for storm water
runoff in 1965, originally intended as a design method for flood retention
structures on aéricultural basins. In 1975, a procedure for implementing
the model on urban basins was introduced (104). The program is a single
event model that calculates a complete hydrograph for surface runoff from
any synthetic or natural storm rainfallkevent. It can account for water-
shed conditions affecting runoff and will route the hydrograph through
stream chénnels and reservoirs. The model can combine the routed hydro-
graphs with those from other.tributaries (basin subareas) and print out
the resultant hydrograbh, and the water surface elevations corresponding
with the hydrograph coordinates, at any designated cross section or struc-

ture (control points).
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The method can be found in detail in SCS literature (65, 71, 104) and
consists of two basic steps: (1) solving a runoff equation to estimate
direct runoff from precipitation, and (2) transforming this runoff into a
hydfograph. Channel and reservoirbrouting may be performed.if'thevbasin
fs divided into subareas and/or if a reservoir is present in the study

watershed.

Rainfall-Runoff Equation

Figure 15 shows the schematic curves of accumulated storm runoff P,
direct runoff Q, and infiltration plus initial abstraction (F-Fla) used

in developing the rainfall-runoff equation. Assume:

F_Q ,
—= 3 (4.11)
a e
where |
F = infiltration occurring after runoff begins, in inches (in.);
Sa = potential abstraction, in inches (in.);

Q = direct runoff, in inches (in.); and
P = potential runoff or effective storm runoff, storm rainfall
minus initial abstraction, in inches (in.).

Since

F=P _Q (ll.IZ)

= L (4.13)

An-empirical relation based on data from small watersheds gives an
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" estimate of the initial abstraction:

| =0.25S ' (b.14)

where Ia is the initial abstraction, in inches (in.). Therefore:

P =P-1 =P-0.25 ' ' (4.15)
e _a a . g -

where P is the total storm rainfall, in inches (in.). Substituting Equa-

tion (4.15) in Equation (4.13) gives the rainfall-runoff equation:

(P-0.2 58 )2
Q= 2
P+ 0.85
a

(4.16)

Potential abstraction Sa is related to the cover conditions and soil
conditions of a watershed. The SCS had developed a parameter, CN, called
the runoff ''curve number,' or hydrologic soil-cover complex number, which
is related to a Qatershed's hydrologic soil types, vegetative cover, per-
cent imprevioué cover, and antecedent soil moisture. Tables and proce-
dures outlining the estihation of this pafameter for a soil-cover complex
are coveréd in References (65), (71), and (104). The CN is related to

potential abstraction by:

_ 1000
CN = §-a—_rT-6- (’-}.]7)

from which

_ 1000 _ '
S,a = - 10 _ (4.18)

Thus all rainfall ]oSsés‘may be expressed in terms of one parameter,

the curve number. [If runoff records are also available, the model can be

calibrated by solving for CN in Equations (4.16), (4.17), and (4.18).
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Triangular Hydrograph Equation

After the'réinfall-runoff relation is developed, the next step is to
transform the excess precipitation into a hydrograph. The SCS has devel-
oped a triangular hydrograph equation to represent excess runoff withv
only>one rise, one peak, and one recession (65, 71, 104).

The following equation will estimate the peak rate of discharge:

a, = (KAQ)/tp ' v(4.19-)

where qp is the peak rate of discharge, in cubic feet per second (ft3/s);
and K is a constant, 484 for units used here. Time to peak is expressed

as:

tp=g+ t, ' (2.1)

The following empirical relationship between Iég time and time of concen-

tration is used when the entire hydrograph is developed:

t, =0.6t _ (4.20)

To use Equation (4.19) for other than uniform storm rainfall, it is
required to divide the rainfall into increments of duration (AD) and com-
pute the corresponding increments of runoff (AQ) (Figure 16). The peak

discharge equation for an increment of runoff becomes:

Aq = 484 A (AQ) (4.21)

p = TED
7t

The ordinates of the individual triangular hydrographs for each qu are
then added to develop a composite hydrograph (Figure 17). Note that
each incremental hydrograph is displaced one AD to the right for each

subsequent time increment.
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In TR-20, a dimensionless curvilinear unit hydrograph (Figure 18) is

utilized that has the same properties as the triangular unit hydrograph.

Input Parameters

A detailéd‘description of the capabilities, input,/and output of
TR-20 is presented in the computer program user's manual (28, 29). The
input parameters fequired for a hydrograph are:

1. The cumulative rainfall mass curve.

2. The watershed's surface area.

3. The watershed's curve number.

L. The watershed's time of concentration.

5. The watershed's dimensionless unit hydrograph shape.

If the basin is subdivided into sﬁbareas to giVe a better estimate of a
~complex watershed, the above parameters must be input for each subarea.

In addition, if channel routing is utilized, usually in a subdivided
watershed, the following parameters are required:

1. Cross-section rating curves.

2. Stream reach length between cross sections.

If there is reservoir routing to be performed, the following struc-
ture data are also required: (1) storage curve, and (2) outlet works rat-

ing curve.
Design Storm
Frequency

In this study, the frequency of the storm rainfall is assumed to be

the same as the flood peak discharge frequency. Therefore, the frequencies
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utilized are the same as méndated for flood insurance studies (44): (1)

10-year, (2) 50-year, (3) 100-year, and (4) 500-year storms.
Duration

Duck Creek hasva §mall drainaéé afea and has a history of'effective>
storm peak rafnfall occurring in a few hdurs (27). Thérefore, the 24-
hour storm was not used. Since the effective storm rainfall duration for
small watersheds ha§ been proposed to be 6 hours or less (71, 106), the
1-, 3-, and 6-hour storm were utilized in a preliminary discharge run.
The results will be presented in a later section.

There is another reason that the 6-hour storm was the maximum dura-
tion used in modeling the Duck Creek basin. The maximum number of hydro-
graph points in TR-20 is 300. Thérefore, At or main time increment should
be: (1) smal].enough to adequately define the hydrograph and large enough
so that most of the hydrograph will fit into 300 elements (28); and (2)
small enough to get good hydrograph definition encountered in the subareas
with small tc--the smallest t_ was 0.10 hour. Kent (71) and Williams

(110) recommend if possible:
At <t /h _ (4.22)

Therefore, the main time increment was 0.02 hour for the 1- and 3-hour

storms, and 0.03 hour for 6-hour storms.
Amount

The rainfall amount or depth used in the study design storms was
taken from Meyer's report (78). Since local rainfall data were available,
it was not necessary to utilize the data in the NWS TP 40 (58).

The 500-year storm data were not available in Meyer (78). Therefore,
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thé available data were plotted on log-probability paper to obtain depth-

duration-frequency curves, and the 500-year storm depths were extrapolat-

ed from the graphs (Figure 19).

Diétrfbution

-The SCS emergency spillway design storm distribution (Figure 20) was
utilized as the temporal storm pattern for all durations and frequencies.
For the 1- and 3-hour storms, it was input as a dimensionless pattern and
then assigned the appropriate duration. A check revealed that this pattern
is a '"balanced storm'' pattern for the Stillwater data. For example, the
5-, 10-, 15-, 30-minute, and 1-, 3-hour amounts were in the peak 5-, 10-,
15-, 30-minute, and 1-, 3-hour peak increments of the 6-hour distribution.

Adjustment of the rainfall data with respect to area, or spatial,
distribution is not ne;eésary becéuse the drainage area of Duck Creek is

small (71).
Basin Subareas

Since the Duck Creek watershed, as many urban basins, has a complex
hydrologic response, it was subdivided into basin subareas in order to
provide a better estimate of peak discharges. ‘Subarea drainage divides
were determined by using topographic maps, storm sewer drainage maps, and
field inspection. Two sets 6f subarea configurations were developed in
order to compare the estimates from a simple and a complex pattern.

The simple subarea configuration (Figure 21) utilized 9 subéreas and
9 stream control points. The complex subarea configuration (Figure 22)
used 22 subareas and 12 stream control points.

The subareas were outlined on the 1 inch = 400 feet base map and
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drainage areas were determined with a Dietzgen digital readout planimeter.

Abstractions

Hydrologic Soil Groups

Soil properties influence the rainfall-runoff process and must be
considered in runoff estimation. The SCS has provided tables (65, 104)
which list soil names and their hydrologic élassificétion, A,'B, c, D,
which is an indicator of the minimum rate of infiltration obtained for a
bare soil after prolonged wetting. By using the hydrologic soil classi-

“fication and associated land use, curve numbers can be computed.

The hydrologic soil groups, as defined by the SCS, are:

A. (Low runoff potential). Soils having a high infiltration
rate even when thoroughly wetted and consisting chiefly of

‘ deep, well to excessively drained sands or gravels.

B. Soils having a moderate infiltration rate when thoroughly
wetted and consisting chiefly of moderately deep to deep,
moderately well to well drained soils with moderately fine
to moderately coarse texture.

C. Soils having a slow infiltration rate when thoroughly wet-

' ted and consisting chiefly of soils with a layer that im-
pedes downward movement of water or soils with moderately
fine to fine texture.

D. (High runoff potential). Soils having a very slow infil-

' tration rate when thoroughly wetted and consisting chiefly
of clayey soils with a high swelling potential, soils with
a permanent high water table, soils with a claypan, or clay
layer at or near the surface, and shallow soils over nearly
impervious material (104, p. B-1).

Soil descriptions and soil survey field sheets (aerial photographs
with soil series overprinted on them) for the Duck Creek area were obtain-
ed from the Payne County SCS office. The hydrologic soil groups (Figure

23) determined from this information were outlined on the base map to

~assist in curve number determination.
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Urbanization

- To analyze the difference in future hydrologic response of the water-
shed's sqil—covef complex, a future urbanization condition was imposed on
the basin. -

Areas of future probable developﬁent in_the-basin for the following
types of development were identified (Figure 24): (1) Oklahoma State Uni-

versity, (2) commercial, and (3) residential.

Curve Numbers

| A weighted curve number, CN, was computed for each complex 5ubarea

in the present basin condition as outlined in Chapter 2, Reference (104).
The CNs were selected from Table | using aerial photographs (24) as a
guide for cover condition and the hydrologic soil groﬁps as previously
determined.

The weighted CNs were then computed for the simple subareas in the
present basin condition by compositing the above information.

The process was repeated for determining the CNs with the basin in
.the future urbanization condition by adjusting’the curve numbers in the

appropriate subareas. The resulting CNs are presented in Table IlI.

Antecedent Soil Moisture

A succession of storms, such as one a day for a week, decreases the
magnitude of Sa each day because.the limiting factor, whether it is the
infiltration rate at the soil surface, or the transmission rate of the
soil profile, or the water capacity of the soil profile, does not have a

chance to completely recover.
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TABLE |

RUNOFF CURVE NUMBERS FOR SELECTED AGRICULTURAL,
SUBURBAN, AND URBAN LAND USE

Hydrologic Soil Group

Land Use Description A 5 S 5

Cultivated landll: without conmservation treatment 7 T2 81 88 | 91
: with conservation treatment 62 71 78 81

Pasture or range land: poor condition 68 79 86 89
’ good condition 39 61 Th 80

Meadow: good condition 30 58 71 78
Wood or Forest land: thin stand, poor cover, no mulch L5 66 7 83
good cover2/ 25 | s5 | 10 | 77

Open Spaces, lawns, parks, golf courses, cemeteries, etc.

good condition: grass cover on T5% or more of the area 39 61 T4 8o
fair condition: grass cover on 50% to T5% of the area L9 69 79 8L
Commercial and business areas (85% impervious) 89 92 9k 95
Industrial districts (72% impervious). 81 88 91 93
Residential:i/
Average lot size Average % Imperviousil
1/8 acre or less 65 17 8s 90 92
1/4 acre 38 61 75 83 87
1/3 acre 30 - 57 T2 81 86
1/2 acre 25 Sk TO 80 85
1 acre 20 s1 | 68 | 79 { 84
Paved parking lots, roofs, driveways, etc.i/ 98 98 98 98

Streets and roads:

paved with curbs and storm sewerss/ 98 98 98 98
gravel ' 76 85 89 91
dirt . T2 82 87 | 89

1/ For a more detailed description of agricultural land use curve numbers refer to
National Engineering Handbook, Section 4, Hydrology, Chapter 3, Aug. 19T2.

2/ Good cover is protected from grazing and litter and brush cover soil.
]

/ Curve numbers are computed aésuming the runoff from the house and driveway
is directed towards the street with a minimum of roof water directed to lawns
vhere additional infiltration could occur.

4/ The remaining pervious areas (lawn) are considered to be in good pasture condition
for these curve numbers.

s/ In some warmer climates of the country & curve number of. 95 may be used.

Source: U.S. Soil Conservation Service (104), p. 2-5
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TABLE

COMPARISON OF SCS CURVE NUMBERS

FuTuRE

SCS CURVE NuMBER
UNBANIZATINN

PRESENT

DRALNAGE AREA
(SQUARE MILES)

LOCATION

SUBAREA CONF JGURATIUN

TO0TAL [N

SUBAREA |
|
|

COMPLEX )

CONFIGURATIUN

[N
(R}
|
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CUNFIGURATIUN
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In the SCS method the change: in Sa (related by CN) is based on ante-
cedent moisture condition determined by the total rainfall in the 5-day
period before a storm. Three levels of antecedent moisture condition

(AMC) are used (65):

1. | is the lower limit of moisture or the upper limit of S,
2. 11 is the'averagé for which CNs of Table | apply.
3. Il is the upper'limit of moisture or lower limit of Sa'

There are conversion tab]es‘for obtaining CNs for other antecedent
moisture conditions than 11 (65, 71). TR-20 will automatically convert

CNs if | or Ill are indicated in the input.
Time of Concentration

Time of concentration, tc’ is an important input parameter for the
TR-20 model. The travel times for overland flow, storm sewers, and small
tributaries are usually lumped in this term.

The tC was determined for each cohplex subarea as outlined in Chaﬁ-
ter 3,_Referénce (104). Basically, travel time is computea for the vari-
ous flow conditions by dividiﬁg the length of flow by velocity. Time of
concentration is the sum of the travel times for the'longest flow path of
a basin.

Figure 25 was utilized to determine overland velocities, including
paved and shallow gutter flow. Manning's equation was used with avail-
able storm sewer data to determine pipe full velocities for storm sewers.
In many cases a stofm event will generélly cause both storm sewer and
gutter flow. In this situation an arithmetic mean velocity was used to

compute a mean travel time.
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To compute velocity across ponds or lakes in the flow path, the wave

velocity formula was used (65).
Channel Routing

Convex Routing-Method

The convex method of routing a hydrograph through stream channels is
used by the TR-20 model to account for bank storage (28, 29). A detailed
discussion of the procedure is presented in Reference (65){ The working

equation is:

0,=(1-0) 0y +C 1 . (4.23)
where
I] = inflow rate at time in;rement 1, in cubic feet per second
(73/s);
'O] = outflow rate at time increment 1, in cubic feet per second
(Ft3/5);
02 = outflow rate at time increment 2, in cubic feet per second

(ft3/s); and

C routing coefficient.

The routing coefficient is estimated by:

Vv

= V + 1.7

(L.24)

where V is the steady-flow‘water velocity related to the reach travel
time for steady-flow discharge, in feet per second (ft/s).

TR-20 contains a routing coefficient table related to increments of
V. Reach length and rating curves for cross-sections are inbut to esti-

mate V.
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Locél inflbws and traﬁsmission losses may be incorporated into the
routing procedure, but this unnecessarily complicates the working equa-
tion (65). It is common practice to add local inflows either to inflow
hydrograph or to the routed outflow hydrograph to get tpta] outflows. In

this study, local inflows were added to the inflow hydrograph.

Cross=Section Rating Curves

Croés-sectioh rating curves are used with reach lengths in the TR-20
model to perform channel routing. The cross-section information is used
to obtain steady-flow velocities for the routing reach. The USCE HEC-Z
step-backwater model was used to estimafe the cross-section rating curves.

Cross-section geometry was ched in HEC-2 format using the informa-
tion sources mentioned in the basic data chapter. First the basin was
modeled with the present channel. Streets and buildings were included in
the overbank geometry, as sthn in the example cross-section (Figure 26)
using aerial photograph§ as a guide (24).

The improved channel was then superimposed on the cross-section data,
as shown in the example cross-section (Figure 27) using the coﬁstfuction
plans as a guide (100).

The basic changes in the stream model for the channel improvement
are: |

1. Earth channel improvement from the.mouth of Duck Creek to 9th
Avenue. |

2. Concrete channel improvement from 9th Avenue to 6th Avenue.

3. New box culvert at oxbow near 11th Avenue.

L. New box culvert at 9th Avenue.

5. Channel cleared above 9th Avenue.
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ELEVATION IN FEET (NGVD)

DUCK CREEK = IMPROVED CHANNEL
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The HEC-2 computer program was utilized to route step-backwater

3

water surface profiles up the stream for 14 discharges, 50 ft”/s to 3,000

ft3/s. These data were used to compute rating curves for use at control
points along the stream. Where the control point is at a street, the

first channel cross section downstream of the bridge, or exit section,

was used as a rated cross section to help define the routing -reach.
Reservoir Routing

Storage-lIndication Method

The storage-indication method of routing a hydrograph through a re-
servoir is used by TR-20 to account for reservoir storage (28, 29). A
detailed discussion of the procedyre is presented in References (29),
.(59), (65), and (106). The method uses the continuity equation in the

form:

) S 0 S 0
2 11 2 2
g+ T ir + > . (4.25)

where

2 inflow rate at time increment 2, in cubic feet per second

(Ft3/5);
S, = storage volume at time increment 1, in cubic feet (ft3); and
S2 = storage volume at time increment 2, in cubic feet (ft3).

Duck Creek has a floodwater retention structure, SCS Dam 30, just
upstream from Hall of Fame Avenue. Therefore, any hydrologic analysis
must include reservoir routing through that structure. In this study,

the dam was treated as two structures in series, since McElroy Avenue
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~cuts through the storage pool at the upper end and effectively acts as

another dam.

Storage Curves

One requirement for reservoir routing is a storage curve (elevation-
storage). The storage curve for the entire pond‘waskfound in the con-
struction blans (96). |

The storage curve for above McElroy was developed by: (1) locating
cross sections on the base map, (2) utilizing the cross-section proper-
ties feature of the USGS computer program E-431 to obtain cross-section
areas, and (3) computing storage volumes using the average end area
method._ Therefore, the storage curve for the }ower portion of the flood

i
‘retention pool was computed by subtracting the above results from the

entire storage curve.

"Qutlet Works Rating Curves

The second requirement for reservoir routing is the outlet wofks rat-
ing curves. |

The rating curve for McElroy AQenue was developed by using the HEC-2
program to route surface water profiles from 9 discharges through the
small box culvert and over the road to a point 50 feet upstream of the
road.

The main structure was rated by combining the principle spillway
(pipe with drop inlet) and emergency'spillway data. THe rating curve of
the principle spillway was constructed using the submerged orifice equa-
tion (16, 88). For emergency spillway data, the HEC-2 program was used

to route water surface profiles from 12 discharges starting at the top
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of‘thé emergehcy spillway, assuming critical flow, to a point 100 feet

upstream of the dam.
Watershed Schematic Diagrams

A schematic diagram of the watershed is an important tool for both
compiling input data and ensuring that propér hydrologic routiné is per-
formed by the model. |

The location of structures and cross sections that depict routing-
reach terminals are showh numbered in proper sequenée. Reach lengths are
noted, and for each subarea the drainage area, curve number, and time of
;oncentration are indicated.

A watershed schematic diagram for each of tHe following alternatives,
both simple and complex subarea configuration, was drawn:

1. Present channel-present urbanization !

2. Improved channel-present Qrbanization

3. Present channel-future urbanization

L. Improved channel-future,urbanization.

For the first alternative, Figure 28 is the simple sﬁbarea configura-.
tion watershed schematfc diagram, and Figure 29 is the complex subarea
cohfiguration watershed schematic diagram. The other channel/urbanization

alternative schematic diagrams are shown in Appendix A.
Peak Discharges--Preliminary Run

A preliminary TR-20 run was made for the present channel, present
urbanization alternative with complex subarea configuration using the

following variables:
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1. Storm frequency

a. 10-year

b. 50-year
c. 100-year
d. 500-year

2. Antecedent soil moisture condition
a. |1l designated as SMC-2 .
b. ‘Ill designated as SMC-3
3. - Design storm duration
a. l-hour
b. 3-hour
c. b6-hour
4. Residential imperviousness (for CN defermination)
a. Assumed to be 20%
b. Taken from Table I.

The USGS regression equations (103) were also run for comparison pur-
poses. |t was assumed that there was no contributing drainage area above
Dam 30 for the analysis.

The resultant peak discharges are shown in Table IIl. The flows are
in hydrologic routing order; each discharge represents the flow from just
downstream of the streets indicated to just downstream of the next loca-
tion.

The results were as expected for the AMC variables. The AMC 111l pro-
duced higher peak discharges than AMC 1l in all cases.

However, the storm duration variables did not produce exactly what
was to be expected. It was expected that the shorter storm durations

would always produce larger peak discharges than the longer storm
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durations, since the rainfall intensity, depth per hour, is greater for
the shorter duration storms. This is exactly what happened in all cases
for the AMC 111, where the watershed storage characteristics are essen-
,tiajly eliminated due to the high antecedent moisture in the soil-éover
.complex.

However, for AMC 11, the smaller frequency storms, 10~ and 50-year,
did not follow this trend. fhe 3-hou}‘storm frequently produced a lower
peak than the 6-hour storm, and the magnitudes were very similar. AThe
100-year and SOO-yeér peak discharges generally followed the expected
pattern, but again the 3- and 6-hour magnitudes were very close. This
probably is because'at the 10- and 50-year storms the storage character-
istics éf the soil-cover complex were still able to cope with differing
intensities and total amount was still overriding the intensity differ-
ences between the 3-‘and 6-hour storms. At the higher frequency storms,
the watershed was receiving so much rain that the storage characteristics
of the soil-cover complex was ''overwhelmed' and intensity differences had
more of an effect.

The results were as expected for assuming 20% residential impefvious-
ness and Table | values. The Table | values yielded a higher peak dis-
charge in all cases, both in the USGS and TR-20 methods. Since these
values were used for the residential lot only, and streets were computed
separately, there was not a large difference between the resultant dis-
charges. Therefore, the 20% value could be used for a quick estihate if
ﬁecessary.

The variables chosen for the final peak discharge analysis were:

1. AMC 11;

2. Storm duration of 6 hours; and
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3. Residential imperviousness values taken from Table I.
Peak Discharges--Final Run

The final peak discharge determination TR-20 run was made for the
previously noted frequencies for the following alternatives:

1. Watershed urbanization

a. Present
b. Fufure
2. Channel condition
a. Present
b. Improved
3. Subarea configuration
a. Simple
b. Complex.

The final USGS regression equation calculations compared for the two
urbanization conditions: (I) present, and (2) future.

The resultant peak discharges are shown in Table IV for present
urbanization, and Table V for future urbanization. Again, the flows are
listed in hydrologic routing order. A few observations are readily éppar-
ent from these two tables.

The USGS method does not have the capacity for reservoir routing;
thereforg, it was assumed that there was no contributing drainage area
above Dam.30, not a bad assumption for this study since the highest flow

3

released by the dam was less than 60 ft”/s. Second, that method does not
have the capacity to assess channel improvements; therefore, there is no
real comparison with the TR-20 channel improvement alternatives. However,

comparing the present channel results, it can be seen that the USGS method



TABLE |V

PEAK DISCHARGE DETERMINAT!ION, PRESENT URBANIZATION

10=YEAR FLUUD S0=YEAR FLOUUD

1563

(K] [N
[N (W]
LUCATION [N (CFS) [N (CFS)
] ]
[N | [N |
tt uSGs | 8CS TR=¢O 1 uUses SCS Tr=20
[N | [N |
" | 1 [
(] | CHANNEL CUNDITIUN (N} | CHANNEL CUNDITIUN
[N | (N] |
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[N] ] ] N | |
(N [} (N [} .
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[N [} N1 '
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" | | | | (N | | | |
[N | [} | | (N [} [} | |
ABUVE MCELROY (K] L2 A | L)} I 247 261 | edr 1 hane | 400 | 381 ] 400 38t
1 | | | | 1 | | B . |
MCELRUY AVE 1 eawx | 157 1 156 | 157 | 1Se 11 .eeax | 219 | 217 | 219 | 217
A | | [ | (N] [ ] | . ]
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[N} | | t ' 1 | [} | [
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(N t | | | (N | | t |
ADMIKAL AVE (] 397 1 wwxs | 304 ) wasx | 308 11 597 I waak | 431 ) awas ) 432
(N} | | | [} (N ] | | [ ]
SUNSET LR (N ] 426 | 388 359 i 355 361 [N} 649 i S02 | s13 | Su3 S1e
(R] | B | | [N | | | |
RIDGE ROAD [N} 672 | Sed | s77 | 566 | 580 i 980 1 802 | gez2 | 806 | 828
[N] | | [ | [N | | | |
SIXTH AVE [N} 939 | 882 i 949 | 899 Y6y I 1366 | 1209 | 135 | 1263 1351
K] | | | | [N} | . | | 1
NINTH AVE (N ] 973 | 939 1 1000 | Q80 | 1040 10 t4l2 1367 1438 1 1384 | 14s}
(N \ ] | 1 ] | ) [} | |
TwELVETH AVE [N 979 - 1| 9714 984y | 1050 1o4] 1 1421 | 1432 | 1721 | 1498 t luby
N | | | ) S ) ] [ [
BELOW 127TH AVE 11 sawsx | wxkk | 1029 | #axx | Jjos 1) «akae | Akax | 1490 1 wsre 1566
(N] | ) ] ) 1 | | | )
CUNFLUENCE [N} 1006 | 970 | 1026 | 1046 ) 1104 1y 1476 | 1487 | 1492 1. 1492 |
H | | 1 | [N | ] | |

NUTes wawa INDICATES DISCHARGE VALUE NNOT COMPUTED AT THIS LUCATION
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TABLE IV (Continued)

100=vEAR FLOULD S00=-YEAR FLOUD
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[N | [N] }
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1 | CHANNEL CUNDITIUN ] [ CHANNEL CONDITVIUN
N} | (] |
] | PRESENT | IMPRUVED (R] | PRESENT | IMPRUVED
[N | | (K] | |
(] [ . (A |
[N} | SUBAREA CUNFIGURATIUN ] | SUBAREA CUNFJGURATIUN
(K] | ] |
] | SIMPLE | COMPLEXI! SIMPLE | LOUMPLEXII I SIMPLE | COMPLEX!) SIMPLE | CUMPLEX
" | | | 1 [N | | | ] .
[N} | | [} ] (N] | | L} |
ABUVE MCELROY || ws=ax | 4ss | 434 | 45s | 434 11 amax ) S66 | S46 | -509 [ S4e6
(] | | | | ] [ | 1 . |
MCELRUY AVE [N T T L | 230 229 | 230 229 11 wmaw |} 256 | 255 ¢ 2% | ¢SS
(] | | | | (N} | | [ ]
ABUVE DAM 30 [T T T | 516 | 612 | 576 | 612 11 wawx | 702 | 744 | 702 | 744
] ) | [ | [N] | | : { |
BELOwW DAM 30 [N] 61 | 43 | St | 43 ) S1 [N} 8s | 4s S | 45 | S8
] | ) | [ 1] | | | |
HALL UF FAME ] 607 | 465 | 40 | 4esS | 406 1 815 | 556 | 485 | 555 | (11}
(N} | | | | (N} | | [ ]
ADMIRAL AVE [N] 690 | mwanx | 483 | wmax | 479 1) 921 | mwaw | S§72 | warnx | 873
[N} [} ] [} 1 (N] | ] [} |
SUNSET DR (] 755 S57 579 1 58 I 572 ) 101e | 667 | 6835 | 668 | 086’
N [ | | | (] I | | ]
RIDGE KUIAD 1126 889 | 930 | 894 | 920 11 1478 1 1062 | 1095 | j069 | 1104
1 | N | | 1 o | | \
SIXTH AVE [N 1569 | 1481 | ip2e | 1398 1490 11 2059 | 1692 | 1806 | 1606 | 1788
. [N | | | | (N ] | | i i
NINTH AVE 1l fe2¢ 1 1525 4 1623 1 1534 1 1619 11 2127 V1840 4 - 1933 | 1832 1 1933
i | | | | ) (] | : | | ]
TWELVETH AVE Il 1631 1 1604 | 1606 | 1666 1 1624 1) 2139 4 1947 4 1915 1 2000 1 194}
(] | | | ] (] | | [ |
BELOW TWELVETH 11 saaw " | wwax | $1099 | ®axnx | 1740 |11 9999 | saaa | 2029 | axax | 2087
[N} | A | [} (N} | ] L} I
CUNFLUENCE [N} 1701 | 1599 1690 | 1660 | 1737 1 2248 | 194} | 2024 | i
[N | | | [} [N | | | |

1994 2084

NUTES #22a INDICATES DUISCHAKRGE VALUE NOT COMPUTED AT THIS LUCATIUN
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TABLE V

PEAK DISCHARGE DETERMINATION, FUTURE URBANIZATION

10=YEAR FLOUD SQ9=YEAR FLOUD

[N} [N}
(N (N]
LUCATIUN (W] (CFS) [N} (CFS)
] ]
[N [} [N} |
t1 uUsGs | SCS Tk=20 It uUsGs | SCS Tk=20
[N} | (N |
(N | [N |
[N [} CHANNEL CONDITIUN [N | CHANNEL CONDITIUN
(R} | [N |
[N [} PRESENT [} IMPRUVED (N] [} PRESENT | LMPRUVED
[N} | | [N | | :
N | ) 1 |
[N | SUBAREA CUNFIGURATIUN [N | SUBAREA CUNFIGUKATIUN
i | (N] |}
(N] | SIMPLE | COMPLEX! SIMPLE | COMPLEXI I SIMPLE | COMPLEXI SIMPLE | COMPLEX
[N [} [} [} | (K] 1 [} | |
[N | | | | [N | [} [} |
ABUVE MCELROY 1) wwswn | 402 | 468 | 462 | 468 11 waxx | 656 | 662 | 656 | 662
(N [} [} | A [N] | [} [} |
MCELROY AVE 1 wamw | 214 | 215 | 214 | 215 11 mwwx | 251 | 251 | 251 | es1
(N1 | | | | [N] | | | | .
ABUVE DAM 30 Il asxss | 501 | 509 | S01 [} 509 11 wawx | 683 | 6806 | 683 | 6806
[N | | | [} [N | | | [} :
bELOW DAM 30 [N 30 40 | 4e | 40 | e 1 5e¢ | 43 So | 43 1 S0
[N | | | | [N | | | |
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NUTES? aaax INOICATES DISCHARGE VALUE NOT COMPUTED AT TrIS LUCATIUN
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TABLE V (Continued)
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1 1 i | | (N | | — . 1
N | ] | 1 K] | I | : 1
ABUVE MCELROY 11 awax | 731 737 | 731 737 1) ewan | 880 | 890 | 880 | 890
. 1 | i | | hi [ I i |
MCELRUY AVE 11 awaw | 266 | 266 | 266 | 266 11 wwxx | 295 | 295 | 295 29%
K} 1 | 1 | 1 | | | ' A
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] | | \ ] (N} | ] I |
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tl | | | ] 1 1 1 ] |
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1 | | | ) K} | | 1 |
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b | | 1 | H | 1 [ |
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K} ] | i ] N ] 1 1 t
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1 | | (. i 1 | | 1 1
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1 | | | | " 1 | | |

NUTES wawa INDICATES UDISCHARGE VALUE NOT COMPUTED AT IHIS LOCATIUN
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also differs signifiﬁantly wfth the TR-20 estimate; when the watershed
shape is not "uniform'; i.e., when the subareas havé a tC greater than

the main channel. Un;il 6th Avenue, the USGS method's estimates are sig-
nificantiy higher than the TR-20 estimates. At 6th Avehue and to the con-
fluence, there is a_remarkable similarity in the discharge estihates,
except for the SOO-Year flood, as the watershed shape becomes more uni-
form. |

Comparing the simple with the complex subarea conffguration esti-
mates, it appears that the simple subarea configuration estimates were
lower, but rélatively close to the estimates obtained froﬁ‘thevcomplex
configuration estimafes.

It can be seen that the structure on the upper end of the watershed
effectively negates the effect of‘the future urbanization above it. This
is a good example of‘thé value of hawving a resérvoir routing option avail-
able in the hydrologic model. |

Some classic effects of channel improvement can be seen in the hydro-
graph plots taken at the mouth of Duck Creek plotted taking all four
channel/urbanization alternatives for each frequency flood (Figures 30
through 33). The channel improvement reduces the lag time and increases
the peak flow for a given urbanization alternative. Also note the large
secondary peak thatvappears on the recession side of the hydrograph indi-
cating a nonuniformity in the watershed shape. This is probably due to
the large subareas coming in at Ridge Road and 6th Avenue.

Hydrograph plots plotted taking all four frequency floods for a given
channel/urbanization,alternative‘ére presented in Appendix B.

The peak flood floWs used in the hydraulic phase of this study are

presented in Table VI. Note the flows are now listed in hydraulic routing
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TABLE VI

PEAK DISCHARGE UTILIZED FOR FLOOD STUDY ANALYSIS

10=«YEAR FLOOD SO0=YEAR FLUUD

1 Y
[R] (N
LOCATION Hi (CFS) ' (CFS)

Hi (K
1 _ S
i URBANIZATION i URBAWIZATIUN
N 1
(] PRESENT | FUTURE (N1 PRESENT | FUIURE
(N | (] |
] K .
K} CHANNEL CONDITION (N CHANNEL CunNDIfION
] ]
11 PRESENT |- ITMPROVED | PHESENT | IMPROVED 1 PRESENT | IMPRUVED | PRESENT | 1MPRuVED
It | | | NN | [ i
I [ | | (N | | |

CONFLUENCE i 1030 | 1110 | 1120 ! 1195 It 1495 | 1565 | 1620 | 1675
(N | ! | i | | |

BELOW $2TH AVE 1 1000 | 1040 | 1090 | 1130 e 1440 | 1465 | 1560 A 1870
[N . | [ | (] : | | |

NINTH AVE (N 950 | 965 i 1035 1 1o4s [N 135S | 1350 | 1470 | 1445
[N} | | | [ I | |

SIXTH AVE 1t S75 [ 580 | 645 | 050 il 820 [ 830 | 915 I 910
[N 1 | | (N} | | |

ABOVE RIDGE RD 1) 360 | 360 | 420 | 420 (N 515 | S1S [ 590 | 580
(N | | | [N | ’ | |

SUNSET DR I 305 | 305 | 350 | 350 ' 430 | 430 | 480 K 480
i | ! | _ N i | : A

ADMIRAL AVE ' 260 | 260 | 300 ) 300 N 365 | 365 | 405 | 405
(N] | ] | (R [} [} t

HALL OF FAME (] 40 | 40 | 40 | 40 N 50 | 50 | S0 1 50
" | | | 1 | i R
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"TABLE VI (Continued)

100=YEAR FLOUD 500=YEAR FLUOD

H ‘e
Lt ]
LUCATION ) (CFS) N (CFs)
i ] :
" i .
] URBANIZATION ti URBANIZATIUN
H i .
N PRESENT I FUTURE (] PRESENT | FUTUKRE
H | (N |
" "
I CHANNEL CONDITION i CHANNEL CUNDITIUN
(N . (R
I} PRESENT | IMPROVED | PRESENT | IMPROVED |1 PRESENT | IMPRUVED | PRESENT | IMPRUVED
] | i | (R | {J— |
(N | | | N | | |
CONFLUENCE i 1695 | 1740 | 1780 ) 1850 [ 2030 | 2085 | 2175 f 2210
] | | | (] | | | :
BELOW 12TH AVE 1|} 1620 | 1625 | 1715 | 1730 (L 1935 | 1940 | 2075 | 2060
" | 1 | ' | | t
NINTH AVE ] 1525 | 1495 | 1605 | 1595 ] 1805 | 1790 | 1915 | 1895
H | | i ] | | ] }
SIXTH AVE I 930 ) 920 | 995 | 1005 ) 1095 | 1105 | 1190 | 1195
(§ | | | (N | | -
ABUVE RIDGE RO 11 580 t s70 | 640 | 640 It 685 i 685 | 760 | - 760
I | | i i | | |
SUNSET DR ) 485 | 480 | T | 525 ' . S70 | 575 | 625 I 6es
i “ i | | : 1 | | |
ADMIRAL AVE ] 408 | 40S | 4s0 | 450 11 485 | 48s | 530 I . S30
: N | : | (. 1. ' : | )
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order so that a flow starts just downstream of a street location to just
downstream of the next upstream location. These are the complex subarea

configurations of the TR-20 results rounded to the nearest five ft3/s.



CHAPTER V
HYDRAULICS
Introduction

The next'phase of the investigation was to berform the hydraulic
ahalyses which are normally required in a flood insurance stu&y (4k) .
Once the flood discharges were determined, the‘following analyses were
completed: (1) flood elevation determination, (2) floodway determinétion,

and (3) flood hazard determination. |
Flood Elevation Determination

The USCE computer program HEC-2, Water Surface Profiles, was the
step-backwater model used for the investigation (57). Utilizing the flood
peak dischargés in Table VI, flood elevations of the 10-, 50-, 100-, and
500-year floods were determined in the Duck Creek basin for the following
alternatives:

1. Present channel-present urbanization

2. Improved channel-present urbanization

3. Present channel-future urbanization

L. Improved channel-future urbanization.

A1l cross sections where the streets and buildings were parallel to
the flow path were coded as in the example cross sections, Figures 26 and
27, to give a better definition of conveyance and flood boundaries on the

overbank areas than just an average ''n'' value would proVide. Profile
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stationing of the cross sections was obtained by using the apparent cen-
troid of flow along an inundated flood plain. Profile distances were mea-
suréd along this line. The starting elevation for each flood flow was |
determined by the slope-area method option in HEC-2 (57), since it is
highly improbable that coincident floods on Duﬁk Creek and;StiIiwater
.Cfeek are likely. The starting elevations were checked using the‘slope-
‘conveyance method recommended for thé USGS'S E-431 model (91).

The major differences in the Duck Creek stream model used for the
channel improvement versus the present channel were: (1) tWo new bridge
structures, (2) channel slope, (3) channel Eoughness values, and (4)

- reach lengths between cross sections.

The conarete channel improvement reach between 6th Avenue and 9th
Avenue was determined to be in the supercriticél flow regime by using the
Section Factor méthod in Chow (20) to determine critical slope and compar-
ing the results with the proposed slope of that reach. However, both sub-
ﬁritical and supercritical water surface profiles for four test discharges
(500, 1000, 1500, and 2500 ft3/s) were run to see which flow fegime pro- -
duced the most reasonable résults. Profile plots of the water surface
elevations and energy grade lines were drawn and it was decided that the
subcritical run was the most reasonable due to a large adverse slope por-
tion in the middle of the reach for the supercritical water surface pro-
files. Therefore, the subcritfcal flow regime was used in all rating
curves and flood elevation determinations.

All flood profiles were smootﬁed where dips in the water surface pro-
files occurred, generally at the approach section to bridges. Elevations

from the upstream side of the bridge were inpit at the approach section

and the profile restarted.
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The final water surface profiles are presented in two forms, with
bridge elevations omitted for clarity and brevity: (1) profile plots, and
(2) summary tables. Both forms of data presentation are organized in two
ways: (1) comparison of the 10-, 50-, 100-, and 500-year flood elevations
for a given channel/urbanization alternative; and (2) comparison of‘the
four channef/urbanizafion altefnatives for.a given'recurrencé.interval
‘ flood. .

Tﬁe water sﬁrface profile plots comparfng the four floods for: (1)
present channel, present urbanization; and (2) improved channel, present
urbanization are presented in Appendix C. The future urbanization pro-
file plots have been omitted for the sake of brevity since those plots
are very similar to the present urbanization a]ternatives. The profile
summary tables for all four channel/urbanization alternatives are pre-
sented in Appendix D.

The water surface profile plots comparing the four channel/urbaniza-
tion alternatives for the 10-year flood are presented in Figure 34, and
for the 100-year flood are presented in Figure 35. The water surface ele-
vation comparison tablés for each flood are presented in Appendix E.

Note that although there is no coincident flooding from Stillwater
Creek, there is backwater flooding that must be considered in flood boun-
dary determination, flood hazard determinations, and flood damages. Only
the flood damage chapter will consider these elevations and these eleva-
tions are not shown in flood profile plots or tables except in Figures 34
and 35.

The backwater flood elevations, in the National Geodetic Vertical_
Datum (NGVD) of 1929 (formerly called the Sea Level Datum of 1929), from

Stillwater Creek are (18):
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1. 10-year flood, 867.10, feet (NGVD)

2. SO;year flood, 867.59, feet (NGVD)

3. 100-year flood, 867.77, feet (NGVD)

k. 500-year flood, 868.16 feet (NGVD).

The flood elevation determinations were also used to map the flood
boundaries of the 100- and 500-year floods on the base map. The tabﬁlar
presentation of these boundaries caﬁ Be seen in Appendix D. Although the
adjustments are not shown in the profile summary tables, the backwater
flood elevations and boundaries from Stillwater Creek had to be utilized
downstream. of 9th Avenue.

Examination of the water surface profile plots comparing the 10- and
100-year floods, Figures 34 and 35, indicates that the chénnel improveﬁent
does reduce the flood elevations;’especially in the smaller floods. How-
ever, the benefit of the improved. channel below 9th Avenue is almost com-

pletely negated by the backwater from Stillwater Creek.
Floodway Determination

A 100-year floodwéy was determined for each of the four channel/
urbanizafion study alternatives by using HEC-2. Detailed procedures can
be found in References (47) énd (57).

Generally, the procedure involves making a first trfal By-one method
and then subsequent trials by another method using the first trial as a
guide. The first trial was performed using Method 4, which models en-
croachment on the stream by reducing conveyance on each overbank until
the target increase in water surface elevation is obtained (47, 57). The

targets used were: (1) 0.6 foot, (2) 0.8 foot, and (3) 1.0 foot. Subsequent
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trials were then performed using Method 1, which models encroachment by
reading.in the desired stationing directly.

The final designated floodways were determined by the following con-
ditions in order of priority:

1. Encroachment was not allowed to go into the channel, beyond the
stream banks.

2. The water surface was not allowed to rise more than 1.04 feet.

3. All existing structures were kept out of the floodway, if possi-
ble.

k. Encroachment was stopped if excessive velocities were developed.

5. The floodway boundaries were uniform, i.e., no excessive con-
strictions.

These floodways were drawn on the base maps with the 100- and 500-
year flood boundaries. Floodway data are included in Appendix D.

The results were as expected. The future urbanization alternatives
caused wider floodways than the present urbanization alternatives, due to
an increase in discharge. The channel improvement alternatives produced
generally more uniform and narrower floodways than the present channel

alternatives below 6th Avenue.
Flood Hazard Determination

The flood hazard determination requires two steps: (1) determine
Flood Hazard Factors (FHF), and (2) assign a Flood Insurance Rate Zone
based on the FHF. The HEC-2 program option to determine .these parameters
was utilized for flood hazard determination. For a detailed discussion

of procedures and definitions, see References (4%) and (57).
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The definition of the FHF is:

1. The Flood Hazard Factor (FHF) is used to correlate flood-
frequency information directly into insurance rate tables.
The FHF is a three-digit code which defines the difference
in elevation between the 10-year and 100-year flood. FIA .
has correlated property damage from floods with FHF and
has established a set of actuarial rate insurance premium
tables (by building type) based on the FHF from 0.5 foot
to 20 feet. '

2. The FHF code expresses the differences between the 10- and

100-year flood elevations to the nearest one-half foot be-

low FHF 100 and to the nearest one foot above FHF 100. For
example, for a difference of 1.2 feet, the FHF is 010; for

a difference of 1.4 feet, the FHF is 015; and for a differ-
ence of 5.0 feet, the FHF is 050 (44, pp. 2-15).

The FHFs are basically determined by a weighting procedure using the
100-10 year flood elevation differences within a reach. Then they are
éssigned a zone designation to assist insurance agents in determining
actuarial flood insurance rates for specific properties. Areas within
the 100-year flood boundary are called Special Hazard Areas, Zone A, and
assigned numbers if detailed methods were used to determine flood eleva-
tions according to FHFs.

A comparison of the flood insurance zones for all channel/urbaniza-
tion alternatives is shown in Table VII. Zone A2 indicates a one-foot
difference between the 10- and 100-year floods while Zone A4 indicates a
two-foot difference between the two floods. Again the backwater from
Stillwater Creek would actually be used to determine the_zone (A2) for be-
low 9th Avenue.

The results are as to be expected. The Flood Insurance Zones for
the channel improvement are greater than those of the present channel
‘alternatives. This is because the improved channel is very efficient in

conveying the smaller floods and produces a relatively much lower water

surface elevation for the 10-year flood than the present channel. On the



116

TABLE V11

COMPARISON OF FLOGD INSURANCE ZONES

FLOUD INSURANCE ZuNE

" ]
] M
LOCATION [N CHANNEL ] ]
[N] CRUSS SECTIUN (N
[N] NUMBER (R .
[N (N CHANNEL CUNDITIUN
[N (M)
(K] (N PRESENY | IMPROVED
" (N 1
(N | "t |
" \ . [N URBANIZATIUN ] URBANIZATIUN
11 PRESENT | ImMPROVED 1) |
(N} | 11 PRESENT | FUTURE | PRESENY | FUTURE
M | ([ P | | . |
i | ] | ] '
CONFLUENCE (N1 0,090 10,019 1! A2 [} A2 | A2 [} LY
] | 1 | | |
Il wwawnex | 30,057 |1 RN | RRxR | A2 | A2
(A | (] | | |
] 0,178 1 10,095 1| A2 I AR | (Y] | Y Y4
" | ‘ " ¢ l |
N 0,308 | 10,195 W A2 | A2 | (Y | A2
] | N | | |
TWELVETH AVENUE " 0,398 | 10,267 1| A2 ] A2 ! A2 [ ¥
] | 1l | | ]
(N] 0,430 | 10,299 11 LY [} A2 ' A4 | A4
(N1 ' (H] [} [ [}
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(N} | (N} | [ |
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H | (N 1 1 |
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TABLE VII (Continued)

FLOUD INSURANCE ZUNE

K K
1 AN R
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other hand, the'improved channel is not as relatively efficient for the
larger floods. Therefore, a greater difference between the 10- and 100-

year flood elevations for the improved channel results.



CHAPTER VI
FLOOD DAMAGES
Introduction

0f the five empirical categories of flood damages, two quantitative
costs were contemplated to .compare the economic impact of the four chan-
nel/urbanization alternatives: (1) direct cost-flood damages, and (2) un-
certainty cost--flood insurance premiums.

The flood insurance premiums cost was dropped from consideration
after checking the Rate Tables (83). All zones from Al to A7 have the
same premium cost, so there is no discernible difference in costs between
Zone A2 (present channel) and Zone Ah (improved channel) on that basis.

Therefore, it was decided that a relative comparison of economic
costs between the study alternatives could be made by estimating the 100-

year flood direct damages.
100-Year Flood Direct Damage Cost

.The procedure for estimating the lOO-year,flood.damages was:
1. Determination of which structures are in the 100-year flood boun-
dary.
2. Determinatfon of the first floor elevations of those structures.
3. Determination of the 100-year flood elevations at the identified
structures.

L. Determination of property values of the identified structures.

119
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5. Selection of damage curves.

6. Calculation of flood damages.

The determination of which structures were in the 100-year flood
boundary was a relatively eésy task utilizing the results of the'invesfi-
gation thus.far. Pbsitive transparencies of the 1 jnch = 400 feet com-
u.posite aerial photograph of the Duck Creek Study Area were made. . Then
the 100-year flood boundaries wefe,tfaéed onto these transﬁarencies from
the flood boundaries drawn on the base map. The structures within the
flood boundaries, or very close .to them, were identified and assigned
code numbers.

Next, the first floor elevations of the identified structures were
estimated from cross-section plots similar to those in Figures 26 and 27.
E]evationé for the structures between the cros; sections were interpolat-
ed. Then,.the lOd-year flood elevations were determined at the cfoss sec-
tions for afl study alternatives and interpolated betwéen the cross sec-
tions. The results are presented in Appéndix F.

The property values of the identified structufes, in 1980 dollars,
were estimatéd by consulting a local real estate broker. This method was
Qsed to get the most current values possible.

The 1970 depth-damage curves compiled by the FIA provide reasonable
estimates of damage (42,51, 69). Although a 1974 set of data has been
compiled, the 1970 depth-percent damage relationships were used because
the data use total value based on replacement cost. The more récent data
represent a downward revision of the 1970 data, due mainly to the deduc-
tion of depreciation from the costs. Therefore, the 1970 data represent
an upper bqund on total damage for comparison purposes (69).

Johnson (69) modified the 1970 data slightly at and below the first
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floor elevation to reflect detailed distribution of damage found in unpub-
lished USCE data for along the Ohio River. These modifiéd-data were used.
to plot curves and construct a depth-percent damage table with 0.1 foot
increments (Appendix G).

Sinee the table is constructed for separate structuré and contents
costs, a value of 35% of strucfure vaiue was utilized for tpntents value.
The 100-year damage cost for each identified structure for eaéh of the

study alternatives was calculated as follows:

Dt = FSVs + chc (6.])
where
Dt = total damage to the structure and coﬁtents, hn dollars;
Fs = fraction of the structure damaged;
FC = fraction of the contents démaged§
VS = market value of the structure, in dollars{ and
VC = market value of the contents, in dollars.

The results for each identified structure are presented in Table VIII.
The comparison of the total 100-year flood damages for the four basin
alternatives is shown in Table IX.
The upper portion of Table IX represents the three major segments of
Duck Creek: (1) between the mouth of Duck Creek and 9th Avenue, the earth
improvement portion of the improved channel alternative; (2) between 9th
Ayenue and 6th Avenue, the concrete improvement portion of the improved
channel alternafive;‘and (3) between 6th Avenue and the end of the study,
the cleared channe] portion of the improved channel alternative. |
In the first segment of Duck Creek, the improved channel alternatives

had only slightly lower 100-year flood damages than the present channel
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TABLE VI I

INDIVIDUAL BUILDING DAMAGE COMPARISONS

" " ]
BLOG 11 1980 VALUE I} DEPTH= || 100=YEAR FLUUD DAMAGE
CNDE |1 (DOLLARS, THOUSANDS) || DAMAGE 11 (1980 DOLLARS, THUUSANDS)
NO, I 11 CURVE I}
] 11 NUMBER 11
" ] " CHAWNEL CUNDITIUN
1] ] 1]
r 1] ' PRESFNT ) IMPROVED
" " 1] (3
| | " ", : [
11. BUILDING | CONTENTS 11 ] URBANIZATINON | UKBANIZATIUN
3 1(35% BLDG) I 1] : !
] | I 11 PRESENT | FUTURE | PRESENT | FUTURE
" 1 1] 1] ‘ | | |
" [ 1 " | 3 |
1 10 56,0 | 19,6 11 ] " 1.1 [ 1.8 | ve2 | 0,2
"o [ ] i’ [ | . |
2 11 83,0 1 22,0 ] ] H 1,6 | 2,5 | 0.3 I 0,3
" | " 1] | | [
3 11 64,0 I 22,4 W) 1 ' 6,2 | 11,6 | 0.3 | 0,3
1] | i 1 | | [
4 11 48,5 | 17,0 1} 1 " 0,3 | 0,3 | 0.3 ! 0,3
N | 1] 1] | | |
S 11 50,0 | 17,5 1 1 " 17,1 ' 17,1 | 17.1 | 17,1
1] [ ] " 1 | |
e | 49,5 | 17,3 (X} 1 ] 0,3 | 0,3 | 063 | 0,3
" | ] 1] 1 | |
7 11 52,0 | 18,2 1! 1 1] 17,8 17,8 ) 17.8 | 17,8
" ] " o (. | |
8 1l 52,0 | 18,2 1] | 1 24,1 | 24,1 I 24,1 | 24,1
" | : " 0 [ | |
9 11 51,5 | 18,0 " | ' 21,3 21,3 ! 21,3 I 21,3
] | 1] " | [ |
10 i 49,0 | 17,1 H 1 ] 22,7 | 23,7 | 20,3 I 20,3
] | 1 K] [ | |
11 11 S1,0 | 17,8 ] 1 1] 13,4 | 13,0 | 100 | 11,7
1 | " 1] [ | |
12 11 S1,0 | 17,8 " 1 1 7.6 | Teb | 1) | 10,6
0l | ] 1] | | [
13 11 50,0 ! 17,5 ] 1 N 2,0 | 2,0 | 2.0 | 7.5
" | ] " [ | |
14 11 S0,5 | 17,7 ' 1 ] 9,2 | 10,5 | 1,0 | 4,9
] [ " 1] | [ |
15 1 48,0 | 16,8 1 1 1] 17,9 | 17,9 | 8.7 1 15,4
' ‘ [ ] " | | |
16 11 49,0 | 17,1 " 1 1 21,4 I 2241 | 11,2 | 18,9
" | " ] [ | |
17 11 48,5 | 17,0 ] 1 ] 10,1 | 12,3 | 0.0 | 7.3
() L " N [} Ll |
18 1) 50,0 ) 17,5 ' 1 " 16,0 | 18,0 ' 0.2 | 13,8
" | " 1] | | |
19 11 49,0 | 1741 it | N 13,5 1 15,7 | 040 | 11,2
] | 1] ] | | |
20 11 - S0,0 17,5 | 1 ] 26,8 | 27,2 I 20.7 I 25,2
1 | ] ] | | |
21 11 51,0 | 17.8 1 1 " 23,0 I 23,6 | 18,4 I 21,7
" | " " | | |
22 11 S2,0 | 18,2 I 1 ] 1od | 1,7 | 0.6 | 1,4
" | " " \ ! 1
23 11 52,0 1 18,2 1! 1 ' 7.8 | 9.4 | 7.6 | 9,4
X | 1] " ) | 1
24 11 S1,5 | 18,0 1] 1 1] 15,4 | 16,5 [ 15,4 ! 16,5
1] [ N X | | |
25 11 51,5 | 18,0 11 1 " 19,9 20,7 I 20,7 I 21,3
" [ " ] ) | |
26 11 53,5 | 16,7 " 1 N 14,7 | 14,7 | 14,7 [ 171
[N | (N [N [} } )
27 11 51,5 | 18.0 " 1 1] 7.7 | 7.7 | 7.7 | 10,7
" | N " | [ '
28 11 S1,0 | 17.8 ] 1 ] 7.6 | 9,2 ) S.0 | 7.6
\ i | i N [ [ | :
* N | " I ] | !
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TABLE VIl (Continued)
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TABLE VIII (Continued)
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TABLE IX

TOTAL DAMAGE COMPARISONS, FOUR BASIN ALTERNATIVES

TOTAL 100=YEAR FLOUD DIRECT UVAMAGE

LUCATION (1980 LOULLARS, THUOUSANDS)

CHANNEL CUNDITION

I

I
I
"
i
I
I
I PRESENT n IMPRUVED
I |
' o -
Hl URBANIZATION | URBANIZATION
h i : :
1! PRESENT | FUTURE | PRESENT | FUTURE
i | I |
I I | |

BETWEEN MOUTH UF DUCK 1| o [ |

CREEK AND 9TH AVE I 112,61 120,5 | 101,9 | 101,.9
' | [ |

RETWEEN 9TH AVE AND I | | |

6TH AVE ’ It S28,5 ) 555,6 |  349,5 |  484,3
e | | i

BETWEEN 6TH AVE AND i | I I

END OF STUDY Il 260,4 | 328,7 | 276,4 | 340,0
i | | A
I I _ |

TOTAL i1 901,55 1 1004.8 1 T727,8 | 926.2
I ' | |
I - I |

gzl
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alternatives, since the backwater from Stillwater Creek eliminates most

of the benefit from the channel improvement. In the present channel al-
ternatives, the.future urbanization alternative resulted in higher 100-

year flood damages.

In the second segment, the major differences between the four.chan-
nel/urbanization alternatives appear. The present channel ahd future
_urbanfzation alternatives produce highér 100-year flbod'démaées than the
improved channel ahd present urbanization alternatives, respectivély.
Note in the imprerd channel, the small increase in discharge for'the _
future urbanization alternative, 100 ft3/s, resulted in much highér fldod
damages than the present urbanization alternative.

In the third segment of the stream, all the alternatives had similar
damages. The improved channel alternatives haa slightly higher damages
than the present channel alternatives. This was due to the water surface
profiles ''‘crossing' in this segment, a phenomenon that often bccurs when
there is only a small difference in the discharges and roughness coeffi-
cients. |

The improved éhannél alternatives do result in lower'total 100-year
flood damages than the present channel alternatives, but at a relatively
smaller degree for the future urbanization alternative. The future urban-
ization alternatives result in higher total flood damages than the present

urbanization alternatives.



CHAPTER VI |
SUMMARY AND CONCLUS IONS
Summary

In an effbrt to develop a methodology to asseSs.the'impact of a
cﬁanging flood plain determination on an qngaged urban watershed, a flood
insurance type study for the Duck Creek basin in northwést Stillwater,
Oklahoma, was conducted for each of the four following channel/urbaniza-
tion alternatives: |

1. Present cHannel-present urbanization

2. 1improved channel-presenf urbanization

3. Present channel-future urbanization

L. Improved channel-future urbanization.

Préliminary hydrologic analyses were performed for the present chan-
nel,,present urbanization alternative. Using the SCS TR-20 model, the
following variables were compared: (1) two AMCs: Il and Il1; (2) three
design storm durations: 1-, 3-, and 6-hours; and (3) two fesidential
impefviousness estimates: 20% and Table | values. The USGS' regression
equation method was used to compute discharges for the two residential
imperviousness estimates. |

Next, final hydrologic analyses were performed utilizing the AMC 11,
6-hour storm duration, and the Table | residential imperviousness esti-

mates for all four channel-urbanization alternatives comparing: (1) two
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hydrologic models: TR-20, and USGS regression equations; and (2) two sub-
area configurations for the TR-20 model: simple and complex.

Then the water surface profiles for the 10-, 50-, 100-, and 500-
year floods, the floodways, and the Flood Insurance Zohes‘were determined
using the HEC-2 model. and the complex subarea peak flood diséﬁafges from
the TR;ZO-hydrologic model. The resujts were used with a dépth-pércenf
damage relatidnship to determine thevlbO-year flood direct damages in
order to provide a relative comparison of the impact of changing flood
plain determinations.

The findings in the hydrology, hydraulics, and flood damages phases

of the investigation are summarized in the following sections.

1

Hydrology

!n the preliminary peak discharge run, the AMC Ili produced higher
peak discharges than the AMC Il. Within the AMC Ill, the shorter the
rainfall storm duration, the higher the peak discharge for the 1-, 3-,
and 6-hour design storm durations. Within the AMC I, the 100-year and
500-year flood peak discharges generally followed tHe expected pattefn
as in above. However, the 10-year and the 50-year frequency discharges
did not follow the trend; the 3-hour storm often produced a lower peak
discharge than the 6-hour storm.

The 20% residential imperviousness assumption yielded lower peak
discharge values than the Table | estimates, but there was not a large
difference between the resultant dischafgés.

In the final peak discharge run, it was found in comparing the urban-
ization alternatives for the present channel that the USGS regression

equation method differs significantly from the TR-20 method estimates
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when the Watérshed shape is not "uniform." As the watershed sHape'be-
comes more uniform, the two methods give similar discharge estimates.
The USGS method does not have the capability to assess channel improve-
ments; therefore, no comparison is possible with the improved'channe]
alternatives. |

The simple subarea configuration in the TR-20 method produces gener-
ally lower peak discharge estimates thén the complex subarea configuration,
but the estimates are not significantly different. |
| Hydfograph plots at the méuth of Duck Creek reveal some of the clas-
sic effects of channel imbrovement. Lag time is reduced and peak flows
are largef for the fmproved channel than the present ghannél.

The future urbanization alternatives do produce higher peak discharges
for Duck Creek. However, most of the future u}banization would take place
in the upper end of the watershed where a SCS flood retention stucture

eliminates discharge increases from that portion of the basin.

deraulics

The channel improvement does reduce flood elevations, especially in
thevsmallerfloéds. The reductions of flood eievationé for the 100-, and
500-year floods are minimal. Also the benefit of the improved channel
beiow 9th Avenue is almost completely eliminated by-backwater from
Stillwater Creek. The future urbanization alternatives did generally
result in higher flood elevations than the present urbanization alterna-
tives.

The floodway results were as e*pected. The improved channel allowed

the use of generally more uniform and narrow floodways than the present
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channel below 6th Avenue. The future urbanization alternatives required
wider floodways than the present urbanization alternatives.

The Flood Insurance Zones for the channel improvement alternatives
are greater than those for the present channel alternétives between 12th
Avehué-and'6th Avenue.‘ However, there is not an increase in flood insur-
ance rates, since béth zones fall within the same flood insurance rate

increment.

Flood Damages

The improvéd channel alternatives do result in lower 100-year flood
direct damages than the present channel alternatives for Duck Creek.
Most of the reduction occurred in the concrete channel improvement seg-
ment between 9th Avenue and 6th Avenus. The %uture urbanization alterna-

tives did result in higher 100-year flood direct damages than the present

urbanization alternatives.
Conclusions

The objective of this study was to develop a methodology to assess
the impact of a changing flood plain determination on an ungaged urban
basin. It was found on Duck Creek, Stillwater, Oklahoma, that both chan-
nel improvement and future urbanization of a watershed éan significantly
affect the estimated 100-year flood direct damages.

One of the most difficult steps in a flood plain management study
on an ungaded urban basin is to estimate the peak flood flows. Both the
USGS regression equation method and the SCS TR-20 model were utilized to
determine estimates of fhe peak flows.

The USGS regression equation method cannot be used to assess the
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_effects of a flood retention reservoir or a channel improvement on a
basin. However, where the basin changes are expected only from urbaniza-
tion and the basin shape is uniform, i.e., the subareas do not have a tC
greater than the main channel, the USGS method produces peak flow esti-
mafes similar to the more complex SCS.TR-ZO model.

| In the TR-20 model, the single family residential lot imperviousnéss
can be assuméd to be 20 percent to yfeid peak discharge gétimates reason-
ably comparable to assessing each residential lot using Table | -values.
A simple subarea Eonfiguration can produce peak discharge estimates rea-
sonably comparable to a complex subarea configuration if care is exercis-
ed in choosing subarea boundaries.

The TR-20 hydrologic model is relatively‘easy to use and requires a
data base that is moderately easy to obtain aﬁd relate to the physical
characteristics of the watershed. The model can. assess the effects of
reservoirs, channel improvements and future urbanization.

The best flood plain management tool for a community would be a
series of flood insurance type studies for some reasonable channel/
urbanization alternatives to.obtain a good indication of the effects of
future planning decisions. However, due to present regulations, only
one flood insurance study at a time is allowed and then restudy requests
may be made in the future after significant watershed changes have occur-
red.

One solution would be to make use of the flood insurance study data
to construct rating curves and plot water surface profiles for the new
discharges based on these rating curves as proposed by Huntzinger (6L4).

Although one must realize the limitations of extending rating curves,
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this should yield a fair estimate if there are no changes in channel con-
dition in the basin studied.

Another solution for a community would be to obtain the flood insur-
ance study data and make its own analyses for various channel/urbanization
altefnétives utilizing the methodology proposed in this investigétion.

Flood plain determinations are highly susceptible to chahges in
channel condition and watershed urbanization. The SCS TR-20 model and
the methodology presented in this study can assist a community.with un-

gaged urban basins make intelligent flood plain management decisions.



CHAPTER VI11
SUGGESTIONS FOR FUTURE STUDY

These suggestions for future study would be helpful for the City of
Stillwater, Oklahoma, to determine their floodplain managehent policies:

1. Collect rainfall-runoff data on Duck Creek and other metropoli-
.tan streams. Compare the results with the TR-20 model and the U.S; Geo-
logical Survey regression equation method to help aSsesé the reliabi]ity
and accu}acy of fhe methods.

2. Compare rating curve extensions with‘cqmplete‘hydraulic analyses

. |
to assess the reliability and accuracy of the rating curve extension meth-

od.
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PROFILE SUMMARY TABLE FOR PRESENT CHANNEL, PRESENT URBANIZATION

TABLE X

CROSS | DI8T, 1| 10aYR,| H0=Yi,| 100=YEAR FLUOD | 500=YEAR FLOUD | FLOUDwAY
SECTIUNI (FT) | FLOOD 1 FLLOD I | |
NUMBER | | | | | |
| | ELEV | ELEV | ELEV ICHVEL! LEwW | REw | ELLV ICHVEL) LEwW | KEw | ELEV ICHVELI AREA ISRCHI LEw | REw IWIUTH
| I CFTY 10 (FT) 1 (FT) 1(FPS)I (FT)I (FT)1 (FT) 1CFPS)I (FI)1 (FYI)1 (FI) 0 (FPSIICSAFTIIILFE) (FI) 1 (ET)N (FT)
| | | | | | | ) | | | — | | | } | |
| [ | (. | | | | | | | | | | | | | |
0,090 | 475, | 8S3,681 BSU,B5) 855,241 T,6411125,11171,1 855,801 B8,15011124.11175,1 856,241 6,331 2681 1,01 1125,11171,1 4e,
| | | [ | | | | | | | | | [ | | | |
04378 | 940, | 856,521 857,631 858,031 7,6711239,11299,1 656,671 7,7611234,11301,1) 856,001 7,741 219,11 0,ul 1289,11299,1 o0,
| | | | | [ | a | | | | | | | i | |
0,308 | 1630, | 862,821 863,871 864,261 6,9911470,11529,1 864,851 7,2211460,1153U,1 B6U221 T.UbI 2291 0,01 1471,11528,1 57,
| | | | | ] | | | | | | | | | 1 |
0,398 | 2100, | B64,611 865,901 866,351 3,3111470,11580,1 867,041 3,4411296,11595,1 866,231 3,431 478,1 0,01 1470,115%0,1 &0,
| | 1 | | ) [ | | | | | | | | | | |
0,430 | 2270, | 865,241 866,351 866,551 2,9511371,11551,1 B67,211 2,8711234,11564,1 867,041 2,941 S952,1 0,51 1423,11520,1 97,
| | | | | | | | ) | | | | | | | |
0,580 | 3060, | 865,991 867,161 BOT,441 2,3711205,11829,1 B6B,USI 2,4511125,11825,1 B67,681 24331 696,1 0,21 17)11,11825,1 114,
| | ) | | | | | 1 | | [ | [ | | ' | |
0,701 ) 3700, | B67,951 B68,231 B68,421 6,2711228,11435,1 868,921 5.3911219,11435%,1 868,331 6,781 232, 0411 1229,11396,1 167,
| | | | | | | | | 1 | | | | | | | |
0,794 | 4190, | 869,771 870,311 870,421 5,3211183,11335,1 870,471 6,0001181,113d1s1 B70,551 4951 339, 0,1 1200,11300,1 100,
i - | | | [ | | | ! 1 | | | | | | |
0,817 | 4315, | 870,411 870,581 873,201 B8,0911408,11525,1 871,551 8,0611407,11990,1 BT71,061 8,651 1821 0,01 1409,11486,1 17,
| | | | | | | | ] | | 1 | | | ) | |
04852 | 4500, | 871,581 872,56 872,081 §1,6611159,11830,1 872,961 1,7511155,11839,1 873,111 3,241 694,01 0,4t 1290,11440,1 150,
| | | | (. | | | | | | | 1 | | [ | |
0,896 | 4730, | 872,951 873,631 873,761 7,6911094,11330,1 873,981 7,9011093,11880,1 873,651 9,591 236,11 0,01 1095,11195,1 100,
| | | | | | | [ | | | | | | [ | | |
0,932 | 4920, | 874,181 874,651 874,811 2,7011364,11736,1 BTS, 041 2,8611364,117061,1 875,591 4.251 40T, 0,81 1365,11445,) 80,
| | ) ] | | | \ | | | | | ) | l | | |
0,970 | 5120, | 874,200 874,891 87S,161 7,0911245,11743,1 875,291 7,6311245,11746,1 876,161 6,041 371,10 1,01 1245,11345,1 100,
| | | | | | | | | | | | | | | |
1004 | 5300, | B75,811 876,301 876,371 3,8911243,11490,1 876,581 3,9811242,115%36,1 877,171 S.421 352,10 0,81 1243,11345,1 102,
| ] [ | | | | | ] | | | | | | | | |
1,044 | 5510, | 876,731 877,111 877,291 7,2111345,1130606,1 877,551 7,5711345,11410,1 878,321 S¢931 28641 1,01 1150,11220,1 70,
| [ | | | | | | | ' ] | | | | | ] |
14098 | ST70, | 877,351 878,351 878,681 2,3511275,11348,1 879,141 2,5511274,11410,1 B79.,391 2,081 44741 0,71 1275,113uB,1 73,
| | ) | | | | | | | | | | | | I | |
16127 | 5920, | 877,361 878,381 878,721 3,5411272,11521,1 879,201 3,3311269,11555,1 B79,411 3,101 - 322.) 0,71 1272,11382,1 90,
1 [ | | | | | | | | | | | | ) [ 1 1
1,165 | 6120, | 877,911 878,801 879,091 3,4611034,11629,1 879,501 3,4911380,11630,1 879,641 3,101 301,101 0,61 1549,11629,1 B0,
| N | | 1. | | | | | | | | | | ) | |
1,195 | 6280, | B78,491 879,321 879,591 3,2811255,11785,1 879,971 3,1911254,11780,|1 6B0,001 2,891 322,1 0,41 lood,117%9,1 95,
1 | ) | | | | | | | | | S | | 1 | |
10233 4 6480, | 879,281 880,411 880,571 6,8911806,11941,1) BB0,781 T,0111794,11949,1 880,511 7.261 12741 0,11 1855,11920,1 65,
1 | . | | | | | | | | | ) 1 | [ | | |
] |
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TABLE X (Continued)

)

CRNSS ) DIST, | 10=YR,| 50=YR,| 100=YEAR FLLOU i S00=YEAR FLULD i FLOUNWAY
SECTIUN) (FT) | FLOOD | FLOOD | | |
NUMBER | i 1 | ) 1
) | ELEV 1 ELEV | ELEV ICHVEL) LEw | KEw | tLEV ICHVELI LFEwW | KEW | ELEV ICHVELI AREA JSRLHI LEw | REW 1alDTH
| L (FTY 4 (FT) 4 (FT) 1CFPSYIL (FTIXI (FTXE (FT) 1 (FPSII (FYID1 (FI1)) (FTY 1(FPS)I(SUFTINCFTIDY (FT) 1 (FY)Y) (FT)
| | 1 | | 1 | | ) i | 1 | | ) 1 1 )
i 1 | | ] | ) ! 1 I, 1 | | 1 [ 1
14263 | 6640, | B81,101 881,621 881,791 0,4011910,12076,1 882,031 0,8811898,12077,1 881,911 6,391 153,01 0,11 1925,11985,1 o0,
| | [ | | | | | [ | | B | | | | | |
14311 | 6955, | 881,871 882,60) 882,851 2,0311468,11980,1 BB3, 161 2,0411465,119H4,1 BB3. 111 2,401 596.) 0,31 1670,11980,1 330,
| | | | 1 | | | 1 | ! 1 1 | 1 [ |
1,329 | 7055, | 882,231 882,631 BH2,87) 6,9411785,11918,1 B83,19) 6,6511641,11920,1 883,141 6,361 156.1 0,31 1863,11918,1 %S,
| | ) 1 | 1 1 | | - | 1 | 1 Kl | | |
10363 | 7235, | 8B3,46) 883,891 884,001 4,0211690,11763,) 8BB4, 1B1 4,2511621,11763,1 B84, 181 3,801 1884, 0,21 1708,01763,1 595,
| | ! | | | | | . | 1 i | | | 1 I ) [
14397 | 7420, | 884,461 885,121 885,271 2,62110692,11683,1 885,291 3,0611691,11883,) 885,361 2,681 189,1 0,11 1709,11765,1 76,
| | | | | 1 ) [ | 1l | [ 1 | | [ | |
1,433 | 7610, | BB4,BU4) BBS,421 BB5,591 3,6511364,11560,1 885,731 3,7811363,11560,1 885,511 4,631 110,01 0,01 J472,11532,1 &0,
| | | | | i | | | | | | | | | [ | |
16459 | 7755, | 885,431 885,661 885,801 2,7511275,1145%,1 BBS,941 2,9411275,11455,1 880,281 2,301 1024) 0.51 1375,11440,1 65,
| | | | | | | | | | | | | [ I 1 1 \
1,48) | 7870, | B86,191 886,781 886,901 2,7611053,11370,1 887,061 2,7711051.118373,1 887,341 4,031 155,01 0,41 1200,11300,1 100,
| | | | | | | | | | | | ] | | ] ] |
1,504 | 7990, | 886,401 887,131 887,46110,1011260,11276,) BAB,581 T,1111223.11276.1 BB7,48110,03) 48,1 0,01 1260,11276,1 16,
: | | | | | | | | 1 1 1 [ i | | i | |
1,526 | 8105, | 888,121 889,451 889,501 3,7511375,11550,1 890,011 3,2311300,1162u,1 889,831 3,381 142,01 0,31 1479,11530,1 St,
| | | ] | | ) | ) | ] | ) ] [ 1 | |
14553 | 8250, | 888,671 889,001 889,681 2,5311309,11445,) 890,121 2,2711280,11525,) 889,961 2,551 158,1 0,31 1384, t14d6,1 52,
| ) | 1 | | ] ] | ) l I | ] 1 l o |
1573 | 8355, | 888,751 890,641 891,05) 3,1811275,11429,1 891,511 3,0211275,11455,1 890,981 3,991 146.) 0,01 1379,11429,1 50,
[ [ | | ] i | | | [ | | \ | ] ] | |
10606 ) 8530, | 890,671 891,091 891,411 4,8111320,11358,1 891,811 4,9911320,11360,1 891,441 4,791 301,01 0,0l 1328,11358,1 350,
| | | | | | 0 | | | ) ' I [ ' ' | |
10625 | 8630, | 890,911 891,511 891,851 S,6411430,11459,1 892,281 S,7611430,11465,1 895,661 0,121 66,1 0,01 1432,i14%9,1 27,
t | 1 ! 1 1 | | 1 | | 1 1 1 1 | [
10640 | BT710, | 891,621 892,211 892,471 4,0411387,11498,1 892,901 3,8413374,11532,1 892,391 4,681 87.1 0,11 1432,11460,) 28,
| | | | ) ) 1 ] ] | | - | | ! ' 1 1
14672 | 8830, 1 892,171 892,711 892,891 S,13114106,11445,1 893,171 5,5511415,11445,1 893,001 4,951 B2¢1 0411 1416,11045,1 29,
| | | | ] | 1 | | | | | | | 1 | 1 )
1748 1 9110, | 893,251 893,921 894,401 5,4211319,11468,1) BIU,S5S51 S, 4611312,11471,) 894,141 7,871} 52,1 0,01 1405,11430,) 25,
| | 1 | | | | | | ] | | T 1 ! | [
1777 | QU2S, | 897,691 B98,73) 899,081 2,4011057,11207,1 899,741 1,9311048,11249,1 899,041 3,161 129,1 0,01 1075,11115,1 40,
| | | | | | | ] | | 1 | | | | i 1 )
1,815 | 9625, | B98,161 898,951 899,241 0,4211156,11243,1 899,831 0,3711140,11260,) 899,321 V.44l 114e) 0,11 1175,11215,1 40,
1 | ] | 1 1 1 | [ | | ] ) | | 1 1 1 |
1,853 1 9825, | 898,191 B98,96) 899,251 0,6611126,11167,) 899,841 0,0011121,1117¢41 899,331 0.631 T9.1 0,10 1126,11165,1 39,
| | ]
| | 1

|

[
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TABLE XI

PROFILE SUMMARY TABLE FOR IMPROVED CHANNEL, PRESENT URBANI|ZATION

10,953
: | | | | | | | | | l | ) [ 1 | )
| | | | | | ! [ | | | | [ l | |

CROSS | DIST, | 10=YR,| SO=YR,| 100=YEAR FLOUD | S00=YEAR FLNDD [ FLUODWAY
SECTIUNI (FT) 1 FLOOD | FLOOD | | |
NUMBER | | ] | | |
| | ELEV 1 ELEV | ELEV ICHVEL) LEw ) KEw | ELEV ICHVELI LEw | KEW | ELEV ICHVEL | AKEA ISRCHI Ltw | Retw InIDTH
| L(FTY 0 (F1) 1 CFY) 1 CFPS)I (FT)N (FIDI (FT)  1(FPS)I (FT)I (FT)L (FT) 1 CFPSIICSUFTINLFTIL (F1) |1 (FY)L C(FT)
| l | | | | | | | | | | | | | | | |
| | 1 | | | | | | | ) | | ) | | | 1
10,019 | 100, | 854,461 855,041 855,251 7,0811214,11296,1 855,651 7,4111213,11297,1 856,25!) S¢271 3301 1,01 1214,11296,1 b2,
| | | | | | | | | | | | . | | | ]
10,057 | 300, | 855,421 856,011 856,211 7,1101149,11231,1 856,601 7,55111648,11232,1 856,621 0e241 279,01 0,41 1149,11231,1 B2,
| | | | | | | | o | | 1 1 | | 1 ' !
10,095 | 500, | BS60,411 857,011 857,221 6,8611039,11130,1 857,001 7,3011038,11130.1 857,291 64701 260,01 0,11 1039,11121,1 b2,
| | | | 1 | | | | | | ] | | | | ' |
10,895 | 1030, | 858,811 859,401 859,611 6,6411454,11530,1 860,001 7,0111453,11537,1 859,581 6,721 242.) 0,01 1454, 11536, 82,
| | | | | | | | | 1 | | | | | ) | |
10,267 | 1410, | 860,561 861,131 861,331 6,7311445,11529,1 861,691 T,1111443,1153141 8614331 04731 2uel 0,01 1445,11529,1 b4,
| | | | | | | | : | | | | | | | i | |
10,299 ) 1580, | 862,171 B64, 131 864,801 3,4111416,11518,1 B66,131 3,09115873,11543,1 B64,801 3,410 477,1 0,01 1416,11518,1 102,
| | | | | | | | | 1 | | | | 1 | | |
10,381 | 2010, | 862,811 864,531 865,141 3,0111243,11805,1 866,371 2,7511181,11805,1 865,141 3,ull T769,1 0,01 1435,11800,1 365,
| | | (. | | | | | | N ] | ' | | | |
10,400 | 2110, | 863,251 864,811 B65,391 3,1011439,11825,1 866,511 2,9211205,11825,1 665,391 3,101 749,10 0,01 1439,11820,) 361,
| | | | | | | | | | | | | | ] | | |
10,462 | 2440, | 863,331 864,811 865,391 6,8911193,11277,1 866,511 6,3711190,11300,! 865,391 6,891 239,01 0,01 1193,11277.1 o84,
| | | ] | | | | | | | ) | | ) 1 [
10,549 | 2900, | 865,88| Bb66,661 866,99 B8,4611234,11283,1 867,671 8,5611232,11284,1 866,991 8,461 192,) 0,01 1234,11283.1 49,
| | | | | | | | | | | | | | | ) | |
10,573 | 3025, | 866,861 867,851 869,35110,4611419,134406,1 871,631 7,4811409,11590,1 B68,36112.461 12041 0,01 1423,11442,1 19,
| | | | | | ] | | | | | | | | | | 1
10,622 | 3285, | 870,141 870,581 871,511 S,1911185,11750,) 672,761 3,3811150,11833,1 870,761 9,811 288,01 0,01 1290,131405,1 11S,
| | | | | | | | | | ] | | | | | | |
10,664 | 3505, | 870,771 871,851 873,701 8,9713095,11330,) 874,151 8,9611U98,11418,1 872.,98113,351 183,) 0,01 1098,11195,1 97,
| | | | | | | | | | | | | | | | | |
10,699 | 3690, | 872,511 874,711 B74,851 4,0811365,11740,1 BT5,181 4,2211364,11767,) 874,861 6,331 323,1 0,01 1365,11440,1 75,
| | | | [ ] | | | | | | | | ! ' | |
10,735 | 3880, | 872,831 875,061 875,221 B,6211245,11744,1 875,631 8,4211245,11775,) 874,86110.531 22641 0,01 1246,11315,1 &9,
| | | | 1 | (I | | | | | | | | | | |
10,771 | 4070, | 873,801 B75,831 875,911 8,0111245,11485,) BT76,151 8,4711244,11490,1 875,69110,531 164, 0,01 1246,11315,1 69,
| | | | | | | | | | \ | 1 | ] | | |
10,807 | 4260, | 874,781 BTS,97) 876,221 11,3711163,11197,1 BI7,72) 8,5611145,11410,) BT76,43110.751 139,01 0,2) 1161,11197,1 36,
| | | | | ] | | | | | | | | | ) | |
10,856 | 4520, | 877,311 BI8,711 879,211 2,4111273,11443,) B79,591 2,5511269,11099%,1 8794131 2,141 42941 0,01 1275,11350,1 75,
| | | | | | | | ] | 1 | 1 | | | | |
10,884 | 4670, | BT7,311 BT78,721 879,241 2,8011269,11555,1 B79,631 2,8511267,11640,1 B79,131 3,491 270,101 0,01 1270,11344,1 74,
| | | | . ) | | | | | | | S [ ] | | |
10,922 | 4870, | BT77,711 878,931 879,371 3,1111400,11630,1 879,751 3,2611355,11648,1 879,381 3,801 279,11 0,01 1550,11630,1 80,
| | | | | | | | 1 | | | | | | | | | .
| 5030, | B78,181 879,241 879,641 3,1811255,11785,) 880,031 3,1711253, 117871 879,681 3,161 291,1 0,01 1664,11798,1 94,
| |
| |
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TABLE X1 (Continued)

CRDOSS | DIST, | 10=YK,| 90=YR,| 100=YEAR FLOOD | S00=YEAR FLUUD ) FLOUDRNAY
SECTIONI (FT) 4 FLULOD + FLOLOD | |- |
NUMBER | ) I | ; | |
| | ELEV | ELEV | ELEV ICHVELI LEW | REW | ELEV ICHVELI LEw | REw | ELEV ICHVEL) AREA I1SKCHY LEw | Few IwiuTh
| VCFTY 0 (FTY 1 (FTY 1 CFPSYL (FY)E (FT)I (FT) 1 (FPS)L (FI)1 (FI)h (FI) W (FPSIICSQFTIICFTI)L (FI) 1 (FT)I (FT)
) [ | | | 1 1 | | [ [ [ o | ! 1 | 1
| | ) | ) | | | 1 | (B | | [ 1 | |
10,991 | 5230, | 879,261 8B0,371 BBO,60) 6,9111804,11943,1 BBULBYI T,1411791,11952,) 880,411 7,851 320,01 0,01 1855,11920,1 65,
| | \ | | | | | | | | | 1 | 1 1 | !
11,021 ) 5390, | 880,771 881,231 881,331 7,1811956,11985,1 881,601 B8,1111920,12075,1 881,451 7,001 131,10 0,11 1956,11985,1 29,
| | | | | | | | | | | | | ] | 1 | |
11,080 | 5705, | 861,701 882,431 882,651 2,3311471,11977,1 883,131 2,2711465,11984,1 882,881 2,791 S35,1 0,21 1670,14975,1 305,
| ! | | | | | 1 1 \ 1 ! ! | ! i | 1
11,098 | S80S, | 882,191 882,681 BB2,861 T,1811785,11918,1 883,171 7,1811041,11918,1 882,931 7,211 124,10 0,1] 1H63,11918,1 45,
| | | | | | | | | | | | ) | ) i o |
11,133 | 5985, | 883,461 883,831 883,931 4,3711690,11763,) 884,151 4,6411623,11763,1 BBULIS] 3,941 13241 0,21 1708,11763,1 55,
{ | | | | | | 1 | ' | i | | | | | 1
11,168 | 6170, | 8B4, 43) 885,361 885,781 2,14)11685,11885,1 885,791 2.5611085,11885,1 885,361 2,711 189,101 0,01 1709,11785,1 76,
| | | | ) | | | | 1 ] 1 | 1 N { | |
11,204 | 6360, | BB4,761 BB8B5,52) 885,891 3,1511361,11560,1 885,941 3,6311360,11560,1 885,431 S.v61 99,1 0,01 1479,41532,1 S3,
| | | ] | | | | | | | | | | 1 ' ! 1
11,231 | 6505, ) 885,42) 885,721 886,011 2,7311275,11455,1 B86,111 3,1011275,11455,1 886,301 2,621 163,1 0,34 1375,11440,1 o5,
I | | | i I | | | | [ I | | | | | |
11,253 | 6620, | 886,101 886,771 886,881 2,8611054,11370,1 BB7,061 2,8711051,11373,1 887,271 4,311 148,10 0,41 1200,11300,1 v,
| ) 1 ) ) | | | 1 ! | | 1 1 | [ | |
11,276 | 6740, | BBb,41) 887,131 B8B7,43110,0811261,11276,1 888,631 7,0711224,11278,1 887,39110,231 4741 0,01 1201,11276,1 15,
| | | | | | | | | | ] | | ) 1 I | |
11297 | 6855, | 888,091 889,581 889,831 3,1511309,11620,1 890,031 3,3811300,11620,1 889,761 3,%21 13841 0,01 1479,11S30,1 S,
| | 1 ] | [ | | ] ] | | [ | | i | i
11,325 | 7000, | 888,581 889,70 889,931 2,5811287,11456,1 890,141 2,76112R0,11525,1 889,891 2,731 155,101 0,01 1384,11436,1 S2,
| | | 1 | | | | i ! ) 1\ A 1 | | | |
13,345 | 7105, | 888,581 890,661 891,021 3,5611275,11429,1 891,411 3,5811275,11430,1 890,881 4,421 14l,) 0,01 1379,11429,1 50,
| | | [ | | | | | | | | | | ! ' | 1
11,378 | 7280, | B90,381 890,931 891,241 5,0411320,11350,1 691,601 5,3711320,11359,1 891,211 S,09! 941 0,01 1328,11358,1 30,
{ ] ) | | 1 I 1 | | | | i | 1 1 o ]
11,397 | 7380, | 890,641 891,381 891,711 S,9811430,11459,1 892,151 0,051143u,11465,1 891,491 6,571 62,1 0,01 1432,11458,1 26,
1 | il | | | | ) ! | ] | | 1 r | [ |
11,4312 | 7460, | 891,361 891,961 892,221 4,6811395,11477,1 892,661 4,5511381,11513,1 892,111 S.131 79,1 0,01 1432,i1460,} 28,
[ | 1 | 1 | | | | | | (N | | | | | 1
11,444 1+ 7630, | 891,871 892,401 892,591 S,7S11417,11444,1 ¥892,901 6,1311d16,11445,1 892,641 S.0661 72.1 0,01 1417,0V1444,1 27,
| | | ] | | | | o i | [ 1 | 1 | - |
11,488 | 7660, | 893,031 893,551 894,421 S,0311318,11468,1 894,541 5,9511312,114T71.1 893,761 9,131 Ghet 0,01 1606,011423,1 17,
| | ] ] | | l I 1 | | | | | 1 \ 1 |
11,546 | 817S, | 897,611 898,661 B99,021 2,6311058,11204,1 899,711 2,1811048,11247,1 898,971 3,231 120641 0,01 1075,01115,1 40,
I | } | | | | | | | | | ) | 1 i | \
11,564 | 8379, | 898,001 898,861 899,181 0,4811158,011241,1 B99,801 0,401130),11259,1 899,221 0,461 11041 0401 1175,11215,1 &0,
| | | | ). | | i ] [ 1 ' 1 1 1 [ l 1
11,622 | 8575, | 898,021 898,871 899,18 0,6811127,1116%9,1 899,801 0,6111121,11171,1 899,221 0.07} 751 0,001 1127,111065,1 38,
| | |
| I 1

i

i
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TABLE X1l (Continued)

CRNSS | LIST, | 10=YR,| S0=YR,| 100=YEAR FLOOD | S500=YEAR FLNOUD | FLUUDWAY
SECTIONI (FT) 1 FLUOD 1 FLOOD |} | |
NUMBER | ] | | | - |
| | ELEV | ELEV | ELEV ICHVEL|) LEw | REw | ELEV ICHVELI LEw 1 REwW | ELEV ICHVEL) AREA ISRCHI LEw | REW IwlLTH
| FCFT) 0 (FTY 0 (FT) 1 (FPS) I (FTI)XI (FTX) (FI) 1 (FP8)L (FT)1 (FT)1 (FT) 1 (FPS)I(SQFTIICFIDY (FI) t (FTD) (FT)
[ | | | | | | | | | | | | | | ! ] |
| | | | | | | | | | | | L | | | [ |
1,263 | 6640, | B81,361 881,771 881,891 6.6111905,120706,1 BB2,141 To1711893,12077,1 882,071 6,581 163.1 0,21 1925,11985,1 60,
| | | | | | | | ] | | | | | | | | |
14311 1 6955, | B82,161 882,811 882,981 2,0311465,11982,1 BB3,331 2,0411065,11986,1 883,291 2,351 644.l 0,31 1670,11980,1 3}0,
| | | [ 1 | | | | ' | | | | - | | |
1,329 | 7055, | 882,411 882,041 883,011 6,7711643,11918,1 883,361 6,5311640,11922,1 883,321 6,211 146,101 0,31 1863,11918,1 55,
| | | | | | | | | ] | ] | | | | ] |
1,363 | 7235, | 883,55) 683,98 BBU,06) 4,2611627,11763,1 BBU,2TI 4,4511016.11763,1 584,301 3,931 140,10 0,21 1708,11763,1 55,
| | | | | | | o | | | 1 | | ' | I |
1397 | 7420, | 884,771 885,271 885,291 2,8511691,11883,1 685,301 3,37110691,118B3,1 885,561 24701 20341 0,31 1709,11785,1 76,
| | | | | | | | | | | | | [ | | | |
14433 | 7610, | 885,101 885,601 B8S5,071 3,7211363,11560,1 885,841 3,8811362,11560,) 885,681 4,571 121,1 0,01 1472,11532,) o0,
| | | | | | | | | [ | 1 | | | | . [ |
1,459 | 7755, | 885,451 885,811 885,881 2,8211275,11459,1 B8B6,051 3,0011275,11455,) B8B6.361 24391 167,1 0,51 1375,011440,1) 65,
. | | [} | . | | | | | [} | [ | | | [} | |
1,481 | 7870, | 8Bo,45) 886,89) BBOL,981 2,7611052,11372,1 BBT,161 2,7711050,11375,1 887,431 4,121 1063, 0,51 31200,11300,1 100,
| | | [} | | | | | | | | | | | [} | |
1504 | 7990, | 886,661 BB7,43) B887,63110,3411260,11276,1 888,671 7,3611224,11279,1 B87,67110.22! Slel 0,01 1260,11276,1 16,
| | | | | | ] | | | | | | | | | | |
1,526 | 8105, | 888,701 889,991 890,401 2,4011300,11620,1 690,411 2,8411300,11620,1 890,291 3,001 165.1 0,01 31479,11530,1 51,
| | | | | | | | | | | [} [} [} | | [} |
1553 | 8250, | 889,101 890,071 890,461 1,7211280,11525,1 890,491 2,0011280,11525,1 890,371 2,331 18041 0,01 1384,11U436,1 52,
| | ] | | | [} | | | [} ] | 1. [} | | |
14573 | 8355, | 689,931 890,431 890,501 4,06413275,11429,1 B9U,SSI S.3711275,11429,1 890,831 4,581 139,01 0,31 1379,11429,1 S0,
[ | | | | | | | | | | [} | | | | | |
1,606 | 8530, | 890,631 893,131 891,26) 5,4711320,11358,1 891,511 6,0111320,11359,1 891,441 Se191 10140 0,21 1328,11358,1 30,
I | | | | | [} | | | | [} | ) | | | |
1,625 | 8630, | 890,971 B91,041 891,821 6,3411430,11459,1 892,201 6,4711430,11465,1 891,701 6,701 67,1 0,01 1432,11459,1 27,
] | | | | | | | | [ | | i | | [} | |
1,640 | B710, | 891,831 892,391 892,611 4o1711383,11509,1 892,991 4,00011371,11539,1 892,561 4,931!. 91.1 0,01 .14352,11460,1 28,
| | | | \ | | | | | \ | | | | | |
10672 | BBBO, | 892,391 892,871 893,031 5,4411416,11445,1 893,281 5,80611415,11446,1 893,181 5,171 87,1 0,21 14j16,11445,1 29,
| | | | | | | | | | | | | | | | |
14718 | 9110, | 893,521 894,391 894,461 5,5711316,11469,1 894,731 4,6911302,11475,1 894,261 8,341 551 0,01 140S5,11430,1 25,
| | | | | (e | | | | | | 1 | | | | |
14777 1 9425, | 898,091 899,081 899,461 2,1211052,11231,1 900,021 1,8111044,11265,) B99,411 3,151 144,! 0,01 1075,11115,1 40,
| | | | | | | | | | | | [ | | | | 1
1815 | 9625, | 898,461 899,241 899,571 0,3911147,11252¢) 900,091 0,3211133,11266e) 899,681 V431 129,11 0,11 1175,11215,1 40,
| 1 | | [} | | | \ | | | | [ | o |
1853 | 9825, | B98,481 899,251 B99,581 0,6211124,11169,1 900,091 0,5411118,11175,1 899,081 0,591 93,1 1125.11165,1 40,
| | [}
| | |

1 |
) 1

|
0,11
|
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PROF ILE

TABLE X111

SUMMARY TABLE FOR IMPROVED CHANNEL, FUTURE URBANIZATION

CROSS | DIST, | 10=YK,) SO0=YR,| 100=YEAR FLUOL [ 500=YEAR FLNOUD | FLOUDKAY
SECTIUNI (FT) 1 FLOND | FLULUD 0 )
NUMBER | [ | 1 | | .

| | ELEV | ELEV ) ELEV ICHVELI ! REw & ELEV ICHVEL) LEwW | KEw | ELEV 1CHVELI AREA ISRLHI-LEw | Rew IwIDTH

) VCFTY 1 (FTY ) (FTY  ICFPS)IL (FT)X1 (FT)) (FT)  1(FPS)1 (FT)YI (FY)IL (FI)  ICFPS)YICSQUFTIILFINL (FT) | (FT)I (F1)

' ' ! [ | | | | ! ) ' | [ | ! | i |

l ! 1 | | 1 ) | | ] | [ [ | 1. l 1
10,019 1 100, | 854,571 BS5,181 855,381 7.,1611214,11290,1 655,791 7,5611213,11297,1 896,381 S.431 341,71 1,01 1214,11296,1 »2,
10,057 : 300, : ass.su: esa.xu: eso.sa: 7.26:11u9.:1231;: 550.73: 7.ov:|xuu.:1232.: 650.76: o.za: 290.: u.u: lluv;:xzsx.: 82,
10,098 : S0o0, : 850.53: 557.10: 857.30: 7.01:1039.:1130.:'357.73: 7.u5:1037.:1130.: u57.a2: o.uu: 270.: 0.1: 1039.:1122.: 83,
10,195 : 1030, : 650.93:1859.53: 559.70: 6.75:lu§ﬂ.:l536.: eeb.nl: 7.15:1u53.:1537.: 559.71: o.ao: 252.: p.o: 1u59.:1sse.: 82,
10,267 : 1430, : ubo.ov: 661.20: Bbl.ab: o.ao:laua.:lslo.: eel.us: 7.25:|uas.:1512.: ael.ao: 6.65: 253.: u;o: 1aaa.:1ssu.: 86,
10,299 : 1580, : 662.57: ueu.sa: ebs.éz: 3.]2:1u15.:1520.: 666.59: 2.95:1511.:1552.: ubs.al: 3.52: 521.: o.o: 1015.:1520.: 105,
10,381 : 2010, : eos.ls: 66«.9“: uos;ss: 2.90:1223.:1805.: Bho.hl:'2.66:[159.{1605.: abs.su: 2.9u: 633.: o.o: 1«33.:1806.: 367,
10,400 : 2110, : 863.50: uos.xe:'ees.7e: s.oa:nasa.:lezs.: beo.93: 2.ao:|zos.:1eas.: BbSo?b: s.os: ouo.:,o.o: 1usu.:1beo.: 382,
10,402 : 2440, : eo;.eo: 665.19: 665.70: 6.71:1192.:1217.: 566.93: b.ll:llﬂa.:llao.: 565.76: 0.73: aeo.:~o.o: )(92.11271.: 85,
10,549 : 2900, : aao.os: aee.ua: 861.21: e.ss:lala.:xaas.: eo7.9o: a.aa:lzlt.:lzas.: 667.20: 8.5«: aos.: 0.0: 123u.:1263.: 49,
10,573 : 3028, : ao?.zo: 608.19: e1x.oo: 7.90:1a|z.:1uee.: 872.07: e.9|:!a07.:1590.: 667.72:10.63: 109.: o.o: 1025.:|ua|.: 16,
10.622‘: 3288, : 670.19: 571.20: 072.30: 3.59:1173;:1519.: 672.97: 3.29:1155.:1339.: BTl.bl: 7.50: 007.: o.o: 1290;:1auo.: 150,
10,664 : 3505, : 67!.00: 675.56: 873.82: 9.12:1090.:1350.: e7u.2o: o.ovnluve.:xau7.: 673.25:11.35: 210.: u.o} 1090.:1195.: 99,
10,099 : 3690, : 571.23: a7a.79: 570.95: a.xo:lsou.:1751.: 675.29: u.aa:xsba.:l172.: 015.10: e.se: suz.: 0.1: 1sou.:iuuo.: 16,
10,735 : 3880, : 873.1“: 875.26: evs.ss: e.av:lzus.:17ul.: 815.04: e.eS:IZnS.:1775.: 875-10:10.02: 2«2.: u.o: 12«5.:1315.: 69,
10,774 : 4070, : a7u.ol: 375.56: u75.99: 8.16:1245.:la90.: 570.33: a.ao:leuu.:tuvu.: 615.90:10.59:' 178.: o.o: 12us.:1315.: 70,
10,807 : 4200, : 675.[1: 576.19: avo.eo:lo.sczlxas.:119°.: 617.50: 8,77:11u5.:1ulo.: 610.59:11.02: jus.: u.o: llbu.}ll98.: 38,
10,856 : 4520, : 577.02: 679.03: 879.az: 2.21:1211.:1535.: 579.52: 2.35:1267.:1090.: aro.ua: z.at: uss.: 6.1:'1275.:1350.: 75.
10,884 : 4670, : 571.03: 679.00: 679.06: 2.79:1208.:1555.: e79.a5: 2.6011260.:1001.: a19.an: 3.09: zoa.: o.o: 1266.:1301.: 75.
10,922 : 4870, : 373.02: 579.22: 679.58: 3.15:13i5.:1539.: u79.9o: 3.26:1530.:1&56.: 879,701 3.29: 305.: n.l: 1550.:1050.: 80,
10,953 E 5030, E n7u.u7: 67‘).52: 679.85: 3.15:1250.:1180.: 880.:3: s.os:lew.:lma.: 679.99: 5.13: sel.: 0.1: woo.:nw.: 99,

! 1

| i
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TABLE X!11 (Continued)

CRNSS | DIST, | 10=YR,| S0=YR,I 100=YEAR FLUNOD | S00=YEAR FLOUD | FLOUDWAY
SECTIOUNI (FT) 1 FLOUOD | FLUOD ! |
NUMBER | | | | | | .
| | ELEV | ELEV | ELEV ICHVEL| LEw | REwW | ELEV ICHVELI LEw | REw | ELEV ICHVEL| AREA ISRCHI (Ew | REw IWINTH
| I (FY) 0 (FT) 1 (FT) 1 (FPS)I (FT)I1 (FT)I (FT) 1(FPS)I (FT)1 (FTXL CFT)  QCFPS)II(SUFTII(FINY (FY) | (FT)IL (FT)
: : : | T T T T T ' e o
10,991 | S230, | B79,441 880,581 880,721 7,0211798,11947,1 880,951 T,2111784,11956,1 88U,561 7.841 130,10 0,01 1855,11920,1 65,
11,021 : 5390, : ual.oa: uex.sz: Bdl.ﬂb: 7.63:!950.:1985.: unn.rz: a.av:lvlu.:zu7¢;: eol.ss: 7.52: 13u.: 0.1: 1950.:1955.: 29,
11,080 : 5705, : 661.97: 662.63: aez.aa: z.ll:luo1.:leoo.: uas.sa: 2.25:1ue5.:x907.: sos.ua: 2.79: 5&7.: 0.2: 1670.:1975.: 308,
13,098 : 5805, : aaa.se: eez.ua: 562.92: 1.55:1755.:1915.: aas.su: o.ws:teuo.:19ze.: uss.ls: 7.06: 155.:-0.2: 1603.:191&.: 55,
u.iu : S98S, : 663.5?.: 663.91: aaa.oe: u.lJO:loZb.:HbJ.: uea.eo: IA.N:lb?o.:an.: eeu.29: u.ll: uw.: 0.2: 1708.:1763.: 55,
11,168 : 6170, : eau.7a: eas.oa: 865.95: 2.22:\005.:1635.: uas.oe: e.oz:lons.:lees.: uqs.oo: z.ia: zuo.:,o.o: 1709.:17u5.: 76,
11,204 : 0360, : uas.os: 886.03: eao.be: 5.]7:1560.:[560.: aae.:l:'3.02:1350.:1560.: aas.os: 0.99: 110.: u.u: lurq.:nssz.: 53,
11,231 : 6505, } 885.51: eao.t!: eeo.la: 2.13:1275.:1455.: ueo.zr: }.10:1275.:|u55.: eoe.ua: 3,70: 172.:‘0.3: 1115.:|aao.: 65,
11,253 : 0620, : 680.00: 850.68: 606.97: 2.65:1052.:1372.: 681.15: 2.59“050.:!3'74;: 007.39: “.36: ' 159.:>0.a: 1200.:1300.: 100,
11,276 : 6740, : aao.os: 081.03: aa?.bs:xo.ss:laoo.:1270.: eau.os: 1.a1:1aza.:1279.: 057-67:10.23: 51.: o.u: xaeu.:lzro.: 16,
11,297 : 6855, : aaa.bz: 889.83: evo.az: é.ss:lioo.:xoeo.: eoo.al: s.oo:lsoo.:xczo.: 990.31: 3.oa: xoe.: o.u: 1a79.|153o.: 51,
11,329 : 7000, : 689.02: 689.9!: 090.a7: 2.15:1200.:!525.: 590.50: 2.52:1260.:1595.: 390.39: z.us: 161.:.0.0: 1350.:|usa.: 52,
11,345 : 7105, : saq.so: 890.30: 890-51: s.oa:1275.:1429.: 090.56: s.aa:1e1s.:nu29.: oeu.1u: s.oﬁ: 130.: 0.2: 1379.:1039.: 50,
11,378 : 7280, : 690.35: 890.82: 000.99: S.97:l}28.:15§1.: 691.19: 0.06:1320.:1355.: 691.11: s.ua: 93.: u.z: 1526.:1357.: 29,
11,397 : 7380, : 390.60: 691.“: 001.“: 0.76:1030.:1459.: 692.00: o.ae:lulu.:laes.: 89].61: e.‘m: es.: o.o: 1a32.:1a59;: 27,
11,412 : 7460, : 591.59: 692.13: 992.35: 0.90:1391.01a66.: 692.7a: h.7a:|319.:|sxq.: 692.29: s.so: uu.: o.o:>1u52.:1ue0.: 28,
11,444 : 7630, : 092.09: 592.50: 092.73: 6.07:1u17.:lauu.: 593.99: 6.09:1010.:|H05.: eoz.pz: 5.87: 17.: 0.1: 1ux7.:1uuu.: 2l.
11,488 : 7860, : 591.25: 39u.33: eou.so: 5.79:1310.:|a7o.: a9a.58: o.zl:lslu.:1u12.: eea.o1: v.uo: 50.: n.u: 1405,:1030.: 25,
11,540 : 817s, : 898.02: 699.02: aov.al: 2.36:!052.:!226.: 699.96: 2.07:iudu.:1260.: 699.35: 3.21: lal.: o.o: 1015.:1115,: 40,
11,584 : 8375, : 596.33: 699.18: 599.53: o.al:lluu.:lasx.: ooo.oo: o.ss:llsu.:xeoo;: eov.su: o.au: 1e5.: 0.1: 1175.:1215.: 40,
11.622 E 857s, E aoa.ss: aoo.xs: 899.53: o.bl:llab.:ixeu.i eoo.uo: 0.55:1115.:1175.: aoe.sﬂ: o.aa: 59.: 0.1: 11e5.:1|os.: 40,
| 1 1

[4A
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TABLE XIV

COMPARISON OF 10-YEAR WATER SURFACE ELEVATIONS

WATER SURFACE ELEVATION

(] [N
i ]
LOCATION [N CHANNEL (N (FEET,NGVD)
- CROSS SECTION (K
(N NUMBER " .
" [N CHANNEL CUNDITIUN
(N K]
] " PRESENT | IMPRUVED
[N] H |
" | " |
" | (] URBANIZATION | URBANIZATION
Il PRESENT | IMPROVEDL 11 |
" | I+ PRESENT | FUTURE | PRESENT | FuTURE
(K] | (K} | | |
[N [} ’ [N | | |
CONFLUENCE (N] 0,090 | 10,019 1) 853,68 | 853,94 | BS4.,46 | 854,57
(N [} (N} | [} |
Il wawawae | 10,057 1) wwwmax || wwssaw ) 855,42 | 855,54
(N} | ; (] | | |
(N} 0,178 | 10,095 11 BSb6.52 | 856,75 | bS56.41 | 856,53
" | (N} | | |
] 0,308 | 10,195 11 B62.,82 | B63,05 | 858,81 1 858,93
] [ " | | |
TWELVETH AVENUE H 0,398 | 10,267 |1 B64,61 | B64,90 | B60,56 | 860,69
] | (] [ | |
[N 0,430 | 10,299 11 865,24 | 805,66 | b62.1T7 | 862,57
] | (N | | . |
OXBOWewWILLIS AVE " 0,580 | 10,381 11 865,99 | 866,37 | 862,81 | 863,15
] | (N} | | |
1) wawawx | 10,400 1) wewwaw | wkanan | 863,25 | 863,56
(N | (N} | | |
MEYERS PARK N 0,701 | 10,402 1| B67.,95 1 R6T,94 | 863,33 | B63,60
I | (R | | |
NINTH AVENUE [N] 0,794 | 10,549 11 869,77 1 869,96 | 665,88 1 866,03
] | " | | |
N 0,817 | 10,573 11 870,41 1 AB70,54 | B6b.86 | B867.20
" | ] | | |
" 0,852 | 10,622 | 871,58 1 B71,87 1 870,14 1 B70,19
(N | [N} | | |
" 06890 | 10,664 11 872,95 | HB73,19 | B70,77 | 871,00
[N L} (N | | |
[N 0,932 | 10,699 1} 874,18 | H74,31 I 872,51 I 873,28
[N | (B | I |
(] 0,970 | 10,735 1) 874,20 | 874,31 | 872,83 1 8713,2b
i ] [ | | |
(] 1,004 | 30,773 11 875,81 | 875,96 | 673,80 | 874,03
[N | (N} | | |
S8IXTH AVENUE [N 1,044 | 10,807 1) 876,63 | B876,75 | BT74,78 | 875,11
(N | [N [} ' [}
X 1,098 | 10,856 |1 877,35 | 877,58 | 877,31 | 877,62
(] | (X 1 | |
(X} 1,127 | 10,884 11 877,36 | B77,59 | 877,31 | 877,63
" | ] | | |
N 1,165 | 10,922 11 877,91 | 878,16 | 877,71 | 878,02
A | ] | [ |

NOTE3 wawwas INDICATES CROSS SECTION NUT USED AT THAT LOCATIUN
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TABLE XIV (Continued)

WATER SURFACE ELEVATION

1 e
, [X] H
LOCATION 1] CHANNEL ' (FEET,NGVD)
1 CROSS SECTIUN ]
1] NUMBER N ,
S ] CHANNEL CUNDITIOUN
(N (N
;] K] PRESENT 1 IMPROVED
1 1 |
(N f H [}
" | " URBANIZATIOUN \ UKBANIZATION
11 PRESENT | IMPROVED 11 )
1 ) 1) PRESENT | FUTURE | PRESENT | FUTURE
h 1 3] 1 | |
[N i (N i \ ]
" 1,195 1 10,953 |1 B78.,49 1 878,74 | bTB6,18 | 878,47
(N1 | (M | | |
t 1,233 | 10,991 11 879,28 1 879,50 | 679,26 1 - 879,44
(N | (N] o | |
RIDGE RD=INGHAM PK 11| 1,263 1 11,021 1) ©81.,10 | 881,36 | BBU.TT 1 881,02
1 | ] | | |
THIRD AVENUE I 1,318 1 11,080 1) 881,87 | BB2,16 | 881,70 | 881,97
N | SN [ | ]
‘ " 1,329 1 11,098 11 882,23 | 882,41 | ©82,19 | 882,38
: 1 | (NI | | |
UNIVERSITY AVENUE 11 1,363 1 11,133 11 883,46 | 883,55 | B83,46 | 883,52
: " ) 1 1 | 1 |
1 1,397 | 11,168 11 884,46 1 BY4,TT | 884,43 | B84,TH
] | K | | )
SUNSET DRIVE 1 10433 1 11,204 1) 884,84 | B8BS5,10 | 884,76 | 885,03
K} I 1 | | |
(X 10459 | 11,231 11 885,43 | 885,45 | BBH.,42 | 8BS,5)
" | K | | 1
[N] 1,481 | 11,253 11 886,19 | Bbb6,45 | BB6.10 | 886,40
‘ . H | K] | : | ‘ |
ARROWHEAD DRIVE 1 1.504 | 11,276 11 B8Bo,40 | 8Bb,66 | BB6,L1 | 886,68
H | " ‘ | | |
" 14526 | 11,297 || 888,12 | BBH,TO | 888,09 | BBB,62
. " | He | 1 I
"SHERWOUD AVENUE H 1553 1 11,325 1| B8B8,67 | AB9,10 | 868,58 | 889,02
H | " | | )
] 1,873 | 11,345 1) 888,75 | 889,93 | 888,58 | 889,50
" | N} | | 1
ADMIRAL AVENUE " 1,606 | §1,378 11 890,67 | 890,63 | 690,38 | 890,35
(K} | K} | 1 |
" 16625 1 11,397 11 B90,91 | 890,97 | B89U.e4 | 890,80
1 | 1 1 | |
I 1,640 | 13,412 1) 891,62 | 891,83 | 891,36 1 891,59
(N} | [ - | | |
] 1,672 | 13,444 11 892,17 | 892,39 ) 891.87 | 892,09
K} | ' [ | |
HALL OF FAME 1 1718 | 11,468 11 895,25 1  B93,52 | 93,03 | 893,25
1 ) 1 ] | |
1) 14777 1 11,546 11 897,069 | 898,09 | 897,61 | 898,02
1 [ " | | |
" 1,615 | 11,584 1) 898,16 | 898,46 | 898,00 | 898,33
(N | (N | | )
TOE OF 8CS DAM 30 11 1,853 | §11.,622 1 898,19 | B9B,48 | 898,02 | 698,35
" | K | ) 1
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TABLE XV

COMPARISON OF 50-YEAR WATER SURFACE ELEVATIONS

WATER SURFACE ELEVATION

[N (]
[N "
LOCATION (] CHANNEL N} (FEET,NGVD)
(N} CRUSS SECTIUN (N}
(N} NUMBER (N}
H " CHANNEL CUNDITIUN
[N "
(N] (R PRESENT | IMPRQOVEL
(N} [N |
(] | " |
tH | (] URBAN]ZATION ] UKBANTZATION
i PRESENY | IMPROVED 11| [
(N} | I} PRESENT | FUTURE | PRESENT | FUTURE
[N [} (2] ) | t
] | [N | | |
CONFLUENCE (] 0,090 | 10,019 1) 854,85 | B55,10 1 855,04 | 855,18
(N} [ (N} [} i |
1l weawas 1 10,057 11 weamwe | swsxaan | 850,01 | 856,14
H | (N} B | | :
" 0,178 1 10,095 11 857,63 | 857,89 | 857,01 | 857,14
b | " | | | ’
[N} 0,308 1 10,195 11 863,87 1| Bo4,12 | BS9,40 1 - 859,53
(N} | [N ] [} | 3
TweELVETH AVENUE (N} 06398 1 10,2067 1) 865,90 ' B66,20 ) B61,13 | 861,20
[N] | i . | | [}
[N] 06430 | 10,299 1) B66,35 | Bob,47 | 864,13 | 864,58
] | [} | | . |
OXBOwewILLIS AVE [N 0,560 | 10,381 11 867,16 | B07,33 | b64,53 | Bed,9%4
(] | 1 | | |
1l awerwn | 10,400 1) smasan |  wakawn | Bo4,81 ) 865,19
. [N} | [N | | |
MEYERS PARK N 0,701 | 10,462 11 868,23 | 868,33 | HBo6d.81 |1 B65,19
] | ] 1 [ |
NINTH AVENUE (N] 0.,79¢ | 10,549 11 870,31 | BT0,41 | bBo6b,06 | Bob,BY
H | [N | | |
(N} 0,817 ! 10,573 11 870.58 1 871,11 I 867,81 | 868,79
[N | [N} [ | |
] 0,852 | 10,622 11 872,56 | B72,62 | 08Tu.58 | 871,20
[N | (N | | |
" 0,896 | 10,664 11 873,63 1 B73,72 | ©B71.85 | 873,58
[N | (N} | 1 ]
(N} 0,932 | 10,699 11 874,65 | HKHT4,76 | B74,7) t 874,79
[N | [N} R | [
(N} 04970 1 10,735 11 874,69 | 875,13 1 875,06 | 875,26
(N} [} [N} J | H
] 1004 1 10,771 11 870,30 | B876,33 | 875,83 1 875,80
(N | [N | ) [}
SIXTH AVENUE [N] 1,044 | 10,807 1 877.1t I 877,24 | B75,97 1 876,19
. " | [N t | |
(X} 1,098 | 10,856 1) B878.35 | B7B,59 | 878,71 |1 879,03
(N ] [ [N ) | t
" 1,127 | 10,884 11 878,38 | 878,63 | 878,72 | 879,00
[N . | i ] | ]
] 14165 | 10,922 1! ©78.,80 | B879,02 | bB78,93 | 879,22
] ] (] 1 ! |

NOTEg swaxwa INDICATES CROSS SECTION NUT USED AT THAT LUCATION
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TABLE XV (Continued) :

WATER SURFACE ELEVATION

K} N}
" "
LOCATION ] CHANNEL (K] (FEET,NGVD)
h CROSS SECTIUN "
" NUMBER - "
1 " CHANNEL CUNDITIUN
" 1
] " PRESENT | IMPROVED
N} " |
" | " |
(N} | " UKBANIZATION | URBANIZATIUN
1) PRESENT | IMPROVED 11 |
[N | Il PRESENT | FUTURE | PRESENT | FuTukt
" | 1 | | |
" ) [ | | |
" 1195 1 10,953 1) 879,32 | A79,54 | 879,24 1 HK79,52
N | 1 | | 1
" 1.233 | 10,991 1| 680,41 | 880,55 | BBULS3T | 880,58
1 | " | | |
RIDGE RDeINGHAM PK || 1,263 | 11,021 1) 881,02 l) 881,77 | 881,23 | 881,32
1 | [N | | |
THIRD AVENUE " 1.311 | 11,080 |1 882,60 | 882,81 | B8B2,43 | BB2,63
' | K} | | |
1 1,329 ! 11,098 1l 882,63 | AB2,84 | 882,68 | BB2,84
1 1 " | | N :
UNIVERSITY AVENUE 11 1,363 | 11,133 |1 883,89 | 883,98 | ©83,83 | 883,9)
1 | I’ | 1 |
[N] 1397 | 11,168 |1 885,12 | 885,27 | 85,36 | H85,94
" | 1 | | |
SUNSET DRIVE " 1,433 | 11,204 1) 88S.42 | 885,60 | 8BS,52 1 BB6,03
" | " | 1 [ :
q] 1,459 | 11,231 11 885,06 | 885,81 | 885,72 | Bbb.13
N} | " | | |
" 1,481 | 11,253 1| 886.78 | 886,89 | BA6,7T | BBb6.8Y
1 | " ] | ]
ARROWHEAD DRIVE K} 1,504 | 11,276 || 887,13 | 887,45 | 687,13 1 887,43
K} | K | | |
:0 1,526 | 311,297 11 889,45 | 889,99 | 889,58 1| 889,83
] | | K} | | 1
SHERWNUD AVENUE K} 1,553 t 11,325 |1 89,60 | AR90,07 | 889,70 |1 889,93
N | H | | 1
" 1573 1 31,345 11. 890,64 | 890,43 | 890,66 | 890,30
" | 1 | | |
ADMIRAL AVENUE " 1606 | 11,378 11 891,09 | 891,13 | 890,93 | 890,82
" | N | ] 0
:l 1625 | 11,397 1) 891,51 ) B91,64 | 891,38 | 891,44
| | " | | |
:l 14640 1 11,432 1) 892,21 | 892,39 | 891,96 | 892,13
| | " \ | 1
H 16672 | 11,444 11 892,71 | 892,87 | 892,40 | 892,50
" | " | ' ]
HALL OF FAME N} 1,748 | 11,488 1) 893,92 | 894,39 | 893,55 | 894,33
K} | K} | | |
" 16777 1 11,546 11 898,73 | B99,08 | 898,66 1 899,02
" | 1 | | |
] 1815 | 311,584 11 898,95 | ARY99,24 | 598,86 | 899,14
" | N | ] |
10E UF SCS DaM 30 11 1853 1 11,622 1) 898,96 | 899,25 | 898,87 |
N} | N} | | 1

899,18
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TABLE XV

COMPARISON OF 100-YEAR WATER SURFACE ELEVATIONS

WATER SURFACE ELEVATION

(N] (K3
K] [N
LOCATION (] CHANNEL (N} (FEET,NGVD)
(] CROSS SECTION (X}
H NUMBER [N
[N] [N CHANNEL COUNDITIUN
[N] [N
[N ] PRESENT [} ImPROVED
[N [N |
(] | (] | )
[N | " URBANIZATION | UEBANXZAYIDN
Il PRESENY | IMPROVED 11 . |
It | 11 PRESENT |- FUTURE | PRESENY |- FUTURE
(N [} 1 | | |
- 1 | " - | . |
CONFLUENCE (] 0,090 1| 10,039 11 855,24 1 855,37 | 855,25 | 855,38
(K] | (N} [} [} |
Il wwannn 1 30,057 |1 waaman | wasanx | 856,21 | 856,34
N (. t o ! : i
H 0.178 1 10,095 1) 858,03 l656.21 | 8S7.22 | 857,34
(N} | (K] [} | | :
[N] 0,308 | 10.19§ Il 864,26 | (Bed,u4 | 859,61 | 859,74
[N | I | | [}
. TWELVETH AVENUE ] 0,398 1. 10.267 11 866,35 | 1560.57 I 861,33 | 861,46
(N] | [N [} [ [} .
[N} 0,430 | 10,299 11 866,55 | 866,74 | 864,80 | 865,22
[N [} [N | | |
OXBOwewILLIS AVE " 0,580 | 10,381 1V Bb67,44 | 867,62 | 865,14 | A6S5,S3
" | [N | | |
1) aemann | 10,400 11 wawwaw | awvwaax | 865,39 | 865,76
(N} [} (N] | | |
MEYERS PARK (N} 0,701 | 10,462 1) Bo6B,42 | 868,59 | 865,39 | 865,76
[N | i [} J |
NINTH AVENUE (K] 0,794 ! 10,549 11 870,42 | 870,41 | 866,99 | 867,21
[N | (N} | | [
] 0,817 1 10,573 11 871,20 | 871,32 | 869,35 | 871,00
] | (X | [ [ .
(] 0,852 | 10,622 ! 872,68 | 872,76 | 871,51 | 872,30
K] | [N [} [ [}
(N] 0,896 | 10,664 11 873,76 | B73,82 | B873,70 | 813,82
(] | " | . [ |
[N} 0,932 | 10,699 I 874,81 | 874,88 I 874,85 |- 874,99
(N | i [} | [}
h 0,970 |+ 10,735 11 B75,16 | - 875,21 | 875,22 | 875,3%
(N] ] (N | ) |
] 1,004 | 10,771 1) 876,37 | 876,43 | 875,91 | 875,99
(N | ] 1 ! |
SIXTH AVENUE (N 1,044 | 310,807 1) 877,29 | B77,36 | 876,22 | 876,80
H | [N ! t |
(N} 1098 | 10,856 11 878,68 | 678,83 | 879,21 I 879,42
[N [ [X] [} ! |
(N] 1127 | 10,884 |1 B878.72 | 878,88 | 879,24 1 879,46
(N [} [N | . | |
H 14365 | 10,922 11 879,09 | 879,23 1 879,37 | 879,58
(N I i ! [} [}

NOTE3 wwawan INDICATES CROSS SECTION NUT USED AT ThAT LOCATION
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TABLE XVI (Continued)

: WATER SURFACE ELEVATION
LUCATION

X "
(N} (N
] CHANNEL " (FEET,NGVD)
" CROSS SECTIUN K}
] NUMBER ]
] " CHANNEL CUNDITION
1 "
" ] PRESENT | IMPROVED
] K} |
(N] | o |
(N | (N URBANIZATION [ URBANIZATIUN
11 PRESENT | IMPROVED 11 : |
N | I} PRESENT | FUTURE | PRESENT | FUTURE
" | ] | | |
] | ii | | |
(N} 1,195 | 10,953 11 879,59 | 879,74 | 879,64 | 879,85
(N} | (N] | | |
N 16233 | 10,991 |1 BB0,S57 | 880,66 | B80,60 | 880,72
K} | ] [ | |
RIDGE RD=INGHAM PK || 1,263 | 11,021 1) 681,79 | 881,89 | 881,33 | 881,46
" | ' | | |
THIRD AVENUE (N} 1311 1 11,080 i1 882,85 | 882,96 | 682,65 | @BB2,88
K} | K] b 1 |
N 1329 | 11,098 || B82.,87 i 883,01 | 882,86 | 882,92
" | " | | |
UNIVERSITY AVENUE 11 1,363 | 11,133 1| 884,00 | 884,00 | 683,93 | 884,08
" | ] | | |
N 1397 | 11,168 1| 885,27 | 885,29 | 585,78 | 885,95
N} K 1 | [ [
SUNSET DRIVE (N} 10433 | 11,204 11 885,59 | 885,67 | 885,69 | Bbo.006
T | K | [ |
ah 10459 | 11,231 11 885,80 | 885,88 | 8Bb,01 | BB86.IE
. | [N] | | . |
(N 10481 | 11,253 11 886,90 | B8B86,98 | 886,88 | 886,97
] ] (N} | i |
ARROWHEAD DRIVE h 1,504 1 $1,276 11 B8BT7.,46 | B8B7,63 | 887,43 | BBT,63
(N} [ [N | | |
K} 1,526 | 11,297 11 889,50 | 890,40 | 889,83 | 890,42
K] | 1 | | | )
SHERWOOD AVENUE (] 1,553 | 11,385 11 889,08 | 890,46 | 889,93 | 890,47
(N] | (X1 | | |
N 1,573 | 11,345 11 891,05 | B90,50 | 891,02 | 890,51
K} | 1 | | |
ADMIRAL AVENUE " 1,606 | 11,378 11 891,41 | 891,26 | 891,24 | 890,99
" | 1 | | |
N 1,625 | 11.397 11 891,85 | 891,82 | 891,71 | 891,606
K} | K | [ |
(] 1,640 | 31,0812 11 892,47 | B92,61 | bB92,22 | 892,35
K} | " | | |
K} 1,672 | 11,844 1) 892,89 | 893,03 | 692,59 | 892,73
" | K} | | |
HALL OF FAME N} 1,718 | 11,488 11 894,40 | 894,46 | 894,42 | 894,50
" A K] | : | |
] 1,777 | 11,546 11 899,08 | 899,46 | 899,02 | 899,41
" | ] | | |
1 1,815 | 311,584 11 899,24 1 B99,57 | 699,18 | 899,53
. 1 | " | | |
TOE OF SC8 DAM 30 11 1,853 1 11,622 |11 899,25 | B99,58 | 899,18 | 899,53
N} | " | | )




180

TABLE XVII

COMPARISON OF 500-YEAR WATER SURFACE ELEVATIONS

WATER SUKFACE ELEVATION

[X] [JU
(K] [N
LOCATION ] CHANNEL (N (FEET,NGVD)
N CROSS SECTION [N
(N] NUMBER (N
(N : (N CHANNEL CUNDITIUN
[N (]
i (N PRESENT | IMPROVED
[N [N |
[N [} [ [} -
(X 1 (N URBANIZATIUN | URBANIZATION
11 PRESENT | IMPROVED 11 [}
(] | Il PRESENT | FUTURE | PRESENT | FUTURE
(N] | [N [} [ |
1 | [N} ] | [
CONFLUENCE ] 0,090 | 30,019 1) 855,80 1 856,01 | 855,65 | 855,79
(N} | " | | [}
11 masasa | 10,057 11 wmwnan | wrwann | 856,60 | 856,73
(N} | (K] | | |
(N 0,178 | 10,095 Il B8SH8,67 || 858,94 | B8S57,60 | 857,78
(N | [N [} | [}
(N} 0,308 | 10,195 1! 864,85 | 865,00 | 860,00 | 860,13
(N] | [N} [} | [}
TWELVETH AVENUE [N 0,398 | 10,2067 |1 867,04 |1 867,29 | 861,69 | Bol.83
[N | [N | | |
] 0,430 | 10,299 11 867,21 | B67,47 | 866,13 | Bo6b6,59
n | " | [ .
UXBOw=WILL1S AVE (N] 0,560 | 10,381 Il 868,05 | 868,28 | 866,37 | 866,81
(N ! K | | I
1) sasmame | 30,400 |1 wmewnxn | waxwpne | 860,51 | 866,93
" | " | | | .
MEYERS PARK (N] 0,701 | 10,462 1) 668,92 | B69,10 | B66,51 - | 866,93
(N} | (N | | : -
NINTH AVENUE (N 0,79G | 10,549 11 BT0,47 | 870,56 | 867,67 | 867,90
’ (N] | (N ] . | |
(N 0,817 | 10,573 1l 871,55 | 871,61 I 871,63 | 872,07
[N} [} [N [} | |
I 0,852 | 10.622 I! B872.96 | 873,07 | 872,76 | 872,97
[N | [N} ’ | | |
i 0,89 | 10,604 Il 873,98 | 874,05 | BT4,15 | 874,206
(N} | (N | | |
(N} 0,932 | 10,699 11 875,04 | 875,12 | ©75.18 1 875.29
(N] [} it | | |
(N} 0,970 | 10,735 11 879,29 | 875,4} I 875,63 | 875,64
[N | (K] | | |
[N 1,008 | 10,771 11 876,58 1 876,61 | 876,15 | 876,23
(K] | [N | | |
SIXTH AVENUE [N 1,084 | 30,807 1) B77.55 | 877,65 | 877,72 | 877,80
[N [} (N] | | |
[N] 1,098 | 10,856 11 879,14 | 879,33 | 879,59 1 879,82
(N [} (N] | | |
" 1,127 | 10,884 11 879,20 | 879,40 | 879,03 | 879,85
[N | (N] | | |
[N} 1165 | 10,922 1| 879,50 | 879,68 | 879,75 | 879,96
(N | Vi | | |

NOTES wwawan INDICATES CROSS SECTIUN NUT USED AT THAT LOCATION
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TABLE XVI1 (CONTINUED)

WATER SURFACE ELEVATION

" "
. " [
LOCATION (N] CHANNEL (N (FEET,NGVD)
‘ " CROSS SECTIUN "
" 'NUMBER (N
" K} CHANNEL CUNDITION
i " i
K t PRESENT | IMPROVED
1 " : |
1 | K} . ) | :
" | (N} UNBANIZATION | © UNBANIZATION
11 PRESENT | IMPROVED 11 . 1
[N] | . Il PRESENT | FUTURE | PRESENT | FUTURE
K | " | ' )
il i (K] | | |
1 1,199 | 10,953 11 879,97 | 880,15 | 880,03 | 880,23
" | ) (N | | |
K} 1233 | 10,991 Il 880,78 | 880,91 | B8B0,84 | 880,95
1 | o | | |
RIDGE RDINGHAM PK 11 - 1,263 | §1,021 11 82,03 || 882,14 | 881,60 | 681,72
" | N} N | |
THIRD AVENUE (N} 1,311 ) 11,080 1) 83,16 ) 883,33 | 883,13 | 883,34
" | " | | |
11 1,329 | 11,098 11 883,19 | 883,36 | 883,17 | 883,38
N | " | | |
UNIVERSITY AVENUE || 16363 | 11,133 1| 884,18 | B84,27 | BBW,IS | B84,20
" | K} | | |
(K} 1397 | 11,168 11 885,29 1 885,30 | 885,79 | 885,96
" | K} | | |
SUNSET DRIVE N 1,433 ) 11,204 11 885,73 1 8b9,84 | 885,94 | "B8b,.11
. (N} | " | | |
1l 1,459 1 11,231 1) 885,94 | B86,05 | BB6.11 | 886,27
1 | 1 | | |
" 1,481 | 11,253 |1 887,06 | 887,10 | BB7,06 | B87,15
" | N | | |
ARROWHEAD DRIVE (N} 1,504 | 11,276 || 888,58 | BBA,67 .| B8B.,63 | 888,08
: (N | " | | |
K} 1,526 | 11,297 11 890,01 | 890,41 | 890,03 | 890,43
: N | 1 | | |
'SHERWOUD AVENUE ] 1553 | 311,325 11 890,12 | 890,49 | 890,14 I 890,50
" | 1 | | |
(N 1,573 | 11,345 11 91,51 | 890,55 | 891,41 | 890,50
" | " | | |
ADMIRAL AVENUE " 1,606 | 11,378 11 B91,81 | 891,51 | 891,60 | 891,19
(N ] | (N | | |
" 14625 | 11,397 11 892,28 | 892,20 | 892,15 | 892,04
N} | 1 | | |
" 1,640 | 11,412 11 892.90 | 892,99 | 892,66 | 892,74
" | " l S |
" 1,672 | 11,444 11 893,19 1 893,28 | 892,90 | 892,99
N | (N} | | |
HALL OF FAME N} 1.718 | 11,488 1) B94,55 | 894,73 | 894,54 | 894,58
" | K} | | |
" 1,777 1 11,546 11 899,74 | 900,02 | 899,71 | 899,9s
" | " | | |
" 1,815 | 311,584 11 6899.83 | 900,09 | 899,80 | 900,06
(N | [N | | |
TOE OF SCS DAM 30 || 1853 | 11,622 11 899,84 | 900,09 | 899,80 | 900,00 -
1 | " | ] |
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TABLE ‘XVIII

FLOOD DAMAGE WATER SURFACE ELEVATIONS

8l DG :: FIKST FLOOR ::" 100=YEAR FLUOD WATER SURFACE ELEVATION
CODE It ELEVATIUN I (FEET,NGVD)
NO, V1 (FEET,NGVD) 11
:: :: CHANNEL CUNDITION,
:: :: PRESENT [ IMPROVED
] ] |
" " ]
(N ) URBANIZATION | URBANIZATIAN
:: :: PRESENT | FUTURE : PRESENT | FUTURE
" " ] (- '
NN " | | 1
1o 868,6 Il 868,31 | 868,48 | 867,77 | 867,77
2 :: A68,6 :: 868,42 : 868,59 : 867,77 : 867,17
3 :: 868,6 :: 868,71 :, 868,85 : 867,77 : 867,77
4 :: 868,5 :: 867,17 : 867,77 : 867,77 : 867,77
H :: 866,80 :: 867,77 : 867,77 : 867,77 : 867,77
o 11 88,5 T 867,77 | 867,77 | se7.77 867,77
7 :: R66,8 :: 867,77 : 867,77 : 867,77 : 867,717
8 :: B65,9 :: 867,77 : 867,77 : | 867,77 : 867,77
9 :: 866,3 :: 867,77 : 867,77 : }567-77 : BoT,77
10 :: 86643 :: 868,19 : 868,36 : 867,71 : 867,77
11 :: 875,0 :: 875,50 : 875,55 : 875,41 : 875,53
12 :: 875,0 :: 875,16 : 875,21 : 875,22 : 875,35
13 :: 875,0 :: 874,98 : 875,04 : 875,04 : 875,16
14 :: 872,9 :: 873,20 : 873,27 : 872,56 : 873,03
15 :: 871,8 :: 872.96 : 873,04 : 872,08 : 872,7u
16 :: 871,0 :: 872,68 : 872,76 : 871,51 : 872,30
17 :: 871,0 :: 871,44 : 871,55 : 869,70 : 871,21
18 :: 870,5 ::- 871,44 : 871,55 : 869,70 : 871,21
19 :: 870,7 :: 871,44 : 871,55 : 869,70 ; 871,21
20 :: 870,0 :: 872,68 : 872,76 : 871,51 : 872,30
21 :: 871,3 :: 873,10 - : 873,17 : 872,37 : 872,89
22 :: 873,7 :: 873,52 : 873,60 : 873,22 : A73,49
23 :: 873,7 :: 873,93 : 873,99 : 875,88 : ar4,0u
24 :: 873,6 :: 874,42 : 874,49 : 874,43 : 874,55
25 :: 873,5 :: 874,84 : 874,91 : 874,89 : 875,02
26 :: 874,3 :: 874,98 : 875,04 : 875,04 : 875,16
27 :: 875,0 :: 875,16 : 875,21 : 875,22 : 875,35
28 :: 875,3 :: 875,50 : 875,55 : 675,41 : 875,53
N i i | ]
[N (N | | |
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TABLE XVIII (Continued)

BLDG :: FIRST FLUOR :: 100=YEAR FLUOD WATEW SUKFACE ELEVATIUN
COVE 11 ELEVATIUN |} (FEET,NGVD)
NO, 11 (FEET,NGVD) I
: : : : CHANNEL CONDIIIUN
:: :: PRESENT ] IMPRIVED
' " '
" " i
(N} (X} URBANIZATION | URBANLIZATION
:: :: PRESENT | FUTURE : PRESENT | FUTURE
" " ! ' |
" " i | i
29 11 875,8 11 875,97 | 876,02 | 875,68 | 875,78
30 :: 876,2 :: 876,37 : 876,43 : 875.91 : 875,99
34 :: 877,0 :: 876483 : 876,90 : 876,06 : 876,40
32 :: 877,5 :: 877,56 : 877,64 : 876,80 : 877,30
33 :: 877,0 :: 877,29 : 877,36 : 876,22 : 876,80
34 :: B76,0 :: 876,83 : 876,90 : 876,06 : 876,40
35 11 875,011 876.37 | 876,43 | 875.91 | 875,99
36 :: 874,7 :: 875,97 : 876,02 : 875.68 : 875,78
37 :: 874,4 :: 875,50 : 875,55 : 875,41 : 875,53
38 :: 874,2 :: 875,16 : 875,21 : 875,22 : 875,35
39 1 873,2 T 874,98 | 875,00 | 875,04 | 875.16
a0 :: 872,2 :: 874,84 : 874,91 : 874,89 : 875,02
ug :: 872,2 :: 874,64 : 874,71 : 874,69 : 874,80
42 :: 872,4 :: 874,28 : 874,35 : 874,28 : 874,40
a3 :: 872,6 :: 873,93 : 873,99 : 673,88 : 874,00
4y :: 872,6 :: 873,52 : 873,60 : 873,22 : 873,49
us :: 871,7 :: 873,20 : 873,27 : 872.56 : 873,03
46 :: 870,7 :: 872,68 : 872,76 : 871.51 : 872,30
a7 :: 870,5 :: 871.44 : 871,55 : 869,70 : 871,21
us :: 870,5 :: 871,44 : 871,55 : 469,70 : 871,21
49 :: 871,5 :: 871,44 : B71,5% : 869,70 : 871,21
S0 :: 870,0 :: 872,68 : 872.76 : 871,51 : R12,30
St :: 871, :: 872.96 : 873,04 : 872,08 : 872,70
52 :: 873,7 :: 873,20 : 873,27 : 872,56 : 873,03
53 :: 678,7 :: 879,09 : 879,23 : 879,37 : 879,58
54 :: 880,0 :: 879,79 : 879,92 : 879,683 : 880,02
55 :: 880,2 :: 880,57 : 880.60 : 880,60 ': 880,72
56 :: 882.0 :: 881,79 : 851,89 : 881,33 : 881,46
N h : | i
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TABLE XVI11 (Continued)

" "
BLDG 11 FIRST FLUOR 1) 100=YEAR FLUOD WATER  SUHFACE ELEVATION
CUODE 1| ELEVATION I . (FEET,NGVD)
NO, 11 (FEET,NGVD) |1
' "
" " CHANNEL CUNDITIUN
X 1 ,
" 1 PRESENT [ IMPROVED
" " |
] " |
" " URBANIZATION [ URBANIZATION
] " |
N It PRESENT | FUTURE | PRESENT | FUTURE
" 1 -l [ |
(1] 1 | i ' R
ST 11 881,0 Il 882,85 | 882,98 | 882,65 | 882,88
" " | | |
s8 11 880,2 1l 882,85 | BB2,98 | BB2.05 | 882,88
] 1] | | [
59 11 881,5 Il 881,79 | 881,89 | 881,33 | BB1,40
] i | 1 |
60 11 883,0 11 883,12 .| 883,24 | 883,10 | H83,18
N " | | |
61 11 AB2,7 11 883,12 | 883,24 | 883,10 | 883,18
1" " | (I |
62 I 882,2 i1 883,12 | 883,24 | 683,10 | 883,18
] ] | | [
63 11 883,7 11 884,27 | 884,33 | BB4.33 | 884,48
1] " | [ [
64 11 886,0 11 885,34 | B8S5,37 | 885,80 | 885,97
" N [ o |
65 1| 885,0 11 885,34 .| 885,37 | B85.,80 | 885,97
" " | | |
66 11 886,2 Il 885,59 | 885,67 | 885,89 | 886,006
" 1 [ [ | :
67 11 885,0 Il 885,99 | 886,07 | ©86.16 | 886,32
" ] | ! |
68 11 884,7 11 885,99 | 886,07 | 886,16 | B8¥6,32
1 ] | | |
69 11 886,2 Il 885,99 | 886,07 | 8Bo.16 | 886,32
" "o | | |
0 1 889,2 1) 889,50 | 890,40 | 889,83 | B90,42
" . ] | [ |
LA 889,0 1l 889,50 | 890,40 | B8BY,83 | B90,42
H (N ] ] [} |
72 1 889,2 1) 689,50 | 890,40 | 889,83 | 890,42
N : i | | |
AN 890,2 1) 889,50 | 890,40 | 889,83 | 890,42
" ] | | |
Ta 01 890,2 1l 889,68 | 890,46 | 889,93 | 890,47
" 1] | | )
5 1 890,0 11 BB9.,68 | 890,46 | 889,93 | BY0.47
" " [ | [
To W 889,2 1) 889,68 | 890,46 | 889,93 | 890,47
] "o | 1 |
7 0 890,7 11 889,68 | 890,46 | 889,93 | 890,47
" " \ | |
78 i 890,7 11 891,09 | 890,59 | 891,05 | 890,50
] N | | ) :
79 1 869,7 Il 891,09 | 890,59 | 891,05 | 890,56
H ] | | |
80 11 891,5 1l 891,41 | 891,26 | 891,24 | 899,99
" " | | |
81 11 492,0 i1 892,00 | 892,02 )} 891,84 | 891,83
" 1" | | [
82 1 892,5 11 892,00 | 892,02 | 891,64 | 891,83
] ] | [ |
" " | | |
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TABLE XIX

1970 FIA DEPTH-DAMAGE DATA TABLE
(MODIFIED SET A)
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TABLE XIX (Continued)

Y
DEPTH 1| DAMAGE
(FEET) 11} (PERCENT OF STRUCTURE VALUE)
"
T X
Il ONE STORY RESIDENCE 1! TWO STURY RESIDENCE
T NO BASEMENT 1 NO BASEMENT
T i
11 STRUCTURE | CONTENTS |1 STRUCTURE | CONTENTS
X ) T I
T ) T I
2.0 11 30,0 | 50,0 11 16,0 | 28,0
2.1 N 30,5 | S0,8 I 16,2 | 29,0
2,2 1) 31,0 | S1.8 |1 16,8 | 30,0
2.3 I 31,8 | 53,0 I 17.2 | 31,0
2.4 11 32,2 | S4,0 1 17,5 | 32,0
2.5 I 32,8 | 54,8 || 18,0 | 33,0
2.6 11 33,2 | 55,8 |1 18,2 | 33,8
2.7 11 33,8 | S6.8 i 18,8 | 34,5
. 2.8 1 34,2 | 57,8 |1 19.2 | 35,5
2.9 11 34,8 | S8,8 1! 19,5 | 36,2
i | " ]
3,0 1) 35,0 | 60,0 |1 20,0 | 37,0
3,1 )1 35,5 | 61,0 |} 20,5 | 37.5
3.2 1 36,0 | 61,8 1} 20,8 | 38,2
3,3 11 36,5 | 62,8 11 21.2 | 39,0
3.4 11 36,8 | 63,5 I 21.8 | 39,5
3,5 1) 37.2 | 64,2 I} 22,0 | 40,2
3.6 1) 37,5 | 65,2 11 22,5 | 40,8
3.7 38,0 | 66,0 |1 22.8 | 41,5
3.8 11 38,2 | 66,8 |1 23.2 | 42,0
3.9 11 38,8 | 67,2 |1 23,5 | 42,5
i I i ]
4,0 1 39,0 | 68,0 | 24,0 | 43,0
4,1 39,2 | 68,8 I 24,2 1 43,5
4.2 VI 39,5 | 69,2 I 24,7 | 44,0
4,3 11 39,8 | 70,0 11 24,9 | 44,4
4ot 11 40,0 | 70,5 11 25,3 | 44,9
4.5 11 40,2 | 71,2 |1 25.6 | 45,3
4o 11 40,5 | 71,8 11 25.8 | 45,7
4,7 1) 40,7 | 72,2 1| 26,2 | 46,1
Ge8 1) 40,8 | 73,0 1) 26,4 | 46,4
4.9 1) 40,9 I 73,5 11 26.7 1 46,7
5,0 11 41,0 | 74,0 41 27.0 | 47,0
h I T |
X ) T i
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