
A METHODOLOGY TO ASSESS THE IMPACT OF A CHANGING 

FLOOD PLAIN DETERMINATION ON AN 

UNGAGED URBAN BASIN 

By 

ROBERT LOUIS TORTORELLI 
I\ 

Bachelor of Science 
University of lllinots 

at Urbana-Champaign 
Urbana, I 11 i no i s 

1967 

Master of Science 
University of Illinois 

at Urbana-Champaign 
Urbana, 111 ion is 

1969 

Submitted to the Faculty of the Graduate College 
of the Oklahoma State University · 

in partial fulfillment of the requirements 
for the Degree of 

DOCTOR OF PHILOSOPHY 
May, 1981 



Tl e515 
/Cl~ ID 
T~l~m 

(!...op.~ 

.. 



A METHODOLOGY TO ASSESS THE IMPACT OF A CHANGING 

FLOOD PLAiN DETERMINATION ON AN 

UNGAGED URBAN BASIN 

Thesis Approved: 

~~n ,c£Zc[~ 
Thesis Adviser 

CD~·f~ 

Dean of the Graduate College 

i i 

1090840 l . 



ACKNOWLEDGMENTS 

I would like to express my sincere appreciation and thanks to Dr. 

Richard N. DeVries, my major adviser, for his assistance, understanding, 

and friendship throughout my course of study. He has given me valuable 

instruction and experience both in the classroom and in practical engi-· 

neeri ng. 

In addition, I would like to thank my committee members, Dr. M. H. 

Bates, Dr. A. F. Gaudy, Jr., Dr. D. C. Kent, Dr. D. F. Kincannon, and 

Dr. A. K. Tyagi, for their instruction and suggestions. 

My wife, Phung, and three sons, Michael, John, and Richard, richly 

deserve special credit for the love, encouragement, and support they have 

given me while I have been in this program. 

am grateful for the friendship, and suggestions of my colleagues 

of the U.S. Geological Survey (USGS), Tom Huntzinger, and DeRoy Bergman, 

while I was working on this investigation. I appreciate the use of the 

Oklahoma District USGS computer facilities, made possible by Jim Irwin, 

District Chief. 

Thanks are extended to Ms. Charlene Fries for her accurate typing of 

this dissertation, and to Ms. Suzanne Spears for her careful drafting of 

some of the figures. 

I appreciate the help, and friendship of my fellow students, Ors. 

Esfandi, Manickam, and Sheridan, and Masters students McAllister and 

Schmidt, and others during my course work. 

i i i 



Finally, I wish to acknowledge the financial assistance I received 

during my course work from the U.S. Environmental Protection Agency 

Training Grant T900845010. 

iv 



TABLE OF CONTENTS 

Chapter 

I. INTRODUCTION 

Study Objective . 

I I. LITERATURE REVIEW •. 

National Flood Insurance Program. . •.. 
lnt~oduction . . . . . . . . . . .•. 
The Floodway . . . . . • . . . . . . . • . • 
Conflicting Flood Plain Determinations •. 

Effect of Urbanization. . • 
Introduction .....•.. 
Impact on Peak Rates • . . 1 • 

Impact on Lag Time . . . .... 
Flood Hydrograph and Peak Flow Frequency Techniques .. 

Introduction ... . 
Classification .. . 
Urban Model Comparisons ... 
Determination of Model Use .. 

Hydro 1 ogy . . . . . . . • • . 
Introduction . 
Design Storm 
Abstractions . 
Hydrograph Development . 
Hydrograph Routing 

Hydraulics ...... . 
Int reduction . • • 
Model Differences •. 

Urban Flood Damagei 
Introduction ... 
Direct Damages .. 
Uncertainty Damages •. 
Flood Damage Factors 

I I I. BASIC DATA .... 

Int reduction. . 
Maps. . . . . 
Photographs . 
Cross-Section Information 

v 

,. 

Page 

3 

6 

6 
6 
7 
8 

11 
11 
12 
16 
16 
16 
17 
21 
23 
23 
23 
24 
29 
30 
35 
36 
36 
36 
37 
37 
38 
43 
43 

45 

45 
45 
46 
48 



Chapter 

IV. HYDROLOGY. 

Introduction. 
U.S. Geological Survey Regression Equations • 

Introduction ... 
Ungaged Ru ra 1 Site . • . . . 
Un gaged Urban Si te . . . . . 

Soil Conservation Service Method. 
Introduction ••..•...• 

. . 
Rainfall-Runoff Equation . . . ..• 
Triangular Hydrograph Equat(on .•• 
Input Parameters .••• 

Design Storm. . . .•• 
Frequency .. 
Duration .. 
Amount . • • . 
Distribution . 

Basin Subareas .. 
Abstractions •... 

Hydrologic Soil Groups . 
Urbanization .•... 
Curve Numbers .•.. ~ .. 
Antecedent Soil Moisture •. 

Time of Concentration ~ ... 
Channel Routing .•...•. 

Convex Routing Method. . . ... 
Cross-Section Rating Curves •• 

Reservoir Routing ..••... 
Storage-Indication Method. 
Storage Curves . . . . . . 
Outlet Works Rating Curves • 

Watershed Schematic Di~grams .•• 
Peak Discharges--Preliminary Run. 
Peak Discharges--Final Run .. 

V. HYDRAULICS ..... 

Introduction. . 
Flood Elevation Determination 
Floodway Determination ••. 
Flood Hazard Determination .. 

VI. FLOOD DAMAGES ..•. 

Introduction. 
100-Year Flood Direct Damage Cost 

VI I. SUMMARY AND CONCLUSIONS .. 

Summary ..... 
Hydrology. . 

vi 

Page 

49 

49 
50 
50 
50 
51 
53 
53 
54 
57 
59 
59 
59 
61 
61 
62 
62 
67 
67 
69 
69 
69 
74 
76 
76 
77 
80 
80 
81 
81 
82 
82 
89 

102 

102 
102 
113 
114 

119 

119 
119 

127 

127 
128 



Chapter 

Hyd rau 1 i cs • . 
Flood Damages. 

Conclusions •.. 

VI II. SUGGESTIONS FOR FUTURE STUDY. 

BIBLIOGRAPHY •...•..•. . . . 
APPENDIX A - WATERSHED SCHEMATIC DIAGRAMS . 

APPENDIX B - HYDROGRAPH PLOTS ..... . 

APPENDIX C - WATER SURFACE PROFILE PLOTS •. 

APPENDIX D - PROFILE SUMMARY TABLES ..• 

APPENDIX E - COMPARISON OF FLOOD WATER SURFACE ELEVATIONS 

APPENDIX F - FLOOD DAMAGE WATER SURFACE ELEVATIONS .. 

APPENDIX G - DEPTH-DAMAGE DATA. 

vii 

Page 

129 
130 
130 

133 

134 

143 

150 

155 

164 

173 

184 

186 



LIST OF TABLES 

Tab le 

I. Runoff Curve Numbers for Selected Agricultural, 
Suburban, and Urban Land Use . 

I I. Comparison of SCS Curve Numbers 

I I I. Preliminary Discharge Determination, Present Channel­
Present Urbanization ....•...... 

IV. Peak Discharge Determination, Present Urbanization .. 

V. Peak Discharge Determination, Future Urbanization 

VI. Peak Discharge Utilized for Flood Study Analysis 

VI I. Comparison of Flood Insurance Zones 

VI 11. Individual Building Damage Comparisons . 

IX. Total Damage Comparisons, Four Basin Alternatives 

x. 

XI. 

XI I. 

Profile Summary Table for Present Channel, Present 
Urbanization . . . . . • . . . , . • . . . . . . . 

Profile Summary Table for Jmproved Channel, Present 
Urbanization ....•............. 

Profile Summary Table for Present Channel, Future 
Urbanization . . . . . • . • . . . . • • . . . . 

XI I I. Profile Summary Table for Improved Channel, Future 
Urbanization . . . . . . . . . .. 

XIV. Comparison of 10-Year Water Surface Elevations .. 

XV. Comparison of 50-Year Water Surface Elevations 

XVI. Comparison of 100-Year Water Surface Elevations 

XVI I. Comparison of 500-Year Water Surface Elevations 

XVI I I. Flood Damage Water Surface Elevations 

XIX. 1970 FIA Depth-Damage Data Table (Modified Set A) 

vi i i 

Page 

71 

72 

86 

90 

92 

99 

116 

122 

125 

165 

167 

169 

171 

174 

176 

178 

180 

183 

. 187 



LIST OF FIGURES 

Figure 

1. Duck Creek Basin . 

2. Floodway Schematic • 

3. Effects of Watershed Development 

4. Effect on Flood Magnitude of Paving 20% of a Basin 

5. Effect of Urbanization on Mean Annual Flood for 1-mi 2 Drainage 
Area 

6. Soil Conservation Service Twenty-Four-Hour Rainfall Distri-

Page 

5 

9 

13 

15 

20 

bution . . . . . . . 28 

7. Hydrograph Terminology 31 

8. Application of the Unit Hydrograph . 34 

9. Flood-Damage-Depth Curve for Urban Property. 40 

10. Historical Depth-Damage Curve. • 40 

11. Comparative Depth-Damage Curves. 42 

12. Computational Procedure for Average Annual Flood Loss. 42 

13. Examp 1 es of Channe 1 Photographs. . . . . 47 

14. Mean Annual Precipitation for the Period 1931-60 . 52 

15. Schematic Curves of Accumulated Rainfall (P), Runoff (Q), and 
Infiltration Plus Initial Abstraction (F+la) Showing the 
Relation Expressed by Equation 4-16. . . . 55 

16. Triangular Hydrograph Relationships. 58 

17. Composite Hydrograph from Hydrographs for Storm Increments 
llD • • • • • ·• • • • • • • • • • • • 58 

18. Dimensionless Unit Hydrograph and Mass Curve 60 

19. Rainfal 1 Depth-Duration-Frequency Curves for Duck Creek. 63 

ix 



Figure 

20. Six-Hour Design Storm Distribution 

21. Simple Subarea Configuration .. 

22. Complex Subarea Configuration . . 
23. Hydro logic Soil Groups on Duck Creek 

24. Future Urbanization on Duck Creek 

25. Average Velocities for Estimating Travel Time 
for Overland Flow ....•..•. 

26. Example Cross Section for Present Channel 

27. Example Cross Section for Improved Channel . 

28. Watershed Schematic Diagram for Present Channel-Present 

29. 

30. 

31. 

32 .. 

33, 

34. 

35, 

Urbanization, Simple Subarea Configuration ..... . 

Watershed Schematic Diagram for Present Channel-Present 
Urbanization, Complex Subarea Configuration 

10-Year Flood Hydrographs at the Mouth of Duck Creek 
I 

50-Year Flood Hydrographs at the Mouth of Duck Creek 

100-Year Flood Hydrographs at the Mouth of Duck Creek 

500-Year Flood Hyd rog r a phs at the Mouth of Duck Creek 

Comparison of 10-Year Flood Water Surf ace Profi 1 es . 

Comparison of 100-Year Flood Water Surface Profiles 

36. Watershed Schematic Diagram for Improved Channel-Present 
Urbanization, Simple Subarea Configuration .•.... 

37. Watershed Schematic Diagram for Improved Channel-Present 

... . . 

. . . . 

. . . 

Page 

64 

65 

66 

68 

70 

75 

78 

79 

83 

84 

95 

96 

97 

98 

105 

109 

144 

Urbanization, Complex Subarea Configuration ......... 145 

38. Watershed Schematic Diagram for Present Channel-Future 
Urbanization, Simple Subarea Configuration .......... 146 

39. Watershed Schematic Diagram for Present Channel-Future 
Urbanization, Complex Subarea Configuration ..... 147 · 

40. Watershed Schematic Diagram for Improved Channel-
Future Urbanization, Simple Subarea Configuration ...•.. 148 

41. Watershed Schematic Diagram for Improved Channel-
Future Urbanization, Complex Subarea Configuration ...•.. 149 

x 



Figure Page 

42. Flood Hydrographs at the Mouth of Duck Creek for Present 
Channel-Present Urbanization . . . . . . . . . 151 

43. Flood Hyd rog ra phs at the Mouth of Duck Creek for Improved 
Channel-Present Urbanization . . . . . . . . . . 152 

44. Flood Hydrographs at the Mouth of Duck Creek for Present 
Channel-Future Urbanization . . . . . . . . . . . 153 

45. Flood Hyd rog ra ph s at the Mouth of Duck Creek for Improved 
Channel-Future Urbanization . . . . . . . . . . . 154 

46. Water Surface Profile Plots for Present Channel-Present 
Urbani za t ion • . ' • . . . . . • • . . . . . . . . . . . . • . . 1 56 

47. Water Surf ace Prof i 1 e Plots for I mp roved Channe 1-Present 
Urbanization .....•.....•............. 160 

xi 



LIST OF SYMBOLS 

A contributing drainage area of a watershed, mi 2 

C channel routing coefficient in convex routing method 

Cd direct damage for a particular flood event, dollars 

CN curve number, or hydrologic soil-cover complex number 

d depth of flooding, ft 

D duration of rainfall storm, hr 

Dt total damage to structure and contents, dollars 

F infiltration occurring after runoff begins, in. 

F fraction of contents damaged 
c 

F fraction of structure damaged 
s 

inflow rate, ft 3/s 

I initial abstraction, in. 
a 

K constant for triangular hydrograph, 484 

Kd marginal flood damage per unit of depth, ft-l 

M market value of inundated structure, dollars s 

n Manning's coefficient of roughness 

0 outflow rate, ft 3 /s 

P total storm rainfal 1, in. 

P mean annual precipitation, in. 
a 

P potential runoff, or effective storm runoff, storm rainfall minus 
e 

initial abstraction, in. 

P probability, in this study the probability of a specific 
r 

floor event occurring in any one year 

xii 



peak rate of discharge, ft 3/s 

direct runoff, in. 

peak rate of discharge, ft 3/s 

urban .adjustment factor, ratio of the mean annual flood under 

urban conditions to rural conditions 

S storage volume, ft 3 

S potential abstraction, in. 
a 

S main channel bottom slope, determined from elevation at points 
0 

t 

t c 

10 and 85 percent of distance along the channel from the gaging 

station to drainage divide, ft/mi 

time elapsed, hr 

base time, total duration time of runoff hydrograph, hr 
I 

time of concentration, the time it takes water to flow from the 

hydraulically most remote point on a watershed to the watershed 

outlet, hr 

t time to peak of a runoff hydrograph, hr 
p 

tl lag time, the time from the center of mass of effective rainfall 

to the center of mass of the runoff hydrograph, hr 

T recurrence interval or return period, average time interval between 

occurrence of a hydrological event of a given or greater magnitude, 

yr 

V velocity, ft/s 

~ volume of water, in both effective rainfall and runoff hydrograph, 

in. 

V market value of structure, dollars 
c 

Vs market value of contents, dollars 

xi i i 



CHAPTER I 

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 ls 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 flood losses exceed $1 bill ion 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, metropolitan 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 a year 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). 
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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 

manage new development in areas subject to flooding in order to minimize 

flood damage. In 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 prerequi~ite in,the commun'ity's continued participa-

tion in the National Flood Insurance Program. Basically, detailed engi-

neering (field) studies and backwater analyses are made that result in 

1 the determination of the 10-, 50-, 100-, and 500-year flood profiles and 

that provide data necessary for floodway determination. From this infer-

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 

1The 10-year flood has the probability of occurring once in ten years. 
The probability of a specific flood occurring in any one year is Pr= l/T; 
where P is the probability and Tis the return period or frequency. Thus, 
the probabi 1 ity of a 10-year flood occurring in any one year is: Pr= 1/10 
or I 0 percent. 



will exist in the commuhity 12 months following completion of the draft 

report'' (44, pp. 2-4). 
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Urban development of the watershed basically affects drainage charac­

teristics in two ways: (1) reduction in infiltration losses because of 

covering the permeable soils with streets, parking lots, roofs, etc.; and 

(2) provision of more hydraulically efficient drainage systems (storm sew­

ers, improved channels, etc.). These changes generally result in an over­

all increase in storm runoff volume because of reduced infiltration losses 

and higher peak runoff rates because of shorter concentration time in the 

more efficient dranage systems (55). Ther:efore, 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, take a hypothetical homeowner who takes t"he precaution 

of checking the existing flood h~Zard maps and whose home is clearly out 

of any flood-prone area. Then in the future, say ten years later, a new 

set of flood hazard maps is produced and his home is in a flood-prone 

area due to watershed development. What is the impact of the change in 

the designated flood-prone area? 

Study Objective 

The objective of this study ls to develop a methodology to assess 

the. impact of a changing flood plain determination on an ungaged urban 

basin. Duck Creek, Stillwater, 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 
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(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. 

4. 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 should correlate approxi­

mately with the present flood hazard maps (26), 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 develc;:>ped. 

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 hazard 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 areas of the nation than ever before--and it is affordable. The 

National Flood Insurance Program (NFIP) is responsible for making it avail­

able (37). 

Over the past 40 years the United States government has been unable 

to stop the annual increase in flood losses by structural flood-control 

measures (75). A feasibility study requested by Congress found that in 

addition to Jncreasing 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 defect and that without man­

datory requirements to promote sound flood 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). 
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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 Floqd Insurance Studies for 
flood-prone communities. 

4. 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. The NFIP has 

subsidized rates (11,.17, 105), but it should result in more information 

and better location decisions. 

Insurance companies have published easy-to-understand articies ex-

plaining flood insurance (37) and the federal government has prepared a 

pamphlet which explains the NFIP in clear, layman terms (85). In addi-

7 

tion, flood plain management guidelines for federal agencies (4, 46) have 

been adapted so that federal agencies may "lead the Nation by exemplary 

demonstration of a comprehensive 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 Floodway 

One of the important components of the FIS is the inclusion of a 
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designated "floodway" for a watercourse. For flood plain management 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 

designa~ed floodway. 

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

diagram (Figure 2). Guide] ines 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 
(44, pp. 2-13). 

Confl ictlng 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 interests. 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 much 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 cross sections 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: (I) 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 11n11 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 r~sults (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 



engineering judgment. Calibration of 11n11 values may be possible if re­

corded elevations and discharges are available (5). 
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Large differences in the areal coverage of a particular flood event 

may be the result of either the.contour interval or the relative accuracy 

of maps used for flood plain determinations. Topographic maps have an ex­

pected accuracy of one-half conto,ur interval. Also 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 val id, 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 on the hydrologic response of the watershed dur­

ing flood conditions (61). 

The urbanization process affects the drainage characteristics of a 

watershed in two basic ways: (1) rendering a large portion of the land 

impervious by covering the natural ground 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

off 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 significant effect of urban development 

is to produce flood hydrographs of increased magnitude that are quicker to 

rise and recede than those for natural 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 hydrologic effects of urbanization. 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 of the attempts to quantify 

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 systems 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 stream 

channels and the basin surface may increase average flood peak magnitudes 

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 



u. u. 
0 z 
::::> 
a: 
u. 
0 
w 
tc a: 

HYDROGRAPH OF DEVELOPED 
AREA 

Source: Hare (55). 

HYDROGRAPH OF UNDEVELOPED 
AREA 

TIME 

Figure 3. Effects of Watershed Development 
-VJ 



14 

to a fully developed residential urban basin ·will increase the flood peak 

at the 2-year recurrence interval by about 1.4 times, at the JO-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 di_s­

charge due to urbanization is significantly 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: (I) small floods may be increased by a fac­

tor of JO or more depending· on the amount of urbanization, and (2) 100-

year floods may be doubled by the complete urbanization of a basin i.f at 

least 30% paving occurs. Simulations by Walesch and Videkovich (107) in~ 

dicated that JOO-year peak discharges at different 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 Jess 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 dee] ines 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 as changes in the low recur­

rence interval flows. Anderson (3, p. 20) stated, 11A completely impenii­

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 JOO-year flood. 11 
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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 

channels replace the natural channels with storm sewers or channel im­

provements that convey flow efficiently. Therefore, another net effect 

on a watershed that has considerable urban development as compared to its 

natural condition is that of increased speed of runoff or reduced lag 

ti me (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 system1 Bras and Perkins (14) 

showed urbanization 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

er.ease from 57% to 15% of the natural basin lag time as urbanization in­

creased by Cruise and Contractor (31). McCuen (76) demonstrated that 

time-to-peak changed very little on a developed watershed in Maryland as 

compared to the natural basin. 

Introduction 

Flood Hydrograph and Peak Flow 

Frequency Techniques 

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 future urbanization 

may no.w 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 frequ~ncy techniques, primarily digital 

computer models of varying complexity, are now available to predict the 

impact of urban development and provide data for land-use planning in 

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 concise overview of all categories of flood flow frequency pro­

cedures with descriptions of 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 categories: 

(I) 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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hydrograph or series of hydrographs, including a peak flow, by simulating 

the rainfall-runoff process. 

Empirical formulae 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 comprehensive summary of various 

methods which utilize hydrologic variables in 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 analysis of historical streamflows utilizes streamflow re­

cords to directly estimate peak discharges at various frequencies. If 

adequate records exist and the watershed has not changed during that peri­

od of record, then this method may produce a good estimateofa watershed's 

flood responses in its present condition (41). The Water Resources Coun­

cil 1 s guidelines (52) describe the currently recommended techniques for 

utilizing the Log Pearson Type I I I distribution with numerous 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 streamfJows 

under some future watershed condition or if the basin has undergone signi­

ficant changes during the period of record (41). 

Statistical flood 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 1 s statewide 
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regional analysis multiple regression equations. Thomas and Corley'~ re­

port for Oklahoma (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) (Figure 5). This method is subject to statisti­

cal error. 

When it is necessary to use a watershed mode 1 instead of the s imp 1 i­

f i ed empirical or statistical methods? The watershed models are usually 

required when: (1) an entire hydrograph is desired; (2) analyzing complex 

areas; or (3) the proposed future watershed response characteristics are 

changing. Watershed models are particularly 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 so 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 physical process and can be determined directly from 

easily available geographic data. As single 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 performed to make predictions for design pur­

poses ( 41). 

Most of today's continuous watershed models are derived from the 

Stanford Watershed Model. One bf the most widely known of these deriva­

tions is the National Weather Service 1 s NWSRFS model (84). The U.S. Army 

Corps of Engineers• 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 

synthetically generated. This type of model is often criticized for its 

enormous data requirements. Usually the cost of assembling the necessary 

data often prohibits the use of these models in all but th~ 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, reliability, 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 performance (2). 

However, there have been several efforts to categorize 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 pre I iminary 

evaluation of their relative capabilities, accuracies, and ease of appl i-

cation. Six single event urban rainfall-runoff quantity models commonly 

used by federal agencies were compared by Williams (111) and categorized 

by engineering uses, model use costs, and model resource needs. Rawls 

(86) reviewed 12 articles containing comparisons of urban flood flow fre-

quency procedures. 

There is an interesting program presently underway by the U.S. Water 

Resources Council (WRC). The WRC is testing procedures for estimating 

flood magnitude and frequency for ungaged watersheds (41, 102). In the 

first stage of the test, several people wil I estimate flood-frequency 

curves (2-, 10-, and 100-year peak discharges) at 65 watersheds in north~ 

western and central United States using ten different estimating tech-

niques. The ten different techniques, to be tested, including some models, 

are: 

I. 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 
Manager, Pima County Highway Department, Tucson, Arizona). 

4. 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 models 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 extensive data and 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 hydrologically complex area with many fac­

tors contributing to the rainfal I-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-

1 ic 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 percentage of impervious cover; and (2) .watersh~d 

geometry such as area, length, shape, 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) developing 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 considered in a design storm are (106): (1) 

frequency, (2) duration, (3) amount, (4) temporal distribution, and (5) 

spatial distribution. 

In general, it is desirabJ,e 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: (I) runoff frequency is assumed 

to be equal to rainfall frequency, and (2) runoff frequency is calculated 

independently of rainfall frequency (41). The first assumption is often 

used (7, 10, 41, 55) because it simplifies the required analysis and be­

cause the second technique requires runoff records to devel9p. 

· Procedures for the computation of frequency curves of stat ion preci­

pitation are generally identical to those for streamflow analysis (6, 22, 

23). However, instantaneous peak intensities are not usually analyzed, 

but linked with amounts for specific durations to obtain depth-duration­

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 small watersheds, 

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 and individuals contributing data. The recording gages proviqe 

a complete time-intensity history of rainfall events with the non-record­

ing gages used primarily for 24~hour rainfall amounts. As previously men­

tioned, the data are used to compute depth-duration-frequency curves. 

Next to the degree of water~hed imperviousness, the storm pattern 

used in a study is the most important factor. Runoff changes significant­

ly with temporal rainfall distribution (1, 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 time pattern for any given storm frequency is satisfactory, if the 

depth-duration relationship represents an average of all storms of that 

frequency (8). A 11 balanced 11 storm rainfall pattern is constructed from 

the depth-duration-frequency curves consisting 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 minutes of the 

synthetic pattern, the 1-hour depth is contained in the peak l hour of 

the curve, etc. 

How the incremental volumes should be arranged to form a typical pat­

tern has been the subject of much research. Huff (63) studied the time 

distribution of heavy rainfalls from small central Illinois 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 SGS has developed two 24-hour storm patterns cal led Type I and 

Type 11 (Figure 6) (65, 71). The curve used depends on the part of the 

United States that is being studied. These mass curves were derived 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 the most in­

tense two hours of the curve. These two hours are then incremented and 

the 24-hour rainfall amount is multiplied by the incremental curve values 

(54). 

The SGS has also developed a 6-hour design storm distribution used 

in developing emergency spillway and freeboard hydrographs (58). This 

curve is very similar to Huff's 50% (median) second quartile curve (63, 

l 06). 

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, 101). 

Rainfall depth-duration-frequency data are developed from point rain­

fall information. When the data are applied to large watersheds, 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 thun­

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 11 losses 11 that do not show up as 

storm runoff. Therefore, the volume of s tormwater runoff is equa 1 to the 

volume of effective 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 included in initial abstraction which includes all 

the storm rainfall occurring before surface runoff starts (65, 104). De­

tailed discussions of these components 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 surface. Infiltration is a very important 

factor because it nbt only affects the timing, but also the distribution 

and magnitude of surface runoff (54, 106). 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 capacJty, infiltration rate tends to 

decrease in an exponential manner. Discussion of specific infiltration 

functions may be found in hydrology references (22, 59, 65, 106) and in 

each model 1 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 is the most versatile approach to hydro-

graph synthesis of excess runoff (40) and this method is utilized in most 

hydro logic models (93). The following discussion is a brief overview of 

hydrograph nomenclature, 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 Din 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 q ; the time 
p 
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from the start of the hydrograph to q is the time to peak t . The total 
p p 

duration time of the hydrograph is known as the base time tb. The lag 

time tl 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: 

(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, t . The time of concentration is the time it takes water to flow 
c 

from the hydraulically most remote point on a watershed to the watershed 

out let. 

Next the unit hydrograph concept will be discussed. A unit hydro-

graph is defined as the direct runoff hydrograph due to one inch of effec-

tive 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 stream flow hydrograph, each of the runoff 

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 repres:ent i ng a storm duration differ-

ent than that of a unit hydrograph, a method is used as shown in Figure 8. 

The rainfall excess is divided into increments, with each increment having 

a duration equal to that of the unit hydrograph. Then the unit hydrograph 

is applied to each increment 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, it is usually necessary to synthesize a unit hydro-

graph for a stream of interest. 

Many methods have been developed for obtaining synthetic unit hydro-

graphs which are presented in hydrology r-eferences (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, l 0 l , l 04) . 

The general procedure for predicting the hydrologic characteristics 

of a watershed by synthetic unit hydrograph includes the following: 

l. 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. 

4. 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 of the watershed 

that would delay and decrease the peak of the runoff hydrograph (54). 

Any procedure would rely on the momentum equation and continuity 

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 hydraul it radius. Various simpl ifi­

cations have been developed to give approximate solutions to the two com­

plex equations (112). 

Routing models using only the continuity equation, often rewritten 

in the form: 

where 

I - 0 = dS/dt 

I 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. 

(2. 2) 

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 hydro logic model, the 

water surface elevations along a stream must then be determined for a FIS. 

Flood elevations are normally calculated using step-backwater computer 

models (44, 93). These models utilize an iterative procedure, the stan­

dard step method, which attempts t6 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 theory behind the method 

and a comprehensive example of the step-by-step procedure. The calcula­

tions are very laborious, and as an iterative method quite suited to 

digital computer application. 

Three commonly used step-backwater computer programs are (80): (1) 

HEC-2, developed by the USCE Hydro logic 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 

los~ through a bridge structure, and minor losses such as expansioh 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 subsections to calculate hydrau-

1 ic properties in all the models. HEC-2 computes overbank conveyances 

station by station, while E-431 computes a total wetted perimeter and 

hydraulic radius and then conveyance for each overbank section. There­

fore, HEC-2 will use a smaller wetted perimeter and larger conveyance for 

overbank sections. The average conveyance of the stream reach are com­

puted different 1 y in the mode 1 s: · 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 section as the avera~e 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 differences 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, 

before utilizing a particular model, the user must understand the problem 

studied, and the assumptions and validity 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 interrupts business and ser­

vices, and the cost.of the alleviation 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 property. 

4. Intangible damages such as hardship, grief, loss of 1 ife and 

health, environmental quality, social well being, and aesthetic values or 

other items that are difficult to evaluate in monetary terms. 

5• Uncertainty damages accruing to the occup~nts of a flood plain 

because of the uncertainty with regard to when the next flood wil.l 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 are not included in damage estimates 

(51). Intangible benefits are very hard to quantify· (51). Therefore, 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. 



39 

James and Lee (68) have an example of the aggregate formula approach. 

They suggest for estimation of single event urban damages: 

where 

Cd = Kd Ms d 

Cd= direct damage for a particular flood event, in dollars; 

Kd =marginal flood damage per unit of depth, in feet-l (ft- 1); 

M =market value of inundated structures, in dollars; and 
s 

d depth of flooding, in feet (ft). 

(2. 3) 

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

marginal flood damage per unit of depth can be expected to decrease 

approximately as shown in Figure 9 (68). 
I 

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 damage estimation method requires a property survey of the 

flood plain and either an individual or composite 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 independent 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 a per­

centage is chosen, many authors use a composite depth versus percentage 

damage curve, as shown in Figure 11 (51, 69). 

Therefore, depth-damage curves, 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 average annual flood loss. Lovell and Smith (73) describe a com­

puter program called DAMAL which utilizes an extensive data base on a 

watershed to compute these economic data. 
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Uncertainty Damages 

The uncertainty 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 insurance premiums wau·ld 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-damage curves will give a good estimate 

in most cases, it must be noted that damages are affected by many vari-

ables besides depth. McCrory, James and Jones (75) present a summary of 

these facto rs: 

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. 

4. 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. 



6. Wave action. Waves increase flood depths and add to hydro­
dynamic forces. 

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

8. Time betwe.en 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 repai~ed for much more harm to 
occur. 

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

10. Placement of contents. Flood damages are reduced as more 
of the building's contents are located at higher elevations 
(75, p. 199). 
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CHAPTER I I I 

BASIC DATA 

Introduction 

Before any water resources investigation is undertaken, a large data 

base must be compiled. Many federal, state, and local government agencies 

have to be contacted to obtain every data source possible. The following 

sections are compilations of the basic data--the maps, photographs, and 

cross-section data--used in this study. 

Maps 

Haps ~re an invaluable aide to the investigator to obtain watershed 

characteristics such as area, topography, and drainage systems. An accu­

rate, current, 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 6f 1 inch = 600 feet. 
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4. 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 inch= 2000 feet (97, 98). 
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6. A base map of the Duck Creek Study Area with a scale of 1 inch = 

400 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 larger 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 

inch= 1320 feet. 

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 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. Next to the hydrologic and hydraulic analyses, 

obtaining these basic data is often the most expensive part .of a study if 

no previous data are available. 

In addition to utilizing maps, photographs, and field inspection, the 

following sources were used for cross-section geometry: 

I. USCE surveyed cross-sect ion information used in the St i 1 lwater 

Flood Plain Information Report (45). 

2. Hudgins, Thompson, Ball and Associatei preliminary construction 

plans for Duck Creek channel improvement (100). 

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



CHAPTER IV 

HYDROLOGY 

Introduction 

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-

1 i zing the TP.-20 computer program (28, 29), was chosen because it is we 11 

suited to flood plain management studies and is moderate in model use 

costs ~nd resource needs (111). 

The SCS's curve number technique has received increased inter.est 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 studi·es such as those conducted by Danushkodi (32) and 

W i 11 i ams ( l l l ) . 

Thomas and Carley'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 method that has low model use costs and resource needs. 

In the following sections, first the two methods of peak 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 estimating flood discharges for Oklahoma streams with drain-

age areas under 2,500 square miles. Equations and graphs 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 the 2-year peak discharge and other recurrence inter-

val floods as desired for an ungaged rural site, and (2) calculate the 

urban peak discharges 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): 

Q2 = 0. 111 A0.66 S0.23 pl.92 ( 4. 1) 
0 a 

QlO = 2. 99 A0.68 S0.28 pl.22 (4.2) 
0 a 

Qso = 20.0 A0· 69 so. 31 Po. 81 ( 4. 3) 
0 a 



where 
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( 4. 4) 

= 140 Ao.71 so.33 Po.4o 
o a 

(4.5) 

QT peak discharge for recurrence interval T, in cubic feet per 

second (ft 3/s); 

A= contributing drainage area of the basin, in square miles (mi 2); 

S =main-channel bottom slope, determined from elevations at points 
0 

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-
a 

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

Ungaged Urban Site 

In the second step, the percentage of the basin impervious and served 

by storm sewers is required in addition to the variables required for the 

rural site equations. The percentage of the basin impervious was deter-

mined from the curve number analysis, which will be explained in a later 

section. Thomas and Corley (103) state that the percentage of the water-

shed served by storm sewers 11should be determined from the best available 

storm sewer and drainage map 11 (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 was storm sewered and a value of 

100% was used within that area. These values must be weighted by area 

when open spaces 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 an.nual flood 

under urban conditions to rural conditions. The following equations can 

then be used to adjust estimates from equations in step one to urban con­

ditions: 

Q2 (u) = RL Q2 (4.6) 

Ql 0 ( u) = 1. 87 ( RL - 1 ) °'2+0.167 (7 - RL) QlO ( 4. 7) 

Q50 ( u) = 2.46 ( RL - 1) Q2+0.167 (7 - RL) Q5o (4.8) 

QlOO(u) = 2.72 ( RL - 1 ) °'2+0.167 (7 - RL) QlOO (4.9) 

Q500 (u) = 3.30 ( RL - 1 ) Q2+0.167 ( 7 - RL) Q5oo· (4. 10) 

Soil Conservation Service Method 

lntroduct ion 

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 agricultural 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 rainfall event. It can account for water­

shed cond it i ens affecting runoff and wi 11 route the hydrograph through 

stream channels and reservoirs. The model can combine the routed hydro­

graphs with those from other tributaries (basin subareas) and print out 

the resultant hydrograph, 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, 10~-) and 

consists of two basic steps: (1) solving a runoff equation to estimate 

direct runoff from precipitation, and (2) transforming this runoff into a 

hydrosraph. Channel and reservoir routing may be performed if the basin 

is 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+ I ) used 
a 

in developing the rainfall-runoff equation. Assume: 

where 

Since 

F Q 
5-p (4.11) 

a e 

F = infiltration occurring after runoff begins, in inches (in.); 

S =potential abstraction, in inches (in.); 
a 

Q =direct runoff, in inches (in.); and 

P =potential runoff or effective storm runoff, storm rainfall 
e 

minus initial abstraction, in inches (in.). 

F p - Q 
e 

(4. 12) 

Equation (4. 11) can be rewritten as: 

p2 
e Q = .,..---­

p + s 
e a 

An'empirical relation based on data from small watersheds gives an 

(4.13) 
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estimate of the initial abstraction: 

I = 0.2 S 
a a 

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

P = P - I = P - 0.2 S 
e a a 
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(4. 14) 

.(4.15) 

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

ti on (4. 15) in Equation (4. 13) gives the rainfall-runoff equation: 

(P - 0. 2 S ) 2 
a Q = ~~~~~~ 

P + o.8 s 
a 

(4.16) 

Potential abstraction S is related to the cover conditions and soil 
a 

conditions of a watershed. The SCS had developed a parameter, CN, called 

the runoff "curve number, 11 or hydrologic soil-cover complex number; which 

is related to a watershed's hydrologic soil types, vegetative cover, per-

cent imprevious cover, and antecedent soil moisture. Tables and proce-

dures outlining the estimation of this parameter for a soil-cover complex 

are covered in References (65), · (71), and ( 104) . The CN is related to 

potential abstraction by: 

CN = 1000 
s +10 ( 4. 1 7) 

a 

from which 

s 1000 10 
a C"N- (4.18) 

Thus all rainfall losses may be expressed in terms of one parameter, 

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

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

After the rainfall-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 with 

only one rise, one peak, and one recession (65, 71, 104). 

The following equation will estimate the peak rate of discharge: 

q = (KA Q) /t 
p p ( 4. 19) 

where qp is the peak rate of discharge, in cubic feet per second (ft 3/s); 

and K is a constant, 484 for units used here. Time to peak is expressed 

as: 

(2. l ) 

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

tration is used when the entire hydrograph is developed: 

(4.20) 

To use Equation (4.19) for other than uniform storm rainfall, it is 

required to divide the rainfall into increments of duration (~D) and com-

pute the corresponding increments of runoff (~Q) (Figure 16). The peak 

discharge equation for an increment of runoff becomes: 

~q 
p 

= 484 A (~Q) 
~D + 
2 tl 

(4.21) 

The ordinates of the individual triangular hydrographs for each ~q are 
p 

then added to develop a composite hydrograph (Figure 17). Note that 

each incremental hydrograph is displaced one ~D 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 detailed description of the capabilities, input, and output of 
; 

TR-20 is presented in the computer program user's manual (28, 29). The 

input parameters required for a hydrograph are: 

1. The cumulative rainfall mass curve. 

2. The watershed's surface area. 

3. The watershed's curve number. 

4. The watershed's time of concentration. 

5. ·The watershed's dimensionles~ unit hydrograph shape. 

If the basin is subdivided into s~bareas 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: (l) 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 mandated for flood insurance studies (44): (l) 

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

Duration 

Duck Creek has a small drainage area and has a history of effective 

storm peak rainfall occurring in a few hours (27). Therefore, the 24-

hour storm was not used. Since the effective storm rainfall duration for 

small watersheds has 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-

ti on used in modeling the Duck Creek basin. The maximum number of hydro-

graph points in TR-20 is 300. Therefore, 6t or main time increment should 

be: (1) small 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 t --the smallest t was 0. 10 hour. Kent (71) and Williams 
c c 

(110) recommend if possible: 

6 t < t /4 
c 

(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 1 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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the 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). 

Distribution · 

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 1nput as a dimensionless pattern and 

then assigned the appropriate duration. A check revealed that thi,s 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 necessary because 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 of 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 subareas 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 ~roperties influence the rainfall-runoff process and ~ust be 

considered in runoff estimation. The SCS has provided tables (65, 104) 

which list soil names and their hydrologic classification, 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 soil-cover complex, a future urbanization condition w~s imposed on 

the basin. 

Areas of future probable development in the basin for the following 

types of development were identified (Figure 24): (I) Oklahoma State Uni-

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

Curve Numbers 

A weighted curve number, CN, was computed for each complex subarea 

in the present basin condition as outlined in Chapter 2, Reference (104). 

·The CNs were selected from Table I using aeria1 photographs (24) as a 

guide for cover condition and the hydrologic soil groups 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 I I. 

Antecedent Soil Moisture 

A succession of storms, such as one a day for a week, decreases the 

magnitude of S each day because the limiting factor, whether it is the a 

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 I 

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

Hydro logic Soil Group 
Land Use Description A B c 

Cul.tivated land.!/: without conservation treatment 72 81 88 

: vith conservation treatment 62 7l 78 

Pasture or ra.nge land: poor condition 68 79 86 

good condition 39 61 74 

Meadow: good condition 30 58 71 

Wood or Forest land: thin stand, poor cover, no mulch 45 66 77 

good cover!/ 25 55 70 

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

good condition: grass cover on 75% or more of the area 39 61 74 

fair condition: grass cover on 50% to 75% of the area 49 69 79 

Commercial and business areas (85% 'impervious) 89 92 94 

Industrial districts (72% impervious). 81 88 91 

Residential:l/ 

Average lot size Average % Impervious!/ 

1/8 acre or less 65 77 85 90 

l/4 acre 38 61 75 83 

l/3 acre 30 57 72 81 

l/2 acre 25 54 70 80 

l acre 20 51 68 79 

Paved parking lots, roofs, drivev~s, etc.!/ 98 98 98 

Streets and roads: 

paved vith curbs and storm severs~/ 98 98 98 
gravel 76 85 89 
dirt 72 82 87 

ll For a more detailed description of agricultural land use curve numbers refer to 
National Engineering Handbook, Section 4, ~drology, Chapter ;I, Aug. 1972. 

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

!/ Curve DUJnbers are computed a.Ssuming the runoff from the house and dri vev~ 
is directed toWards the street with a minimum of roof water directed to lawns 
where additional infiltration could occur. 

D 

91 

81 

89 

Bo 

78 

83 

77 

130 

84 

95 

93 

92 

87 

86 

85 

84 

98 

98 

91 

'89 

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

!/ Io some warmer climates of the country a curve number of 95 ~ be used. 

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

COMPARISON OF SCS CURVE NUMBERS 

~--
11 

LOCATION 11 SUBAREA NUM~ER I I OkAlNAGt: ARtA 11 5C5 Ct.HVf NUMt1t" 
(5QuAWE. Hlll:.Sl 11_ 

11 
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I 11 II -------I II 11 PRESENT I Fu TURI:. 
1_ II II 

1 ____ 
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In the SCS method the change in S (related by CN) is based on ante­a 

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. 

2. 

3. 

I is the lower limit of moisture or the upper limit of S . a 

11 is the average for which CNs of Table I apply. 

111 is the upper 1 imit of moisture or lower limit of S . a 

There are conversion tables for obtaining CNs for other antecedent 

moisture conditions than II (65, 71). TR-20 will automatically convert 

CNs if I or I I I are indicated in the input. 

Time of Concentration 

Time of concentration, t , is an important input parameter for the 
c 

TR-20 model. The travel times for overland flow, storm sewers, and small 

tributaries are usually lumped in this term. 

The t was determined for each complex subarea as outlined in Chap­
c 

ter 3, Reference (104). Basically, travel time is computed for the vari-

ous flow conditions by dividing 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 storm event will generally 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: 

o2 = (1 - C) o1 + C 11 . (4.23) 

where 

I l = inflow rate at time increment l , in cubic feet per second 

(ft 3/s); 

01 = outflow rate at time increment l ' in cubic feet per second 

( ft 3 /s) ; 

02 outflow rate at time increment 2, in cubic feet per second 

(ft 3/s); and 

C = routing coefficient. 

The routing coefficient is estimated by: 

v c = ----v + l. 7 (4.24) 

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 contaJns a routing coefficient table related to increments of 

V. Reach length and rating curves for cross-sections are input to esti-

mate V. 
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Local inflows and transmission losses may be incorporated into the 

routing procedure, but this unnecessarily comp! icates 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 total outflows. In 

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

Cross-Section Rating Curves 

Cross-section 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-2 

step-backwater model was used to estimate the cross-section rating curves. 

Cross-section geometry was coded in HEC-2 format using the informa­

tion sources mentioned in the basic data chapter. First the basin ~as 

modeled with the pres·ent channel. Streets and buildings were included in 

the overbank geometry, as shown in the example cross-section (Figure 26) 

using aerial photographs 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 construciion 

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. 

4. New box culvert at 9th Avenue. 

5. Channel cleared above 9th Avenue. 
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The HEC-2 computer program was utilized to route step-backwater 

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

ft 3/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-Indication 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 procedure is presented in References (29), 

(59), (65), and ( 106). 

form: 

where 

'2 = inflow rate at 

( ft3 /s) ; 

sl = storage volume 

s2 = storage volume 

The method uses the continuity equation in the 
! 

(4.25) 

time increment 2, in cubic feet per second 

at time increment 1 ' in cubic feet (ft 3) ; and 

at time increment 2, in cubic feet (ft 3). 

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 



cuts through the storage pool at the upper end and effectively acts as 

another dam. 

Storage Curves 
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One requirement for reservoir routing is a storage curve (elevation­

storage). The storage curve for the entire pond was found in the con­

struction plans (96). 

The storage curve for above McElroy was developed by: (I) 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 lower portion of the flood 

retention pool was computed by subtracting the above results from the 

entire storage curve. 

·Outlet Works Rating Curves 

The second requirement for reservoir routing is the outlet works rat­

ing curves. 

The rating curve for McElroy Avenue 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 the emergency 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 proper hydrologic routing is per-

formed by the mode 1. 

The location of structures and cross sections that depict routing-

reach terminals are shown numbered in proper sequence. Reach lengths are 

noted, and for each subarea the drainage area, curve number, and time of 

concentration are indicated. 

A watershed schematic diagram for each of the following alternatives, 

both simple and complex subarea configuration, was dra11m: 
I 

1. Present channel-present urbanization I 

2. Improved channel-present urbanization 

3. Present channel-future urbanization 

4. Improved channel-future urbanization. 

For the first alternative, Figure 28 is the simple subarea configura-. 

tion watershed schematic diagram, and Figure 29 is the complex subarea 

configuration 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: 



CN75 
0.353 (0.65) 

MCELROY RD. 
CN80 
0.230 (0.28) 

SCS DAM 30 

c:i 
C"> 

'° 
HALL OF FAME 2 

.n 
0 
!!:! (0.44) 

SUNSET DRIVE 

(0.48) 

RIDGE DR. 

(0.44) 

6th AVE. 

(0.39) 

9th AVE. 

(0.36) 

12th AVE. 

0.120 (0.45) 

CONFLUENCE 10 
STILLWATER CK. 

LEGEND 

CD-+ STRUCTURE NUMBER 1000. - REACH LENGTH, FEET 

~ 
0.5 - DRAINAGE AREA, SQ. Ml. 

CROSS-SECTION NUMBER 
(0.25) - TIME CONCENTRATION, HR. 

-B-- SleAREA NUMBER CN80 - CURVE NUMBER 

Figure 28. Watershed Schematic Diagram for Present Channel­
Present Urbanization, Simple Subarea Configu~ 
ration 
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CN71 CN76 

0.091 (0.18) 0.262 (0.65) 

M<ELROY RD. 
CN73 CN83 

0.084 (0.28) 0.077 (0.30) 

CN87 

SCS DAM 30 
(0.27) 

CN75 

HALL OF FAME 
0.013 (0.24) 

CN84 
o.oso (0.44) 
~ 
0.029 (0.15) 

CN85 
0.038 (0.10) 

SUNSET DRIVE 

CN79 
0.031 Q.028 (0.13) 

RIDGE DR. 

CN88 
0.133 (0.44) --, 

6th AVE. 

CN87 
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9th AVE 
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CN64 
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Figure 29. Watershed Schematic Diagram for Present ChanneJ­
Present Urbanization, Complex Subarea Config­
uration 
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1. Storm frequency 

a. 10-year 

b. SO-year 

c. 100-year 

d. 500-year 

2. Antecedent soil moisture condition 

a. I I designated as SMC-2 

b. 111 designated as SMC-3 

3. Design storm duration 

a. 1 -hour 

b. 3-hour 

c. 6-hour 

4. Residential imperviousness (for CN determination) 

a. Assumed to be 20% 

b. Taken from Table I. 
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The USGS regression equations (103) were also run for comparison pur­

poses. It was assumed that there was no contributing drainage area above 

Dam 30 for the analysis. 

The resultant peak discharges are shown in Table I II. 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 exp~cted for the AMC variables. The AMC I I I pro­

duced higher peak discharges than AMC I I 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 



TABLE I 11 

PRELIMINARY DISCHARGE DETERMINATION,PRESENT 
CHANNEL-PRESENT URBANIZATION 

--------- -- --------------11 II 
11 lO•YEAR FLOUO 11 50•YE.lR FLUUO 

LOCAT!UN 11 (CFS l 11 C Cf S l 11 ___ 
11- --------

11 I 11 I 
11 USGS I SCS TH•20. 11 USGS I SCS TH•2U 
11 

1 ____ 
11 '-- ----11 I I 11 I I 

11 I SHC•2 I SP.U;-3 11 I SMC•2 I &MC.•l 
11 

1 ___ 
I 11 I 

11 I I 11 I 
11 I STOHH DURHION I STURM UUIU TI UN 11 I SIUHM DUH.lT!ON I 5 TUHM l)UIU I I (JN 
11 

1 ____ 
_1 11 I I 

11 I I I I I I 11 I I I I I I 
11 I l•HA I l•HR I b•HR I l•HR I l•HM I o•HA II I l•H,. I l•HR I b•HH I l•HH I 3•HH I c•HR 

-
R~SIDENTIAL IHPEHvIUUSNtSS .&SSUHEO IU 8t 2oi ----11 I I I I I 11 I I I I I I 

.lDMlHAL .l~f 11 3141 I 261 272 I 2'H I 41711 I 1135 I II lb 11 51111·1 1115 I 1110 I 1122 I b5q I ':>U I 5112 
11 I I I I I II I I I I I I 

RlDC.E OH II eel I ':>3q 517 I 552 I 5q7 I ll22 I hl 11 q2Q I 83c I 17q I 7q5 I 121141 I 111 i 1 1030 
11 I I I I I 11 I I I I I I 

SJXTH AYE 11 6bq I ll5 l 82c I 880 I I 111>7 I UllO I l2b5 11 12811 I 1311b I 1271 I l 287 I i!Obb I lbl!I I lbbq 
11 I I I I I II I I I I I I 

NINTH AYE 11 qo1 I bqq 81>'5 I q21 I 15b5 I 111211 I 111111·11-1357 I 14121> I 13411 I ll57 I Ulq I 1qc1 I 1792 
11 I I I I I II I I I I I I 

ClJNfLUt::NCt 11 q5q I 911> 880 I qq7 I It.lo I I 411ll I lllUb 11 111I41. I 14181 I 1385 I 11101 I 23i!o I 2U5<1 I 189U 
11 I I I I I 11 I --

HESIDENTIAL lHPEHVIUUSNESS TAKEN FHOH tH•55 T.lllLES ------ --11 I I I I I I II I I I I I 
AD"lH.lL AYE 11 H7 I 28q I 278 I 305 I 417q I 411111 I II l 9 11 5Y7 I 111111 I 4118 I q l 1 I bb'S I oOO S41b 

11 I I I I I I 11 I I I I I 
AJDbE DH 11 c72 I 577 I 511q I 576 I '119 I 8110 I 801 II 960 I 871! I 6c!O I 627 I 1271 I 1132 1011q 

11 I I I I I I 11 I I I I I 
SIXTH AVE It q39 I 91>5 I 9111 I q5q I 15112 I ll91 I 1295 II llf>f> I l41b9 I 1373 I 13111 I 21415 I J ll8b 111911 

11 I I I I I I 11 I I I I I 
NINTH AVE 11 97\ I I02l I 91>l I l 0011 I lb541 I 141811 I 1 ltlc! I I I 411 2 I 1506 I 1110 I I 111115 I 2l!41 I 2U2'1 18JO 

11 I I I I I I 11 I I I I I 
cu111HuH1Ct. 11 lOOb I 1051 I 9118 I 1031 I 1710 I 1':>111> I 141'19 II IOb I l1>lll I 1511 I 1500 I 21129 I 2127 19341 

I I I 11 I I I I I ----------- - - co 

°' 



TABLE Ill (Continued) 

-------------------------.------~~~ ----------
LllCAllllli 

lOO•YLlR FLLIOD 
<CFS) 

11 
II 
11 

'-------------·~----~------
________ 1 

1 I 
I lJSuS I sts r11-20 1 ____________________ _ 

I I 
I SHC•2 I 

I 
I 

_____ 1 

I 
SHC•.!i I 

1________ -1--------~---------~ 
I I 
I STOMH DURATlUN I STURM OUMATIUN I 

1___ -•- _1 
I I I I I I I 
I l•Hk I J•HR I O•HH I l•HR I 3•HH I o•HM I 

--------------------
'.>OO•YEAH FLUl.JD 

(CFS) 

USGS I sts Tk-20 

·-------------------1 I 
I SHC•2 I Sr1L•..S ,___ •----------
1 I 
I STOkM DURATION I bTURH UUkAllUN 1_ _1 _________ _ 

I I I I I I 
I 1•11k I 3•HH I O•l1R I l•MM I 3•111< I b•HR ------.---

RESIDENTIAL IHPt.HVIUUSNESS ASSUHtO TU Bt. 20~ ·---------- - -----11 I I I I I I 11 I I I I I I 
AOHllU.L AVE 11 002 I 500 I 407 I 1170 I 7111 I b51 I 589 11 890 I 589 I 559 I 5bll I 8H I 755 I bllll 

II I I I I I I 11 I I I I I I 
RlDIOE DR 11 10b2 I 970 I 89i! I 887 I 1399 I 1211 I 1128 11 lll09 I I ·I i!o I 1008 I 101>9 I 1579 I 1'111 I 1113 

11 I I I I I I 11 I I I I I I 
SIXTH HE 11 111115 I 157'> I 14158 I lilH I 2331 I 2038 I 18.!0 11 19b7 I 1811 I I 17o4 I 17111 I 2b..S2 I c!..S47 I 2121 

11 I I I I I I II I I I I I I 
Nli'<TH AVE 11 I 5.S2 I lb1l I 150 I 152.! I 2508 I 21811 I 1900 II cOJO I 1959 I 1878 I 11152 I 28H I 2'> I 'I I .!299 

11 I I I I I I II I I I I I I 
CU~fLUENtt: 11 lbH I 1742 I 1598 I 1579 I c!b.55 I 2c!9c! I .?OH 11 2178 I 2055 I 1952 I 1933 I 2980 I 2bll9 I 24.H 

11 I I I I I I 11 , ______ 
RESIDENTIAL IHPEHVlllUSNESS Ur<t.N ft<UH Tt<-55 TAbLt.S 

------------- - -----II I I I I I I 11 I I I I I 
AD..,IRAL Avt. 11 o'IO I 511> I 1177 I 4711 I 7117 I bbll I ':i'H II 'li!I I !:t9'l I 5b9 I 573 I 8<10 7bi: I bll 7 

11 I I I I I I II I I I I I 
RJDIOE DR 11 I I 2h I I 0111 I 9..Sll I 919 I 11127 I 1250 I 11 'I I 11 11178 I 1173 I 1108 I 1105 I • lbUb 1'I3U I 1125 

11 I I I I I I 11 I I I I I 
SlXIH AVE 11 \5tJ'I I 11 O I I 151>11 I 15111 I c!ll 12 I 2091 I 1648 11 2059 I 1'174 I 1859 I 111 I 7 I .?71., 2..s911 I 21 <16 

11 I I I I I I 11 I I I I I 
Nlf\jfH Avt 11 lbU I· 18211 I lb119 I 11112 I 2bllCI I 224'> I 19'i16 II 2127 I 212b I 1991 l I qq 7 I 29..Sb i'>llO I cH'; 

11 I I I I I I 11 I I I I I 

CUNf LUENCt:. 11 170 I I 1'10b I I HI I I 1178 I 2755 I 231>0 I c 11 b 11 Uci6 I 222~ I 207CI I 20.38 I :so1q .0 Io I tci7q 
11 I I I I I I 11 I I I I I 

------------ -- -- ------- ------- CX> 
........ 
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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 I I I, where the watershed storage characteristics are essen-

.tially eliminated due to the high antecedent moisture in the soil-cover 

complex. 

However, for AMC I I, the smaller frequency storms, 10- and 50-year, 

did not follow this trend. The 3-hour storm frequently produced a lower 

peak than the 6-hour storm, and the magnitudes were very simil~r. The 

100-year and 500-year peak discharges generally followed the expected 

pattern, but again the 3- and 6-hour magnitudes were very close. This 

probably is because at the JO- and 50-year storms the storage character­

istics of 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 11overwhelmed 11 and intensity differences had 

more of an effect. 

The results were as expected for assuming 20% residential impervious­

ness and Table I values. The Table I 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 estimate if 

necessary. 

The variables chosen for the final peak discharge analysis were: 

1 • AMC I I ; 

2. Storm duration of 6 hours; and 



3. Resident.ial imperviousness values taken from Tablet. 

Peak Discharges--Final Run 

The final peak discharge determination TR-20 run was made for the 

previously noted.frequencies for the following alternatives: 

l. Watershed urbanization 

a. Present 

b. Future 

2. Channel condition 

a. Present 

b. Improved 

3, Subarea configuration 

a. Si mp le 

b. Complex. 
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The final USGS regression equation calculations compared for the two 

urbanization conditions: (l) 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 appar­

ent from these two tables. 

The USGS method does not have the capacity for reservoir routing; 

therefore, it was assumed that there was no contributing drainage area 

above Dam 30, not a bad assumption for this study since the highest flow 

released by the dam was less than 60 ft 3/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 channe 1 results, it can be seen that the USGS method 



TABLE IV 

PEAK DISCHARGE DETERMINATION,PRESENT URBANIZATION 

---------- --------------11 11 
11 1 O•Yf.AR FLUUO 11 SO•YE:.AM FLUUO 

LUCA flllN 11 (Cf Sl 11 (CFS l 11 _____ 11 ____ --------11 I I 
II USGS SCS TR•i!O I USGS I SCS TM•20 
I _1 I -----I I I 
I CHANNtL CUNOITIUN I I Cl1ANNt.L CuNol llur. 
I --· '--------------I PRESENT I lHl'MU\11:0 I I Pt<ESENT I I Hl'RuVEO 
I I 

___ 1 
1_ 

1 _______ 

I I I 
I SUBARl:A CUNfl~UMATIUN I I SUBARl:.A CUNF llilJt0.1 IUN 
I ---·--1 

1 _____ 

I SIMPLE:. CIJHPLEX SIHl'LE:. I CUl'IPLEx I 5 I MPU I COHPLt:XI SIHPLI:. I ( OHl'Lt.X 

-------' ---- 1-
, __ 1 ______ , ___ ., __ 

I I I I 
Altu\11:. HCl:.LIWY I •••• I i!c. 1 i!ll7 i!ol I i<l 1 **** 1100 I 181 400 :SR I 

I I I I 
HCl:.LRIH AYE I **** I 157 15& 157 I I '51i ·**** 21q I i! I 7 2H i! I 7 

I I I I 
AllU\lt OAH 30 **** I l52 .H8 152 I .5711 **** Sl5 I 5117 515 !>47 

I I I 
bELOw UAH ~o 30 I l7 39 37 I 3'1 I 5.? Ill IHI 111 <18 

I t I 
HALL llf FAME 3112 I lOO 21>2 3110 2t>i J SU •119 31>7 •119 lb7 

I 
AOHlt<Al AYE. 3q7 **** 3011 •••• :sos !)'17 **** 'll l **** 'Ile? 

SUNSl:T liR 1120 l55 359 3!>5 ]bl oll'i 502 51] 5Ul '>lo 

MIDGE llOAO 072 5o41 s77 501> 580 980 802 1!22 1101> t.IC!8 

SIXTH AVE I 939 882 9419 aqq 'lb'> l),bb 121>9 135!> 12bl I h 1 
11 

NINTH AVE 11 q75 939 1000 9110 I 040 1111 i I llb7 111311 1 lli<i l4bl 
11 I I 

TwELllEIH AYE 11 '17'1 9741 9811 10!>0 1 Oii i 1421 I 14.S2 1721 I 111 '18 1111>11 
11 I I I 

tiELClw 121H AVE 11 **** ** ** 1029 **** 11 <IM **** I **** I ll'lb I •it•• I I ':>bb 
11 I I I 

CUNFLUt.NCE 11 IOOb q10 l02b IOllb 11 O<i l47b I I 11i7 1119<! I. 111q2 I I '>1> 3 
11 I I 

-------------- -- - ------------
NUTtl **** JNOILATES OlSCHARGl VALUE ~01 COMPUTED AT THIS LuC•TlON \.0 

0 



TABLE IV (Continued) 

-------- -~--
II 

100•1EAR FLUUD · 11 500•YEAR FLOOD 
LUCA T JON 11 CCF S) 11 CCFSJ 1 ____ 

11_,,,, 
I 11 

USGS I sc;s rw-20 II USGS I sc;s T1<•20 , ___ 
11 

I 11 
I CHANNEL CUNDITIUN 11 CHANNtL CUNDlllUN 
I 11 

PRESE"4T I JMPRliVED 11 PHESENT I lMl'HUVl:D 
...;_, •-----

I SUllAREA CUNflGUHATlUN SU8AHEA CUNflbUHATIUN 
1_ 
I SIMPLE COMPLEX SIMPLE i.UHPLEJ1. SIMPLE COMPLEX I SJMl'LI:: I COMPLEX 

--1 I 
I 

AllUVE MCELROY I •*** 1155 11311 1155 434 •••• 5116 5411 I ':illfl I 54111 
I I 

HctLHUY AYE I **** 210 229 2lU i!29 •••• 2511 21)5 I 2511 c':i5 
I r 

AllUVt llAH .SO I **** 5711 1112 5711 1112 **** 702 71141 I 7Uii! 71111 
I I 

llELOw DAM 30 I 111 113 51 Ill 51 8':i 45 511 q5 58 
I 

HALL Uf FAHE I 1107 11115 QOb 111>5 II Ob 1115 5511 1185 i;,55 '11!5 
I 

ADHIHAL. AVE I 090 **** 1183 **"* 1179 9i?1 **** 57i! **** SB 
I 

SUNSt:l ON I 755 557 579 558 572 10 lb bb7 lllU bll8 1>811 
. I . I 

HluGE kl.IAD I 11211 1\89 930 8911 920 111711 lOlli? I 1095 l0b9 11 0 II 
I I I 

SIXTH AV!: I 1511" 11111 1t>2b IHI! U9b i?059 lll9ii! I 18011 I bbll I 171111 
I I I 

NINTH AVf I l b2c! l 5ii!5 11121 115311 11119 2127 18'10 I.· 1933 llll2 I 19H 
I I I 

TWt.L~ETH AVt I 11131 lb Oii 11101> lflbb lb211 213'1 19117 I 1 '11 s .!000 I 19111 
I I I 

bELlll'I Tl•E L Vf. TH I **** . **** 11>95 **** 1 7110 9999 **** I 2029 **** I 2087 
I I I 

Cl.INFLUENCE I 1701 15'19 lb90 lbt>O 1737 22118 19111 I 20i?ll 19911 I 2084 
I ·------ \.0 -NUTl:I **** INDICATES UJSCHAHGE VALUE NOT COHPUTl:ll Al THJS LUCATIUN 



TABLE V 

PEAK DISCHARGE DETERMINATION,FUTURE URBANIZATION 

------- - -----------11 11 
11 · lO•YtAR FLOUO II su-YEAll FLIJLJO 

LUC AT IUr< 11 (CFS l 11 <CFSl 11 ___ 
11 ----------11 I 11 I 

11 USG:> I SCS TM•i!O 11 USGS I SCS Tk•20 
11 I I 
11 I I 

I I CHANNEL CUNDITlUN I CHANNtL CUNOlllUN ___ 1 -----PRESENT I lMPRUVt.0 I PkESENT I lHf'RUV!:.0 
_1 

__ 1 _______ 

I 
SU8AREA CUNfl~UHATlUN I SU8AREA CUN~lbUkAllUN 

I --SIMPLE I COHPLEXI SIMPLE I CUHPLEXI SlHPL!:. COMPLEX I SlMPLt. I COMPLEX 
I ,_ , __ ,_ 
I I I 

Al!lJVE MCELIHIY I ...... I llti2 I llb8 I llti2 I 4b8 **** ti5o bbi! b5b bb2 
I I I I 

MCELROY AYE I **** I Zl II 215 I 2111 I 215 **** 2S1 2S1 251 .!51 
I I I I 

A~UYt. LIAM 30 I •••• I 501 509 I SUI I 509 **** b8l ti8o !>81 1>81> 
I I I I 

bELUw UAM .SO JO I 110 112 110 I 112 52 Ill so Ill so 
I I I 

11ALL O~ ~ AMf 39S I 3311 299 3311 I 299 S811 1150 1101 4'>1> 1107 
I I 

AOMIHAL AYE 11111 I **** 3119 ..... 350 b5l **** 11111 ..... 1179 
I 

SUNSt. T DH 1192 I JU 1119 383 1121 727 S25 588 Sell 5bl 
I 

H lOGI: RlJAO 700 I ti10 bllb ol4 1151 1020 11117 9lb 1152 YOb 
I 

SIXTH AVE 1032 I 9011 l 037 '175 l ullb 1II711 1350 1111>9 1343 I 11115 
I 

NINTH AYE ·I 070 I 1029 1091 101>5 1127 1521> lllot 151>2 1471> 151>3 
I 

TWELVE.TH AVE" I 077 I 1002 I 07'1 1142 1129 1515 150:7 15'15 1599 l5bb 
I 

tlELOw 12TH AVE **•* I **** 1119 ...... 1197 "'*** **** 11>20 ***• 11>73 
I 

LUNFLUt.NCf 1085 I 10S9 1115 I tl7 11911 I !Sob 15.! I ltil'!I 15'1 J lb7U 
I -------

\.0 
NUTt.1 **** INUlCATES DISCHARGE VALUE NUT C011PUTED AT lrlIS LUCATlUN "" 



TABLE v (Continued) 

---------- ------11 I 
11 IOO•YEAA FLOUO I 500•YE.AH FL.OUO 

LiJC A TlON 11 <CFS) I CCf S) 
11_ I -----11 I I I 
11 IJSGS I SCS TR•20 I USGS I sc;s Tk·~o 
11 I I I -------11 I I I 
11 I CHANNEL CUN~lllUN I I CttANNl:.L. CUNUllIUN 
11 I I 1- ----------II I PRESENT I l11PRUVE.O I PHESENT I lHl'RUVl:.D 

I I 
_1 __ . __ 

I 
SU8AAEA CUNFIGUIUTJUN I SU8ARE.A CUNFibUHATIUN - _1 

SIMPLE I COHPL.EXI SlHl'LE I COHPLEXI SIMPLE COHPL.EXI SIMl'L.t I COMPLEX 
•--1 I 1~_1 ____ ._ 

I 
AllUYE. MCt:LAOY I **** 7ll I 7l7 Bl 737 I **** 880 1!90 8110 1:1'10 

I I I 
HCE.LMUY AVE. I **** 2ob I 211b 211b lbb I **** 295 295 295 .291j 

I I I 
Al:tUVE UAM jO I **** 7117 I 7115 71H 745 I **** 8ti5 l:lti2 boS 1:1112 

I I I 
bELOlll llAH 30 I bl 1111 I 53 114 53 I 85 117 bO II 7 bO 

I I I 
HALL O~ f AME I ti?.2 502 I 441:1 502 .11118 887 59'!i 510 595 510 

I I 
ADHIMAl AV!:: I 748 **** I 527 •••• ':>27 983 **** b25 **** oc?lj 

I I I 
SUNSET ON 837 575 I 1139 579 11111 11 0'> b78 I 758 Otll 7b.2 

I I 
HIUGE WOAU llb8 933 9'17 9j9 IOOl 15Zll 1101 I 1187 111 3 1195 

I 
SIXTH AVE. lb8l l 119 l lti07 11178 1595 2183 1771 I 1'113 I 71j2 I b'17 

I 
NINTH AVf. 1741 lbZO 1713 lbZ7 I I 72b 2257 1"38 I 20711 l".H 211'l2 

I I 
fjjtLVE TH AVf, 1751 lbq& lb'lb 17119 I 1732 2r!70 201111 I 2053 c!l 10 20b I 

I I I 
l:tfLU~ 12TH AYE **** I **** 1782 I **** I lb52 **** •••• I 211], * *** . 2.211 

I I I I 
CUNFLUE.NCf 1799 I lb'll 1777 I I 7bl I 11149 2353 20.S9 I 21b7 21011 220b 

I I I I 

'----- - -- --------
NUltl **** INOlCAllS UlSCHANGE VALUE NOT co~PUTl:.O AT IHIS LUCHlUN \D 

\,/.) 



also differs significantly with the TR-20 estimates when the watershed 

shape is not "uniform"; i.e., when the subareas have a t greater than 
c 

94 

the main channel. Until 6th Avenue, the USGS method's estimates are sig-

nificantly higher than the TR-20 estimates. At 6th Avenue and to the con-

fluence, there is a remarkable similarity in the discharge estimates, 

except for the 500-year flood, as the watershed shape becomes more uni-

form. 

Comparing the simple with the complex subarea configuration esti-

mates, it appears that the simple subarea configuration estimates were 

lower, but relatively close to the estimates obtained from the complex 

configuration estimates. 

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 the value of having a reservoir 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 that appears on the recession side of the hydrograph indi-

eating 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 are 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 

_. ....................................... ~ ..................................................... -... ----....... ~. 
LUCATION 

I I 
ti 
ti 

lO•YfAR FLOOD 
(CFS) 11 ____________________ ....., _______________ ~-----~-

I I 
11 URBAlllIZATllllll 
I I.,. -·------11 PRE.St.NT t FUTURE 

----.... ~~--~-----------------------·· 
SO• Y f AH f L 1JUU 

CCF S > 

--------------------~-----------·-----------------------· 
URtiANlZAflUN , __ ..., _________________________________ ...... 

PHESENT f U I Ul'lf 

II____, 1 ................................ .--........ - '--- -----·---- --------11 ' 11 CHANNEL CONOlTlUN C~ANlllEL cu11101r1u111 
11_ __11_ --------.---I I PHESElllT IMPROVED I PHESENT IHPHU\/fD I I PRE SE.NT lMPRUVEO I -t'RE.81:1111 I lMPHuVl:.ll 
11 1_ I ·-' 

1 __ 

I I I I I 
CONFLUENCE I 1030 ll 10 I lli!O 1195 I I 1 i.jfi5 15o5 I lbcO I 1075 

I I I 
BELOW llTH AVE I 1000 10110 I 1090 1130 11 1440 l4b5 I 1500 .I ' 15 7 (J 

I I t I I 
NINTH AYE I 950 9o5 I 1035 1U45 11 ll5S 1150 I 1 l.j70 I 1445 

I I I I I 
SIXTH AYE I 575 sao I 0445 050 t I t12U 810 I 915 I 'i I CJ 

I I I I 
ABOVE RIDGE RO I lbO 3H I lllU 1.j21) 11 515 515 I 590 I 560 

I I I I I 
SUNSET DR I 305 305 I 350 350 II i.j3U 430 I 460 I i.j80 

I I I I 
ADMIRAL AVE I lbO lbO I lOO 300 I I ltiS loS I l.j05 I 405 

I I I I 
HALL Of FAME I 40 40 I 40 /.jl) I I SU 50 I So I 50 

I I 11 I ---
"° "° 



TABLE VI (Continued) 

II 11 
II 100•YEAR FLOl.JD 11 SOO•vtAR FLUL1LI 

LUCA TlllN 11 <CFS) 11 (CF'S) 
11_ 11_ ---------II 11 
II UHBANIZATION 11 UHSANI Z•lluN 11 __ 

11 -------II PRESENT I FUfUHE 11 PRESENT I FUTUHE 
II I 11 I ---I 11 

I CHANNEL CONDITION 11 CHANNEL CUNOlllUN ,_ 1_ ------------PRESENT I IMPROVED I PRESENT I lMPRllVEO I PRtSENT I IMPAUVEO I PHESENT I lMPHuVtD - •• I I I I I _, 
CONFLUENCE II lb95 I 1740 I 17t10 I 1850 I 2030 I 2085 I 2175 I 2210 

BELOw 12TH AVE II 1020 I 102s I 1715 I l 7l0 I lq35 I 1940 I 2075 I 20bll 
II I I I 

NINTH AVE II 15l5 I 1495 I 1005 I 1595 I 1805 I 1790 I 1915 I l8q5 

SIXTH AVE II 930 I 920 I 995 I 1005 I 11)95 I 1105 I 1190 I 1195 

ABOVE RlOGE HO II 560 I 570 I b40 I 040 11 ti85 I &85 I 7bO I 1b0 
I 

SUNSET OR II 485 I 480 I 525 I 525 II 570 I 575 I b25 I bC!5 
II I I I 11 I I . I 

ADMIRAL AVE II 405 I 405 I 450 I 450 11 4tl5 I 485 I 530 I '5l0 
II I I I I i. I I I. 

HALL OF FAME II 50 I 50 I 55 I 55 11 bO I bO I tlO I bO 
II I I I 11 I I I - -0 

0 
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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 ft 3/s. 



CHAPTER V 

HYDRAULICS 

Introduction 

The next phase of the investigation was to perform the hydrau1 i c 

analyses which are normally required in a flood insurance study (44). 

Once the flood discharges were determined, the following analyses were 

completed: (1) flood elevation determination, (2) floodway determination, 

and (3) flood hazard determination. 

Flood Elevation Determination 

The USCE computer program HEC-2, Water Surface Profi Jes, was the 

step-backwater model used for the investigation (57). Utilizing the flood 

peak discharges ih Table VI, flood elevations of the 10-, 50-~ 100-, and 

500-year floods were determined in the Duck Creek basin for the following 

alternatives: 

I. Present channel-present urbanization 

2. I mp roved channel-present urbanization 

3. Present channel-future urbanization 

4. Improved channel-future urbanization. 

All 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 11n11 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

sured 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 Duck Creek and Stillwater 

Creek are likely. The sta~ting elevations were checked using the slope­

.conveyance method recommended for the 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 roughness values, and (4) 

reach lengths between cross sections. 

The concrete channel improvement reach between 6th Avenue and 9th 

Avenue was determined to be in the supercritical flow regime by using the 

Section Factor method in Chow (20) to determine critical slope and compar­

ing the results with the proposed slope of that reach. However, both sub-

critical and supercritical water surfa.ce profiles for four test discharges 

(500, 1000, 1500, and 2500 ft 3/s) were run to see which flow regime pro-· 

duced the most reasonable results. 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 subcritical flow regime was used in all rating 

curves and flood elevation determinations. 

All flood profiles were smoothed 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 input 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 channel/urbanization alternatives for a given recurrence interval 

flood. 

The water surface profile plots comparing 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 alternatives. 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 tables 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. 50-year flood, 86 7. 59' feet (NGVD) 

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

4. 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 tabular 

presentation of these boundaries can 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 channel improvement 

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 floodway was determined for each of the four channel/ 

urbanization study alternatives by using HEC-2. Detailed procedures can 

be fouhd in References (47) and (57). 

Generally, the procedure involves making a first trial 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 I, 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. 

4. 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: (I) 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 (44) and (57). 



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 JOO. 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). 
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The FHFs are basically determined by a weighting procedure using the 

100-10 year flood elevation differences within a reach. Then they are 

assigned a zone designation to assist insuranc~ 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 
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TABLE VI I 

COMPARISON OF FLOOD INSURANCE ZONES 

II I 
II I. FLOOD INSURANCE ZUNf 

LOCATION I CHANNEL I 
I CAUSS SECTION I 
I NUMBER I 

I CHAl-l'"H CUNU lT l lJN 
I 
I PHESEfllT H1PrmvE1J 
I 
I 

lJHBANl ZA T lUN UHB AN l lA T llJN 
PRESENT IMPROVED 

PRESENT FUTURE PRlSf.Nl .F llTlJRf 

CONFLUENCE o.o9o LO.Olli Ai! Ai! Ai! Ai!. 

•••••• l0.057 ... .,. **** Ai! Ai! 

0.118 10 .095 Ai! Ai! Ai! Ai! 

0,308 10.(95 Ai! Ai! Ai! Ai! 

TWELVETH AVENUE 0,398 10.i!t.7 Ai! Ai! Ai! Ai! 

0.1110 l0 0 i!99 Ai! Ai! All ,t.lj 

UX80W•"'ILL1S AVE 0.590 10.381 Ai! Ai! All u 

•••••• 10.llOO • ••• **** All All 

MEYERS PARK 0,701 lo .lloi! Ai! Ai! All All 

NINTH AVENUE 0,7911 10.549 Ai! Ai! All All 

o.e11 l0.57l Ai! Ai! All All 

Oe85i! lO.oi!i! Ai! Ai! All Alj 

o.89o l0.0011 Ai! Ai! u All 

0.932 10 0 099 Ai! Ai! Alj All 

0.970 lo. 735 Ai! Ai! All All 

a, 0011 ao. 771 Ai! Ai! All All 

8JXTH AVENUE a. 01111 10.807 Ai! Ai! All All 

1.098 10.8'50 Ai! Ai! Ai! Ai 

le li!7 10. 8811 Ai! Ai! Ai! Art. 

l.lt.5 10. 9i!i! A2 Ai! Ai! •2 

NOTE! ****** INDICATES CROSS SECTION NUT USED AT THAI LOCATIUN 
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TABLE VII (Continued) 

I II 
I I FLOUD INSUHANCI:. ZUNI:. 

LO.CATION I ·CHANNH I 
I CROSS aECTIUN I 
I HUMBER 
I CHANNEL CUlllO I TIUN 
I 
I PllE SENT . I lHl'kUVEV 
t 
I 
1.1 UHBANIZAllUN UMIUNlUTlON 
I I PRESENT IMPROVEU 
I I PRESENT FUTURE PRE SI:. NT FuTuHt 
I I 

I 
111•5 I 101953 Ai! Ai! Ai! Ai! 

I 
112l:S I l 0 .991 Ai! Ai! Ai! Ai! 

I 
RIDGE RD•INGHAH PK l 1i!U I 11 o OC! l Ai! AC! Ai! AC! 

I 
THIRD AVENUE l 13l l I l l.0110 Ai! AC! Ai! Ai! 

I 
l 1li!9 I ll.098 Iii! Ai! Ai! Ai! 

I 
UNIVERSITY AVENUI:. l .Jbl 

,, 
11.1133 Ai! Ai! Iii! AC! 

I 
l ol97 I 11. l oe Ai! Ai! Iii! Ai! 

I 
SUNSET DHIVE l 11133 I 11. i!Oll Al Iii! Ai! Ai! 

I 
l 14'59 I 11Ii!l1 Ai! Ai! Ai! Ai! 

I 
lo 1111 l ll .i!5:S Ai! Ai! Ai! Ai! 

ARROWHEAD DRIVE l,'504 11.210 Ai! Ai! Ai! Ai! 

l15i!o ti .i!97 Ai! Ai! Ai! Ai! 
If 

ADMIRAL AVENUE 1111011 11.1111 11 Ai! !Ai! Ai! Ai! 
11 

l1•Z5 11.J97 II Ai! Ai! Ai! Ai! 
11 

l .ollO 11.1112 11 Ai! Ai! Ai! Ai! 
II 

111112 u.111111 11 Ai! Ai! Ai! Ai! 
11 

HALL OF FAME 117111 11.11118 II Ai! Ai! Ai! Ai! 
II 

11 777 11,'5110 II Ai! Ai! Ai! Ai! 
II 

l 11115 11,51111 ff Ai! Ai! Ai! Ai! 
ff 

TOE OF SCS DAM 30 11153 11. fti!i! 11 Ai! Ai! Ai! Ai! 
II 
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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 

Int rodu'ct'i on 

Of 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 A4 (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 100-year flood damages was: 

1. Determination of which structures are in the 100-year flood boun-

dary. 

2. Determination of the first floor elevations of those structures. 

3. Determination of the 100-year flood elevations at the identified 

structures. 

4. 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 easy task utilizing the results of the investi-

gation thus far. Positive transparencies -0f the 1 fnch = 400 feet com-

. posite aerial photograph of the Duck Creek Study Area were made. Then 

the 100-year flood boundaries were. traced onto these transparencies from 

the flood boundaries drawn on the base map. The structures ~ithin 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. 

Elevations for the structures bet~een the cross sections were interpolat-

ed. Then, the 100-year flood elevations were determined at the cross sec-
' 

t Ions for a 11 study a 1 ternati ves and I nterpo 1 ated between the cross sec-

tions. The results are presented in Appendix F. 

The property values of the identified structures, in 1980 dollars, 

were estimated by consulting a local real estate broker. This method was 

used 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 recent 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 bound 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 modified data were used. 

to plot curves and construct a depth-percent damage table with 0. 1 foot 

increments (Appendix G). 

Since the table is constructed for separate structure and contents 

costs, a value o-f 35% of st.ructure value was utilized for contents value. 

The 100-year damage cost for each identified structure for each of the 

study alternatives was calculated as follows: 

where. 

Dt = 

F = s 

F = c 

v = 
s 

v = 
c 

D =FV +FV 
t s s c c 

total damage to 

fraction of the 

fraction of the 

market value of 

market value of 

the structure and contents, 

structure damaged; 
I 

contents damaged; 

the structure, in do 11 a rs; 

the contents, in do 11 a rs. 

( 6. 1) 

i1n do 11 a rs; 

and 

The results for each identified structure are presented in Table VII I. 

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 

Avenue and 6th Avenue, the concrete improvement portion of the improved 

channel alternative; and (3) between 6th Avenue and the end of the study, 

the cleared channel portion of the improved channel alternative. 

In the first segment of Duck Creek, the improved channel alternatives 

had only slightly lower lOO~year flood damages than the present channel 
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TABLE VI 11 (Continued) 

llLOG l980 VALUE DEPTH• toO•YEAll fLUIJLl [JAl'IA\Of'·. 
CUOE CDOLLARS1THOUSAMDSJ DAMAGE (19110 DOLLAllS,THUUSANOS). 

Nil' I CUHVE 
I NU11BER 
I CHblolfl coi.op1u~ 

I 
I PHESENT I JMPHOVflJ 
I I 

I I ., 
BUlLDJNG I CONTENTS I Uk8A,.1ZATJON I Ul<BANlZATJON 

IU5l BLDG) I I 
I I PHESEl'IT FUTURE PRESENT FUTURE 
I I 
I I 

57 58,5 I i!0,5 I 27 .1 27,8 
""· 9 

27,l 
I I 

58 01,s I Zl,5 I H,O 33,5 l 1, 11 H,O 
I I 

59 .bll, 0 I 22,11 11.0 &J, J 1.1 i!.o 
I 

bO 118.5 I l7. 0 ll.7 7.3 II, 7 7.3 
I 

C. l 5i!.5 I 18,4 10.9 lloO 10.9 Ii!• 0 

b2 I 51. 0 l 7, II 10 0 .S 17 .5 la.3 17. 5 
I 

C.3 I ol .9 i! l. 7 15.7 l '!:i. 7 15,7 111. b 
I 

C.11 02.5 21. 9 u .11 0,5 lob 2.s 

C.5 oo.5 ll.l 12.1 11.11 19. q 22.11 

·bl> 53.0 18.5 u ·" O,b l • I l. 7 

07 so.o 17 .s I 7 • l 18.0 111, 7 19,3 

b6 '>3,0 111. 5 20,5 21. 3 21. ~ i?i!.b 
II 

09 54,0 18,9 I •• 4 1.7 2.2 5.3 

70 49.5 17. l 9,0 18.5 1 i?. b 18,5 

71 53,0 18,5 12,1 21,3 15,9 21,l 

n 52,0 16,2 9,4 19,41 ll.i! 19, II 

73 49,0 17 .1 0,3 7,3 u .11 7,3 

711 51,0 17 ,8 O,b 9,2 1,0 9,2 

75 51,0 17,11 1.0 11 • 7 lob 11. 7 

7o 52,5 18, II 12,0 20,3 1 ll ,5 20,3 

77 44,0 15,4 o.o l , I u,2 I , l 

78 ]8,0 U,l 7,9 t. i! 7,9 1.2 

79 39,9 l 11, 0 lo,O l i!, II lo,u 12,8 

80 "l. 5 111, 5 1.3 l , I U,8 o.5 

81 42,5 111, 9 l, 7 I, 7 l ' l I, l 

82 113,0 15,0 0,5 0,5 0,3 0,3 



TABLE IX 

TOTAL DAMAGE COMPARISONS, FOUR BASIN ALTERNATIVES 

------·------...------------ ------- - __________ ...._ _, 

LUCATION 

- -
BETWEEN MUUlH UF DUCK 
CREEK ANO 9TH AVE 

RETWEl:.N qTH AVE AND 

TOTAL lOU•YfAR FLUUD DI~ECT UAMAGE 
(lq80 IJIJLLARS1THUUSAl\iOS) 

'---~- -----
' CHANNl:.L CUNDITIUN _..._. ___ - -- ______ .. __________________ _ 

Pt-<ESENT IMPROVED ---
Uk8A11,ilZATlON UR~ANIZATION ------ ----PRESENT I FUTURE PRESENT FUTURC. 

-------' ' ·----------
112.c 

' I 
120.s I 

I 
I 

101.9 I 101.q 

bTH AVE I I 528.S 555.b I 34q.s I 484.3 
I I 

BETNEEN bTH AVE AND I I 
END OF STUDY I I 260.'-' l28.7 I 276.4 I 340.0 

TOTAL I I 901.5 1004.8 I 727.8 I 92b.2 
I 

-- ... ~-- ·-- I W - I I --- ---- '-- N 
\J'1 



126 

alternatives, s,i;nce 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 and future 

urbanization alternatives produce higher 100-year flood damages than the 

tmproved thannel and present urbanization alternatives, respectively. 

Note in the improved channel, the small increase in discharge for the 

future urbanization alternative~ 100 ft 3/s, resulted in much higher flood 

damages than the present urbanization alternative. 

In the third segment of the stream, all the alternatives had similar 

damages. The improved channel alternatives had slightly higher damages 

than the present channel alternatives. This was due to the water surface 

profiles 11 crossing11 in this segment, a phenomenon that often occurs when 

there is only a small difference in the discharges and roughness coeffi-

cients. 

The improved channel 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 V 11 

SUMMARY AND CONCLUSIONS 

Summary 

In an effort to develop a methodology to assess the impact of a 

changing flood plain determination on an ungaged urban watershed, a flood 

insurance type study for the Duck Creek basin in northwest Stillwater, 

Oklahoma, was conducted for each of the four following channel/urbaniza­

tion alternatives: 

1. Present channel-present urbanization 

2. lmproved channel-present urbanization 

3. Present channel-future urbanization 

4. Improved channel-future urbanization. 

Preliminary 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: II and 111; (2) three 

design storm durations: 1-, 3-, and 6-hours; and (3) two residential 

imperviousness estimates: 20% and Table I 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 II, 

6-hour storm duration, and the Table I 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-, SO-, 100-, and SOO­

year floods, the floodways, and the Flood Insurance Zones were determined 

using the HEC-2, model and the complex subarea peak flood discharges from 

the TR-20 hydrologic model. The results were used with a depth-percent 

damage relationship to determine the 100-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. 

Hydrology 

In the preliminary peak discharge run, the AMC Ill produced higher 

peak discharges than the AMC II. Within the AMC I II, the sho~ter the 

rainfall storm duration, the higher the peak discharge for the 1-, 3-, 

and 6-hour design storm durations. Within the AMC I I, the 100-year and 

500-year flood peak discharges generally followed the expected pattern 

as in above. However, the 10-year and the SO-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 discharges. 

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 watershed 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 channel 

a 1 ternat i ves. 

The simple subarea configuration in the TR-20 method produces gener­

ally lower peak discharge estimates than the complex subarea configuration, 

but the estimates are not significantly different. 

Hydrograph plots at the mouth of Duck Creek reveal some of the clas­

sic effects of channel improvement. Lag time is reduced and peak flows 

are larger for the improved channel than the present channel. 

The future urbanization alternatives do produce higher peak discharges 

for Duck Creek. However, most of the future urbanization 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. 

Hydraulics 

The channel improvement does reduce flood elevations, especially in 

the smaller floods. The reductions of flood elevations for the 100-, and 

500-year floods are minimal. Also the benefit of the improved channel 

below 9th Avenue is almost completely eliminated by backwater from 

Stillwater Creek. The future urbanization alternatives did generally 

result in higher flood eleva.tions than the present urbanization alterna­

tives. 

The floodway results were as expected. 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 alternatives between 12th 

Avenue and 6th Avenue. However, there is not an increase, in flood insur­

ance rates, s i nee both zones fa 11 within the same flood i nsu ranee rate 

increment. 

Flood Damages 

The improved 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 future 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 

bas in. It was found on Duck Creek, Stillwater, Oklahoma, that both chan­

nel improvement and future urbanization of a watershed can significantly 

affect the estimated 100-year flood direct damages. 

One of the most difficult steps in a flood plain management study 

on an ungaged 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 the 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 at c 

greater than the main channel, the USGS method produces peak flow esti-

mates similar to the more complex SCS TR-20 model. 

In the TR-20 model~ the single family residential lot imperviousness 

can be assumed to be 20 percent to yield peak discharge estimates reason­

ably comparable to assessing each residential lot using Table I values. 

A simple subarea configuration 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 and relate to the physical 

characteristics of the watershed. The model can. assess the effects of 

reservoirs, channel improvements and future urbanization. 

The best flood p 1 a in management too 1 for a community wou 1 d 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 (64). 

Although one must realize the limitations of extending rating curves, 



132 

this should yield a fair estimate if there are no changes in 6hanne1 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 

alternatives utilizing the methodology proposed in this investigation~ 

Flood plain determinations are highly susceptible to cha~ges 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 VI I I 

SUGGESTIONS FOR FUTURE STUDY 

These suggestions for future study would be helpful for the City of 

Stillwater, Oklahoma, to determine their floodplain management policies: 

I. 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 assess the reliability 

and accuracy of the methods. 

2. Compare rating curve extensions with complete hydraulic analyses 
I 

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

od. 
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Figure 36. Watershed Schematic Diagram for Improved Channel­
Present Urbanization, Simple Subarea Configura­
tion 
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Figure 37. Watershed Schematic Diagram for Improved Channel­
Present Urbanization, Complex Subarea Configur­
ation 
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Figure 38. Watershed Schematic Diagram for Present Channel­
Future Urbanization, Simple Subarea Configura­
tion 
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Figure 39. Watershed Schematic Diagram for Present Channel­
Future Urbanization, Complex Subarea Configur­
ation 
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. Figure 40. Watershed Schematic Diagram for Improved Channel­
Future Urbanization, Simple Subarea Configura­
tion 
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Figure 41. Watershed Schematic Diagram for Improved Channel­
Future Urbanization, Complex Subarea Configura­
tion 
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I I I I I I I 

0,970 5120. 8711,201 6711,89 _ e1s,1or 1.01111211!>, 17113, 675.29 7,o:Sl 12115, I 7llb, 11711.111 bo 011 I 371. I I, 0 12115. I 1'15. too. 
I I I I I I 

1,004 S300, 87!1,811 870,10 870.111 3,891.12113, 11190. 117b,58 I 3,98112<12. I ':>lb. I 677.17 5.1121 B2, I <i • H 12<13. 13115. 102. 
I I I I I I I I I 

10044 5510, I tl7b,731 877,111 877,291 1,21111115, I llbo, 1117. ':I'> 7.5711 lllS, t 111 u. I 6711.32 5.'131 2Hb 0 1 I• o 11 ">0, 12~0. 10. 
I I I I I I I I 

1,098 5770, I t177,351 11769351 8711.081 2,3511275, 15116. IH'l, 111 2,55112711. 111 I u, I 679,J9 2.ub 11111; I 0,7 I<' 75, I 34 ll. 73, 
I I I I I I I I 

lo l i!7 5920. I 877.3111 871l,381 871!.721 l.5111127.?, 1521. 117'1. 20 1,3311209. I ':155, I 61'1, II I lo I 0 ll2,I U,7 12f2.lllb2. qo. 
I I I I I I I I I 

J,1115 blo?O, I 877,91 I 876,801 1179,091 3,11011&1311, I 029 0 b 7'1, ':>O 3,1191 I l8b, 1o3u 0 I 117'1.bll -1, I u 301.1 ,, ,n 15U9,llbi9 0 t!O, 
I I I I I I I I I 

J,195 oi!llO, I 878 0 1191 1179.321 1179.591 3,2811255, 1785. 67'1,97 3.19112">11, I 7tlbo I bl!U,00 2. tl'I 3i2, I 0 • '11 IObll.1175'i, 95, 
1 I I I I I I I I I I 

l ,233 j bllllO, I 1179,281 1!80,1111 1180.571 o,8911800. 19111. 1180, 7tl 7,0l 117911. I 911 'Io I tl80.51 1. 2b l i 7 • I 0, I I lt!S'So I l'iiO, 115. 
I I I I I I I O" _, __ 

__....__1_ ----....,.I __ 1_1_1_1_ V1 



TABLE x (Continued) 

------ -----------CROSS I DIST. I IO•YR 0 I 50•YH 0 1 IOO•YEAR FLUOU I SUO•YEAH FLIJ110 I FL(JlJP~A Y 
SECTIUNI (fl) I FLIJOO I FLOOO I I I 
NUMllER I I 

, __ ,_ 
1_ 1_ ----- ----------I I ELEV I Eltll I Elf V ICHVELI L.Ew I kf,. I t.LtV ICHVfll Lf,. I kt~ I tlt II ICtlVEl I AlltA I :lllLH Lt.~ I Rt.w I" l l> T 11 

I I CFTl I (FT l I (Fll I (f PSl I (FT l I (Fl l I CF Tl I (f PSl I l F 1 ) I lf 1 l I lf 1l I (ff' S l I ( ~ llF 1 J I IF I l IF 1 l I CF Tl I Cf I l 
I I '--1 1_1 __ 1_1 1 _____ 1 ____ , _____ , , ___ , ______ , _______ , _____ 1 ____ 

I I I I I I I I ( I I I I 
lo2b3 I 110110. 811 I 0 lo 1181.1121 881.791 0 0 '101191u 0 120711.I tl82. 01 b,681I11 1lt1 0 120l7, 11111o9 I I b, 39 1;3,1 0, I 1'12S,ll<lt15,I bli, 

I I I I I I I I I I 
lo 311 I 11955, 881.67 1182,1101 1180! 08'5 2,0ll lllbll, 11980, I t18l,1b 2,01111111>;. I l'lllll, 118ioll1 2,110 '591>,I 0,1 lb70, I 9t!O, I 310, 

I I I I I I I I I 
10329 I 70'55, 8112.23 1182,bll 11112, 117 b 0 9111171!5,119l11 0 1181,19 bobi!lllb'll, 119i?O, 1183ol11 I bolb l .ib, I 0. 3 l tlb 1, !'Hll 0 I ~'5. 

I I I I I I ., I 
1,303 723'5, 881.'lb 1181.891 81111.00 11,0i!l lt190, I l 7bl, 11811, 18 II• 2'5 I I bi? l • I I 71d, 111111, 16 I l,110 I .ill, I 0,2 1708, I 7bl, I ss. 

I I I I I I I 
lo J97 71120, 8811ollb 118'5 .121 885,27 2.C.ll1b9i!, 188l 0 118!>,i!9 3,0b lti9t, l lllll, 1185,]bl 2.1111 1119, I 0. l 1709, 1 711S, 111. 

I I I I 
1.1133 1bl0 0 8811 ,1111 88'>,1121 885,':l<I 3,1151 llb'I, 15f>ll, li85. 73 J,78 l·lblo 15110, 1185,51 II ,bl I l 0, I 0 e {I I 14 7 i!. J ')12. bO, 

I I I I I 
1,1159 1155, 885, 113 885 0llbl 88'5 0 80 i!, 7'511275, 1115!>, 885,911 2,911 127<;,. I 11'5;, 118ti,28 2ol01 lt>2ol 0, <;I 1 HS, 111110. tiS, 

I I I ,. I I 
1011111 11110. 11811, 19 8811,781 88b,90 i!o7111 I05l, 1370, b87 0 Utl 2.11 10'51, UH. d87.lll 41,0lt I SS, 0 .111 12uo, 11.~uo, lUO, 

I I I I 
1.5011 7990, 8dt1,llO 111\7,131 8117,4bllO,t01t2bO, 12711, 11118,58 7. t I I 22l, li!76, 1187,1111 10,03 1111. 0,01 1C'b0. I 127b, lb, 

I I I I I 
1. 5i!b 11105, 888, 12 1189,1151 11119,501 J,7511375, 1'550, 1190,UI 3,i!l llOO, 1112u, 889.83 loll! 1112. 0,3 l117'1, I J5l0, SI, 

I I I I 
l o55l 8250, 688.117 8119,1101 1189 ,11111 i!.5311309, 14115. 89U .12 2. j!.7 I i!llO • IS?S, tl89,9b i!o!>'5 158, 0,3 lll:l'l. I llilb, 52~ 

I I I I 
t.sn 8355, 888,7'5 ll'l0 0f>lll 891,0'5 lo UI 1275, 14129. 1191, 5 I 3,02 127'5, 11155, 1190,'IA ],99 I llb, o,o IH9 0 1tlli!9, so. 

I I I I 
lof>Oo 8'530, 1190,07 1191,091 1191,111 11,811 lli!O, ll'511, ll'l I, II I 11,99 1120. l3bO, t19l, 1111 11. 79 Ht, 0. \) I \28, I J 3511, .so. 

I I .1 I I I 
1,u5 8f>JO, 1190,911 89t,511 89t,8'5 5,C.111 llllO. 111'59. 11'12. i!ll '5,7bl1111U. lllb'5, ll'lil obb 11.12 bb. o.o 14.S2, i 1115'1, n. 

I I I I I 
1.11110 8710, B'lt.bi! 8'1.i! , ii! I I 89i!,117 11,0lllllll7. 111911, 89i!,'10 3,1111113711111532, 89i!,l91 11,1181 II 1, 0, I 1'132, 1111110, i!8. 

I I I I I I I I 
t,11'1i! 11860, I t19i!, 17 8'12. 711 892.89 s,131111111, I 41115, 893. I 7 '5,'5'511111!>, I lllli':>, 11'13,001 ",'151 112. 0, I I 141b, I l1111'), 2'1, 

I I I I I I I I I I 
1, 7lll 9t I 0. I 89l,i!5 1193,921 894,110 s.112113tci, I lllltl. ll'lll.'5'51 '5,lilllllli!,111171, 11911. I 'I I 1o111 I ;2. 0, 111 1110'5, I lll.SO, 2'5, 

I I I I I 1 · I I I I 
1. 777 91125, I 897,119 ll'lll, 731 899,011 i!,4011057, 1207, 119'l,7111 lo'lll l0116, I li!'19, 1$'l9, 0111 .s.1111 li!'I. 0, 0 I 101s,1111s. 110, 

I I I I I I I I I I 
t,81'5 9bi!5, I 8911,lb 898,9'51 899,211 0, 1121 I I 'Sb. 12113, 8'l<I. Ill I 0, J 7 I I I 11 U, I I i!ti 0, 1199.321 u, 1111 I 11 ". 0, l I 111is, 1·121s, 110. 

I I I I I I I I I I 
1.1153 9825, I 1198,19 ll'lll,9ti I 699,25 0, bll I I I 211, llb7, 1199,11111 O,tOlllC'l,1117~. 1199.HI O,o31 79, 0, I I 112b,lllbS, .l.9. 

I I I I I I I I I C1' 
I 

_, __ ,_, __ , ____ ,_, ___ . .:. ___ ,_ 
- ---- C1' 



TABLE XI 

PROFILE SUMMARY TABLE FOR IMPROVED CHANNEL, PRESENT URBANIZATION 

----- ----------CROSS I DIST. I IO•YH 0 I 50•YR,I lOO•VEAR FLUUO I 500•VEM< f LllUll I fLlllJIJ"AV 
SECllUNI <FT> I FLOOD I FL lllJll I I I 
NUMllER I 

1 __ , __ ,_ 
I 

_______ 1_.:.. _________________________ 

I tLEV I ELtV I ELtV ICHVtll LE" I ME" I l:UV ICHVHI L f" I HEW I t.LEV ICHVtLI Akt A l~f<CHI L~" wt. .. 1 w lu TH 
CFTl I (FI ) I CF ll I Cf PS) I (FT) I (I'll I <FT J l(FPSl1 IF T) I !F Tl I !Fll I CF PS l I Urn~ I J I l F I J I <.F 1 J If Tl I (f" 1 __ 1 __ 1_1_1_1 __ 1 __ 1_1_1 1_1 ____ 1_1 ____ 1_._ 

I I I I I I I I I I I I 
10,019 100, 11511, llb I 855. 011 I 855,251 7,01112111, I 12'Jb, 1155,b5 7,11111211.11297.1 11'5b,251 s.211 130.1 I , 0 I 1214. I i'9b. 112. 

I I I I I I I I I I I 
10,057 loo. 855,1121 65b,lll I 85b,21 I 7.11111119, 11211, d5b.b0 7,55111411. I Li!J.!, 115b.b21 0.2111 ?79. I 0,41 11 '19. 12 3 I • 112, 

I I I I I I I I I I I 
10,095 500, 8'511. •111 1157.011 857,221 C>,8bll039, 1130. 1157 0 00 1.1011016, llllu, d57.2CJ b 0 /01 i'bOo I 0, 11 103'1. I 121 • 112, 

I I I I I I I I I 
10, 195 1010. 858,811 659,1101 859.i>ll bob411115'1 0 1530. tlbO,UO 1.0111'153, 11';)37, 1159.58 bo/21 2'12o I O, 0 I l '154. l5lb, 112. 

I I I I I I I I I 
l0,2b7 11110. 8o0,5bl tibl,111 8U,lll bo 731111115, 1529, llbl ,a9 1.111111113.11":>11. llbl,33 o, 131 21;2, I 0.01 I q II '5 • 1 ">29. 114. 

I I I I I I I I I 
10,299 1560. 8b2,171 8b11,1ll 8bll,801 3,llllllllb. 15111, !lbll, 1 l lo0911H3, IS113o 111111 ,80 3 0 q11 1177, I 0, 0 I I <1 I b, 15111. 102. 

I I I I I I I I 
10,181 2010 0 1102,&11 8b4,531 8b5,llll 1.01112111, 1!105, !Iba. 37 2.7511161, 11.105. 6bS,14 3, o I I 7o9, I 0,01 1435, 11100. 3b5, 

I I I I I I I I I I 
to,llOO 2110, I 8bl,251 8011,811 8b5,J91 3,101111111, 1825, I l11>0 0 SI 2.CJ2t 1.!05, 1625,1 bb5,39 1.101 7q9, I 0,01 1113q, 11120. lll 1, 

I I I I I I I I I I 
10,1102 211'10. 8bl,:U1 8611,811 8b5,J91 a,8911193, 1277. I tlbb,':i I b,3711190. 1300 I I 805,39 Do8QI 239 0 I 0,01 1193, 1277. 611. 

I I I I I I I I I 
I0,5119 2900, 8115,8111 8bo,atil 8oll,9ql 8,llbl 1234, li!lll.1 8b 7. 07 8,;1>11212, 12114, llbb,99 II, 'lb I I "12, I 0,0 I c!l'i • 12113. 1111. 

I I I I I I I I I 
10,sn 3025, 6bb 0 8bl &bJ,811 8bll,35110,llbll419, 111111>,1 117l,b31 7.11811409, 1590, 81>11,lb 12.111>1 120.1 o.o 1112 3. I '142, 19, 

I I I I I I I I I 
10,1122 3285, 870,l'il 870,;81 1111,;11 5,1911185, 1750,I II 7e!, 1b I lollll115o, lllH, IH0.71>1 9,111 2118, I o,n 1290, 1'105, 115, 

I I I I I I I I 
10,fabll 3505, 870, 771 871,851 871,701 8,9711095, 1uo, 1 874,15 llo9bl I uq5, 111111. 1112,q8 11.1':i 1113, I 0,0 1096, 11 q5. 97, 

I I I I I I I I I 
10,bqq 3b90, 672.511 1174,711 874,851 q,01113115, l74U,I 1175 1 111 11,2i! 11Jaq, 171J7. 1174.81> b,31 123, I o,o I Sa5, 14'10, 75, 

I I I I I I 
10.ns 111110. 872,651 875,0bl ll7S,i!21 llob2 12115. 17114. t175,b3 ti ,1121 I i!llS, I 77'), 1174,8b 10,53 Uo.I 0, 11 l2'1b.lll15, a9, 

I I I I I I 
10.111 11070, 873,1101 675,1131 1175.91.1 6,01 li!'15. 11185. 1170.15 6,1171 llllll, 149U, 1175.1>9 I0,'>3 11111, I o.o l2'1t1.1 lli5, b9, 

I I I I I 
l0.1107 lllbO, 1174, 781 1175,97 1170,22111.37 llbl, 119 7. 1111,12 11.st.111115. 111 IO, 117b,4l 10,75 11'1,I 0,21 1101,11197, lb, 

I I I I I I I 
l0,85b 11520, 877,311 1176,71 879,211 2.11 1273. I 'I'll, 8711,59 2,l.SI 1209 0 lo"l5,I 111q, 13 .! • I" 429·0 I ll , () I ic?75, I 13SO, 7'5. 

I I I I I I I 
10.ae11 4070, 877,ll 1 8711,72 87q,i!ll I 2,eo 12i.q, 155!'1, 879,til 2.11s112a1, I bllU 0 I 1179,ll 3,119 no. 1 0, O I I 2 70 • 113 II II• 111. 

I I I I I I I 
10,922 '1870, 677,711 1178,93 879,371 3 I 11 1'100, 1030. 1179.75 l,2bl1J55, I o4tl, I 1179.38 3, 1tJ 219 •I 0 .111 1'>50,llbJO, l!O • 

I I I I I I I 
10,953 5030, ti 78 • 18 I 87'1.211 879,blll 1,18 1255, 178S. 1180,03 3.1711.!'>3. 1787.1 1179,b8 3, I b i''l I• I \) •I) I lb1>4.ll7'lll, 941. 

I I I I I I I I a-. 
-.....J 

__ , __ ·------ -'~'--'-- --- ____ , __ 1 ___ , ___ ,_ 



TABLE XI (Continued) 

------------ --------------CROSS I DIST. I 10•YH.1 50•YR 0 1 IOO•YEAR fLOflD 500•YEAk FLllUD FLOUll"A Y 
SECTIO~I (fl)" I FLUOD I fluno I I 

NUMllER I I 1 ___ 1___ --1- _ --------------
1 I ELEV It.LEV ELEV ICHVELI LEw I Rfio ELEV ICHVli.LI Lfw I Rfw I ELt\I ICHVE.ll ARtA ISkCHI Lt.w I flt~ l"ILITH 
I I (ff) I CFTl CFTl l!fPSll !Flll CFTl ll'Tl llFPSll CFl)I CFlll <Fl> llFPS)l(:>Qfl)llFTll 1Fll I CFTll (ff) 

----1 I I 1_1 __ 1_ 1_1_1_1 __ 1_..;.1 __ 1_1 ___ 1_1_ 

10,991 I 52lO. 

ll,021 I !il90, 
I 

ll,080 1 57o5. 
I 

11 0 098 I 5805, 

ll,lll I 591:15. 

11 1 1118 I bl70 0 

I 
11,i!Oll I blll0 1 

11,231 I t.505, 
I 

11 1251 I bbi!O, 

11 12711 I b7110, 
I 

ll.iZ97 I 11855. 

111325 I 7000 0 

I 
1113115 I 7105, 

I 
11,)78 I 1280 0 

I 
11,397 I 7380, 

I 
11,1112 I 711110 1 

I 
1111144 I hlO. 

I 
11 11188 I 78110 1 

I 
11,511ft I 8175, 

I. 
11 0 5811 I 8375, 

I 
11 0 022 I 8575 0 

I I I I I I I I I I I I 
1179.2&1 880,H 880,bO 0 1911111011, 19113 0 drl0,1114 7,14117'11 0 11'152,I 1180,1111 7,11'-'1 120,I 0,01 111'>5,11'120,I &5. 

I I I I I I I I I I I 
880.111 1:161,23 881,ll 7.1811951>, 1985, 11ai.1>11 11,111t920,1201s,1 881.1151 1.001 111,1 0.11 195ti.119t1'i,1 29, 

I I I I I I I I I I I 
tll!l,701 tllli!,111 882,b5 2 11111471, 1977, 883,ll 2,2711'11>5,119114,1 882.1181 ii!.7'11 '51'>,I 0 0 21 !1>70,11975,1 105, 

I I I I I I I I I I I 
118e!,19 882 1118 88i!,8Ct 7 1 1811785, 1916, t16l,t7 7,111111>•1l,ll9lt1,I 882,911 7,211 lc'll,I 0.11 tflbl,1191!1,I ':>5, 

I I I I I I I I I I 
88l,4b 883,81 88],93 11 137111>90, 17111, 8811,IS 11,111111112},117&3,I 6811,151 l.9111 132,1 O,.!I 170tl,117t>3,I ':JS, 

I I I I I I I I I I 
884,111 865,lbl 885,78 2,111111>85, lt185. 11115,79 

I I 
8tl4,7b 885,521 885,89 3,15111111, 15110, 

I 
I 1155 •I 

I 
1n11.1 

I 
li!711 0 I 

I 
I 1>211, I 

I 
11151>, I 

11115. 'Ill 
I I 

885 1112 885,721 8811,Ul 2 17111275, 8811,ll 
I I 

88&,IO 88o,77t 8811,88 2,8btl0511, 1187,Uo 
I 

8118,1111 
I 

890,Ull 
I 

890,1'11 
I 

891,411 
I 

1191,1101 
I 

14JU,ll1459, 692,151 

I I 
881>,'ll 11t11,1J1 887,111 10,oe112111, 

I I I 
888,091 8119,581 889,81 1 11511109. 

I I I 
886,581 889,701 889,93 2,5811287, 

I I I I 
888,581 890,bbl 891,021 l.5blle!75,11'129. 

I I I I I 
890,181 890.931 891,2111 5,0411l20,1135tl, 

I I I 
890,1141 891,]81 891,711 5,98 

I I I I I 
691 11111 891,9&1 89e!,221 11 108 1195.111477, 892,bbl 

i!,Sbl l1>llS, 
I 

1.11~1 floo, 
I 

l,1011275, 
I 

i!,871lu'it, 
I 

7,o71 tii!211, 
I 

J,]lllllUO, 
I 

i!,711112110, 

3,5811.?75, 

'5,l71 ll20, 

11,0511111u, 

4,5511381. 

11185, 

151>0, 
I 

I '155, I 
I 

1373,1 
I 

12711, I 
I 

lbi!0,1 
I 

I '>21), I 
I 

111 lo, I 
I 

U59, I 
I 

111115, I 
I 

1513, I 
I I I I 

891.117 

893.0] 

897,bl 

8911.00 

898.02 

89i!.llO 

11q3.55 

8911,1111 

1:1q11,11& 

1196.117 

892.59 5,7511'117,111414'1, 1192,901 11,11 l'llti.11'1145,1 
I I I I I 

aq11 .112 s.11111118,1tt1118. 6911,·s .. 1 s,95 u12.111111.1 
I I I I I 

8q9,Ui! Z1bllt056,ll.!Oll, 899,711 2,18 10118,112117 1 1 
I I I I I 

1199.18 0,44111511,llc!'ll, 699,1!01 o.qo 11111,112511,1 
I I I I I 

899.18 O,t>811127,lltb':>, 89'1,bOI O,bl 1121,11171,1 
I I I I I 

8115,1111 2.11 

881),1131 5.oti 

880,lOI 2,112 

887,271 11.H 

U7,J91 I0,23 

889. 7t. 

88'1,8'1 

1190,88 
I 

1191.21 

891 .. 19 

89i! .t I 

8'1e! .1111 

89J,7t> 

1.;2 

2. 73 

11.'l_l 
I 

S,091 

o,57 

5, IJ 

5.bll 

9, 13 

8911,971 1.21 

699,221 O,'lb 

899,221 o.a7 
I 

1119, I 0,0 
I 

'l'I, I 0 • 0 
I 

lbl..1 O,l 
I 

1"6 •. 

"7. 
138. 

I r;r; • 

11111 

q4. 

bi!, 

79, 

12. 

1411. 

0 .-11 

I 
o.o 
0, o 

o.o 

o,o 

Q,O 

o,o 

o.o 
I 

0.01 
I 

0,01 

1709.11785, 
I 

i47'1, t l 1H2. 
I 

IH5 0 1)'140, 
I 

1200,11100, 
I 

12t>l,112711, 
I 

11179 0 1·l5lu, 
I 

ll611.lllil6, 
I 

13.79,11429, 
I 

ll.!8, II 156, 
I 

11132,111158, 
I 

1Lll2, I 14Clll, 

1'117,1"111411, 
I 

1t100;11t123, 

711, 

SJ, 

1>5, 

IUU, 

I'>• 

51. 

52, 

50. 

30, 

lo. 

i8, 

l1. 

17. 

lii!b,I 0,-01 1~75,11~15,I llU, 
I I I I 

110.1 0.01 1175.1121s.1 qo. 
I I I I 

75 1 1 o.~1 llc'7,I ltb'i,1 5H, ___ , ___ _ _1_1_ 1 ____ 1 __ 1 1 __ 1 ____ , __ 1 ____ , ___ 1 _ 
O" 
00 
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11203 

1. l l 1 

I 1329 

l1lb3 

1,397 

I 11133 

111159 

111181 

115011 

11520 

11553 

11573 

l1bOe 

1111.z5 

1111410 

I 11172 

117111 

11 777 

11815 

I 1853 

1111110. 

11q55, 

7055. 

72351 

741201 

7010. 

77551 

78701 

7990, 

81051 

82501 

83551 

8<::il01 

111130. 

8710 I 

811801 

9110. 

911i!51 

911251 

91125. 

881,lb 

882,111 

882,111 

883,55 

8841 77 

885110 

8851115 

8811145 

881111111 

888170 

88q,10 

1189,93 

8901113 

890,97 

891,83 

8qi!1l9 

8q:S,52 

11911,09 

11q81llll 

11qs,118 

1181, 77 

118.?,lll 

88i!1llll 

8113,98 

11115. 27 

11115,110 

11115161 

8811189 

111171113 

111191991 
I 

1190,07 

890,113 

119l. u 
8911011 

892,39 

11921117 

11911 1H 

899,08 

1199,211 

1199,25 

I I I I I I I I I I I I I I 
881,119 lloblll905,120711,I lllli!,1111 7,171111ql,12077,I 1182,071 11,581 lbl,1 0,21 l'l~C:.,119115,1 oO, 

I I I I I I I I I I I I I 
882,98 2,0lllllb5,11982, 

I I 
883,01 0.111111111.119111. 

I I 
&811100 1112011oz1.111ol1 

I I 
885.29 2.8511b91,1188l1 

I 
1185,117 1,1211101, 15110. 

I 
1185188 21821l2751 l115S1 

I 
880,98 2,71111052, 1172, 

I 
887,113 10.11111200, 12711, 

I 
11•0,110 2.11011100, 11120, 

I 
890,1101 1112112110, 1s2s, 

1190,501 11,01111275,1111291 
I I I 

891,i!bl 5,1171132011l3511, 
I I I 

891,821 b,34111130,111159, 
I I I 

89211111 1111711383~115091 
I I I 

893,031 5,11111111111,IJllliSi 

8911111111 51571t3111,111109, 

899,llbl 2.121105i!,112ll. 

11991571 
I 

899,581 
I 

0. 39111117. 
I 

0.112111211. 
I 

125i!, 

llo9, 

1181,lll 2,0141111115,llY6b, 
I I I 

118],llll b 1 531lb'I0,11922, 

11811,~11 11,1151111111,11101, 
. I I I 

11115 1]01 3,37111191,11118], 

1185,11111 ·3,881tlo2,llSllO, 

611b,051 3,0011275, I 1455, 

.;?,7711050,11375, 

7,3bl 12211, I lil'I, 

&? 0 8141ll00,111120, 

IHll,291 2ol5 

118],321 11,21 

111111,JO I ],•H 

885,5bl 2,70 

8.85,bl'll 11,57 
I 

8811,Jol i!ol9 

1187,11] II, 12 

11111.111110.22 

llq0,29 l,00 

blt<I. 

l llb. 

I 'I ij I 

20], 

l 2 I , 

lb7o 

1111. 

5l, 

loS, 

l:lfl 7, If> 

8811,117 

1190,41 

89U,119 

1:19U,5'i 

1191,51 

892,.i?O 

2 1 001128-0, 1525, 890,171 2,131 Lao. 

892,99 

1191,28 

8911, 73 

I I I 
5.3711275, 11129, 890,831 11,581 139, 

I I I 
11,0111120, 1359, 891,11111 51191 lOlr 

I I I 
o,q71111l0 1 lllb5, 1191,701 b,701 b1. 

I I I 
q,gOllJ71, 15]9, 892~50 q,Yll 91. 

I I 
s,811111115, lllllb, 1193,tll 5,171 87, 

I I 
11,11911302, 147S, 8911,2b 11,]41 55. 

I I 

0 •]I 
I 

O,]I 
I 

0,21 
I 

O,]I 
I 

0,01 
I 

0 •'>I 
I 

0,51 
I 

0,01 
I 

0.01 
I 

u,01 
I 

o. 31 
I 

0.21 

o,o 

o,o 

0,2 

0,0 

lb70, 1 l'lllO, I 310, 
I I 

111113, I 1918, I ')5, 
I I 

1708,117113,1 ss. 
I I 

I 709, 11785, I 711, 

11172,11532,1 bO, 

ll15,114110.I o5. 

1200, 1 nuo, 

l2b0, 112111, 

11179,11510, 

llllq,11qlb,I 

1179,111129, 
I 

1]28,11358, 

lllJ2,ll459, 

.111li!, I 14b0, 

114111,11445, 

1<105, 1 illlO, 

100, 

Ibo 

st. 

')2. 

so. 

JO, 

27. 

28, 

c?9. 

2'>, 

900,02 1181110""• l2bS, 899,111 1.1s1 1114,1 0,01 1n1s,1111s. 110. 
I I I I I I 

900 1 09 o,3211111, 12ob,1 1199,08 u.1111 12Y,1 0,11 1115,11215, 110. 
I I I I I I 

900,0'I O,Sllllll8, 1175,1 89Y,b8 o,5q1 9S,I 0,11 112~,lllb~, <10. 
I I I I I I I 
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CROSS I DIST 0 I IO•Yk, I 50•\'H, I IOO•'t'E4A FLlllJLI I 500-YEAR FLOUO FLfJUO•.AY 
SECTIUNI (fl) I FLUflD I FLUUD I I I 
NUMllER I I 1---'- _I _ '------·· ----~~.---..;.._~----~--------I I ELEV I fLEll I ht.II ICHllELI LEl'i I HE" I lLt.11 ICHvt.LI LE" I f<E." I l:.LEll ICHV~LI AHtA !bill.HI LE" I Rt" l"JDTl1 

I I <f'Tl I <FT> I (fl) l(FPS)I (FTll !FT>I !Fl) l(FPSJI !FT>I !Flll (Fl) l(ff'Sll(SQfTJllflll !Ffl I !FTll CFll 
--------1 I 1 _______ 1 1~1-----1-----1 1~1-----1-----1 1-----1---'--1---1-----'----1----

10,019 

10,057 

10,095 

I0,195 

10,2111 

10,299 

10,llll 

10,1100 

IO 11102 

10,5n 

10,5u 

10,0i!2 

I0 1 flfl4 

10,1199 

10. 7l5 

I0,771 

10,807 

10.1150 

10,8841 

10 ,922 

10,953 

100, 

ltlO, 

suo. 

1010. 

l 1110. 

15110, 

2010, 

i!l10. 

211110. 

2900, 

l0i!5, 

li!85, 

35os. 

]1»90, 

]860, 

110 70. 

lli!110, 

11'520. 

41170, 

11870. 

5030. 

8511,57 

8'55,511 

11511,Sl 

11511~93 

11110.119 

8tli! 0S7 

8111.15 
I 

8113,5111 
I 

8bl,1101 
I 

111111 0Ol1 
I 

11111.201 
I 

870.191 
I 

871,001 
I 

87l,i!8 I 
I 

873.1111 
I 

8711,0ll 
I 

875, ti I 
I 

877,lli!I 
I 

877,1131 
I 

8 711, Qi! I 
I 

ft71l, 4 7 I 
I 

I I I I I I I I I I 
855,181 115S.Jll 71llllli!lll,lli!CJ11,I 115':1,791 7o5111li!llo 1297, ll'>t>o381 5,4l 1111,· 1,01 li!lll, 12911,1 112 0 

I I I I I I I I I 
8'511,1111 8511,lli 7 021111149,11231 1 1 11511 0731 7oll91ll4ti 0 1212, llS1> 07bl b,18 2'10, U,111 ll<l'i, 1211,I 1!2 1 

I I I J I .1 I I I 
857,1111 857,111 1.0111039,11110,1 11s1,1.s1 1.11511u11. 1110. 11s1,421 0,1111 210, 0,11 1019, 1122,1 111. 

I I I I I I I I . I 
859,531 859.711 b,7111l41511,ll53b,I 8110 0131 7 015111153, tSH, 1159,711 o,1111 i'Si'. O,OI 14541, 15lb,I 82, 

I I I I I I I I I 
llblo2111 80lo4b b18bll4411ol1530ol 1111101131 7,251141113, 151i!, llbl,4111 llob5 i!S3, 0,0 l441l 1 1530,I llb. 

I I I I I I I I 
111111.581 8115.i!l 3,3z11<115. 1sz11,1 11110.':191 c!,9811111. 1552, 805,211 1.12 521. o,o 1"15, 1szo,1 1us. 

I I I I I I I I 
t1011.'f11I llo5.5J 2,94 li!2J, 1805,1 8011,1111 i!,bl>1 ll'i9,1·111us, lloS,541 i!,9a 833, o,o 14133. 111uo·,1 3117. 

I I I I I I 
11115,191 8115.70 3o04 1438, 18i!'l, llbll,'131 i!,llbll205 1 11625, llo5.7ol J,05 809, 0,0 14111. llli!O,I 3112, 

I I I I I I I 
8115,191 8o5,7b 11,JJ 1192, 1277, 6bb,9ll 11,111111111.11320, 8b'i,7bl b,711 i!t10, o,o l(CJ2, 1277,1 115, 

81111,1!8 

11118.79 

871, i!O 

87.S,58 

874,79 

875,i!lll 
I 

875,8111 
I 

810.191 
I 

879,031 
I 

1!79,0111 
I 

1179 ,i!i! I 
I 

87'1,)i!I 
I 

I I I I I I I 
81»7 121 8 053 1234, 1281, 11117,901 8 111211c!31,112115 1 llo7 1i!OI 8.':141 2Ul, O,O 12lll,lii!ll3, 

I I I I I I 
871 1 00 7 090 1412, 14811, 872,071 b,9111407,11590 1 tlb7,721lll 1 oll 109 1 0 1 0 !lli!'i,1111111 0 

I I I I 
87i! 0 JO 3,119 1173, 11119, 117i!.971 3,i!911l5S,lltll9, 871,1111 7,54 

I I I I 
87l,8i! 9 1 12 1094 1 ll30o 11711 0 .!ol 9,09110'12 0 11447, 873 1 25111,38 

I I I I 
8711 0 98 4 1 10 13114 1 1757, 1175,291 4,2blllb41 0 11772, 875,101 bolll 

875.H 

875,99 

8711,110 

879,Ql 

879,411 

1!79,58 

IH9.85 

I I I 
ll,117lli!45, ll 747, I 1175,b41 8,ll'ill2~5. I 1775, 87'> 1 101 IU,lli! 

81 lblli!45, 
I 

10.31111145, 
I 

i!.i!llli!1l. 
I 

21791121111 0 
I 

3, 1511375, 
I 

l.1511254, 
I 

I I . I 
11190. ll7o,2l 8 0 t10llc!ll11.ll419u, 87':1,90110,59 

1199. 1177 ,110 8, 77 I II 45, I l •11 u, 

1535, 87'i, ll2 2,351 li!t17, I lb9b, 

155'!1, I 1179,1!5 i!,80llc!bb, I 114 I , I 
I 

I 11511, I 
I 

I 192, I 
I 

I 
117b,5ftlll,u2 

I 
879,481 c!,c!I 

I 
1179,4111 J,49 

I 
079,701 s,29 

I 
117'1,991 J, J l 

I 
IC.39.I 

I 
1 7110, I 

I 

!!79,911 1.2011.110. 

88U,c!ll 3,U'il lc!ll7, 
I 

llU7,I° 0,0 li!'I0, 1111110, 

i! l 0. 

l4i!. 

242. 

178, 

.1 <15, 

ll':IS, 

i!9<1. 

lO':>, 

le! 1 • 

o,o 10'111,11195, 

0,11 131111,1111110, 

0,0 

u.o 

u,o 

Q •I 

0, o 

II• t 

0, I 

1.2 .. 1>, 11315, 

12415, I 1315, 

11110,11198, ., 
1275.11350, 

I 
li!b8, 1 !l113, 

I 
t'i<;O, I lt>lO, 

I 
loi.o,11b9, 

I 

49, 

lb, 

150, 

'19. 

111. 

o9, 

10, 

38, 

75. 

75, 

110. 

qq, ---· , ___ . __ ,_,_,_. , __ ,_,_. ___ ,_ _, ____ , __ ...... 
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I OO•YEAR FLUllO I 500•YEAR FLOUO I 
I I 
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ELEV 
(FT) 

f.LEV I ELEV ICHVELI LE" I HEW I f.LtV ICH~lll LE., I flE" I ELtV ICnVtL I Ult A ISRlHI l t" I Rtw li.JflTH 
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l0.991 I Silo. 
I 

11.021 I 5390 0 

I 
lloOllO I 5705 0 

11o098 I 5805 • 

11ol:U I 5965. 
I 

1111118 I &170 0 

11o2041 I blltO • 

ll 1lll I &505 • 
I 

l11i!Sl I blti!O, 

lloi!7• I t»7110, 

11 o l97 I t»855 • 
I 

lloli!5 I 7000, 
I 

lloJ45 I 11os. 
I 

111178 I 7"80 1 
I 

lloJ97 I 7180, 
I 

l1111ll I 74&0, 

11,4411 I 71tl0, 

ll,488 I 781>0, 
I 

ll1Sllt» I 8175. 
I 

1105811 I 6175, 
I 

llobi!i! I 6575, 

87'i.44 

1181, Oi 

1161,97 

86i!.l6 

883,52 

8114.711 

1185,031 
I 

885.511 
I 

88t»,110 I 
I 

8811,tt8 I 
I 

888,lti I 
I 

8119,Ui! I 

869,50 

890,15 

890.80 

891 •. 59 

89i!.09 

89J,i5 

898,0i! 

1196.ll 

896.JS 

I I I I I I I I I I l I I I 
1180,581 81l0,7ll 7,0ill7911 0 119117,I 1180,95 7,211176q,ll'15b,I 88U,5bl 7,11111 !lll,I U,01 !!lt;':J,111120 0 1 1>5, 

I I I I I I I I I I I I I I 
11611li!I 8111,11111 7,llJll'15boll985,I 11111,72 8,qllll'll41 0 2070,I 11111 0 511 7 0 '>21 1341,1 0 0 11 l'l':J1> 0 1111115, c!9. 

I I I I I I I I I I I I 
1162,1111 86i!,lllll z,311111117,119110,1 11111,111 2,<!511<1bS, 19117,1 811l,u61 z.1111 s111.1 0,21 11t10 0 11•ni;,1 :ms, 

I I I I I I I I I I I I 
118i!,lllll 118i!,9il 7 0 55117115.11911!,I 11111.111 c,93110110, 19i!c?,I 11111o111 1.vs1 IJ5,1 ·0.i1 11101,1111111, 

I I I I I I I I I I 
llfll.911 861l,Ulll 4,1191loi!ll.11711l 1 11641,.?0 4,91l lo2o, 17ol,1 11811 1i!91 11,111 1110.1 0 0 21 1708,1171>1, 

I I I I I I 
1185,941 885,951 i,i!illbll5,ll885, 8R5,9b i!,bi lt»fl5, 11185,1 185,1101 i!,741 

I I I I 
8811,0ll 8801081 l1l711JllO, 151>0, 880,ll -3,o2 llbO, 1'3CIU,I 885,bl 

I I I I 
881>,t]I 88b,t81 i!,7111275, 145'3 0 88t»,i!7 ),10 li!7S, 145'>.I 881> 0 44 

I I I I 
1180,881 880,97 i! 0 851105i!, ll7i!, 887,15 i!,119 1050, 13711,I 11117,39 

I I I 
887.1111 887,bl l0 1l511i!llO, 1271> 0 11118,118 7 0 411 li!241, li!79,I 887,o7 

I I I I 
889,831 890,qi i.5111300, loi!U, 1190,41 J,uo llOO, lbiO,I 890,ll 

I I I 
8119,9]1 890,417 i! 1 l511280, ISiS, 1190,SU i.5i! li!l!0,11595,1 890,39 

890,lO 

89018i 

891,414 

ti9i,ll 

892,511 

894,33 

899,0l 

I I I . I 
890,51 5 0 01111275, 11129, 890,511 5,81111c!7'3,ll41i!'l,I 890,741 

I I I 
890,99 519711li!8, 1157, 8111,19 11,bbllli!U, 11511,I 8111 0 17 

I I I 
891,t»ll 11178114110, 11159, 1192,011 11,6811410, 141115,1 891,bl 

I I I 
89i,J5 41,9011391, 14811, 89j!,7q 417811379, 1519,1 119i!,i!9 

I I I 
892,73 11,01111111. 1qq4, ll'lc?,9111 b,41911111b, 141415.1 89i,82 

I I I I . 
8941,50 517911114. 14170, 894.581 o,illtllo. 1111z.1 8911,07 

I I I I 
899,111 z.1•11052, lli!ll, 11991'illl z,011iu1141, 121><1,1 899115 

I I I I 

11,99 

i.70 

11, Jb 

I 0 ,i!l I 
I 

l.041 
I 

2,1151 
I 

5,091 
I 

5,b'I I 
I 

llo'14 I 
I 

5, lb I 
I 

5.871 
I 

'I, UO I 
I 

J, 21 I 
I 

8'19,181 
I 

6991181 
I 

8119,51 0,111111411, li!Sl, 'IOO,Ool o.J51lll41, 12Clbol 119'1,51!1 0,11111 
I I I I I· I 

899.51 o,&JllliS. llb8, 'iOO,ubl o,S51111H, 117'>,I 119 1<. 5111 0 • c2 I 
I I I I I I 

iObo 

110, 

1 n. 
I ';,9. 

!>lo 

I ob• 

ltH, 

13q I 

93, 

o5, 

114, 

77. 

SO, 

1111 • 

I <!5 • 

ll'I. 
I 

. o.o 

o,o 

0.1 

0 1 11 
I 

O, u I 
I 

o,u 

0,0 

0.2 

0. i! 

o.o 

o,o 

0, 1 

o.o 

o,o 

o. I 

o •I 
I 

170'i,IJ71!11), 

1q79,115l2, 

1175, 1111410. 

12UO, I 131JO, 

li!b0,lli7b, 

11179.115101 

ll114, I 14lo. 

131'1, I 14i!9, 

I li!ll, 11357, 

11132, I 14159; 

111li,1141oO,I 

I II I 7 • I 411lll, 

l<lOS,111110, 

1075.11115, 
I 

117S,1.l2111), 
I 

11~5,lllb~. 

I 

55,. 

ss. 
7b. 

">l. 

oS, 

IUO, 

11>, 

SI, 

Si!, 

50, 

<!9. 

i!l. 

.!8, 

i! 1. 

2s. 

110. 

41U • 

qO. 

-----1 I 1 ___ 1 __ 1_1_ ~~----1 ____ 1 _____ 1 _____ , _______ , _____ • ______ 1 ____ 1 ______ 1 ____ _ 
-...J 
N 
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TABLE XIV 

COMPARISON OF lO-YEAR WATER SURFACE ELEVATIONS 

I II 
I II lllATER SUHFACl tLtYATION 

LOCATION I CHANNEL II (HET,NGVll) 
I CROSS SECTION 11 
I NUMBER 11 
I 11 Cl1AN"IE.L CUNDll IUN 
I 11 
I II PRESENT lMPt<UVED 
I II 
I 11 
I 11 UR8aNIZAT ION IJHllANlZATJON 
I PRESENT lMPHOvEll II 
I 11 PRESENI FUTURE PRESENT FuTURl 
I 11 

1 __ 

I 11 
CONFLUENCE I 0,090 l0,0l9 11 853,08 BSJ,941 11511,111> 8511,'57 

I II 
11 ****** 10,057 II •••••• • ••••• 1:155. '12 1:155. 54 
II 11 
1.1 0 .1 u 10.09'5 II 85o,5C? tl'Jb, 75 115b, 4 l 85b,53 
II II 
II 0,3011 IO o 19'5 II 8bil.8i! 8b3,05 858,l!l 858,93 
II I 

HIELVETH AVENUE 11 0, 398 l0,Zo7 I 864,bl 8bll,90 l!bO,Sb 8b0,&9 

0,1130 10,2.99 8115,211 805,bb llllC?,17 802,57 

OX80W•WlLL1S AVE 0,580 I0,381 8b5.,99 Bob, 37 111><?,1! I llbl, l !> 

****** 10,1100 ****** ***•** llb3,Z5 llb3,5b 

MEVERS PARK 0,701 IO, lloC? 8b7,95 1'1>7,911 61>3,JJ 81>3,bU 

NINTH AVENUE 0,7911 IO ,549 81>9. 77 8o9,9b 111>5,88 801>,0l 

0,817 10,573 870,111 1170,511 81>1>,llb 81>7 .20 

0,852 10,bC?i! 871.58 871,87 ti 70, Ill 870,19 

0,89o 10,bbll 87i!,95 IH3,19 1170,77 871,0U 

0,932 10,1199 11711, 11! 117ll, 31 872,51 873,i!tl 

0,970 Io, 735 8711,20 llH,31 672,83 873,211 

1,0011 10, 771 875,81 875,91> 1173,80 874,03 

81XTH AVENUE 1. 01111 10,807 87b,b3 871>,7') 87ll,78 1175,11 

1,098 10,8511 877.35 877 ,58 877,31 877,bi! 

1.127 10.8811 1!17 .111 1177,59 877,31 877,113 

1.1115 l 0. 9i!i! 877,lfl 878,lb 877. 7l 1178,0i! 

NOTE1 •••••• JNDlCATE.S CROSS SECTION NOT USED AT T11AT LOCA TI uN 
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TABLE XIV (Continued) 

1tATEH SUHFACE ELEVATION 
LOCATION CHANNEL lfEtl,NG\10) 

CROSS SECTION 
NUMBER 

CriANNEL CUNDJTl.uN 

PRESElllT I IMPHOVED 
I 
I 

UR8ANIZAT10"' I l)HBANIUTllJ"' 
PRESENT IMPROYED 1_ 

PRt.SENT FUTURE PRESElllT FUTURE 

i 
I 1,a9s 10.95) 8711.119 8711. 711 b 711. u 878.117 
I 
I 1.zn au.991 879.Z8 1179.50 1179.Zb . 1179·"" 
I 

MIDGE HO•INGl1AM PK I 1.zu 11oOi!1 11111.1 u 1181.lb 1111u. 77 881. 02 
I 

THIRD AVENUE I 1. JI 1 11.0110 8111.87 8112,lb 881,70 8111.97 
I 
I 1 a lZ9 11.098 IJlli!.Zl 8112' Ill tl8i!.l9 88i!.lll 
I I 

UNIVERSITY AVENUE I l.lbl 11.1n 11 1183,llb 881 0 55 .1111),Clb 8111.52 
II I 
It 1.197 11, I 1>8 I 81111. o 811CI, 77 8811,Cll 111111. 711 
I I I 

SUNSET DRIVE II 1. 01 11.2011 I 111111.aci 885 0 10 11811. 1b 1185,0l 
11 I 
II 1.1159 11.Zll I 885.lll 8115.115 1111~.112 885.'>1 
I I I 

I 1. q 81 11,251 I llllb.19 8bb.115 ll8b.IO 811be<i0 
I I 

ARROolHEAO ORlVE I 1.soci 11. i!7b I 11110,110 11111>.bb 881>,lll !l&b.btl 
I I 
I 1,5Zb 11. 297 1188.1 i! 8118,7(1 1188,09 81111.hZ 

8HER1<10UO AVENUE 1.551 11, 125 1188.1>7 11119.10 11811.511 889.0i! 

I ,57l 11.1115 888.75 889.•H 111111,s& 889.50 

AOMIR•L AllENUE 1,bOb 11.178 1190.b7 8'iU 0 b3 119U • 311 890.35 

l,bi!5 11. l'i7 1190 ·" 890.97 89U 0 bll 890 0 80 

1.1>110 1la41Z 1191.1>2 891.83 891. lb 891.59 

1.1172 11.411111 e•n.11 eq2.1<i1 891.117 89Z.U9 

HALL OF FAME 1. 718 11.11118 119.$ei!5 11q1.5i! 1:1q1.01 ll9l.i!5 

1. 777 It.Seib 8117.119 !19a.oq 1197.111 898.lli! 

1.815 11. 5611 1198 0 111 119tl, Ill> 8911, 1)0 8'18,H 

TOE OF SCS DAM JO 1.1153 11.1122 1196 .19 8911, 1111 11911, 02 8q11,1s 
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TABLE xv (Continued) 

11 11 
11 II "''TE I< SUHFACt ELEVATION 

LOCHlU.N II CHANNEL II IHET,NGvlJ) 
II CROSS SECTION 11 
11 NUHBl:.A 11 
II 11 CHO<Nt.L CUNUJllUi. 
11 II 
11 I Pt<ESfl'<T lHPl<IJVf IJ 

I I 
I I 
I Ul<BANilHlOi. I UH8ANlZA 1 ltlN 
I PRESENT IMPROVED 

_1 __ 

PRt.SENT fUTURI: PRE SENT FuTUl<t 

1.195 10.953 879.li! 1179.511 679 • .i!ll 1179.'>i! 

1.i!U 10.991 1180, 111 860.'55 tlllO .. l7 880.'Stl 
I, 

RIDGE AO•IfltGHAH PK 1,i!U 11 • Oi! I 8111 I Oi! I I 11111. 77 1!11 I• .i!l llt! I, li! 
I 

THIRD AVENUE I. l11 I t , Otl O 1182.bO I 1111.i!. 81 1!82 ... l 882,bl 

loli!9 11.098 88i:!,bl lllli!, 1111 t18i:!,08 111:12, 11 .. 

UNIVERSITY AVENUE I, 3113 11,133 883.89 81:11.911 1163.lll 8113, 9J 

Io 397 11.11111 1185.li! 885.27 68').lO llll').9jj 

SUNSET DRIVE I .llll 11,2u11 885.112 &ti5,oo 1185,5i! lll!b. OJ 

1.1159 11. 2l 1 885,oo lllS5, 81 M1'5o7i? 86b,lj 

1.1181 11.253 1180,78 880,89 880. 77 11110.80 

ARROwHEAD DRIVE 1,5011 ll,i!711 1187. ll 6117 .Ill 1187.U !187.113 

1.s211 ll ,297 1189.11'5 81!9.99 889.58 889 0 6] 

SHERwnuo AVENUE I 1. 5'53 11 , li!S 889.e.O 890,07 889,70 889,93 
I 
I 1.s7l Jl. lllS 1$9V ollll 8'i0,lll 8911,llb 890.lO 
I 

ADMlHAL AVENUE I 1.11011 ll.l71 1$91.09 891,ll 691l.9l 8'i0.112 
II 

I I • l>lS 11, ]97 1191,51 1191, loll 891,]8 891 ·"" I 
l 1,11110 11 •II Ii! 89i!,21 892,39 891.911 89i!. ll 
I 
I l ob7Z 11 , 111111 119.i!. 71 6'i2,117 89.!.110 89i!,5o 
I I 

HALL OF f'AfotE I 1,7111 11 .1111t1 I 893,92 8911.39 t!9l,55 6911. n 
I I 
I lo 777 11. 51111 I 8911.71 899,011 11911.00 899,02 
I I 
I I, 815 11.51$11 11 dqtl,95 A'l9,j!q tlqlS.8b 699. ltl 
I 11 

TOE Uf' SCS DAM 30 I 111153 11,tii!i! 11 8911,9b d'l9.i!5 11911, II 7 699. t ti 
I 11 
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TABLE XVI 

COMPARISON OF 100-YEAR WATER SURFACE ELEVATIONS 

--11 
II wAU.H SUHfACt tltVATJON 

LOCATION 11 CHANNEL (FEET,hG~D) 
11 CROSS SECTlON 
11 NUMBER 
11 CHANNEL CUNDIT IUl'I 
11 
11 PHESENT I IllPHOVt!J 
11 I 
11 I 
11 URhNJZATIUN I Uf.IBANJZATION 
11 PRESENT IMPHOVEU _1 
11 I PRESENT I FuTuRt I PRESENT FUTURE 
11 I I I 
11 I I I 

CONFLUENCE 11 0,090 10.019 I 855.211 I 855. 37 I 855.25 855.311 
I I I I 
I ****** 10.057 I •••••• I • ••••• I 85b .. u 851>.li; 
I I I i I 

0.118 10.095 I e511.01 858.21 I 857.i!Z 1157 .• 141 
I I 

o,J08 10.195 I 1!1141.211 18bll 0 1HI I es9.111 859. 7q 
I 

I 
I 

. TWELVETH AVENUE o.J98 10.Zb7 I llbb.35' illllb,57 I tllll,U 8bl,41b 
I I 

0.1110 10.299 I 81111.55 8011 1 741 86'1,110 8115.i!i! 
I 

OXl!OW•WILLIS AVE o.s8o 10. 381 I 8f>7.llll 8b7,lli! 8115.111 111>5.53 
I 

****** 10.1100 I ****** ****** 1165.39 8b5.7b 
I 

MEYERS PARK 0,701 10,llbZ I 111111.112 8b8,59 1165,39 8b5. 7b 
I 

NINTH AVENUE 0,7911 10.5119 I 111u.11z 870,111 llllb,99 807.i!I 
I 

0,817 10.sn I 1111.20 871.lc! llb9.l5 1111.00 
II 

0,852 10,t.2i! II 87C.t.8 872,1b 1171.51 1172.30 
II 

0,8911 10.111111 11 1173. 70 873,82 1173.70 8 73. 82 
11 

0,932 10.1199 II 8741,81 87&1 ,ltll 8h .115 8711,91l 
I 

0,970 10. 735 I 875.16 1175 0 21 875.<!Z 1175. l'l 
I 

1.0011 10. 771 I 117o.37 11711,411 1175,91 875.99 
I 

SIXTH AVENUE 1. 01111 10.1107 I 877.29 877 .Jll ll7b.2i! 871>,80 
I 

1,098 10.851> I 1178.08 878.83 1179.i!t 879, Iii! 
I 

1.127 10.8811 I 5711. 7i! 11111. 88 1:179,j!ll 879.llit 
I 

lelb5 10.922 I 879.09 879.23 879,37 879.511 
I 

NOTfl ****** INDICATES CROSS SECTION NOT USEU AT TkAl LOCATION 
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TABLE XV 11 

COMPARISON OF 500-YEAR WATER SURFACE ELEVATIONS 

" I. 

" RATER SUHFACI:. Elt.VATlON 
LOCATION 11 CHANNEL (Ft.El ,NGVDl 

11 CROSS SEC TlON 
II NUMllER 
II CHANNEL CUNOITILIN 
II 
II PRESENT h1PIW~EO 

URBANllATlUN UHllAN l ZA TI 0~• 
PRESENT IMPROVED '----P~t.Sl:.NT FUTURt PRESENT FUTUHE. 

CONFLUENCE o.o9o lO.Ol9 855.110 85&.0l 1155.&5 855. 79 

****** l0.057 •••••• ***"** 115&.110 !15tt.7j 

o.aTe l0.095 8511.&7 858.911 857.&0 1157.H 

0.101 lO.l95 81111.115 8&5.00 11&0.oo 8&0.ll 

TWELVETH AVENUE o.J98 l0.2117 1167 .011 11&7.29 8bl.c.9 lib 1.111 

o.no l0.299 llb7.2l 8t17 0 117 6bbo l3 8t1b.'!'>'I 

UMllOlll•WILLlS AVE 0.5110 l0.3111 llbll. 05 8118.211 6tttt 0 H 8.llb. 81 

•••••• ao.1100 ••••** ****** 111111. 1>1 llbb.93 

MEYERS PARK 0.101 l 0 .11&2 llbll.'12 8119,IO llbll.51 8bb,'1l 

NINTH AVENUE 0.1911 10,5119 1110.117 870 0 5& 11&7.o7 8117.90 

o.au l0.57l 871.55 871.bl 87lolll 872.07 

II o.as2 l0.•22 8n.9o 873.07 1112.10 872,97 
I 
I 0,8911 lOobllll 873,98 8711,05 8711.15 8111.2" 
I 
I 0.1112 l0.1199 875.011 875,12 1:175, 18 1175. 2'1 
I 
I o.97o l 0. 7l5 875,2'1 875,111 1175.ol 875.bll 
I 
I 1.0011 10. 771 87b,58 8711.bl 1110.15 87&.23 
I 

SIXTH AVENUE I a.ou 10.807 877. 55 877.&5 1177. 72 877,110 
I 
I l.098 lO.llSo 87'1,l<I 879 0 H 1179.5'1 879.11;.> 
I 
I lol27 10,8811 87'1.20 87'1 0 110 1179.e.l 679.8~ 

I 
I lolb5 l0.922 87'1.50 879.08 879.75 879.90 

NOlE I *"**** INDICATES CROSS SECTION NUT U::;EO AT THAT LOCAllON 
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TABLE XVI I (CONTINUED) 

I 
I 1dTEH SUHFACE ELEVATION 

LOCATION I CHAJolNEL (FfE T, NG\ID) 
I CROSS SECTIUN 
I NUMBER 
I CHANNl:L Cll'-'ll IT I ON 
I ,_ 
I PHESENT lMPHOVED 
I 
I 
I UtdlANJZA TION UH8ANIZATlON 
I ·PRES!:NT tMPROllED 
I PRESENT FUTURE PRESENT FllTURt 
I 
I 
I 1.195 10.9·53 879 .. 17 8110.15 e110.ol 1160.i!l 
I 
I 1.i!JJ 10.991 880.78 880.'H 11110.1111 8110.9') 
I 

RIDGE RD•lNGHAM PK I 1.2u 11 o Oil 11ec.ol I 1 8112 .111 88 I 0C>O 1161. n 
I I I 

THIRD AVENUE I 1. 311 11. oao 11111.11> I 81:13.ll 1183.13 11111.111 
I I 
I 1. 329 11.098 eiu. 19 I. 11111.111 683.17 tllll.111 

I I 
U~lVERSlTY AVENUE I 1.1u 11.lll I 68(1.18 I 811Cl.i!7 11811.15 111111.20 

I I 
1.197 It. I C>8 11 11115 .. !9 I 11115.30 6111).79 11115.9b 

II I 
SUNSET DRIVE l~llJ:S 11.i!Oll 11 1115.73 1111'>.1111 1185.911 llllb • 11 

I 
1.1159 II.Bl I 885.941 8111>.05 llllb •It 881>.27 

1.11IH lt.i!5l 887.0b 8117.10 1187.0b lltH .15 

ARROWHEAD DRIVE ·1.5041 11. i!7b 8811. 511 81111.c.7 11e11.111 888.118 

1.szc. ll .297 119u.u1 11•0.111 1:19u.ul 890.111 

SHERWOOD AVENUE 1.553 11.125 119Uo Ii! 890.llY 1190. 111 890.50 

1.51l 11.1115 1191 .st 890.55 ·11'1.411 890 0 511 

ADMIRAL AVENUE l.C>Ob 11. 378 1191, 111 891.51 891.bO II"' I, 19 

1. bi!5 11,397 892.i!I! 892.20 892.15 892.0ll 

I .t.410 ll.411i! t19Zo'IO 89i!.'J9 1192.bll 89i!. 711 

1.c.12 11. 111111 893.19 1191.211 1192.90 e•n.911 

HALL OF FAME 1.718 11•111111 8911.55 111111. 7l 11911.511 8911.51! 

•• 777 11.5111> 1199.711 900.0i! 899.71 899.<111 

t.1115 11. 5811 1!99.83 91111.09 1!99.110 900,0b 

TOE OF SCS DAM JO 1.1!'5 l 11 • b2l 1199,611 900.09 699.110 900,0o · 
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TABLE XVI 11 

FLOOD DAMAGE WATER SURFACE ELEVATIONS 

II 
lllDG FlHST FLOOR I I 100•\'EAR FLUOD WATER SURFACE ELE.VAflON 
CUDE ELhAlIUN II tft.ET,NGVD) 

N.O, <FEET rNGVD) ti 
ti 
I I CHilN"'IEL CUN!Jl TION 
II 
ti PRESENT ll'IPIW~Et• 

I 
I 
I URBANIZATION UHtU,..J 7ofif !;IN 
I 
I PRESENT FUTURE PRlSt.NT FUTUl!l 

- I 
I I 
I I 11118. b I 8b8,JI 8b8,118 llb7,77 81>7. 77 
I I 

2 I 111>8,b I 8bll,42 8b8,59 8b7. 77 llb7,77 
I I 

3 I 808,ll I 8b8,7l llbll,115 dtt7,77 8b7. 77 
I I 

II I 8bll,5 I 8b7' 77 8b7,77 llb7' 77 81>7. 77 
I 

5 !lob,& I 8b7, 77 8b7,77 8b7,77 807,77 
I 

• 8tt8,5 I llb7, 77 8f)7' 77 llb 7 '71 8b7. 77 
I 

7 Plttb,8 I dll7. 77 8b7. 71 llb7. 71 !lb7,77 
I 

8 llb5,9 I 8b7, 177 8b7,77 bb7. 77 807. 77 
I 

q 8b.b, 3 I 8b7. 77 8117. 77 6b 7. 77 Ao7,77 
I 

tu lloe.,3 I 8bllol9 llb8,3o 8117. "11 807. 77 
I 

11 875,0 II 875,50 875,55 1175, II I IH5,5l 
ti 

12 875,0 11 875,111 875,21 1175.22 1175,35 
II 

ll 1175,0 8711,H 875,011 1175,0ll 1175,lb 

Ill 872 ,9 t17l,20 873,27 1172,Sll 873,0J 

l5 871,8 872. 911 1173, 011 872,ull 872, 70 

lb 871,0 1172.tt8 872,71> 671.51 872. 30 

17 117 l, 0 1171 • 4111 871,55 8119,70 1171,21 

Ill 870,'5 87 lo"" 87 t ,5'il 8119,70 871,21 

19 870,7 871,1111 871,55 8119,70 871,21 

20 870,0 87i!,b8 8 72. 7tt 871,51 8 72. 30 

21 1.171,3 en.10 873,17 872,37 872, 119 

22 871,7 873,52 87l,tt0 873. 22 1'173,119 

l3 873, 7 8U,o lHJ,99 87:S.88 ~711,0U 

211 1171,11 874,42 8711,119 8711 .113 l\711,55 

25 873,5 8711,811 11711. 91 11711 ,89 875,02 

211 8711,l 8711,Cl!I 1175,011 t17S,oll 1175,lo 
I 

27 I 875,0 1175,ltt 1175,21 111s,22 875,35 
11 

28 11 875,3 875,50 875,55 IH':t,111 875,53 
11 I _,, , __ , 
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TABLE XVI 11 (Continued) 

II 
tllllG II FIHST FLOOR 100•YEAR fLUOO WAfEH SUkFACf ELEVA T lllN 

. touE 11 H.t:Y41IUN (Ft.ET,NGVDJ 
NO, 11 (FEET,NGVD) 

11 
11 CHAr.Nt.L CIJNDI 1 IUN 
II 
11 PRESENT I MPRtlVE D 
11 
II 
II UMBANIUTIOU lJHllAlllllATlllN 
II 
11 PRESENT FUTlJRt. PHtSENT FUTlJRt. 

_11 

29 875,8 875,97 870.02 87!>.o8 875.711 

30 870,2 879,H 870,lfl 87S.'11 875.99 

31 877 .o 87b,113 87b,'10 876,0b 871>,40 

32 877 ,5 877,50 877,b4 876.80 877,311 

H 877,0 877,i!9 1177,30 IH6,i!2 87n,llO 

34 87b,O 87o,83 ll7b,CIO tl7h,Ob f<76.110 
I 

35 875,0 I 87b,H 870,113 075,'11 1175,'19 
I 

lb 8711,7 I 875,97 87b,Oi! 117!>,08 1175 .• 711 
II 

37 8711,11 875.50 875.55 ti 7!>, II 1 11·15,53 

]8 8711,2 875, lb 875,21 1175,22 117'5,35 

39 1173,2 874,98 875,011 1!75,04 875,lb 

40 872.2 874,111 874,91 11711,119 875,02 

41 1172,2 6711,Ctli 874,71 8711.0'1 8711,80 

Iii! 872,4 87a,28 8711, 31) 11711 ,28 8711,40 

113 872,o 873,93 873,99 1173.1!8 8711,0U 

aa 872,o 87J,52 1.173 1 011 llH.22 873.119 

115 871, 7 873,.ZO 873,27 t17i?o50 873,0l 

110 no. 1 &7l,o8 872,7t> 871.51 1172, 311 

a7 870,5 871,411 1171. 55 11011, 10 871,21 

Gii 870,5 871, 11a 1171 ,5') llb'l,70 871 .21 

11'1 871,5 871, 1111 871 ,5!> !lb9,70 ll71.21 

so 1170,0 s12,08 8 72. 7b IH 1 o'Sl fl 12, 31.l 

51 ll71,2 872,'lb 873.04 t17cl,1l8 1!72,7v 

52 873, 7 871,20 873.27 872,50 873,0l 

53 fl78,7 87Cl,09 879,Zl 879,37 1179,511 

5a 880,0 879,J'f 117Cl,'IZ 11711 .113 IHI0 0 0i! 

55 8110.2 1180,57 9110,oc. 11110.1>0 880.72 

5o 1182 0 0 881, 79 8111,89 11111.ll 1181.40 

,_ _, ______ 
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TABLE XVI 11 ·(Continued) 

tll DG fJRSl FLUOR lDO•YEAH FLUOO WATEH;SUHFACE llt.VHlON 
CllOE EL.EV .. TIUN lf'f.ET 1NGYD) 

N0 0 (FEET 1NGVD) 

CHANNEL CUNOl T IUN 

PRESENT IMPHOVEO 

URIUN lZA TIOr. llHllANIZAT llll'w 

PRESENT I FUTURE PHt SENT FUTURE 
I ., 

'57 1181,0 I Hi!,115 118i!.9tl lllJ2eb5 1182.88 
I 

58 880.i! I lllli!,85 ll8i!. 911 811l.o5 8112 .111! 
I 

59 881,5 I H1.n 881.n 11111. 33 881 0 110 
I 

bU 883.0 883, 12 883.211 81ll.l0 ilt!l.18 

bl 1182.7 !!Ill.Ii! 8113 0 211 883,10 11111. 18 

bl 882,i? 88le1l.i! 8113 0 211 1181.10 863 0 111 

bl 11111. 7 11114,27 8t111.ll 11811.ll 11811 .118 

bll 88b.O 8115,311 8115.37 885ot10 811'5.97 

bS 118'j, 0 118'5,34 811'5. 37 1185.80 88s.•n 

CIC. 88Ci,2 HS,59 11115.c.7 t18S,89 llllb,Ob 

1>7 811'5. 0 8115,99 81111,01 11811, I Ci 88b.li! 

1>8 81111. 7 8115,99 86Ci.07 880 •I b 81!b,li! 

119 "8Ci,i! 885,99 88&.07 llllb, I b 811b,l2 

70 889 0 2 8!19,'50 890 ,110 1!8Y 0 6l 1190, Iii! 

71 8119,0 889,50 890.40 ll8Y ,83 1190,41i! 

72 889,i! 1189,50 890.110 8119,83 1190.112 

73 890 0 2 889,SO 890.110 8!1'1,8] 890.42 

7" 890 0 i! 889,C.8 890,11& 889,93 890.117 

75 1190,0 889,Cill 1190.llb 8111J,9l 1190. 4 7 

7o 8119. i! 889,f>ll 1190. llb 81\Y,93 1190,47 

77 1190,7 1189,U 11110 1 11& 11119.93 8YO, 1H 

711 81J0,7 89!.09 1190.SY 1191, U'5 ll90 0 '5b 

79 889,7 891,09 8.,0,59 891.05 890,'ib 

80 891,'5 1191,41 ll•H,i!b ll'l I ,211 1191) 0 '1Y 

81 ll'li!, 0 892,00 8"2.0i! 8'l I, 1!4 891 0 8] 

82 892.S ll'l2,00 8112 0 02 1191. tlll 6'i I • 6J 

_, 
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TABLE XIX 

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

OEPTH DAMAGE 
CFEET l CPEkCENT OF STRUCTUHE llALUE) ,_ 

I 
I ONE STORY RESIDENCE T~O STuRY HE~IOENCE 

I NU SASEMENT NO BASt:MElllT 

'---I STRUCTURE · 1 CONTENTS STRUCHHIE CONTENTS ,_ _, 
-1.0 o,o o.o o,o 0,0 
•0,9 0. 2 o.o o,o 0,0 
•0,8 0,4 o,o o,o 0,0 
•0.7 o,o o.o I 0 o l o,o 
•O,b 0,8 o.o 0,2 0,0 
•0,5 1. 2 o,o 0,3 0,0 
•0,4 1. b o.o 0,4 0,0 
•0,3 2.0 o.o . 0. 7 o.o 
•0,2 2,b o.o 1.0 0,0 
•0,1 3,2 o,o 1.] 0,0 

o.o 4,0 o.o 2.0 o,o 
0.1 8. 0 5,0 4,0 5,0 
0. 2 12,0 8,5 41,8 b,2 
0,3 14,0 11.8 '5. 5 7. '5 
0,4 15,5 15. 0 b,O 8,5 
o.5 lb,5 18.2 b,8 9,8 
o.o 17,8 21. ti 7,5 11. 0 
0,1 18,8 25,0 8,2 12.2 
0,8 20,0 28,5 8,8 13,5 
0,9 20,8 32.0 9,5 141,8 

i.o 22,0 35,0 10,0 lb,O 
1.1 22,8 37,8 10,8 17 .o 
112 23,5 39,5 11,5 18,2 
1.3 241. 2 4 l, 2 12.o 19,5 
l,4 25,2 112,8 12,8 20,8 
l o5 20 0 0 44,0 11.2 21,R 
l. b 2t>,8 415,2 11,8 23,0 
lo7 27,5 4bo5 14,2 24,2 
1,8 28,5 47,5 1s.o 25,5 
1,9 29,2 48,8 15~5 2b,8 
2.0 30,0 50,0 lb,O 28,0 
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TABLE XIX (Continued) 

DEPTH DAMAGE 
<FEET> (PERCENT OF STAUC TURE VALUEl 

ONE STORY RESIDENCE T~O STORY RESIDENCE 
NO BASEMENT NO BASEMENT 

STRUCTURE CONTENTS STRUCTURE CONTENTS 

2. 0 10.0 so.o U1.o 2a.o 
2. 1 10.s 50.8 1b.2 29.0 
2,2 11,0 51.8 lo.8 10.0 
2.3 :u.a 53.0 11.2 11.0 
2.11 12.2 54,0 17. 5 32.0 
2.s 32.8 54.8 18,0 11.0 
2.0 33.2 55,8 18.2 33.8 
2.1 H,8 5o,8 18,8 34,5 
2,8 34,2 57,8 19.2 35,5 
2,9 34,8 5e,e 19,5 lb.2 

1.0 35,0 110.0 20.0 37.o 
1.1 35,5 "l. 0 20.s 37.S 
1.2 3b,O "l. 8 20.8 38.2 
3,3 3o,s 62,8 21.2 39.0 
3,4 lb,8 u,s 21,a 39,S 
3,5 37,2 64,2 22,0 40,2 
3,o 37,5 65,2 22,5 40.8 
3,7 38,0 66,0 22.8 41,5 
l.8 38.2 f:>o,e 21.2 42.0 
3~9 38,8 111.2 23,5· 42.5 

4. 0 39.0 68,0 24,0 43.0 
4. l 39.2 68,8 211.2 43.5 
4. 2 H,5 69,2 24.7 

"". 0 4, J 39,8 70,0 24,9 44.4 
4,4 40,0 10,s 25.l 144,9 
4.5 4 0. i? 71,2 25.b 4r;.1 
4,b 40.5 71,8 25,8 4'5. 7 
4.7 14 0. 7 72,2 20.2 tlb. 1 
11.e 40.8 73,0 2b,14 l4b. 4 
4,9 40.9 73,5 2o.7 110.7 
s.o 41.0 74,0 27,0 47.0 
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