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'HYDROLOGIC MODELING FOR FLOOD HAZARDS

4
}

8:00 a.m.
8: 30 a.m.

FROGRAM

Wednesday, August 7

Registration Check-in, Executive Tower Inn, Beethoven Rm
Welcome and Overview
Oren Strom, Assistant Dean,
CU-Denver School of Engineering
"Methods and Requirements for FEMA Flood Studiés"
Dr. John Liou, FEMA Region VIII
"Guidelines for Computer-Based Hydrologid Desagn Studies”
Dr. Lynn Johnson, CU-Denver, Civil Engineering
Hydrologic Model - TR-20 )
Wendell Styner, SCS West National Technigal Center
Hydrologic Model - TR-SS X
Wendell Styner, SCS West Naticnal Techni..(:a;l Center
Lunch and Speaker
"Rainfall-Runoff Modeling from Consultant’'s Poxnt of -Viegw"
Dr. Anand Frakash, Chief Hydrologist, Dames and Moore
Hydrologic Model - HEC—l )
John Feters, Hydrologic Engineering Center,,
Corps of Engineers
TR=-20/HEC~-1 Combination
Claron Koontz, Kansas City District),
Corps of Engineers
Microcomputer Demonstrations

Hydrologic Model - ILLUDAS :
Doug Noel, Illinois State Water Survey

,11-”0 &.m.Hydrologic Model - Revised SWMM

Jody Farhat, Omaha District,
Corps of Engineers

Lunch (on your own)

Hydrologic Model - MITCAT o ‘
William Taggart, Mclaughlin Water Engineers, Inc.
Ray Evans, Cémp, Dresser, % Mckee

Microcomputer Demoncstrations

Hydrologic Model - Sacramento Watershed Model

Lunch (on your own) .

Hydrologic Model - Colorado Urban Hydrograph Frocedure
Fanel Discussion and Wrap-Up

F:I0 a.m.
11: 20 a.m.
@ 12:20 p.m.
1:30 p.m.
" 2130 p.m.
4:270 p.m.
Thursday, August 8
@ 8: 70 a.m.
a-'.: _r() P.M.
® ’ 1:20 p.m.
4:70 p.m.
Friday, August <
8:00 a.m.
o 12:00 a.m.
1:00 p.om.
Z:00 p.m.




HYDROLOGIC MODELING
FOR

FLOOD HAZARDS PLANNING AND MANAGEMENT

Lecturers

Mr. Doug Noel

Water Resources Building
605 East Springfield Ave.

P.0. Box 5050, Station A
Champaign, Il11i. 61820

Mr. S. G. Wilkes

SCs .
Diamond Hill Complex
Building A, third floor
2490 West 26th Ave.
Denver, CO m80211

Mr. Wendell Styner

@ C/O0 Mr. George Blahm
West National Technique Center
511 N. W. Broadway
R. 514
Portland, Oregon 97209
o r. Young S. Yoon e
Boyle Engineering Corporation
165 South Union, Ste 200
Lakewood, CO 80228
Mr. Ben Urbonas
@ Urban Drainage & Flood Control Dist
2480 W. 26th Ave., Ste 156-B
Denver, CO 80211
Mr, William C. Taggart
McLaughlin Water Engineers
® 2420 Alcott St
Denver, CO 80211
John Liou
Federal Emergency Management Agency
DFC, Bldg 710
®  Box 25267
Denver, CO 8Q0225-0267
Ms. Jody Sarhat
Hydrology Section
® U.S. Army Corps of Engineers-Omaha Dist

6014 U. S. Post Office & Courthouse

‘)maha, NB 68102

‘Mr. Claron Koontz

U. S. Army Corps of Engineers
Kansas City District

Kansas City, Missouri 64106

Mr. John Peters

The Hydrologic Engineering Center
Corps of Engineers '
609 Second Street

Davis, California 95616

Dr, Robert J. C. Burnash

Director of California-Nevada River
Forecasting Center

National Weather Service

1416 9th Street

Room 1631

Sacramento, California 95814



Sally Lewis
City of Broomfield

"-‘6 Garden Office Center:

roomfield, CO 80020

Edward Lind
Ayres Associates

17 North 12th Ave
Brighton, CO 80601

Jean Marchand

Gronning Engineering Co
1333 W. 120th Ave #134
Denver, CO 80234

Mike McCarthy
JR Developers Ltd

2120 Hollowbrook Dr., Ste 201
Colorado Springs, CO 80918

Pat McNamarra .
Costin Engineering Co
2775 W. Hampden Ave
Englewood, CO 80110

Constantine Papadakis
Colorado State University

ivil Engineering Dept
ort Collins, CO 80523

Thomas Pick

Bureau of Reclamation
P.0. Box 2553

Billings, MT 59103

Philip Porrini
Morrison-Maierle Inc
P.0. Box 6147

Helena, MT 59604

Bruce Prommersberger
Denver Engineering Corp.
1625 Cole Blvd Ste 300
Golden, CO 80401

Brian Richter
TST Engineers

748 Whaler's Way Bldg D
Fort Collins, CO 80521

B. Rindahl
City of Aurora

. 0., Box 1000
wrora, CO 80012

Class Roster
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Jeanie Rossillon
Jefferson County Dept of Highways
1801 19th St

Golden, CO 80401

George Sabol
Tipton & Kalmbach Inc

1331 Seventeenth St., Ste 700
Denver, CO 80202

Dr. M. Samad

McLaughlin Water Engineers
2420 Alcott St.

Denver, CO 80211

Todd Sando
North Dakota State Water Commissioen

900 East Boulewvard
Bismarck, ND 58505

Staff

J. F. Sato & Associates Inc
5898 South Rapp Street
Littleton, CO 80120

Tim Schoonhoven
Howard Needles Tammen & Bergendoff

907 N. Poplar, Ste 250
Casper, WY 82601

Gene Spence
Elliott & Asso Consulting Engrs
5316 South 132nd St

Omaha, NB 68144

John Timberlake
Morrison—Knudsen Engineers Inc

2425 S, Colorado Blwvd #205
Denver, CO 80222 :

Douglas Trieste

Bureau of Reclamation.
P.0. Box 25007
Denver, CO 80225

Vannop Ottozawa Chatuproh
Arizona Dept. Water Resources

.99 East Virginia

Phoenix, AZ 85004

James ‘Verdin

Wright Water Engineers
249Q W, 26th St., Ste 55A
Denver, CO 80211
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FOR

FLOOD HAZARDS PLANNING AND MANAGEMENT

. . Class Roster

®
Steve Bagley
City of Greeley
919 7th Street
Greeley, CO 80631
e

Steve Butherus
City of Greeley

919 7th Street
Greeley, CO 80631

® Cynthia Croxdale

615 Dudley Street
Lakewood, CO 380215

Jim Davey
Boyle Engineering .

@® >S31 E. Bethany Home Rd
Phoenix, AZ 85012

Joe Des Jordin
JR Developers Ltd

2120 Hollowbrook Dr., Ste 201
..olorado Springs, CO 80918

Edward %ndicott

ARIX
80Q 8th Avenue

Greeley, CO 80632

Garth Englund

Colo. Dept. of Highways
4201 E. Arkansas Ave
Denver, CO 80222

@® James Faulhaber
ARIX
80Q 8th Avenue

Greeley, CO 80632

Terry Fead

® McLaughlin Water Engineers
2420 Alcott St.
Denver, CO 80211

Kenneth Finch

- Army Corps of Englneers—USAED Sacramento
® 450 Capitol Mall

.;acramento, CA 95814

David Frick
Resource Consultants Inc: -

P.0. Box Q
Fort Collins, CO - 80522

Billy Harris

Kirkham, Michael & Asso
6200 S. Quebec St, Ste 320
Englewood, CO 80111

Brian Jascott

Warzyn Engineering Inc
1223 28th Ave., Ste 1
Greeley, CO 80631

Bill Johnston

JR Developers Ltd
2120 Hollowbrook Dr., Ste 201

Colorado Springs, CO 80918

Robert Jones
2680 Telluride Drive
Colorade Springs, CO 80918

Jeff Jurew

JR Developers Ltd .
2120 Hollowbreok Dr., Ste 201
Colorado Springs, CO 80918

Graig Kessinger
Costin Engineering Co
2775 W. Hampden Ave
Englewood, GO 80110

Richard Lamh ;
Norton, Underwood & Lamb Inc

1020 28th Ave #205
Greeley, CO 80631

Richard Leffler

Western Technical Services Inc
1024 Eighth St

Greeley, CO 80631

Ken Lewis
Boyle Engineering
531 E, Bethany Home Rd

Phoenix, AZ 85012



George Wingfield
stin Engineering Co
PY 75 W. Hampden Ave
Englewood, CO 80110

Mary Wu
McLaughlin Water Engineers
2420 Alcott St

® Denver, CO 80211

Class Roster
" Page 3
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HYDROLOGIC MODELING FOR FLOOD HAZARDS

GUIDELINES FOR COMPFUTER—EASED
DESIGN STUDIES

)

Dy o Lyrnm E. Johnmnson o F.E.
Departmenmnt of Ci->~il Enginmneaering
Umniversity of Colorado at Denver

1100 19th Street
Denwver , Colorado 80202




HYDROLOGI(

> MODELING FOR FLOOD HAZARDS

GUI

o Buide

MOR

Fact

o Comj

DELINES FOR COMFUTER-EASED DESIGNM STUDIES
INTRODUCTION

for Guidelines/Standards

Enhance model credibility and confidence.
Aid understanding of model results.

Assist in procurement of modeling services.

ems of Model Choice

Models vary in spatial and temporal detail, as
wall as the processes represented.

Models are operable on differing computing
systems (e.g. desktop micro to mainframe).
Ferson who developed model is not the one
applying it.

Frograms get modified without ¥ollowup
documentation.

Client may be sceptical of model reaults

lines are standard precautions or specifications
Minimum number of standard tests for:

+ model verification,

+ sensitivity analysis,

+ putput interpretation.
To avoid using:

+ wrong model,
wrrong data,
wrong interpretation of results,
misunderstanding of model and its
ralationship to design objectives.

+ o+ o+

'E COMFLEX COMFUTER-BASED DESIGN ENVIROMMENT

rors Causing Complexity

More programs available,

More processes modeled,

Increased variety of computer hardware,
Decreased cost of computing,

More sophisticated micro—computer software,
Easier communication with remote mainframes,
Desire for hands—on use of models.

ruter Models

Saveral hundred currently available.

Main frame code being ported to micros.
Freference for use of a model used before.
Most models being enhanced esach year.
General —purpose software (e.g. gpreadsheets)
malks computing easier.




HYDROLOGIC MODELING FOR FLOOD HAZARDS

o ‘Hardware
- Rapid evolution of microcomputers.
- Decreasing costs of computing.
- Distributed computing linking micros with

mainframes.

o Systems Ware
- High resolution graphics procacsors for micros.

- Enhanced communications speeds (e.g. 1200 baud?
- Nationrnal and international networks to access

large computers.

COMPUTER MODELING ASFECTS OF STUDY REVIEW

o Problem Review .

- At outset of study, determine drainage system
characteristics so that computer model can
represent those characteristics.

- Examples:

+ Diversions
+ Fipe surcharging
+ Interior design points

o Study Objectives and Criteria Functions
- ID qgquestions to be answered and how computer
numbers will relate to answers.
-~ Determine performance criteriad
+ How computer numbers are to be compared
between several runs.
+ Examples: peak flow, time to pealk, viooone,

o Accuracy of Model Should Match Data

- Field measurements and calibrations will

establish accuracy of model.
- Examine sowces of ]rror:
+ input data

model concepts
solution methods
computational accuracy
field equipmeht and measurements

+ + + 4+

o Model Selection Criteria
- Use the simplest model which answers the
questions.
- Study resources.
—~ Availability of the model.
-~ Availability of supporting advice.
- Experience with the model.
- Availability of data.
- Requirements of regional authorities.
- Bpecial costs of propriestary programs.




"HYDROLOG

IC MODELING FOR FLOOD HAZARDS

BUIDELINES FOR COMFUTER-BASED DESIGN STUDIES

STEFS TO ESTABLISH MODEL CREDIEBILITY

o Validation Tests

Compare model responses with theoretically
anticipated results computed by hand.
Examples:

1) Zero rain -———* no runocff.

2y Steep catchments —-———r hydrograph
shaped like hyetograph.

T 100 % impervious —--———r runoftf volume =
rain volume.

4) Light rain and high infiltration -———>

rno runoff hydrograph.

&) Storage routing check. |
7) Addition of two hydrographs at junctions

o Calibration and Verification

o Level

o Sensi

Calibration implies comparison of simulation
results with:

1) Field measurements,

2) another model known to be correct, or

%) some other criteria.
Calibration involves progressive adjustment of
model algorithms or model input data until
satisfactory confidence level is achiesved.
Verification implies testing the system model
an independent data set not used in the
calibration provess.

of Discretization

NMeed to represent interior design points.

Time step selected to accurately represent unit
hydrograph.

Trade—-offs between study costs and number of
subspaces.

tivity fAnalysis
Bensitivity analysis conducted by holding all
parameters but one constant.

MVary the single parameter over eupected range.
I+ model criteria function is sensitive to

variation then data collection/analysis effort

shouwld be conducted with care.

I+ not sensitive, then accurate measurement not
NeCesSsSary.
Fealk flow: slopes (pipe % land), Manning's "n",

subbasin shape.

s

YJolume: X impervious, infiltration, depression
storage.

o

S) Flat pipe gradients —--—— surcharge check.

i

Lt

i
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o Control of Errors
- Validation tests prove no serious coding errors.
- Calibration and verification tests for simple
systems show model is reasonable.
- Verification tests for full system help to

determine data input errors.
- Sensitivity tests indicate appropriate level of

effort of estimating parameters.
- G(Braphics displays aid in data revieaw (1nput % output).

o Documentation :
- ldentify model version and reference documentation.

- List input and output data files.
~ Backup data on computer storage media.

GUIDELINES FOR COMPUTER-BASED DESIGN STUDIES

TOFICS FOR COMFUTER-BASED DESIGN STUDIES

o FROBLEM REVIEW

o STUDY ORJECTIVES

o FERFORMANCE CRITERIA

o RREGQUISITE ACCURACY

2 REVIEW AVAILABLE PROGRAMS
o STUDY RESOURCES

o MODEL SELECTION CRITERIA
o MODEL VALIDATION

o MODEL CALIBRATION AND VERIFICATION
o LEVEL OF DISCRETIZATION

0 SENSITIVITY ANALYSIS

o DATA FREFARATION

o OUTFUT INTERFPRETATION

o DOCUMENMTATION

REFERENCES

o James, W. and M. Robinson, 1981, "Sts o
g . R s ; Standards for Computer-
Based Design Studies', ASCE, HY7,’Ju1v., randards vor Lenpute
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[Py \
‘ 100 mT .
>
|4 =
g §
Qo 204
el E
; s 03
0 q &
AN
o ) ot | -8 P I :f'_l
' ° °
YEARS OF EXPERIENCE _ PROCEDURE USE
100« 100
o ™
: \ :
g 80 Eso«
(]
[ Y
. -] f A
¥ &
] AT L

FIELD INSPECTION

SUMMARY OF TESTER INFORMATION

CATEGORIZS OF PROCEKDAURIS

Preducts
Category Pﬁngl Ot.huz
) - 1. Statistical estimation of Q'
@ Q’ = £ (basia characteristics w o
B, channel geometry G,
climatic characteristic C)
2. Statiltical estimation of wmoments Frequency curve
Qp = £ (moments)
soments = £(B,G,C,)
. 3. Iandex flood estimstion Q’
o Q, = £ (ratio Q)
Q = £(3,6,0)
4. LEstimation by transfer of QP Q’
S. Esmpirical equations Q’
6. Single storm event: rainfall Q' Rydrograph
. . frequeacy a runoff frequency possible
7. Multiple discrete events Frequency curve Flood
hydrograph
8. Continuous record ’ Frequency curve Comtinuous
' bhydrograph
. - 1. The major output from the procedure for meeting the objectives of the Work
' Group.
N 2. »Othgr products useful in certain spplications such as reservoir designm.

Note: QP = peak discharge for a given exceedance probsbility.

in = pesk discharge from an iadex flood relatieaship.
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TESTER BACKGROUND INFORMATION
Susmery of Tester's Bydrologic Experiemce (Percemt)

) o
State Flet- Iadex Ratiomal ~ TE-55 TR-3S .
: | 78 cher Flood = Reich Yormmls Charts Ora 2-20 MEC-1 Averige
Testers ' 0+2 Years 22 24 28 17 17 13 20 .2 12 22
Rydrolegic 2+5 Years 22 23 246 17 20 23 19 27 . 26 22
Lxperience: 5-10| Yesrs 17 14 14 19 17 12 16 20 23 . 16
'. . 10 +| Yesrs » 3 3% 47 o 45 43 2 » L]
.o e T l—g. of Testers' Rydrologic Knowledge of the h‘iﬁ.grntcut! C .
Kaowledge . Bo [ ] *10 n 63 65 6 63 (<] (2 ] (4]
of Region: Somewhat 7 27 26 2 a2 29 kX 26 27 23
L Very ) 3 5 5 3 2 4 6 s 4
Summary of Testers' fr of Procedure Use (Perceat
_ Frequancy Rever & %0 87 2 L3 38 9 ] [ [4]
of Use:s , Occapiomally .38 19 39 8 -39 37 29 23 34 » ‘
. Trequently 22 1 L} 0 [ 5 12 L [ 2 [
Semmery of Tield Inspections (Percesat ' t
ade o % % n  wn ”% ” n- 12 M ..n
Tield Tes [ [ 7 7 [ .3 9 13 - ' 8
Iaspectien:

FREGUENCY OF UST OF PROCEDURE CATEGORIES.

(ia percest
Procedure Yedersl* State Private -
Categories Agencies Nighvey Sector °
1. Statistical Istimation 48 s 34
of Q‘P
‘2.  Statistical Istimation 1 0 . &
by Moments
3. Index Flood Method 1 4 3
4. Transfer Method 1 .19 ? ' ®
$. Impirical Equations 24 38 17
6. S8ingle Storm .24 1 3%
7. HMultiple Discrete 1 0 0
Eveats
8. Continuous Record ‘ 0 0 1 .

*Based on small samples, modest to importast projects
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L
- \
FRRUENCY OF USE OF PROCIDURES BY THX PRIVATE SECTOR
o ) ia percest
Frequency
Procedure « - Category of Use
1. USGS State Iquations Statistical Xatims- (1) 21.3
tioa of
P 2. Rationsl Formula Ewpirical IQuations (S) 16.1
3. 8C8 NEH-4 Single Stora Ivent (6) 7.0
4. Transfer of Transfer of (4) 6.9
5. 8CS TR-SS Single Storm Zveat (6) 6.6
6. 8CS TR-20 Single Stors Event (6) 5.9
7. Cof EEC-1 Single Storm Ivent (6) 5.3
. 8. COE Log Pearson III Statistical Estima- (2) 3.3
Basia Studies tion of Moments
9. BPR Potter - Statistical Estima- (1) 2.9
‘ . tion of &
10. Sayder Uait Hydrograph Single Stork Event (6) 2.3
. 11. USGS Water Supply Index Flood (3) 1.5
oo Papers
. *#12. Other Unit Bydrograph Single Storm Event (6) 7.3
#13. Other Regression Statistical Estima~ (1&2) 4.8
tion
*14.. Other Rapirical Impirical Iquatioas (5) 1.0
#15. Other Index Flood Index Flood 3) 1.0
.. : *16. Coantinuous Simulation Continuocus Simula- (8) 0.8
2 tion
Total 100.0

*Cumulative percentages for all other procedures in the category.
Iadividual procedures accounting for less tham 1.0 percent of
total applicatioas were mot.itemized.
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HYDROLOGIC

OVERVIEW:

The 8CS comp
more popular
engineer in

analysis of

alternatives
is the users
program (1).
direct runof
It develops

through stre
hydrograph W
discharges a
The model us
as described
(NEH4)~Hydro

Background:
1. A "Comput
prepared
TR-20 Use
a. SCs
Prog
Supp
Conmp
Pen
Late
Tech
ink
a pr
Err

2.

b.
c.
d.
e.

f.
g.

MODELING FOR FLOOD HAZARD PLANNING AND MANAGEMENT
TR-20 o

Wendell A. Styner, P.E., \1

uter program for Project Formulation~~Hydrology,
ly Known as the SCS TR-20 program, assists the
hydrologic evaluation of flood events for use in
water resource projects by analyzing more

TR-20, one of a series of SCS Technical Releases,
manual describing the input and output of the

The program is a single event model which computes
f resulting from any synthetic or natural rainstora.
flood hydrographs from runoff and routes the flow
am channels and reservoirs. It combines the routed
ith those from tributaries and computes the peak
t points of interest in the watershed.

es standard SCS hydrologic techniques and procedures
in the SCS National Englneerlng Handbook, Section 4
logy (2).

er Program for Project Formulation, Hydrology"®
for 8CS by C-E-I-R, Inc., January 1964.

r’s Manual. ‘

developed a user’s manual, May 1965, “Computer

ram for Project Formulation, Hydrology.*®
lement to user’s manual, March 1969.

letely rewritten as Draft User’s Manual, May 1982.

and ink changes - 2nd Edition (May 1983).

st Draft User’s Manual available through National

nical Information Service (NTIS) contains pen and

changes. The NTIS Accession No. is PB83-223768 with
ice of $25.00. :

ta sheets were distributed March/April 1984.

was

Final’ User’s Manual - {ncorporated comments waiting for

completion of programaming.
3. TR-20 Computer Progranm.

Firs
Revi
Late
Avai
Conmp
Cent

a‘
b.
c.
d.

\1{ Hydrauli
Technica

Broadway|

t available May 1965.

sions made periodically until last version 1974.
st progras revision date is 9/1/83.

lable at the USDA’s computers at the Washington
uter Center (WCC)> and the Fort Collins Computer

er (FCCOC).

c Engineer, Engineering Staff, West National
1 Center, Soil Conservation Service, 511 NW
» Portland, Or. 97209
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e. Available through NTIS Accession No. PB83-223107 with a
price of $595.00.

f. Program written in Fortran IV for IBM series of
mainframe computer, i.e. S360 or S370, with a Fortran IV
G! compiler and 400K bytes of main storage. The prograa
has also been implemented on other mainframe computers
as the UNIVAC 1100 series:

g. In 1976 the SCS began to examine advanced technology in
hydrology and hydraulics (H&H). 1In 1980, the SCS
initiated an H&H study that should lead to the
development of an unsteady-flow field model that will
combine the discharge and stage computation functions of

~TR-20 and the 8SCS water surface profile program, WSP2.
This study indicated that the coefficient valley routing
procedure in TR-20 could be improved using the Att-Kin
procedure developed for a simplified dam~-breach
routing procedure (3). With need to update the TR-20
user’s manual, other improvements are also being made.
A new version of TR-20 user’s-manual and program will be
released soon and given an appropriate version date
following final testing.

Organization of Draft TR-20 User’s Manual (4).

1.
2.
3.
..
5.
6.
7'
8.

9.

Chapter | describes TR=20 in terms of purpose, computer
requirements, and availability of progran.

Chapter 2 describes the program organization, and
capabilities and limitations.

Chapter 3 describes input data preparation.

Chapter 4 describes output presentation and description.
References, Glossary and Converslions.

Appendices A-E contain 5 sample jobs showing different levels
of complexity.

Appendix F contains blank input foras.

Appendices G and H have a description of the Modified Att Kin
(MAK) reach routing procedure and guidelines for rating curve
coefficients and reach lengths.

Appendix I describes the data check computer Prograu
(SCSCHK20).

MODEL THEORY AND STRUCTURE:

The TR20 computer model uses standard SCS hydrologic techniques
and procedures described in SCS NEH4. The basic concepts of the
model have been essentially unchanged since it was developed in
1964.

The 8CS Runoff Curve Number (CN) system is used to convert total
storm rainfall to total stora runoff. The model develops
subwatershed flood hydrographs from the runoff and routes the

2
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flow through
hydrographs
includes prc¢
separated by
peak dischary
water-surfacg
reservoir.

hydrographs

The program
flexible as
model actual
generate hyd
and/or reser
virtually an
river basin.

sub-watershed areas,

} stream channels and reservoirs. It combines routed
vith those from lateral inflow and tributaries and
cedures for adding baseflow. Hydrographs can be
 branching or diversion of flow. The model computes
‘ges, their times of occurence, and associated

e elevations for any given cross section or

It can also generate the complete discharge

with associated durations and elevatioas.

was developed using the philosophy of being as
possible in the use of input data and ability to
watersheds. The user can direct the model to
irographs and route thea through streaa reaches
‘'voirs, then combine and/or divide the hydrographs in
ly combination necessary to model and watershed or
Fig | illustrates a simple watershed with two
a reservoir and 2 stream reaches.

LECEND

o o
) e Structure Number |
_
Cross Section Number |
/@ (ot downsireom end of reoch)
T7e(1.67) :
!: o S 40¢ Regch Length - Feet
? 8 [;1][1.31] [End Argc Coett (X )][E toonent{ m )J
-2 © 1.20 Droinoge Areo - Square Mies
TS (33 Runot! Cutve Mumber {(Time of Concantration-mours )
Ot
el {N1G TV ENINQ Areo
bl
Fig. 1
The model can analyze in a continuous run up to nine different

rainfall distributions of a watershed under existing conditions
and various (combinations of structural and nonstructural

neasures.

uch and analysis can include as many as 200 cross

sections (valley reaches) and 99 structures (reservoirs) within

up to 600 separate standard control operations.

alternative
first 24, 00(
suamary tabl

Ninety-nine
with 10 stormas each are possible, but only the

) peaks from these combinations may be saved for the

e of peaks (Summary Table 3).
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Input data required by the program consists of watershed
physical parameters, rainfall data and additional i{nformation to
define the order of processing by the nodel. Basic lnput data W§7

includes: 5oy W‘Z*‘
Drainage areas, (sq.mi.) ,ﬁgﬁqﬁ‘ - S X
Runoff Curve Number “Q “"Uy) of> wygnd

Time of concentration, hrs. - RN e
Stream reach lengths, ft.: o “)/\“t ¢ " ﬁw% “&
Rainfall data: y“‘vanQ" ‘“KUJ o
1. duration, hrs.. “Tu Lﬁ} <2
2. amount, inches.’ , ‘“ vy o
% 3. te-poral distribution, a mass curve of depth VS.
time, - : o,
Structure data: D T ,
1. stage or elev, ft.. . -~ .~ i
t.——2iTsurface—areaj;—acres’ - . {
3. storage, acre=-feet. -~ a I
4. discharge, cfs./ : b
g. Channel cross section data =
1. stage or elevation, ft.
2. end area, sq. ft.
3. discharge, cfs.
4. acres flooded (optional)—~

Output information provided by the model which can be selected
by the user to be printed out include:
a. Hydrograph peak
{. Discharge
2. Time of occurrence
3. Elevation (if applicable)
b. Hydrograph Ordinates
1. Discharge
2. Elevation
c. Runoff volumes
i. Acre~£ft
2. Watershed-inches
3. cfs-hrs
d. Additional data
1. List of input data
2. Basic data useful for determining validity of
results.

C)‘)ru‘\"\Of\

d K (ux\n\'&\o\b 5ov ‘\"\1\0, Joriod)d
mae du?uutb>*o 2dnr

ovod e\

R
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A brief res
follows:

RUNOFF
The first s

to estimate
procedure u

where

The value S

where
A descripti
10 NEH4. T
rainfall =aa

A unit hydr

hydrograph and the watershed time parameter, Tc.

hydrograph
the composi

REACH

The REACH p
using the =
in Appendix
attenuation
then coaput
the reach i

ume of the computational portlons of the model

tep in the RUNOFF process to generate a hydrograph is
the direc¢t runoff from the rainfall. The SCS
e the relationship:

=((P<0.2%x8)*2) / (P+0.8%5) Eq.
atorm runoff
stora rainfall

maxinum water retention factor for the s80il and

land use.
is determined from the relationship:
={1000/CN>-10 Eq. 2
N = the solil-cover runoff curve number.

n of the derivation of Eq. & & 2 is given in Chapter
e model generates a runoff mass curve from the
s curve,

ograph is computed from a dimenslionless unit
The unit
is then convoluted with the runoff mass curve to foram

te runoff hydrograph.

rocess routes the hydrograph through a streaa reach
pdified Att-Kin procedure. The procedure, described
G, draft TR-20 user’s manual, first determines the

of the hydrograph due to storage within the reach,
s the time lag due to Kkinematic routing. Storage in
related to outflow from the reach by a single

valued relationship: /
;7”" L St o7
og Q@ = Log k + m x Log S - ~ Eq.
or g g g '\ Skfgxrﬁﬂw . q. 3
= K % S*m M- Eg. 4
Steady flow rating curve (Q vs. A) at a cross-section relects
storage in reach at any particular time.
5 =L x A Eq. §
Substitute into Eq. 4:
P = K % (LxA)*a Eq. 6
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or Q@ =Kk x L*°n x A%nm Egq. 7
let X =K *x L*m
Q=3x % A*n Eq. 8

This relationship is seen in a log-log plot of Q@ vs A from cross
section rating curves.

The routing equation is derived from the equation of
conservation of mass: .

I1 -0=4da8/ at S Eq. 9

assume I1 {s the average inflow over dt
and ({02 +01)/2) is the average outflow over A4t

then It = ((02+401)/2) = d4S/4t . Eq.10

Let S = KO: where K approximates the slope of the storage-
outflow curve at peak outflow discharge.
puttlow cfrve 3t peax of

It = (€02401372) = K x (€(02-01)/d4t) Eq.11l
Rearraigning:
02 = (2dt/¢2K+dt)I>*xI + (1-(2dt/2K+dt))*01 Eq.12

Substituting the routing coefficient: Cr = 2dt/(2K+dt)
then 02 = CrxIl +(1-Cr)*01 Eq.13
RESVOR
The RESVOR routine routes the hydrograph through a storage
structure or reservoir using the Storage-Indication method. The
basic equation for routing is derived from Eq. 1, l.e.:
I -0=4d8 / at
Let I = ¢It + I2)/2 , O = (Ot + 02)/2 and @5 = 82 -Si
Then
(I1 + I2) 7 2) xdt - (01 + 02) / 2) x dt = S2 - S1 Eq.14
After rearranging, this becowmes:
(Il + I2 - 01) x dt + 251 = 02 x 4t + 282 Eq.15
The terms on the left hand side of Eq.15 are known and 02 and S2

solved iteratively using the storage-discharge rating table for
- the structure read froa the Tabular Data file.

6
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Prograa Structure and Iaplementation

. The TR20 prograa consists of a mainline program with 5
processing subroutines and 13 housekeeping subroutines. The
processing gubroutines include:

a. RUNQFF-generates a runoff hydrograph
b. RESVOR-storage routes a hydrograph through a storage
structure ' ®
c. REACH-routes a hydrograph through a stream reach using ' :
a maodified AH-Kin routing procedure
d. ADDHYD-Adds two hydrographs together
e. DIVERT-Divides a hydrograph into two hydrographs
using:
1. a fizxed discharge division ®
2. a variable discharge division

Input data is classified into three types:
a. Tabular Data
b. Standard Control
c. Executive Countrol ®

The user builds a model of the watershed using appropriate
Tabular data and Standard Control instructions. The Executive
Control establishes the conditions to be used during the
computer run.

_ The user first enters the tabular data consisting of:

1. Rainfall temporal distribution (up to 9 tables A
permitted). Entries are in the form of increments of a
mass curve in inches of rainfall or runoff at a ®
selected time interval.

2. Cross section data, (up to 199 tables). Data consists
of [rating curves of Elevation vs Discharge and End

Area.
3. Structure data (up to 99 tables). Data consists of
rating curves of Elevation vs Discharge and Storage. . ®

The Standard Control provides the sequential operations
instruction for the aodel network. The five Standard Coatrol
operations are: :

1. RUNOFF-A subarea runoff hydrograph is generated based on ®
the Drainage Area (DA), Time of Concentration (Tc),SCS
Rungff Curve Number (RCN) for a rainfall depth and
rainfall temporal distribution.

2. RESVOR-Routes a hydrograph through a reservoir using
given elevation~discharge and storage data at the site.

3. REACH-Routes a hydrograph through a streaa reach using
elevation~discharge and end area data at a cross section
representative of the reach, or, given routing
coefficlents.

4. ADDHYD-Adds two selected hydrographs together. For

7 | ®
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example, the two hydrographs may be at the junction of a
tributary stream, or adding local inflow to a streanm
reach. v -

5. DIVERT-Divides a hydrograph into two seperate
hydrographs by diversion of fixed discharge or by the
branching between two cross-sections.

The Executive Control peraits the user to select the beginning
and ending standard control instruction, starting time of the
rainfall, depth of rainfall, antecedent moisture condition,
which rain table to use and storm and alternate label to
identify the output in the summary tables. Additional Executive
Control instructions define the time increment to be used in the
computations, defines BASFLO or the pre~-storm flow conditioas.

Fig 2 is a 1listing of the TABULAR DATA, STANDARD CONTROLS, and
EXECUTIVE CONTROLS for the watershed of Fig. 1.

Output from the program can vary from a complete printout of
every hydrograph coaputed, routed, added or divided for every
pass through the watershed to an abreviated listing of peak
flows and times for selected cross sections or structures. A
complete ocutput file should be used at least once for the user
to check for accuracy. Succeeding runs may then use less output
to reduce the volume of printed material to review.

Summary

The TR20 computer program provides the engineer with an easy to
use method of modeling the hydrologic response from rural and/or
urban watersheds. The model is especially useful in watersheds
vhere there is a paucity of data such as infiltration parameters
and where comparative results of land use and/or structural
measures are needed

APPENDIX I - REFERENCES

1. Soil Conservation Service, "Computer Program for Project
Formulation Hydrology,® Soil Conservation Service Technical
Release 20 (TR20) Supplement No. 1, Mar., 1969.

2. Soil Conservation Service, "National Engineering Handbook,
Section 4, Hydrology, 1972.

3. Comer, G.H., Theurer, F.D., and Richardson, H.H., “the
Modified Attenuation-Kinematic (Att~Kin) Routing Model,*
RAINFALL-RUNOFF RELATIONSHIP, Proceedings of the
International Symposiuam on Rainfall-Runoff Modeling, 1981,
pp. 553-564.

4. Soil Conservation Service, "Technical Release 20. Coamputer
Program for Project Formulation - Hydrology," Draft 1982,
Errata 1984.
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C MODELING FOR FLOOD HAZARDS * TR-20/TR-55

ARRRARRRRSRRRARSNRG0-80 LIST OF INPUT DATA FOR TR=20 HYDROLOGY®#H®wnnnnunsnnsnsnsn

JOB TR20

TITLE INCL
3 STRUCT 01
8 521.5
8 521.6
8 521.8
8 522.0
8 522.2
8 522.4
8 526.2
8 526.4
8 526.6
8 527.2
9 ENDTBL
6 RUNOFF 1 o1 6 1.20
6 RESVOR 2 016 7 521.5
6 REACH 3 041 7 5 5400
ENDATA
7 INCREM 6 0.1
7 COMPUT 7 01 001
ENDCMP 1
ENDJOB 2
A4 20366 b 40 4 4

FULLPRINT
TITLE 001 SAMPLE JOB 1 USING 24HR TYPE 11

UDES GIVEN REACH COEFF'S,

Fig 2

STORM FROM STR 1 TO XSECT 1

17,

18.
20.
22,
25.
28.
70,
75.
80.
95.

OOoOVNOO

0.33

1.

1.

33

-t

— b ek

2

-
-t b

01

FULLPRINT/ALL OUTPUT OPTIONS ON

-t b —b

01

00000010
00000020
00000030
00000040
00000050
00000060
00000070
00000080
00000090
00000100
00000110
00000120
00000130
00000140
00000150
00000160
00000170
00000180
00000190
00000200
00000210
00000220
00000230

36 3 4 R HERRERRUEXEND OF 80~-80 L|ST****************N**************%
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HREARRAERRRHRRHUUHG0-B80 LIST OF INPUT DATA FOR TR~20 HYDROLOGY M # 85 5165 54544 36 30 34 W 56

JOB TR20

TITLE 001 SAMPLE JOB 1

TITLE
3 STRUCT

ENDTBL
RUNOFF
RESVOR
REACH

ENDATA
INCREM
COMPUT
ENDCMP
ENDJOB

~N= NNV OE OO

INCLUDES GIVEN REACH COEFF'S, FULLPRINT/ALL OUTPUT OPTIONS ON
Storeqe a<7r'¥-\
0

1
2
3
6
7
1

N

001

01

01
01 6

01 001

FULLPRINT

USING 24HR TYPE (1 STORM FROM STR 1 TO XSECT 1

Jteq
521.
521,
521,
522.
522.
522.
526.
526.
526.
527.

1.20
521.5
5400.

0.1

(<%}

NOAENENO®

O n'dz_\nhﬂ‘ Iy

0.0
3.0
15.
33.
54.
79.
948.

1009.
1071.
1265.

75.
0.4

5.2

17.

8.

20.
22.
25,
28,
70.
75.
80.
95.

0.33

1.

1.

33

oCOoOWVMNO

o b b
-t
-
- b b

22 01

-t b b

01

00000010
00000020
00000030
00000040
00000050
00000060
00000070
00000080
00000090
00000100
00000110
00000120
00000130
00000140
00000150
00000160
00000170
00000180
00000190
00000200
00000210
00000220
00000230

*********ﬁ********************#END OF 80-80 L|ST*******&N**N;********************
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TR20 XEQ 05/25/82 ' SAMPLE JOB 1 USING 24HR TYPE -11 STORM FROM STR 1 TO XSECT 1 00000020 JoB " PASS
REV 05/24/82 INCLUDES GIVEN REACH COEFF'S, FULLPRINT/ALL OUTPUT OPTICIS ON 00000030 : PAGE
1
FILE.NO. 1

COMPUTER PROGRAM FOR PROJECT FORMULATION - HYDROLOGY USER NOTES
THE USERS MANUAL FOR THIS PROGRAM IS THE MAY 1982 DRAFT OF TR-20. CHANGES FROM THE 2/14/74 VERSION INCLUDE:

REACH ROUTING - THE MODIFIED ATT-KIN ROUTING PROCEDURE REPLACES THE CONVEX METHOD. INPUT DATA PREPARED FOR
PREVIOUS PROGRAM VERSIONS USING CONVEX ROUTING COEFFICIENTS WiLL NOT RUN ON THIS VERSION.

THE PREFERRED TYPE OF DATA ENTRY 1S CROSS SECTION DATA REPRESENTATIVE OF A REACH. IT 1S RECOMMENDED THAT
THE OPTIONAL CROSS SECTION DISCHARGE-AREA PLOTS BE OBTAINED WHENEVER NEW CROSS SECTION DATA IS ENTERED.
THE PLOTS SHOULD BE CHECKED FOR REASONABLENESS AND ADEQUACY OF INPUT DATA FOR THE COMPUTATION OF "M"
VALUES USED IN THE ROUTING PROCEDURE.

GUIDELINES FOR DETERMINING OR ANALYZING REACH LENGTHS AND COEFFICIENTS (X,M) ARE AVAILABLE IN THE USERS
MANUAL. SUMMARY TABLE 2 DISPLAYS REACH ROUTING RESULTS AND ROUTING PARAMETERS FOR COMPAR{ISON AND CHECKING.

HYDROGRAPH GENERATION - THE PROCEDURE TO CALCULATE THE INTERNAL TIME INCREMENT AND PEAK TIME OF THE UNIT
HYDROGRAPH HAVE BEEN IMPROVED. PEAK DISCHARGES AND TIMES MAY DIFFER FROM THE PREVIOUS VERSION. OUTPUT
HYDROGRAPHS ARE STILL INTERPOLATED, PRINTED, AND ROUTED AT THE USER SELECTED MAIN TIME INCREMENT.

INTERMED ATE PEAKS - METHOD ADDED TO PROVIDE DISCHARGES AT INTERMEDIATE POINTS WITHIN REACHES WITHOUT ROUTING.

OTHER - THIS VERSION CONTAINS SOME ADDITIONS TO THE INPUT AND NUMEROUS MODIFICATIONS Tb THE OUTPUT. USER
OPTIONS HAVE BEEN MODIFIED AND AUGMENTED ON THE JOB RECORD, RAINTABLES ADDED, ERROR AND WARNING MESSAGES
EXPANDED, AND THE SUMMARY TABLES COMPLETELY REVISED. THE HOLDOUT OPTION 1S NOT OPERATIONAL AT THIS TIME.

FROGRAM QUESTIONS OR PROBLEMS SHOULD BE DIRECTED TO HYDRAULIC ENGINEERS AT THE SCS NATIONAL TECHNICAL CENTERS:

BROOMALL, PA (NORTHEAST) -- u489-3229 (FT7S), FORT WORTH, TX (SOUTH) -- 344-5242 (FTS)
LINCOLN, NB (MIDWEST) -- 541-5318 (FTS), PORTLAND, OR (WEST) -- 423-2357 (FTS)
OR HYDROLOGY UNIT, NATIONAL ENGINEERING STAFF, LANHAM, MD -- 436-7383 (FTS).

PROGRAM CHANGES SINCE MAY 1982:

NONE
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TR20 XEQ 05/25/82
REV 05/2u4/82

SAMPLE J

EXECUTIVE CONTROL OPERATION INCREM

EXECUTIVE CONTROL OPERATION COMPUT
STARTING TIME = 0.0
ALTERNATE NO.= 1

OPERATION RUNOFF
OUTPUT HYDROGRAPH=

TIME(HRS)
8.00
9.00

10.00
11.00
12.00
13.00
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00
22.00
23.00
24.00
25.00

RUNOFF VOLUME ABOVE BASEFLOW =

AREA=

STRUCTURE
1.20 SQ Ml

1
6

STORM

OB 1 USING 24HR TYPE 11 STORM FROM STR 1 TO XSECT 1

MAIN TIME INCREMENT =

FROM STRUCTURE 1
RAIN DEPTH = 5.20

NO.= 1 MAIN TIME ({NCREMENT =

INPUT RUNOFF CURVE= 75.
INTERNAL HYDROGRAPH TIME §NCREMENT= 0.0440 HOURS

PEAK TIME(HRS)

0.10 HOURS

TO XSECTION
RAIN DURATION=

PEAK DISCHARGE(CFS)

0

1

23
88
14y
196
116

87.
76.
64.
52.

51

39.
39.
39.
39.

9

12.10 2097.04

16.46 76.40

17.66 64.19

19.66 51.94

23.66 39.57

fIRST HYDROGRAPH POINT = 0.0 HOURS

DISCHG 0.0 0.0 0.0
DISCHG 3.93 4.94 6.17
DISCHG 17.67 19.27 21.34
DISCHG 61.32 69.36 78.90
D1SCHG 1699.99 °  2096.98 1719.05
DISCHG 250.11 228.85 210.77
DISCHG 130.97 126.07 120.78
DISCHG 88.69 88.25 88.09
DISCHG 76.08 76.08 76.11
DISCHG 64.73 64.31 64.12
D1 SCHG 57.31 54.29 52.84
D1SCHG 51.73 51.75 51.78
DISCHG 44.95 41.83 40.36
DISCHG 39.15 39.17 39.18
D1SCHG 39.30 39.31 39.33
DI SCHG 39.44 39.46 39.47
DISCHG 32.35 26.82 17.75
DiSCHG 0.01

OPERATION RESVOR

INPUT HYDROGRAPH= 6

PEAK TiM
12.36

STRUCTURE

E(HRS)

1

2.61 WATERSHED INCHES,

OUTPUT HYDROGRAPH= 7
SURFACE ELEVATION= - 521.50

.0

.49
.62
.90
.ho
.10
.04
IL]
16
06
15
.81
68
20
34
us
.14

1

00000020
INCLUDES GIVEN REACH COEFF'S, FULLPRINT/ALL OUTPUT OPTIONS ON 00000030

1.00 RAIN TABLE NO.= 2

TIME OF CONCENTRATION=

0.10 HOURS

0.33 HOURS

PEAK ELEVATION(FEET)

( RUNOFF)
( RUNOFF )
(RUNOFF)
( RUNOFF )
( RUNOFF )

TIME INCREMENT = 0,10 HOURS

0.01
8.74
26.66
101.41
768.99
183.98
111.31
85.38
76.23
64.06
51.85
51.84
39.35
39.21
39.36
39.50
4.30

2025.05 CF

PEAK DISCHARGE(CFS)

926.87

0.16
9.93
30.43
118.21
553.56
172.76
106.20
81.35
76.29
64.08
51.72
51.86
39.21
39.23
39.37
39.51
2.02

S~-HRS, 167.35 ACRE-FEET;

0.
1.
.34,

.93

PEAK ELEVATION(FEET)

526.11

JOB 1 PASS 1
PAGE 2

RECORD 1D 00000200

RECORD 1D 00000210

ANT. MOIST. COND= 2

DRAINAGE AREA =

1.30 2.13
12.90 14.64
40. 34 he. 47
333.20 556.83
359.65 314.18
153.15 144,06
96.55 92.15
77.04 76.42
71.56 67.76
64.17 63.86
51.66 51.67
51.92 51.67
39.13 39.12
-39.25 39.27
39.40 39.41
39.54 39.26

0.42 0.18

BASEFLOW =

1.20 SQ.MI.
- 3.02
16.22
"53.42
1013.89
280.14
137.02
89.77
76.17
65.67
61.43
51.70
49.16
39.14
39.28
39.43
36.73
0.07

0.0 CFS

b-v
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TR20 XEQ 05/25/82 SAMPLE JOB 1, USING 24HR TYPE |1 SQM FROM STR 1 TO XSECT 1 00000020 JoB . PASS 1
REV 05/2u4/82 INCLUDES GIVEN REACH COEFF'S, FULLPRINT/ALL OUTPUT OPTIONS ON 00000030 PAGE 3
TIME({HRS) FIRST HYDROGRAPH POINT = 0.0 " HOURS TIME INCREMENTY = 0.10 HOURS " DRAINAGE AREA = 1.20 SQ.Mt.

8.00 D1 SCHG 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.03 0.08 0.14
8.00 ELEV 521.50 521.50 521.50 521.50 521.50 521.50 521.50 521.50 521.50 921.50
9.00 D i SCHG 0.22 0.32 0.45 0.61 0.79 1.00 1.23 1.50 1.80 2.13
9.00 ELEV 521.51 521.51 521.51 521.52 521.53 521.53 521.54 521.55 521.56 = 521.57
10.00 & DISCHG 2.50 2.89 3.56 4. 40 5.31 6.34 7.49 8.81 10.34 12.08
10.00 ELLV 521.58 521.60 521.61 521.62 521.64 521.66 521.61 521.70 521.72 521.75
11.00 D1SCHG 14.08 16.90 20.49 24.146 28.89 34.03 41.59 55.84 85.50 195.75
11.00 ELEV 521.78 521.82 $21.86 521.91 521.95 522.01 522.08 522.21 522.43 522.91
12.00 D1SCHG 378.67 618.08 . 821.28 917.44 923.62 882.30 820.94 753.98 688.28 626.66
12,00 ELEV 523.71 524,76 525.65 526.07 526.09 525.91 525. 64 525.35 525.06 524.79
13.00 DI SCHG 569.71 517.69 470.717 428.65 391.07 357.56 327.72 301.03 277.02 255.52
13.00 ELEV 524.55 524.32 52h.11 523.93 923.76 523.62 523.49 523.37 523.217 523.17
14.00 D1 SCHG 236.38 219.39 204,27 190. 74 178.60 167.60 157.57 148.36 139.85 132.15
14.00 ELEV 523.09 523.01 522.95 522.89 522,84 522.79 522.74 522.70 522.67 522.63
15.00 DISCHG 125.39 119.57 114,63 110.42 106.66 102.99 99.35 95.94 92.92 90. 30
15.00 ELEV 522.60 522.58 522.56 522. 54 522.52 522,50 522.49 522.47 522.46 522.45
16.00 D1SCHG 88.06 86.18 84.59 83.26 82.14 81.21 80.35 79.26 78.u47 77.69
16.00 ELEV 522.44 522.43 522.42 522. 42 522.41 522. 41 522.41 522.40 522.40 522.39
17.00 D1SCHG 76.86 76.03 75.25 74.50 73.81 13.16 72.56 72.00 71.46 70.88
17.00 ELEV 522.38 522.38 $22.37 522. 36 522.36 522.35 522.35 522.34 522.34 522.33
18.00 D1SCHG 70.1 69.16 68.12 67.08 66.07 65.12 64.23 63.39 62.61 - 61.88
18.00 ELEV 522.33 522.32 522.31 522.30 522.30 522.29 522.28 522.27 522.27 522.26
19.00 DISCHG 61.21 60.58 59.99 59.44 58.94 58.46 58.03 57.62 57.23 56.78
19.00 ELEV 522.26 522.25 522.25 522,24 522.24 522.24 522,23 522.23 522.23 522,22
20.00 DISCHG 56.13 55.28 54.34 53.38 52.45 51.56 50.73 49.95 h9.23 48.55
20.00 ELEV 522,22 522.21 522.20 522.19 522.19 522.18 522.17 522.16 522.15 522.15
21.00 DISCHG 47.92 h47.33 46.78 46.27 45.80 45.36 hy .95 by 56 by .21 43.88
21.00 ELEV 522. 14 522. 14 522,13 522,13 522.12 522.12 522.11 522. 11 522.11% 522.10
22.00 D1SCHG 43.57 43.28 43.02 42.77 42,54 - 42,33 42,13 41.95 bh1.77 - 41,62
22.00 ELEV 522.10 522.10 522.10 522.09 522.09 $22.09 .522.09 522.08 522.08 522.08
23.00 DISCHG 41,47 41.33 4i1.21 41.09 40.98 40.88 Lo.79 40.71 40.62 40. 44
23.00 ELEV 522.08 522.08 522.08 522.08 522.08 522.07 522,07 522.07 522.07 522.07
24,00 DISCHG 40.05 39.35 38.20 36.54 34,54 32.47 - 30.53 28.66 26.88 25.20
24.00 ELEY 522.07 522.06 522.05 522.03 522.01 521.99 521.97 521.95 521.93 521.91
25.00 D1SCHG 23.63 22.15 20.76 19.46 18.24 17.10 16.03 15.02 14.35 13.72
25.00 ELEV 521.90 521.88 521.86 521.85 521.84 521.82 521.81 521.80 521.79 521.78
26.00 DISCHG 13.12 12.54 11.98 11.46 10.95 10.47 10.01 9.57 9.14 8.74
26.00 ELEV 521.77 521.76 521.75 521.74 521.73 521.72 521.72 521.71 521.70 521.70
27.00 DISCHG 8.36 7.99 7.63 7.30 6.98 6.67 6.37 6.09 5.83 5.57
27.00 ELEV 521.69 521.68 521.68 521.67 521.67 521.66 521.66 521.65 521.65 521.64
28.00 D1 SCHG 5.32 5.09 L.86 4.65 4.4y .25 4.06 3.88 3.71 3.55
28.00 ELEV 521.64 521.63 521.63 521.63 521.62 521.62 521.62 521.61 521.61 521,61
29.00 D1SCHG 3.39 3.24 3.10 2.98 2.91 2.83 2.71 2.70 2.63 2.57
29.00 ELEV 521.61 521.60 521.60 521.60 521.60 521.59 521.59 521.59 521.59 521.59

RUNOFF VOLUME ABOVE BASEFLOW = 2,60 WATERSHED INCHES, 2013.37 CFS-HRS, 166.39 ACRE-FEET; BASEFLOW = 0.0 CFS
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TR20 XEQ 05/25/82
REV 05/2u4/82

OPERATION REACH

PEAK TIME(HRS)
12.84 700.68
TIME(HRS) FIRST HYDROGRAPH POINT = 0.0

8.00 D1SCHG 0.0 0.0 0.0
9.00 DI SCHG 0.04 0.08 0.13
10.00 D1SCHG 1.29 1.55 1.84
11.00 DISCHG 7.79 9.15 10.82
12.00 D1 SCHG 76.73 141,98 244,88
13.00 D1SCHG 681.88 657.64 627.39
14,00 D1SCliG 359.87 333.18 308.59
15.00 D1 SCHG 175.04 164h.31 154, 64
16.00 D1ISCHG 105.65 101.85 98.46
-17.00 DISCHG 82.39 81.19 80.08
18.00 DI1SCHG 73.34 72.6U4 71.89
19.00 DISCHG 64.91 64.11 63.35
20.00 D1SCHG 58.57 58.04 57.u44
21.00 DI1SCHG 51.31 50.58 49.88
22.00 D1SCHG h5.47 45.05 by, 67
23.00 DI1SCHG 42,40 42.20 h2.01
24,00 D1 SCHG 40.90 40.71 40.42
25.00 DiSCHG 30.94 29.36 27.80
26.00 DISCHG 17.37 16.45 15.61
27.00 DI1SCHG 10.57 10.09 9.64
28.00 DISCHG 6.69 6.40 6.11
29.00 DI SCHG 4.26 h.o7 3.89

RUNOFF VOLUME ABOVE BASEFLOW =

INPUT HY
LENGTH =

SAMPLE J

OB 1 USING 24HR TYPE 1} STORM FROM STR 1 TO XSECT 1

INCLUDES GIVEN REACH COEFF'S, FULLPRINT/ALL OUTPUT OPTIONS ON 00000030

CROSS SECTION 1

DROGRAPH=

OUTPUT HYDROGRAPH=

5400.00 FEET
MODIFIED ATT-KIN ROUTING COEFFICIENT = 0.22

EXECUTIVE CONTROL OPERATION ENDCMP

EXECUTIVE CONTROL OPERATION ENDJOB

INPUT

5

PEAK DISCHARGE(CFS)

COMPUTATIONS COMPLETED FOR PASS

HOURS

0

0.

2

12.
369.
593.
286.
145.

95.

79.

7.

62.

56.

49,

Ly,

UR

39.

26.

14
9
5

3.

.0

20
.21
91

SY

.20
. 84
12

o o
o
JOB 1 PASS
PAGE &4
M= 1.33

@ ® o ]

®

00000020
COEFFICIENTS RELATED TO CROSS SECTIONAL AREA, X= 0.40,
PEAK TRAVEL TIME = 0.43
PEAK ELEVATION(FEET)
{NULL)
TIME INCREMENT = 0.10 HOURS DRAINAGE AREA
0.0 0.0 0.0 0.0 0.
0.29 0.40 0.53 0.68 0.
2.68 3.25 3.92 4.69 5.
15.41 18.32 21,71 26.01 32,
487.88 582.05 646.94 684 .54 699.
557.91 521.85 486. 34 452.06 419,
265.4Yy 246.67 229.58 214.02 199.
138.30 131.46 125.31 119.70 114,
92.82 90.52 88.50 86.74 85.
78.05 77.14 76.28 75.47 4.
70.21 69.3 68.41 67.50 66.
61.93 61.29 60.68 60.10 59.
56.04 55.26 S5h. 46 53.65 52.
48.57 47.97 47.41 46.87 46.
h3.98 h3.67 “43.138 h3. 1% 42,
L41.68 41.53 41,39 41.26 i,
39.20 38.19 36.96 35.57 3y,
24.80 23.38 22.02 20.73 19,
14,09 13. 41 12.78 12.18 1.
8.79 8.40 8.02 7.67 1.
5.58 5.34 5.10 4.88 .
3.56 3.42 3.29 3.18 3.
2011.60 CFS-HRS, 166.24 ACRE-FEET; BASEFLOW =

2.60 WATERSHED INCHES,

1

1.20 SQ.MI.
0.02
1.06
6.61

43.92

0.0 CFs

RECORD 1D 00000220

RECORD 1D 00000230

1=V



’TR20 XEQ 05/25/82
REV 05/24/82

SAMPLE JOB 1

SUMMARY TABLE 1 - SELECTED RESULTS Of STANDARD AND EXECUTIVE CONTROL

USING 24HR TYPE
INCLUDES GIVEN REACH COEFF'S, FULLPRINT/ALL OUTPUT OPTIONS ON 00000030

d ® e
@
I't STORM FROM STR 1 TO XSECT 1 00000020

INSTRUCTIONS IN THE ORDER PERFORMED

(A STAR(*) AFTER THE PEAK DISCHARGE TIME AND RATE (CFS) VALUES INDICATES A FLAT YOP HYDROGRAPH.)

SECTI0ON/ STANDARD RAIN ANTEC MAIN
STRUCTURE CONTROL  DRAINAGE TABLE MOIST TIME
1D OPERAT ION AREA # COND
(SQ M1) (HR)
ALTERNATE 1___STORM 1
STRUCTURE 1 RUNOFF .26 2 2 0.10
STRUCTURE 1 RESVOR 1.20 2 2 0.0
XSECTION 1 REACH 1.20 2 2 0.10

SUMMARY TABLE 2 - SELECTED MODIFIED ATT-KIN REACH ROUTINGS IN ORDER OF STANDARD EXECUTIVE

INCREM BEGIN

(HR)

o0

.

PRECIPITATION

------------------------- RUNOFF ——————
AMOUNT - DURATION AMOUNT ELEVATION
(IN) (HR) (IN) (FT)
5.20  24.00 2.61 -
5.20 24,00 2.60 526.11
5.20  24.00 2.60 -
CONTROL

INSTRUCT IONS

(A STAR(*) AFTER VOLUME ABOVE BASE(IN) INDICATES A HYDROGRAPH TRUNCATED AT A VALUE EXCEEDING BASE + 10% OF PEAK)

PEAK

] o ®
JoB 1 SUMMARY
PAGE 5
'
S
N
PEAK DISCHARGE
TIME RATE RATE
(HR) (CFS) (CSM)
12.10 2097.04 1747.5
12.36 926.87 772.4
12.84 700.68 583.9

HYDROGRAPH_ I NFORMAT | ON ROUTING PARAMETERS
OUTFLOW+ VOLUME MAIN ITER- Q AND A _ PEAK S/Q  ATT- TRAVEL TIME
XSEC REACH INFLOW OQUTFLOW INTERV.AREA BASE-  ABOVE TIME ATION _EQUATION  LENGTH RATIO @PEAK KIN STOR- KINE-
ID LENGTH PEAK TIME PEAK TIME PEAK  TIME FLOW BASE  INCR # COLFF POWER FACTOR 0/ (K) COEFF AGE MATIC’
(FT)  (CFS) (HR)  (CFS) (HR)  (CFS) (HR) (CFS)  (IN)  (HR) (X) (M) (K*) (Q*) (SEC) (C) (HR) (HR)
ALTERNATE 1 ___STORM 1 o ~ e
1 5400 924 12.4 700 12.8 .- --- 0 2.60 0.10 1 .400 1.33 0.160 0.757 1486 0.22 0.40 0.43

SUMMARY TABLE 3 - DISCHARGE (CFS) AT XSECTIONS AND STRUCTURES FOR ALL STORMS AND ALTERNATES

XSECTION/ DRAINAGE
STRUCTURE AREA STORM NUMBERS.....
D (SQ M!1) 1
STRUCTURE 1 1.20
ALTERNATE 1 926.87
XSECTION 1 . 1.20
ALTERNATE 1 700.68
END OF 1 JOBS IN THIS RUN
Note:

~Each Summary Table would nr

*1ly start on a separate sheet.



HYDROLOGIC MODELING FOR FLOOD HAZARDS * TR-20/TR-55

HYDROLOGIC MODELING FOR FLOOD HAZARD PLANNING AND MANAGEMENT
ol *
1R-s5 veoon Mudrend Fet DT
Wendell A. Styner, P.E. \1 s

OVERVIEW:

The Soil Conservation Service (S8CS) Technical Release 55, “URBAN
HYDROLOGY FOR SMALL WATERSHEDS® (TR-55) (1) presents simplified
procedures for estimating hydraulic and hydrologic parameters
used in the development of runoff volumes and peak rates of
discharge in urban and urbanizing areas. It was originally
issued in January 1975 for use by SCS field personnel in meeting
the ever increasing requests for service in the urban areas.
*SCS technicians and engineers were being inundated with
requests from soll and water conservation districts, cities,
counties, and others to verify and approve erosion and stora
water management plans prepared by developers and their
consultants. The SCS staff needed a direct approach with a
simple set of procedures that gives reproducible results
acceptable to both developers and regulators®(2). The TR uses
procedures that follow standard SCS methodology as much as
possible, with modification where needed to fit the urban
roblems. :
: e &% s
Background: Newd Vel T Y
TR=-55 was first issued in January 1975. 1In the intervening 10
years counsiderable research has been done in urban hydrology.
The SCS is revising TR-55 to incorporate some of the results of
this research (3) as well as changes gained froa experience in
using the original version. The revised publication is intended
to enable the user to systematically examine and use the various
aethods presented. The draft of the revised version has been
reviewed by the SCS staffs in selected states, the National
Technical Centers (NTC) and the National Office, Washington,
D.C. Printing and distribution will be in the fall of 198S5.

The major revisions and additions include:

1. A systematic method for selection of the appropriate
procedures . g wlhnd e QO

2. Expansion of the chapter on Runoff Curve Numbers (RCN). iy

3. Addition of three rainfall temporal distributions.r ¢ @27

4. A procedure for calculating overland flow travel time in
headvater watersheds. - Tmrvd weind Flw calcd

5. Modification of the Graphical (Tc) Peak Discharge Method
and the Tabular Method. - micro etk (A BLeic win be

veltungsd wins

-

\1 Hydraulic Engineer, Engineering Staff, West National
Technical Center, Soil Conservation Service, 511 NW
Broadway, Portland, Or. 97209

”



HYDROLOG

IC MODELING FOR FLOOD HAZARDS * TR-20/TR-55

OUTLINE OF

An edited v
describes t
hydrograph
leads the u

Effects of

The convers
volume of s
other probl
or urbanizi
tatershgd i
roads, side
be supplene
as paved gu

Urbanizatio
precipitati
and decreas
runoff. Th
amount of r
to soil ty

impervious

deterained

roughness o
on the rela
drainage ar
in relation
flood contr
discharge a
within a gi
standard 24

Application
that is unli
time distri
Rass runoff
Curve Numbe
cover, amou
retention.

discharge h
procedures

to travel t
model ing pr
volume and

sheets for each procedure.

mputer program.
v storage routing procedure.

HE MODEL:

rsion of Chapter | is included here which briefly

e parameters that are used to develop a runoff

r peak flow. A flow chart (Fig.1) is included that
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rban Development:

on of rural land to urban land often increases the
ora runoff, runoff rates and soil erosion as well as

ns that affect soil and wvater resources. An urban

g watershed is an area in which all or part of the
or will be covered by impervious surfaces, such as
alks, parking lots and houses. Stream channels may
ted by some form of artificlial drainage system, such
ters and storm sewers.

of a watershed changes its response to
n. The most common effects are reduced infiltration
d travel time, which result in higher peak rates of
volume of runoff is determined primarily by the
infall and by infiltration characteristics related
» antecedent rainfall, type of vegetal cover,
urfaces, and surface retention. Travel time is
rimarily by slope, flow length, depth of flow, and
flow surfaces. Peak rates of discharge are based
ionship of the above parameters as well as the total
a of the watershed, the location of the development
to the total drainage area and the effect of any
1 works or other man-made storage. Peak rates of
e also influenced by the distribution of rainfall
en stora event. The SCS has developed and uses four
hr rainfall distributions~--Types I, IA, 1I, and III.

of the basic model begins with a rainfall amount
oraly imposed on the watershed with a prescribed
ution. The mass rainfall volume is converted to
volume using a retention parameter called Runoff
(RCN) or (CN) which is based on soils, vegetative
t of impervious areas, interception and surface
The runoff volume s then transformed into a
drograph using unit hydrograph theory and routing
hat are dependeat upon the time it takes for runoff
rough various segments of the watershed. The
cess, therefore, resolves into two areas -- runoff
ime. :




HYDROLOGIC MODELING FOR FLOOD HAZARDS * TR-20/TR-55

Rainfall:
The 1975 version of TR55 included only one synthetic 24-hour

rainfall distribution, the type Il rainfall distribution. A
type 11 storm is representative of the dominant thunderstora
intensities that cover most of the country. Three other
synthetic 24-hour rainfall distributions were added to the
revision of TR=55. These distributions are for storm types I,
1A, and III. Type I and IA storms are representative of the
Pacific marine climate with wet winters and dry suamers. Type
111 represents the Gulf and Atlantic Coastal areas where
tropical storas bring large 24-hour rainfall amounts. The four
regional rainfall time distributions are for a 24-hour time
period. The 24-hour duration is used because of the general
availablity of daily rainfall data which can be used to estimate
24~-hour rainfall amounts and will span most of the applications
covered by TR=55. Because duration of rainfall is usually
selected to be equal to the time of concentration, the rainfall
distribution was designed to contain the intensity of any
duration froa | to 24 hours for the frequency of the event
chosen.

Runoff:

Chapter 2 describes ‘how to estimate the parameters that are
necessary for the determination of runoff volumes. The method
used is the SCS Runoff Curve Nuaber (CN) aethod (4). Parameters
used to estimate CN are soil, cover and initial losses. A
discussion follows of how urban development affects each.

Solls: No urban area is completely covered by impervious
surfaces; therefore, the soil remains an important factor in
runoff estimates. Infiltration rates of soils vary widely and
are affected by subsurface as well as surface conditions. The
urbanization process has greater effect in watersheds with soils
having high infiltration rates (sands and gravels) because the
of the large change caused by the impervious cover. The silts
and clays have lover infiltration rates and thus are impacted
less. Urbanization can also modify soils by mixing or removing
native soils or introducing new soils with £fill1 material. Any
altering of the soil profile can change infiltration
characteristics.

Cover: The cover parameter is influenced by the vegetation and
the surface cover of the soil. The urban effects of streets,
parking lots, roofs and driveways is to reduce surface storage
and infiltration. The type and condition of the vegetation in
urban areas is also important because even in intensively
developed subdivisions much of the area s pervious.
Consideration needs to be given to areas in transition where
pervious areas have no cover.
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Inftial Losses: In the 3C8 CN model, losses that occur before
runoff begins are termed "initial abstraction.® These losses
include water retained in ainor depressions, intercepted by
vegetation, evaporation, and infiltration prior to runoff. This
is a highly variable condition but generally correlates with the
soil and cover parameters. This regression was applied to many
small wvatersheds and it was found that the initial abstraction
- was approximately twenty percent of the maximunm potential
retention. Using this approximation removes the initial losses
as an independent parameter and allows a given CN and rainfall
combination to produce a unique runoff amount. This
approximation can be especially important in an urban
application because the coabination of impervious areas with
pervious ‘areas can iamply a significant initial loss that may not
take place.| The user should understand the initial abstraction

assumption and be satisfied that the assumption applies to the
situation.

Time Parameters:

Chapter 3 describes a method for estimating the parameters used

to distribute the runoff into hydrographs. The method presented
is empirically derived from actual runoff hydrographs and
vatershed characteristics and is based on the velocities that
vater travels through the various segments of the delivery
system. Since the method for estimation of Time of Concentration
(Tc) and Travel Time (Tt) is based on flow velocities, the
parameters involved are the same as those contained In accepted
open channe] hydraulic analysis. These are surface roughness,

e and slope. .

3 ob
transport o
a simplifie
Wwas added t
flow.

T

A table list
been added t

ere:

ean area of small watersheds, the overland flow can
d as sheet flow over plane surfaces.

With sheet
iction factor is an effective roughness coefficient

8 the effect of raindrop impact; drag over the plane

tacles such a litter and crop ridges; erosion; and
sediment. For flow lengths of less than 300 feet,
form of the Manning-Kinematic wave equation (Eq.1)
the revision to compute travel time 6f overland

=€0.007%x(nL)>*0.8) /(¢ (P2>*0.5)%340.4) Eqg.1
Tt = travel time Chours)

n = Manning’s *"n" value

L = flovw length (feet)

P2 2-year 24-hour rainfall depth (inches)
S = slope (feet/foot)

ing Mannings “n" values for various surfaces has
o the revised technical release.
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Surface Roughness: One of the most significant effects of urban
development on flow velocity is the reduction of the retardance
of flow. Areas that naturally have very slow overland flow
through vegetation at shallow depths are modified to deliver the

" flow to streets, gutters and storam sewers, which transport
runoff downstream as rapidly as possible; thus, the travel time

through the watershed is decreased.

Channel Shape and Flow Patterns: The channel shape and flow
patterns are modified in urban development much the same as
surface roughness. In small natural watersheds a significant
portion of the travel time results from overland flow in
upstream areas. Urbanization tends to reduce overland flow
lengths by conveying stora runoff into a channel as soon as
possible. Channel designs have efficient hydraulic
characteristics to increase runoff flow velocity and decrease

the travel time.

Slope: Slopes can be increased or decreased by urbanization
depending on how significantly storm sewers and street ditches
are used in the design of the water management system, or the
extent of site grading. Since it is unlikely that maximum and
ainimum elevations will be changed, the slope will be determined
by the flow length. Slopes will tend to increase when channels
are straightened and tend to decrease when natural overland
flows are diverted through storm sewers, street gutters and
diversions.

PEAK DISCHARGE AND HYDROGRAPHS

Chapter 4 contains an approximate method to make estimates of
peak rates of discharge and Chapter 5 has an approximate method
for obtaining and/or routing hydrographs. Both of these methods
were derived from hydrographs prepared by procedures outlined in
Chapter 16 of the National Engineering Handbook, Section 4,
Hydrology (NEH-4) and Technical Release 20.

The two methods described in Chapters 4 and 5 are intended to be
used in specific ways with specific basic data. 1If improper
basic data or adjustments are used they will exceed those
expected. The flow chart in Figure it outlines a systematic
approach for selection of the appropriate methods.

The first decision is to determine if data are available to
estimate the Tc. If the data are not available TR-55 should not
be used. If the data are avalilable then the next decision is to
determnine if a discharge hydrograph is needed. A hydrograph
will be needed if a routing (other than an approximate method)
will be performed or if subwatersheds are going to be combined
to account for dissimilar hydrologic or hydraulic conditions/
The Tabular method is the only procedure in TR-55 that yields a
hydrograph. '

S
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After deciding to use either the Tabular or Graphical methods
the user estimates the runoff volume from Chapter 2. The time
of concentration (Tc) is then estimated and, if the Tabular
method is used, the travel time (Tt) is also estimated from
Chapter 3. Then the peak discharge using the Graphical method of
Chapter 4 or the runoff hydrograph using the Tabular Hydrograph
method is camputed. ‘

@
The flow chdrt converges for the user to determine 1f the effect
of a storage basin at the outlet is to be analyzed.
®
L
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IR-55
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D

Fig. 1 == Selecting the Approprlate Procedure in SCS TR-5S5.
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The revision
methods for

of TR=55 introduces a new parameter, la/P, to the
estimating peak discharge to discriminate among

similar shaped hydrographs and their resulting peak discharges.
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detention can be used to modify hydrographs with storage to
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course of a
to approxia
Chapter 6 ¢
final design
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tion is to use storage to reduce the peak discharge
te the predevelopment condition. The shortcuts in

n be helpful in sizing detention basins even if the
requires more detailed analysis.
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LIMITATIONS

Decisions on which procedure to use will depend primarily on the
type of output desired and the basic input data available. All
of the procedures described in TR-55 are simplified procedures

- with parameter assumptions that lead to reduced time of

application. These simplifications also introduce linitations
and potentially decrease the accuracy when compared with more
detailed netqus.

The user should be aware of the inherent simplification in the
procedures and should not ignore the effects of the resulting
error. It is desirable to examine the sensitivity to a
variation of the peak disharge or hydrograph on the analysis
being conducted to ensure that the siaplifications will not lead
to intolerable results. It is expected that the variations due
to the parameter assumptions will not significantly affect most
designs or coanclusions. If the evaluation of the methods
indicated that the errors are unacceptable, the user should
either allow for the error or choose a more detajled procedure.

The methods described in TR-55 are designed to be used where
flow is overland and in channels. Where flow is put into
underground conduits, the hydrograph relationships determined by
Tc are no longer valid. TR-55 should, therefore, be used only
to compute discharge at {nlets to closed systenms.

"The Graphical msethod and the Tabular method are derived from
TR-20 output and differ only in the product. Thelr accuracy lis,
therefore, comparable. The use of the Tc permits these two
methods to be used for any size watershed within the scope of-
the curves or tables. The Graphical method is used only for
hydrologically homogeneous watersheds because the procedure is
limited to a single watershed subarea.

The Tabular method can be used for a non-homogeneous watershed
divided into any number of homogeneous subwatersheds because
hydrographs can be routed and added. This flexibility greatly
increases the potential applications.

The approximate storage-routing curves of Chapter 6 should not
be used if the adjustment of ponding is used. These
storage-routing curves, like the peak discharge and hydrograph
procedures, are approximations derived from TR-20 data and
should be used with a complete understanding of the expected
error.
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HEC—21 —_ FLOOD HYDROGRAPI PACKAGE

© OVERVIEW

Publications

HEC-1, Flood Hydrograph Package, Users Mamual,
Sept. [1981, 192 pp. $12.00

HEC-1, Flood Hydrograph Package, Programmers
Manual, Oct. 1981, 136 pp. $6.50

Flood Ceritrol System Camponent Optimization -
HEC-1 Capability, Training Document 9,
- Sept. 1977, 208 pp. - $8.50

Introductiion and Application of Kinematic Wave PY
Routing Techniques Using HEC-1, Training
Document 10, May 1979, 100 pp. $5.00

Hydrologic Analysis of Ungaged Watersheds with
HEC-1,| Training Document 15, Apr. 1981, 172 pp. $8.00

Application of Spatial Data Management Techniques
to HEC-1 Rainfall-Runoff Studies, Training

Document 19, Oct. 1983, 72 pp. $4.00

Determining Peak-Discharge Frequencies in an
Urbanizing Watershed: A Case Study, Technical A ®
Paper 64, July 1979, 15 pp. $2.00

Corps of ineers Experience with Automatic
Calibration of a Precipitation-Runoff Mcdel,

Technical Paper 70, May 1980, 12 pp. $2.00
®
Flood-Runpoff Forecasting with HEC1F, Technical
Paper 106, Feb. 1985, 7 pp. $2.00
All of the above publications are available from the Hydrologic
Engineering Center. To order, send your request, together with .
payment made payable to "FAO-USAED, SACRAMENTO" to: ®

The Hydrologic Engineering Center
US Army Corps of Engineers

609 Secorxd Street

Davis, California 95616

A Publications Catalog, Camputer Program Catalog and Video Tape Loan
Library Catalog are available, free of charge. The latter lists video tapes
made during lectures presented in training courses (including courses on
HEC-1) given @t the Center. The tapes are in a 3/4 in. cassette format

and may be borrowed free of charge. The Video Tape Loan Library @
Catalog contains an order form.
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. HEC-1

Program Aé:guisiticn

HEC-1, ard other computer programs, may be obtained from HEC

at the address given above. The handling fee is $200. for the
first program of an order, plus $100. for each additional program
of a multiprogram order. The handling fee includes a magnetic
tape containing the program(s) and test data, and one copy each
of a users manual and a programmers manual (if available) for
each program ordered

A microcomputer version of HEC-1 is available. It requires a 10
megabyte hard disc, at least 512 kilobytes of random access
memory (RAM). and the MS-DOS 2.0 or newer operating system.

The microcomputer must also have at least one disc drive for

5 1/4 inch double density discs. Another accessory which is
helpful, but not necessary, is the 8087 Math Processor Chip,
which will reduce the run time significantly. Also, to be able to
print HEC-1 ocutput, a printer capable of printing 132 colums is
necessary. The handling fee for obtaining microcamputer
versions of programs is $200. for the first program and $100. for
each additional program on the same order.

Iraining

Several universities periodically offer extension courses in
hydrologic engineering which focus on the use of HEC camputer
programs, including HEC-1. These courses are generally
comparable to courses presented by the HEC and, in many
instances, utilize publications apd training materials developed
by the HEC. Information concerning scheduling and fees may be
obtained from the following:

Mr. James Lapsley

University Extension
University of California, Davis
Davis, CA 95616

phone: (916) 752-0880

Mr. W, E. Kinnebrew

Continuing Engineering Education
1700 Asp Aveme

University of Cklahoma

Norman, Oklahoma 73019

Ms. Pam Frakes

Pemnsylvania State University
212 Sachett Building
University Park, PA 16802
phone: (814) 865-9173
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' { Schematic
1L The HEC-1 Flood Hydrograph Package ," Wotershed Madel
' . 7 Conneclivity
A. PURPOSE - /
rd PP
A\

The main purpose of the “HEC-1 Flood Hydrograph Package” (HEC,
1980a) is to simulate the hydrologic processes during flood events. The pre- ™™
cipitation (rainfall, snowfall/melt) to runoff process can be simulated fordarge |~ - sm T
complex walersheds such as depicted in Fig. 4. Flood event analysis was the ' d
maotivation for developing the HEC-1 program. Thé Corps of Engincers uscs
this model as a basic tool for determining runolf from various historical and
synthetic (or design) storms in plananing flood control measures. The HEC-1 o e .
has several major capabilities which are uscd in the development of a water-

shed simulation model and the analysis of flood control measures. Those 2
(-]
S
-3
e}
[T
o
LEGEND
"""" Subbasin Boundary
Subbasin Idealitication
Coxxxx] Routing Reach
Ideniification
0 Streamflow Combination
* Poind

FiG. 4. Typical HEC-1 watesrshed model components.

capabilitics are the following:

Automatic estimation of unit graph, intcrception/infiltration and stream-
flow routing purameters.

Simulation of complex river basin runofl and streamflow.

River basin simulation using a precipitation depth versus arca function.

Computation of modified frequency curves and expected annual damages
for any location in the stream system and automatically for scveral flood
control plans throughout the watcrshed.

Simulation of low through a reservoir and spillway for dam safety analysis.
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Simulation of dam breach hydrographs.
Optimization of flood control system components.

The aumtomatic parameter estimation capability relates (o the determina-
tion of subbasin runofl paramcters by a univariate search procedure. The
unit hydrograph, precipitation interception/infiltration rates (hercalter
referred 1o as precipitation loss riles), and streamflow routling parameters
may be optimized for individual storm cvents based on observed precipitation
and strecamblow data for a single subbasin. Streamilow routing parameters
may also be optimized from known inflow and outflow in a river reach.

Watcershed precipitation-runoll simulation is the main function of the
program and the basis for the other capabilitics. The watershed model as
referred to in this discussion includes all aspects of the precipitation and
runofl computations necessary to simulale streamflow in a complex river
basin. The model may be used to simulate runofl in a simple, single-basin
watershed or in highly complex basins with a virtually unlimited number of
subbasins and routing reaches in which interconncctions may exist. Water-
shed runoff simulation is the basic mechanism upon which a number of
specialized capabilities are based.

The “HEC-1 Flood Hydrograph Package” program is so lubeled becausc
the original version of the program was developed by linking together
scveral smaller, special-purposc watershed  simulation programs. The
watershed runofl component programs were developed by Leo R. Beard,
who was direcror of the HEC at that time. Section VI briclly describes these
component programs.

B. DESCRIPTION OF ThiE PHYSICAL. SYSTEM

The HEC-t watershed modef uses spatially and temporally lumped (or
averaged) parameters (o simulate the precipitation and runofl process. The
time and/or space discretization may be changed by modilying the size of
subbasins, routing reaches, and/or the computation imerval. There are
virtually no limitations on the sizes of the components or the computation
interval. The user sclects the sizes of these variables that are consistent with
the degree of detail desired in the computational vesults, the allowable
maodcting cllorts, project budget, and the avaitable data.

The HEC-1 is a “single event” model intended to simulate discrete storm
events. Thisis in contrast to a “continuous™ watershed model which simulates
multiple ycars of hydrologic record, c.g., the Stanford Watershed Model
(Crawlord and Linsley, 1966).

A typical watershed with subbasins and routing reach components is
shown in Fig. 4. The HEC-t simulates the precipitation, precipitation loss,

and runoff processes in cach subbasin, routes streamflow downstream, and
combines tributlary inflows.

. Theorctical Bases
a4, PRECIPITATION. - Precipitation is compuled (or directly input) scp-

arately for each subbasin shown in Fig. 4. Therc arc threc ways in which
historical storm diala may be input:

(i) Historical subbasin average cumulative or incremental precipitation.

{ii) Historical subbusin average storm total precipitation together with
an incremental or cumulative time pattern for distribution. '

(iii) Historical gage data {recording and nonrccording) together with
Thiesscn (Chow, 1964) or other weighlings with which to compute subbasin
average precipitation. :

And there are three types of standardized synthetic storms that may be used:

(i) Synthetic stormn depth versus duration data.
(i1} Synthetic Probable Maximum Precipitation (National Weather
Service, 1956).
(iii) Synthetic Standard Project Precipitation (Corps of Engincers, 1952).

All time scries precipitation data are input as end-of-interval values.
The date, time, and interval length of the input precipitation serics must be
specified, ag must the desired beginning of the simulation and the simulation
time interval. If the degired computation time interval is different from the
input data time interval, the program will interpolate (using a three-point
spline function) the input precipitation serics in order to determine the
precipitation for the required computation intervals, The simulation is
performed ata constant time interval but the data may be at any time interval.

b. snowraLL AND sNowMELT.  The foregoing discussion of precipitation
applies (0o both snowfall and rainfall simulation. For snow simulation,
each subbasin is discretized into clevation zones. The same amount of
precipitation is assumed 1o fall in cach elevation zonc, as depicted in Fig. 5.
An average air lemperature time series is input for the subbasin outlet and
a lapse rate is used to compute the average temperature of cach elevation
zone. If the average elevation zone tempcerature is less than or equal 1o a
specified snowfall temperature threshold, the precipitation is treated as
snow and is accumulated in that zonc's snowpack. The water content of
the initial snowpack (if any) is specified. All snowpack computations are in
terms of the water cquivalent (mm or inches) of the snow.
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HEC-! INTERCEPTION/INIILTRATION MEIODS

Mcthod Parameters Description
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Initial and Constant  nitisd vol loss and a { Initiat loss volume is satisficd, then
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HEC Exponenti~| Infilteation sute, antecedent mois-  Initial inhiltration vate adjust:d for
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boundary
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102 of Figure 4)
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boundary
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F16. 5. The JIEC- | subbasin ¢lcvation zones for snow simulation.

Snowmelt may be computed by either the simple degree-day (Chow,
1964) or the complex energy budget (Corps of Engineers, 1960b) method.
With cither method, the snowmelt and pack watcr balance is computed
scparately for each clevation zone. A subbasin may be veoid of snow or
pautially or totally covered with spow.

€. INTERCEFTION/INFILTRATION (1.0SS RATE ANALYSIS).  The interception/
infiltration part of the rainfall/snowmelt runofl process may be simulated
by four different methods using HEC-1, as showa in Table H. These methods
simulate the interception of precipitation by vegetation, depressions, ctc.
and the accumulation of moisture in the soil.

The initial and constant loss rate function (Linsley et al, 1975), is the
simplest form of all loss rate functions. The loss L, in millimeters (inches),
for a time interval ¢, in hours, is ‘

turc condition, ratc of change of  antccedent conditions and con-
infiltration with wetness tinuous function of soil wetness.
SCS Curve Numbes  Curve b tnitial intereeplion loss satnslicd
bel computing  comulative
ol as a function of camu-
" lative rainall.
Holtan Infiltration rate capacily, available Infiliration rate computed as expo-
soil moisture slorage ncatial funclion of availuble soil
moisture storage and is limited
by uitimate wfiltration finc for
saturated soil.

where I is an initial loss, in millimeters (inches), representing antecedent
soil moisture conditions and interception losses; C is a constant loss rate,
in millimeters per hour (inches per hour), which is representative of soil
moisture infiltration; and P is the rainfall/snowmelt in millimeters (inches).
I 1 is satisfied during a time interval, C applies only (o the remainder of
that timg interval after Lis satisficd. The C is also referred to as the ¢ index
(I = 0) and rcpresents the average infiltration rate, throughout the entire
storm event, which produces the obscrved precipitation excess for that
storm. Precipitation excess is that part of the precipitation which resulis in
runoff during that period and is not lost to interceptionfinfilteation, The
initial loss and constant loss rate are often used in synthetic (design) storm
runoff simulation and where inadequate data are available to justify use of
the more complex methods.

The HEC exponential loss rate funclion simulates the interception/
infiltration process as a function of accumulated soil moisture (losses not
available for runoff) as shown in Fig. 6. The equation for computation of
loss rate Lis

L= APt 2)

where A represents the combined effect of interception and infiltration
rates as a function of accumulated losscs (soil moisture), P is the precipitation
intensity, and E is an exponent regulating the effect of the precipitation
intensity teem. The precipitation intensity factor is used (o represent non-
lincarity in the loss rate process for heterogeneous watersheds.
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Fi1G. 6. The 11EC exponcatiat loss rate function. § is the loss rate for average soil moisture

ditions; D, initial t of loss for which the luss rate coelficient is increased to represcnt
antecedent soil moisture conditions; R, rate of change of loss rate cocflicient as soil moisture
fncrcisces.

The HEC exponential loss rate equation is a logical function of the soil
moisture accumulation; however, it is an analytical function whose param-
etcrs are not readily determined from measurable watershed characteristics.
Thus, the function is difficult to apply in ungaged arcas where the loss rate
parameters must be related to the variable soil type and land cover geo-
graphic characteristics in a watershed. The parameters arc gencraily obtaincd
using the avtomaled parameter estimation capability of HEC-1. A regional
relationship may be developed between the derived paramelers and water-
shed characteristics. Derivation of the loss rate and other watershed param-
cters is discussed on page 332.

The two other loss rate options in 1HEC-1 were dcvclopcd by th u.s.
Pepartment of Agriculture’s Soit Conservation Service (SCS) and the
Science and Education Service (SES). One option employs the SCS “Curve
Number™ (SCS, 1965) and an additional parameter, a wetness multiplier,
which is used to modify the given curve number for antecedent moisture
conditions. The most attractive feature of the SCS curve number technique
is its dircct relation 10 the land usce and soil properties of a watershed. That

feature makes il easily applicable to ungaged areas. The curve number-

technique has been applied in urban areas (SCS, 1975).

H. Holian of the SES (formerly the Agricultural Research Service) de-
veloped a loss rate function (Holtan ¢t al., 1975) which is related to watershed
characteristics and also a more sophisticated function of accumulated soil

moisture. The Holtan loss ratc function has the same gencral form as the
HEC cxponcential loss rate function but does not consider precipitation

intensity; however, the Holtan parameters are derived directly from the soil’

water infiltration characteristics of the watershed. Although the 1oltan
loss rate parameters are closely related to watershed interception and
infiltration characteristics, the parameters must still be calibrated because
of the nonhomogeneity of the soils, vegetation, etc. throughout a subbasin.

The Holtan mﬁllmllon funclion as implemented in HEC-| is given by
the equation

L=a$*+f, 3)

where L is the loss rate in inches per hour; g, is the infiltcation capacity in
inches per hour per (inch)® of available storage; S is the available storage
in inches waler cquivalent; e, is the exponent of the storage S; and [, is
the constant rate of infiltration after prolonged wetling in inches per hour.

An impervious area parameter may be used with any of the loss rate
functions. Imperviousness is specified as a percent of the subbasin arca.
The amount of loss (millimeters or mchcs) computed in any computation
time interval is reduced by the impervious area factor. Thus, 100, runoff
occurs from that portion of the subbasin that is impervious.

The portion of the rainfallsnowmelt not lost to soil moisture etc. is
referred Lo as precipitation excess. The next step in the HEC-1 simulation is
to convert a hyetograph of rainfull/snowmelt excess into a runofl hydrograph
from the subbasin.

d. Surract ruNoFF.  The HEC-1 program simulales direct surface run-
ofl by convoluting the rainfall/snowmelt excesses through a unit hydrograph
function or by the kincmatic wave transformation. Rainfall/snowmclt
excesses are computed for each time interval by subtracting the interception/

" infiltration loss from the incoming rainfall and/or snowmelt. Several alter-

native approaches for specifying unit hydrographs may be used in the
watcrshed simulation. If unit graph ordinates are known, they may be input
directly. The three unit graph functions in the program are based on methods
developed by Clark (1945), Snyder (1938), and SCS (1965). A time -area
curve representing the shape of the basin and related travel times to the
basin outlet may be used with the Clark or Snyder methods.

Because the Snyder coeflicients used in HEC-1 define the coordinates of
only the peak of the unit hydrograph, the Clark method is used as a curve-
fitting mechanism to produce a complete unit hydrograph that has peak
coordinates that are consistent with the user-specified Snyder cocflicicnts.
The Clark method is used to compute a unit graph and then the correspond-
ing Snyder parameters T, (time to peak) and C, (peaking cocflicient) are

SAYYZVYH G004 HO4 DNIM3A0ONW OO0 1080 H

+-O3H




deteenuned. The desived T, and C, are then compared 1o the input Sayder
“data and adjustments are made to the Clark parameters uniil the desired
Snyder cocflicients e obtained. After the wnit graph ordinates are
determined, direct runoff at the hasin outlet is calculated.

The Linematic wave (Waoolhiser, 1975) runofl transformation in HEC-1 has
been especially developed for simulation of runofl in urban arcas. The kine-
mitic wave muhml pmduu.s ) uunlmmr runoff résponse to rainfall excesses
; The HEC-) version of

the kincematic wave process was adapted from the MIT Catchment Modcl
(Harley, 1975), and is described in detail in Training Document No. 10, HEC
{1979g). The following is a bricl summary of that methodology.

The objective of HEC's utilization of the kinemaitic wave technique was to
associate parameters as closely as possible with measurable watershed char-
actenstics such as slopes, land use, and stosrm drains. Such an approach is
desired o reduce ambiguitics in the calibration process and 10 enable
pavameter estimation for future land use conditions.

FFigure 7 shows the three basic components that may be used in application
of the Kinematic wave transformation. Firsi, a typical drainage area is identi-
ficd within the HEC-1 subbasin. The subbasin size may be increased or de-
creased as necessary Lo include arcas of common drainage characteristics.
The typical drainage irca is one which has similar lot sizes, overland flow
lengths, and street and gutter connectivity throughout the area. The overland
flow kincmatic wave computations are made for the typical drainage area on
a unit width basis according to

Q=a" , (4)

where Q is the discharge; a and m are kincmatic wave routing paramelers;
and y s the depth of flow.

After determining the overdand flow from the typical drainage arca, the

overfund flow may be routed through onc or two levels of collector channels
before entering the main channel. The collector channels may be of virtually
any standard shape found in urban areas: circular, trapezoidal, trinngular,
cte, The inflow 10 the collector channels is Luterally distributed, both for the
land swiface sunoll and from one collector to the next, as shown in Fig. K.

The typical drainage area may be any size with respect to the HEC-1
subbasin. The subbasin's totad contribution 1o the main channelis determined
by mubtiplying the runoll from the typical drainage system by the number of
typical drainage systems (including fractional parts) in the HiEC-1 subbasin
arca. The foltowing equation describes this computation,

{subbasin area)

OSH = QDA —— 5
* 2 x (lypnc.nl dramage system area) )

aainrags 7// / /////I

‘I //III/

X 1 wjﬁ’ﬂ?, CATCH BASIN
.
STORM SEWERS

& 9 .

COLLECTOR CHANNEL

Fig. 7

OUTFLOW

The HEC-1 kinematic wave simulation of an urban arca.
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Fui. 8. The IHEC-L kinematic wave subbasin runoff and collector chanuels.

where QSR is the HEC-t subbasin outflow during period i, and QDA is the
typical drainage system outflow during period i. This proportioning for the
lateral distribution is performed for cach level of the collector system. The
total subbasin outflow QSB may be lumped at cither end of the main channel
reach or laterally distributed. :

C. DASEFLOW AND TOTAL SUBBASIN RUNOFF. The bascflow simulation in
FHHEC-1 cmploys a logarithmic decay function. There are two baseflow
components, cach of which use the same decay constant. First, the initial
flow (bascflow from some previous storm) is recessed at the decay rate as
shown in Fig. 9. :

The surface runofl, computed from the precipitation excess and unit graph/
kinematic wave, in each time period, is added to the recesscd starting flow.
This process is continucd until a recession flow threshold (Qy in Fig. V) is
reached. At that time, the flow is under bascflow recession control and the
logarithmic dccay constant is used to compute subsequent flows. Subscquent
rainfall excesses do not influence the computed hydrograph until they are
large enough 1o cause the hydrograph lo rise above the recession-controlled
discharges. Threshold Qg may be zero, in which case the only baseflow is that
obtained by recessing the initial low. Any multipeaked, complex hydrograph
may be simulated in this manner. It should be emphasized that HEC-1 was
developed for use in flood hydrograph studies in which bascflow is relatively
unimportant.

/ \ Qg
Streamflow
a |1 Surtace
13 (m) runof{ from
sec rainfall 7 snowfall Q
excesses y
H b
Qp—=C A L 5
' : {
i iooar
Time perlods N

F1G. 9. The HEC-1 bascllow and total hydrograph simulation. @y is the recession threshold
RR, recession rie. RR = (0,/Q)"™. O, = Q,/RR* + surface runoff if ¢ < 1': Q, = Q. RR* ' of
@ < @y on falling limb.
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PABLYE I

HEC-) Routene Moo

Method Pacameters Description
Ahushangum Wedge storage coctlicient and travel  Outtlow from geach is computed as
time through reach a function of scveaal prcsious

inflows 1o reach (linear).

for cach niver reach as onction of inflow plus amtflow
continuty  and current  storage
{(nonlincar).
Kuematic Wave  Channet shape, length, slope. and Ouwlow from river reach computed
roughness as. function of depih of flow
(nonlincas).

1. steamirow rounnGg. There are several types of flood rouling
functions which may be used in the HEC-1 watershed simulation model.
Table 11 summarizes these methods.

The Muskingim method, also described in the Corps of Engineers'
EM 11102-1408 (1960a) and the work of Chow (1964) describes outflow
from a reach in onc time interval as a lincar function of weighted discharges
of the previous time periods. The coeflicients are determined from prism and
wedge storage of the valley of the routing reach. The Muskingum parameters
(4 time constamt K, a wedge size x, and sumber of subreaches) may be
derived dircetly from historical streamlows. Good results have been obtained

with this method for stceams with small or no floodplains (valley storage)
where there is a lincar relationship between storage and weighted discharge.

Typical applications use the Muskingum method 1o route flows in upstream
arcas where floodplains are less developed, and a storage routing method
(such as modificd Puls) in the downstream, larger-Boodplain reaches.
The modificd Puls technigue (Chow, 1964) employs a storage-discharge
rebationship as shown in the following equation of continuity:

1,01 Sy Oy U +1)

2oy 2 -0, )
A2 A2

where O is the outflow from the reach, 1 is the inflow 10 the reach, and S
is the storage in the reach, The subscripts |and 2 refer to the beginning and
end of period values. Using this relationship, the average inflow, and the

storage discharge relationship computed from steady-flow water surface
profiles, the ontflow from a reach may be computed directly. The storage

discharge curve may be computed with a water surface profile program. such
as 11EC-2, which computcs a continuous watcer surface profile throughout
the river network, or by a simplified independent reach method. The inde-
pendent seach method atilizes normal depth water surface profile computa-
tions for cach routing reach independently, ie., there is no continuity between

this method in 1EC-1 requires the input of coordinates for a typical cross
section, a slope and lengih for the main channcl, and roughaesses for the
channel and overbanks. The program compules a scrics of normal depths
for the reach and determines the slor'u,c associated with cach discharge. The
resulting storage-discharge relationship is used in the modificd Puls routing.

The kinematic wave (Woolhiser, 1975) channel routing method may also
be used, but on an independent reach basis. This method does not allow
flood peak attennation duc to overbank storage as the modificd Puls mcethod
does, but it docs allow for latcrally distributed local inflow il desired. A
detailed description of the kinematic wave routing method is found in HECs
Training Document No. 10, 1979,

g Rivir NEFWORK.  The watershed simulation in HEC-1is accomplished
in &t converging tree nctwork as shown in Fig. 4. The simulation must begin - »
at the uppermost subbasin of a stream branch. The comnectivity of the
watershed subbasins and routing reaches is implied by the order of these
elements in the data deck. For example, in the watershed shown in Fig. 4, the
outflows from subbasins 101 and 102 must be combined before being routed
through the river reach 1030. That routing must also be accomplished before
computing the runofl from subbasin 103. When a routing operation 1s
specified, the program automatically routes the last hydrograph computed
(which also remains in the computer storage). After the routing is performed.
the tocal runolY from subbasin 103 is computed and the routed amd local
flows arc combined.

Streamflow dicersions may be performed at any point in the strcam network.
The diverted flows may be treated as a normal hydrograph and routed and
combined through a new branch of the stream network. The diverted flows
may be returned to virtually any point of the channel network. Figure 10
exemplifics a river network schematic with diversions and return llows. The
diversion and return ow capability allows simulation of extremety complex
stream networks. The diversion is accomplished by inputting a total channcl
flow versus diverted low relationship. The algorithm does not allow diversion
o be computed as a function of water surface clevation at this time. One
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Fi. 10.  Schematic iltusiration of strcamflow diversions and return flow.

must first analyze the hydraulics of the diversion location and precompute
the main channcl versus diverted flow table for use by HEC-1.

A pumping simulation algorithm is also incorporated in HEC-1. Its usage
has been primarily for interior drainage (removing water from behind
levees cte.) simulation but it can also be used to simulate a diversion which is
a function of storage or clevation in the routing reach. A pumping rate versus
water surface elevation at the site is input to HEC-1. The water removed by
pumping can also be handled as a new hydrograph, which can be routed
through a new runoff network in the same manner as the diversion hydro-
graph.

2. Assumptions and Limitations

a. TIME INTERVAL AND SIZE OF WATERSHED COMPONENTS. - As discussed at
the beginning of the previous section, the HEC-1 model assumes spatially

and temporally averaged inputs and parameters (precipitation, infiltration,

“etc.) within each subunit (subbasin or routing reach) of the watershed. These

assumptions limit the size of these subunits. The hydrologist must decide
what size of each component is sufficient to model the watershed with the
degree of definition required in the study.

b. sunpastiv RUNOFF.  The runofl from a subbasin (from rainfall and, or
snowmelt) is assumed to be primarily the result of direct surface runoll;
i.e., the infiltration losses cannot be directly included in the runofl hydro-
graph. The infiltrated water is not used in any further computations. A
logarithmic ¢=cay assumption is made about the shape of the falling limb
of the hydrograph which usually represcnts the delayed contributions of soil
moisture/groundwater contributions to the hydrograph.

Another limitation of the infiltration simulation is that there is no pro-
vision for drying out of the soils (recovery of the infiltration rate) between
storms; i.e., the loss rates remain constant or monotonically decrease. The
‘Holtan loss rate function includes a percolation out of the bottom of the
limiting soil layer but HEC-I docs not include the evapotranspiration tcrm.

c. CIANNEL ROUTING. The channel routing is accomplished on a reach-
to-reach basis without considering a direct continuous water surface profile.
The storage routing methods, such as modified Puls, may utilize storage
versus outflow relationships devetoped from continuous walter surface pro-
files for steady flow. Such proliles do not consider the dynamic wave travel
through the reach and may incorrectly estimate the storage in the reach by
using a single-valued function in licu of the actual looped rating curve. Such
steady-state analysis will tend to underestimate the storage used on the
rising limb of the flood hydrograph and overestimate the actual storage used
on the falling limb of the hydrograph. These limitations can be partiatly
overcome by using shorter routing reaches and ‘more detailed calibration.
Only the kincmatic wave method uses water surface clevation (depth) directly
in the routing computation. The olher computations are carricd out with
discharges and-storages. If a water surface clevation is desired at a particular
river focation, a rating curve must be input for that location and the program
will look up the elevations from the provided rating curve. Likewise, a stage
hydrograph may be input to the program but a rating curve must also be
supplied for conversion to flows before the simulation can procecd. The
routing should be performed by an unsteady-flow simulation if lood wave
dynamics arc important, such as in rouling large, dynamic dam-breach flood
waves. ,

Time-dependent tributary backwater elfects cannot be accounted for in
HEC-1. The generalized backwater effects of a channcl nctwork can be

1
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" accounted for in the sicady-state HE ( 2 water surface profiles but not on a
dynamic basis at giver confluences. A farge mainstream or tributary flow may
impede the flow in the other channcl; this effect cannot be simulated in
HEC-E, Again, an unstcady flow technique would be required or possibly a
three-point rating curve o relate the Bow in one channel to that in another
chaanel.

d. RESERVOIR ROUTING.  The rowting through reservoir outlets and spill-

standardized ten ficlds of cight columns cach. The first fickd is composed of
a card/record identificr in columns | and 2 and the remaining six columns

_are available for data. The record identificr is iy two-character code umguely

identifying the data on that record. To build the data modecl, the user simply
inputs the card for the desired funclion. For example, all loss rate function
cards begin with an “L™ in column | and a second character in cofumn 2
which is unique to a particular loss rate. The loss rate codes arc as follows:

LU _initial and uniform; LE, HEC exponentiali LS, SCS curve number;

way for dam safcty studies assumes a horizontal water surface throughowt
the reservoir pool, The horizontal water surface is also assumed during a
dam breach simulation. These limitations can only be overcome by using it
dynaumic routing model such as the "Gradually Varied Unsteady Flow
Profiles™ program described in Section VI Also the reservoir outflow cannot
be i function of downstream flow conditions. Rescrvoirs are uncontrolled and
simply follow a storage (clevation) versus outflow relationship. The HEC-S
mode} should be used to operate reservoirs for downstream flow conditions.

C. RIVER NETWORK SYRUCTURE.  Stream systems are’ treated as con-
verging tree networks. No explicit declaration of the subbitsin and routing
reach connectivity is made. This requirement may limit somewhat the
fexibility in building the data model. bis advantage is in reducing the need

1o store all hydrographs in the computer. Only the hydrographs needed for
subscquent computitions are stosed.

. OFIMIZATION ALGORITIIM. - The oplimization algorithm is a univariate
gradient scarch (Beard, 1966) procedure which does not guarantee arrival
at a global optimum; the procedure may stop at a local optimum. The user
must start the optimization process with reasonable fisst approximations of
the best valucs in order to insure that the procedure docs not wander off
into a local optimum.

3. Data Requirements

Precipitution - runoll simulation with 11EC-4 requires data describing
precipitation, interceptionfinfiltration, surface runofl, baseflow, and channct
routing. The specific data requirements arc described i detail in the users
manual. The general structure of the input data is a series of input blocks
which proceed from upstream to downsiream. The input blocks specify
parameters that control subbasin runofl, routing, combining, dw«,rsmus
cie. as shown in Fig. 10, Metric or English units may be used.

The input data may be provided in a free or ixed format. In the free format,
the input is separated by a comma or blank. The fixed format is THEC's

and LH, the Holtan function.

4. Application Procedure

-~

The development of an HEC-1 watershed model begins with subdividing
the watershed into interconnccted subbasin and routing reaches as previously
shown in Fig. 4. There are two phases in this process: one for calibriation of
the model’s parameters and the other for the project study. For the catibsa-
tion process, the stream gage locations are taken to be the outlets of subbasins
and beginning and ending of routing reachces. Using the gage data for indi-
vidual clements, the parameters describing the runoff or routing process in
that clement may be identificd for individual storm events. Scveral (5 - 10)
individual storm cvents are usually desirable. The actual number of events
which may bc used will vary considerably. In ungaged areas, there are no
recorded evenus. In other arcas, long-record gages may be available so that
there arc many potentially good events. In those arcas where long-record
gages cxist, onc must be carcful to sclect calibration periods in which the
watcrshed resnwonse mechanisms are constant. Urbanization is usually a
major cause of change of the watershed runoff response. An urbanizing
watershed may require calibration at several stages of urbanization in order
to determine a predictive relationship to cxpl:un the change in the model's
parameters with urbanization.”

a. NEED FOR A CALIMRATION PROCESS. A paramctler optimization algo-
rithm is available in the HEC-1 program for use in determining cstimates of
watershed runoff and routing parameters. The following discussion is
summarized from an HEC technical paper (Ford et al,, 1980). That paper
also described the use of optimization for streamflow forecasting and com-
pares HEC's unit gradient method with other search methods.

ITHEC-1 were a perfect model of watershed hydrology, and if total preci-
pitation and total direct runofl could be measured accurately, the parameters
for a storm event could be determined directly by the inverse solwtion of the
transformation equations. However, these conditions are not satisficd
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reality, and inverse solution of the equations is diflicult, so the parameters
are found instead by sclection of those values that yield the “best” repro-
duction of a measured runolff event with the available measured precipitation
data and the available model. This parameter selection has ofien been
accomplished by a systematic trial-and-error procedure: parameter values
are selected, the model is executed with these values, and the resulting runoff
hydrograph is compared with the obscrved hydrograph. If the “fit” is less
than satisfactory, different parameter values are adjusted and the entire
process is repeated.

An aliernative to the trial-and-error approach to parameter sclection is
an automatic calibration approach in which the necessary tasks for calibra-
tion arc automated. Automatic calibration requires selection of an explicit
index of the acceptability of alternative paramcler estimates, definition of
the range of feasible values of the paramcters, and development of some
technique for correction of the parameter cstimates until the “best” estimates
are determined. Thus, the parameter estimation problem can be classified
as an optimization problem: there is an objective function for which an
optimal value is sought, subject to certain constraints on the decision
variables (the parameters). The HEC-1 program includes the capability to
solve this optimization problem; thercby aulomaltcally dclcrmmmg optimal
cstimates of the parameters.

The objective function of the parameter estimation optimization problem
must define the difference between the computed runofl hydrograph (with
any ‘parameter estimales) and the recorded runoff hydrograph. Presumably,
this difference will be at a minimum for the optimal paramecter estimalcs.
In HIEC-1, the following objective function is employed as an index of the
errors:

i [(QODS, — QCOMP;)* x WT]/N (N

i=1

STDER =

where STDER is the error index ; QOBS; is the observed runofl hydrograph
ordinate for time period i; QCOMP, is the runoff hydrograph ordinate for
time period i computed by HEC-1 with the current parameter estimales;
N is total number of hydrograph ordinates; and WT is a weight for the
hydrograph ordinate. The weight WT is deflined as follows:

= (QOBS + QAVE)/(2 x QAVE) ®)

where QAVE is the average computed discharge. This weighting function
emphasizes accurate reproduction of peak flows rather than low flows by
biasing the objective function. Any errors for discharge ordinates that

exceed the average discharge will be weighted more heavily, and hence the
optimization scheme should focus on the reduction of these errors.

The range of feasible values of the parameters is bounded because of
physical limi.ations on the values that the various unit hydrograph, oss raic,
and snowmelt parameters may have, and also because of numerical limita-
tions imposed by the mathematical functions ecmployed to model watcershed
behavior. In addition to bounds on the maximum and minimum values of
certain parameters, the interaction of some parameters is also restricted
because of physical or numerical limitations.

b. HEC orPTIMIZATION TECHNIQUE. Theconstrained optimizationscheme
cmployed in HEC-1 is a univariale search technique that uses Newton's
method. Application of such a technique permits use of the simulation
capabilitics of HEC-1 in a traditional manncr and docs-not require develop-
ment of analytical derivatives. Steps in application of this technique, as
implemented in HEC-1, are as follows:

(1) Initial values are assigned for all parameters. These values may be
assigned by the program user, or program~assngncd default values may be

. used.

{2) The response of the watershed is simulated with the initial parameter
estimates, and the value of the objcctive function is computed by comparison
of the ordinates of the computed and observed runoff hydrographs using
Eq. (7).

(3) The first parameter to be estimated s decrcased by 19 and then by
2%, the system responsé is evaluated, and the objective function catculated
for each change. This gives three scparate system evaluations at equally
spaced values of the parameter with all other parameters held constant. The
“best” value of the parameter is then estimated using Newton's mecthod.

(4) Step 3 is repeated for each parameter, using the “best” estimatc of the
previous parameters as fixed values,

(5) All parameters are cycled through four times.

(6) Step 3 1s repeated for the parameter that most improved the valuc of
the objective function in its last change. This process is repeated until no
single change in any parameter yiclds a reduction of the objective function
of morc than 1Y,.

The scheme cmploycd for cstimating the “best” value of each paramcier
in Step 3 is based on the concept that the optimum of the objective function
occurs at the value of the parameter which caused the second derivative to
go o zero. These derivatives cannot easily be evaluated analytically because
the objective function indirectly includes all the functions and equations
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contamed in the HEC-1 watershed sesponse. Therefore, munerical approxi-
mations of the derivatives are used.

C. APPLICATION OF MIE CALIIRATION TECHNIQUE. Due to the varying
quantity and form of dita available for precipitation - runoll analysis, the
exact sequence of steps in application of the antomatic calibration capability
of HEC-1 varies from study to study. An often-used strategy employs the

following steps when using the Clark unit graph and the HHEC exponential

(8) Once all parameters have been selected, the valucs should be verilicd by
simulating the response of the gaged basins to other cvents for which pre-
cipitation and runofl records are available.

The HEC-1 optimization scheme has been used by the HEC in numerous
studics for nearly 10 years. The applications have focused on develaping
[requency curves for ungaged locations and on modcling the impact of basin
modifications, of channel impravements, or of additional controf mcasures

loss rate cquation:

(1) For cach storm selected for use in calibration determine the baseflow
and recession parameters that are event depeadent and are not included in the
set of paramcters that can be estimated avtomatically. These paramcters are
the recession low for antecedent runoff (Q,), the discharge at which recession
flow begins (), and the recession coeflicient (RR), as were lustrated in
Fig. 9. The HEC-1 users manual suggests techniques for estimating these
parameters.

(2) For cach storm on each gaged subbasin, determine the optimal esti-
mates of all unknown unit hydrograph and loss rate parameters using the
automatic calibration feature of HEC-4,

{3) I loss cate precipitation rate exponent £ [Eq. (2)] is to be estimated,
select a regional value based on analysis of the results of Step 2 for all storms
and subbasins.

(4) Using the optimization scheme, estisnate the unknown parameters with
E now fixed at the sclected value, Select an appropriate regional value for the
slope of the loss rate function R (Fig. 6). If the temporal and spatial distribu-
tion of precipitation is not well defined, an initial loss followed by a uniform
lass rate may be appropriate. In this case, £ = 0 and R = 1. If these values
are used, as they oficn are in studies accomplished at HEC, Steps 2, 3, and 4
are onitted., ’

(5) With E and R fixed, estimate the remaining unknown paramelers using
the optimization scheme. Select a value of S for each storm being used for
calibration. If parameter values for adjacent basins have been determined,
check the sclected value for regional consistency.

(6) With E, R, and § fixed, use the parameter estimation algorithm 1o com-
pute all remaining unknown parameters. The D can be generalized and fixed
il desired at this point, although this parameter is considered (0 be relatively
cvent dependent,

(1) Using the calibration capability of HEC-), determine values of the
Chuk umit graph parameters. Seleet appropriate values for cach gaged
subbasin,

al selected locations. _

Many of the recent applications of IEC-1 accomplished at the Hydrologic
Enginecring Center have employed the automatic calibration scheme in the
development of data for ungaged arcas. Typically, in these studies data are
available from stream and precipitation measurement stations in the proximi-
ty of a location for which detailed stage and discharge data are unavailable
but are desired. The automatic calibration technique is used to estimate unit
hydrograph, loss rate, and routing parameters for the gaged locations, and
this data is “transferred™ to the ungaged locations using regression tech-
niques. The particular strategy for estimating parameters and the methods
for transferring the parameters to ungaged locations is a fumction of the basin
characteristics, the available data, the parameters that are found via calibra-
tion, and the time and moncy available for the study.

While the sequence of steps for estimation of all parameters of this rainfafl -
runoll model has been employed in at least one major study, the flexibility
gaincd by use of the four parameters in the exponential loss ratc cquation is
not always nccessary. Oflen E is set equal to zero, Reis set cqual to one, and
calibration procceds with Step 5 of this sequence. This approach has been
employed in several studics, c.g., the Lehigh River (HEC, 1978d).

The optimization mcthodology may be used for the SCS curve number and
lag or Holtan's infiltration function paramecters. Likewise the methodology
miy be used for the routing function parameters. The same philosophy is
followed for any function with two or more parameters: select the best value
for the Jeast variable parameters and optimize the remaining parameters.
This process is carried out_until only one parameter remains and its best
cstimate is obtained. That last parameter may be highly storm dependent as
in the case of the loss rate function, where it represents antecedent moisture
conditions. ‘

d. TECHNIQUES FOR UNGAGED AREAS. The foregoing calibration process
is used to determine watershed model parameters at gage locations. Rarely
will gages be located at all points in a watershed where hydrologic inform-
tion is required. In order to simulate hydrographs with the desired definition
and at proposed project locations, the watershed must be subdivided into
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additional subbasins and routing reaches. The hydrologic engincer is then
faced with the problem of determining paramecters for those ungaged areas.
“Iydrologic Analysis of Ungaged Watersheds with HEC-1" (HEC, 1980b)
describes the ungaged arca modeling process. As stated in the preface of that
report: “General approaches to frequency analyses for ungaged watersheds,
cffects of extent of data availability on choice of approach, and regionaliza-
tion of hydrologic parameters are discussed is this report.” Hypothetical
rainfall data arc often the only rainfall data available for a study, and there-
fore, methods for usc of this type of data arc presented. The use of HEC-1
for watershed modeling is described and techniques for the estimation and
calibration of HEC-1 model parameters are given in detail.

The mcthod used for hydrologic analysis of an ungaged area depends upon
many factors including the following: purposc of the study and the type of
information requircd, data available, watershed characteristics, experience
of the hydrologist, and available time and personnel resources. The types of
information which may be required are peak flow and volume frequency and
duration relationships, and/for a long-term runofl hydrograph. The following
data might be available: precipitation, temperature and other meteorologic
measurements, discharge hydrographs, high-water marks, and basin char-
acteristics. Some of the following methods may be used: regional frequency
analysis of observed strcamflows, watershed modeling of individual storm
cvents, continuous watershed simulation for the period of record of observed
precipitation and streamilow data, and watershed modeling of design storms
having various frequencices. The sclection of the method of analysis is depen-
dent primirily upon the expericnce of the analyst and secondarily upon the
data available. The experience of the analyst is extremely important in the
application of a model in an ungaged arca. The analyst must be able to relate
his expericnce with the model's paramecters in other areas to the basin char-
acteristics and subjective assessments of the ungaged” watershed and its
expected runofl response.

The HEC ungaged arca modeling report (1980b) discusscs several modeling
approaches and the impact of data availability on each approach. Procedurcs
for calibrating model parameters and the regionalization of those paramclers
are treated in detail. Unit hydrograph paramcters are typically related to
basin characteristics such as drainage arca, slope, and percent impervious-
ness. Thomas and Benson (1970) describe many watershed characteristics
and their relation to runofl. The HEC's report describes three studies which
have varying amounts of data and use different methods of analysis. The
first casc addresses the problem when some discharge frequency data are
available. The second case has streamflow and precipitation data bug records
are insullicient to estimate frequencics with much confidence. The third case
represents an approach when no data are available for the waltershed in

question. Because of the importance of synthetic storm analysis in ungaged
waltcrshed analysis, one chapter and an appendix are devoted to that subject
and their usc in the hydrologic analysis.

€. WATERSHED MODEL CALIBRATION. [laving determined the parameters
of the subbasins and routing reaches through optimization and ungaged
arca analyses, the entire river basin model may now be formulated. After
developing the watershed data model, further calibration should be under-
taken with the same historical storms used in the individual component
calibration. The historical storms runofl is simulated throughout the water-
shed and compared with gaged flows. Further adjustment to subbasin and
routing reach parameters are made as nccessary (o best reproduce observed
flows. These adjustments cannot be madc, however, without maintaining a
relative consistency between parameters in similar geographic arcas. Storm
cvents which are critical to the water control projects under study should be
emphasized in this process.

C. Use ofF HEC-1 N e EvALuaTioN
of FLoop ConTrOL MEASURES

L. Simulation of a Depth—Area~Duration Relationship for a River System

Flood control studies require the determination of discharge frequency
curves at several points of interestin a river nctwork. If a watershed model
and the design storm approach are used to estimate that frequency refation-
ship, then it is necessary to make several runoff simulations for a storm of a
given frequency at different locations in the basin. This is because a storm
which produces the X%, flood at one location in a river basin will not usually
produce an X% flood at other locations in the river basin,

Design storms are computed on the basis of precipitation observed over a
given arca. For a given [requency and duration (e.g., 10%, | day), a precipita-
tion depth-area relationship may be computed from observed precipitation
in a region. Such relationships are computed in the U.S.A. by the National
Woeather Service (1961 and 1977). Simulation of the runoll from such a storm
requires o separate application for cach arca. Thus, many executions of the
modet may be required in order to compute the Nlood of a specified lrequency
and duration throughout a large river basin.

The HEC-1 has a depth-area precipitation—runofl simulation mode in
which the depth-arca relationship is preserved throughout a river basin in a
single simulation. This capability climinates the nced to make a separate
simulation for each flood frequency computation point. The HEC-1 accom-
plishes this by simultancously simulating the runoff from several storms con-
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sistent with the given depth-area relationship. The computed hydrographs,
termed “index™ hydrographs, are routed and combined throughout the rives
network. This proceduore is described in detail in the HEC-1 users manual
(1980a) and summirized here.

Figure 11 shows a schematic representation of the HEC-1 depth-area
storm runoll simulation methodology. A separate storm is simulated for
cach point on the given depth-arca n.l.nmnahnp as if that pﬂ.Clpll.lllOIl had
occusred over the subbasin in questio ] -y pEi

subbasin is computed by interpolation using a linear discharge, log drainage
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arca function. At a confluence (c.g.. sum of subbasins A :m(I Bin Fig. t1), the
index hydrographs are added together and the hydrograph is mierpolated
using the sum of the drianage areas of A and B. The index hydrogr aphs are
routed to the next confluence downstream, where a similar combimng of
index hydrographs takes place.

A potential problem with this analysis is that the watershed model may
produce a smaller volume of runofl for the large-area storm than it doces for

-arca storm as the contribuling arca incrcases. This may occur
through the action of nonlincar loss-rates on the lowcer-intensity larpe-area
storm. Because a monotonically increasing volume of runofis required as the
contributing 1rea increases, MEC-1 has included a method with which to
preserve the increase in precipitation excess for each successive larger-area
storm. That methodology, described in the HHEC-1 users manual (1980x),
guaraatees that the runoll volume increases with increased index area.

2. Simulation of Multiple Storms or Floods for a River Network

Flood control analysis usually requires the investigation of several storms
and/or Noods of varying magnitude. The objective of such-an analysis is 1o
evaluate the impact of runoff for different-sized storms on proposed flood
control projects. Any model can accomplish this by simply changing the
precipitation input data and rerunning the job. Such a procedurc can require
substantial data manipulation and compuler execution time.

The HEC-1 model can automatically and simultancously simulate the
runoll from several ritios of the same storm. The user simply inputs the base
storm and the ratios desired for investigation. Every subbasin runoff calcula-
tion is made for each ratio and each resultant flood runofl is routcd through
the river basin network. The complete hydrograph for any ratio is available
atany location in the basin. An output summary shows the peak dischiarg gefor
cach hydrograph computation point for cach ratio.

I the flood investigation docs not involve a change in watershed rainfall
runoff response characieristics, then it is expedient to take ratios of runoll
rather than precipitation. This would be the case for a reservoir or channel
modification flood control preject. In the ratio-of-runofl mode of operation,
HEC-1 first computes the runoff from precipitation on a subbasin and then
computes the required ratios. The subbasin runofl may also be directly input
if it has been precomputed or is from some gaged event.

3. Sinndation of Aliernative Flood Control Plans

A Nood control investigation must analyze several different projects o
determine the best control strategy. That analysis can involve both diflerent
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projects and different-sized projects at the same location. There will also be
projects at different locations, such as an upstream reservoir and/or a down-
stream levee. As in the case of the multiple ratios, multiple project analysis
could beaccomplished by several executions of the data deck with and with-
out the projects. Such a method is time consuming, requires additional
computer time, and does nol fucilitate comparative analysis of the projects.
The HEC-1 multiple plan mode of operation allows the analyst to com-
pute the hydrologic impact of several lood control projects in a single
computer run. In this usage a “plan” refers to a single Nood control scheme
which may involve several projects. The first plan in such an analysis is
always the existing conditions. Each successive flood control plan may then
be compared with each other and with cxisting conditions. The simplest
casc would be a single project such as a reservoir. “Plan 1™ would be the
runoll simulation for the existing river network, and “Plan 2" would be the
same simulation except that the reservoir would be included. All flows
. downstrcam of the rescrvoir would be aflectied by the reservoir in “Plan 2.7
The multiple-ratio option is usually uscd in conjunction with the multiple-
plan option. Thus, the impact of different flvod control projects on diflerent-
sized flood events can be investigated simullancously. Such a combination
of ratios and plans is especially convenient in computing expecied annual
flood damages as discussed in the next section. Figure 12 depicts the mul-
liplc -ratio plan capability for a simple system. It is imporlant to emphasize
.u,.un the computational efliciency of this mode of .m.llysr and its utility
in the investigation of alicrnatives.

4. HEC-1 Computation of Expected Annual Flood Damage

Economic efliciency is onc of the main measures of the value of a flood
control project. The benefits of the project are measured in terms of a
reduction in flood damages. In order to evaluate flood damages over the
life of a project, the concept of expected annual flood damage is used. The
cxpected annual damage measure results from integrating the probability
distribution of future streamflow (frequency curve) knowing the damage to
occur at cach magnitude of strcamllow (or water surface clevation). The
HEC-1 model has the capability to compute expected annual ffood damage
for any point of interest in a river basin. This capability is valuable during
project formulation for comparing alternative flood control plans. The pro-
cess includes simubation of basin hydrology, input of the flow—frequency
relationship for existing conditions, frequency curve adjustment to post
project conditions, input of Row/stage-damage relationships for existing
and postpraject conditions, and integration of the resulting damage-
frequency relationships for existing and postproject conditions.

SubbasinB

Plon 1={Plan 2

Proposed
channel
Improvement

Fi6..12.  Muhiplc floods and flood control projects analysis.

a. SIMULATION OF POSTPROJECT FLOW FREQUENCY CURVE. The compu-

tation of flow frequencies makes use of the “multiple-ratio™ and “multiple-

- plan” features of HEC-1 discussed in the previous two sections. The HEC-1
must be provided with a flow— or stage—frequency relationship for existing
conditions at all locations of interest. The analyst selects a major Rlood
cvent and several ratios of which to span the range of the food frequency
curve. Additional criteria for selection of the ratios will be given in the next
section,

The existing (Plan 1) river basin is simulated and the frequency of the
peak discharge/stage Tor cach ratio is computed from the given Now -
frequency curve as shown in Fig. 13. The method assumes the frequency of
the storm/flood ratio will remain the same under postproject conditions and
only the flow and possibly the stage~damage relationship will change. Thus,
the peak flow under postproject conditions for a ratio will have the same
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Fi. 13, Computation of modificd flood frequency curve. @, is the cxisting condition com-
putcd peak flow for RATIO § = ), n; f;, frequency of Q, from input flow frequency curve; Qi
compuicd postproject {Plan 2) peak flow for RATIO i = [, a.

frequency as the preproject peak flow for the same ratio. By using several
ratios as shown in Fig. 13, the postproject modified frequency curve is
comptited.

b. COMPUTATION OF EXPECTED ANNUAL FLOOD DAMAGE.  Expecied an-
nual Nood damage is computed for each “plan™ and benelits are determined
as the reduction in lood damage-from pre- 10 posiproject conditions. Dam-
age reaches are established for all potential flood damage locations in the
river basin. A damage reach is defined as a length of river channcl which is
under essentially the same hydraulic control for the range of the frequency
curve, at least that range of flows which contributes the most to expected
annual damages; Le., the damage reach is the fongest length of viver which
cin adeguately be represented by discharge and stage al a representative
“index™ Jocation on the river. Several damage reaches may be required 1o
calculate damages ina barge metropolitan area.

A flow- of stage -frequency and a flow- or stage-damage function is
required for each damage reach. A damage- frequency relztionship is then
derived combining these two functions using the peak flow for cach flood
ratio as shown in Fig. 14 Then the damage -frequency function is integrated
using a Gaussian quadrature procedure. The magnitude of the “ratio™ peak
flows is very important i defining these functions. Thus, another critesia

(X Froquency~ 1 o.

Fig. 14. Expected ¥ flood d t

for selection of the flood ratios is that the expected annual damage inte-
grated between ratios be about equal; i.e., it is not desirable to have a ma-
jority of the expected annual damage contributed by one or two ratios.

The economic impact of a flood control project is presented through the
modificd low- or stage-frequency function or in the low- or stage- dumage
function. Reservoirs and channe! improvement projects will alier the flow
frequency functions whercas a levee may only affect the stage - damage
function. A discussion of the relative impacis of flood control amt flood
damage reduction projects on these various functions is given in Exhibit 2
of the “Expected Annual Flood Damage Computation” (EAD) users manual
(FHLEC, 1979b). The HEC-1 flood damage analysis does not take into account
the time value of money. The LIEC-1 results would typically be input to the
EAD program, which computes the present value of future costs and benclits
of flood control projects.

There arc some limitations to this method of compulting expected anpial
flood damage, but they have generally been far outweighed by the compu-
tational eflicicncy and utility of the method. Alse, considering the accuracy
of the basic data (tood frequencies and damage over a river reach) the
methad has been proven very acceptable. A truer picture of the hydrologic
impact of proposcd flood control projects on the frequency curve could
probably be obtained using a coatinuous watcrshed simulation model. Tha
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madel could evaluate the impact on every significant flood rather than a
few sclected “ratios.” The use of continuous watershed simulation models
to determine a flow-frequency relationship is not without its own draw-
backs. The primary drawback is that of not being able to determine the
spatial and temporal distribution of precipitation over long periods of time.
As one goes back in time, the number of gages becomes smaller and they have
less consistent operation. Thus, a major effort is required to fill in (simulate)
missing data.

The HEC-1 “multiple-ratio” analysis assumes the same time paticrn of
precipitation is applicable to all ratios, only the magnitude of the storm
changes. The depth-duration relationship for the base case (from which
ralios arc taken) must be representative of storms at several magnitudes.
The relative areal distribution of the storm is also considered to be the same
for cach “ratio.” The runofl from each part of the basin is assumed to be
representative of that portion of the basin. The same is true of the loss rate
distribution over the basin. Detailed output information concerning the

hydrologic and cconomic computations and summary results is printed by
HEC-I.

5. Sizing Flood Comrol System Components

The HEC-1 bas a very powerful feature to automatically determine the

“best” size of each of several components (levee, reservoir, pump, diversion,

cte)) of flood control systems (Davis, 1974). This feature makes usc of the
expected annual damage computation algorithm just discussed together
with the univariate gradicnt optimization capability uscd for the watershed
modcl parameter estimation. That same optimization algorithm is used to
scarch for the “best™ combination of sizes of flood control components. The
flood control component size optimization process is described in HEC
Training Document No. 9 (1978a).

Cost versus size data arc required for cach component to be included in
the optimization. The objective function to be optimized (minimized) is the
sum of the expected annual flood damages and the project cost. Costs in-
clude both the initial capital investment and the annual operation and
maintenance costs. The objective functions may also be weighted by how
well desired discharge targets are met at various stream stations. The uni-
variate gradient search procedure determines the best size of one component
while holding all others at a constunt size. The method iterates through all
components several times, searching for the best combination of sizes. The
sizes of the projects may be constrained 1o specific ranges.

In the simple system shown in Fig. 15, the optimizstion process would
automalically investigate the many trade-offs between a larger reservoir and

Proposed
reservolr Reservoir
storoge
Proposed Cost
channel $
improvement

Channe!
capacity

" Damage /

Stage

Cos!

7,
Damage’. /¢y
cenler Uiy

Pump capacity
Proposed pump

e i”" J—"Existing main river levee

> s
Main river Somes

FiG. 15. Optimization of flood contro} bmjccl sizes.

smaller downstream projects, and vice versa. Both of the two damage centers
can be helped by the rescrvoir project. The upstream damage center can
also be helped by the levee project. The levee project is represented by both
a cost function and a modification in the stage-damage function for that
reach. HEC-{ uses upper and lower stage-damage functions to represent
the range of possible economic impacts by a channel improvement. An in-
terpolation scheme is used to determine damages for intermediate channel
sizes. The downstream damage center can be protected by a pump system
which cvacuates the water ponding behind the existing main river levee.

Output information is provided during each step of the optimization
process. This information is especially important because the method miay
stop at a local optimum. The results should be checked by starting the
optimization nrocess at different initial component sizes.
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‘ D. Compuiir REQUIREMENTS

HEC-1 1s written in FORTRAN 1V and requires 115,000 wosds of core
storage on the CDC 7600 computes. Input may be in free or fixed format.
The program code is machine independent except in limited arcas where
special instructions are provided for implementation on some computers.
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IV. The HEC-2 Water Surface Profile Program

A. Purrose

The original version of the present HEC-2 program was developed by
Bill S. Eichert while employed in the Tulsa, Oklahoma District Office of
the U.S. Army Corps of Engincers. Eichert is presently the director of HEC,
where he and others continue 1o improve and expand the capabilities of
HEC-2. HEC-2 (LLEC, 1979d) is now considered to be the most widely used
program in the world for computing water surface profiles.

The HEC-2 was developed 1o determine water surfuce clevations for spe-
cified discharges in natural chanaels to aid the Corps Noodplain management
program. The program computes water surface proliles for given dischasges
in river channels of any cross scction for subcritical or supercritical stcady-
state flow. The eflects of natural obstructions to Now, Noodplain cncroach-
ment, and hydraulic structures may be simulated by the progrim. Bridges
are given special consideration for their impact on the flow hydraulics. Cul-
verts, weirs, channcl improvements, embankments, and levees may also be
considered in the flow/profile computation.

The prmupal use of the HEC-2 program has becn in determining inun-
dated arcas associted with various flood discharges. The simulated arca and
depth information is used by the Corps to evaluate fload damages and by
federal and local agencics to aid in the management of the aation’s lood-
plains. Although the HEC-2 analysis doces ot consider the dynamics of the
flood hydrograph propagation, the methodology is well founded in hydraulic
theory for steady flow conditions, efliciemt to use, and commensuriate with
the techuical reliability of the other aspects of the studies such as flow -
frequency and stage-damage relationships. In cases where Roodplain geom-
ctry, hydeaulic structures, or flood wave shape produce stgnilicant rates of
change in the water surface, a dynamic simulation should be made using an
unsteady-flow model.
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® o EXAMPLE OF MODEL APPLICATION
The following pages are excerpted from Hydrologic :Analggis
‘ of Ungaged Watersheds with HEC-1, Training Document 15,
® Hydrologic Engineering Center, 1981.
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I CHAPTER 9

STUDY 11 - ANALYSIS WiTH SOME STREAMFLOW DATA AVAILAWLE

some data (such as flow data from a single stream gage) are available
for the watershed in many cases. Usually, however, the gage is not at the
location at which the discharye-frequency relationship is needed. An exanple

| of such a situation is Shellpot Creek, a 9.43-sq @i basin near Wilmington,

>
"0 vannze

Delaware. The stugy on which this example is based is described in a Special
Projects Memorandum by the Hydrologic Engineering Center (1976b). The
hydrelogical data were developed for use in Speclal Flood Hazard Information
reports. HBasic rainfall and runoff data were analyzed, and the HEC-1 model
was calibrated on several observed events and spplied to specific
hypothetical events. The following paragraphs describe the procedures and
assumptions which were used to develop recommended discharges at selected
exceedance frequencies for this basin.

9.4 pasin Description

Shellpot Creek is located in the northeastern corner of the state of
Delaware. Figure 9.1 is a general map of the study area. Shellpot Creek
enters the Delaware River at wilmington, Oelaware. It drains an area of 9.43
square miles, all within New Castle County, Delaware. The basin 1s nearly
conpletely urbanized, and the predominant type of land use is single-family
residential, with {ndustrial and commercial development concentrated
primarily in the lower portions of the basin near the Delaware River.

Channel slopes vary from less than 25 ft per mi in the lower reaches of
tne stream to over 200 ft per mi in the steeper slopes near the watershed
boundary. The main channel slope of Shellpot Creek (between points 10 and 85
percent of the oistance along the longest watercourse) 1s 40 ft per mi. Land
surface slopes average about 3 fto 5 percent, and soils are predominantly of
the mouerate-infiltration soils group. Mean annual precipitation is about 43
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in, and average annual tunoff for Shellpot Creek during the 29-year period ¢

194674 was 17.5 in. Streamflow data are avallable at one location on 9.1. Shellpot Creek Study Area T

shellpot Creek (at wilmington, Delaware). The drainage area at thls point is m

7.46 sq mi. Continuous records are avallable from bLecember 1945 to the O

present . 84 -—l.L
83

® ® o @ ® @ o )




'@

9.2 Observed Frequency (Observed Data)

A discharye-frequency analysis was made on the 30-year period 1946-75
based on annsal maxima. Water Resources Council Guidelines procedures (WRC,
1976) were applied using a weighted skew value of 0.5. Figure 9.2 shows a
plot of these data based on the Weibull plotting position equation. The
computed mean, based on the log transformation of the data, s 3.151 (or
1,400 cfs), and the standard deviation is 0.267. Nearby basins having
streamflow records with longer periods of record are almost nonexistent.
Chester . Creek, about 10 miles northeast, has continuous records from 1932,
but has a much larger drainage area (61.1 sq mi) and very little
urbanization. Correlation of annual peak discharges for Shellpot and Chester
Creeks resulted in a correlation coefficient of 0.428. If the Water
Resources Council Guidelines are followed, the correlation coefficlent would
need to be equal to or greater than 0.93 in order to justify adjustment of
the gaged annual-serdes discharge statistics of Shellpot Creek.

The only other nearby station with a longer term of record is Brandywine
Creek at Chadds Ford, Pennsylvania, with records from 1911 to 1953 and from
1962 to the present. The area associated with this station is 287 square
miles, Because of the great
difference in basin size, no correlation studies were made. The curve in
Figure 9.2 is considered to be the best estimate of the discharge-frequency
for Shellpot Creek and the best guide for developing
reasonable estimates at other locations within the basin.

and there is essentially no urbanization.

characteristics

The six highest recorded events at the Shellpot Creek gage have peak
discharges that are all greater than the 5-year event (20 percent chance of
anual exceedance). OData for these events are given in Table 9.1. Because
of the small size and nearly complete urbanization of this basin, it 1is
reasonable to expect less variability in {nitial rainfall 1oss by
infiltration at various times of the year; therefore, no additional search of
rainfall records was made to find storms that were more severe than those

resulting in these peak discharges.
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TALE 9.)

DATA FOR HISTORICAL EVENTS

based on  stations several basin widths away. Total basin-average
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five of the six events listed above were analyzed in detail with HEC-). .,." (e ',“ P O
Isohyetal maps were prepared for each stom analyzed. Recording and % \ *
nonrecoraing gage locations are shown on a typical tsohyetal map in Figure ‘% kK I
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9.3. A great ceal of judgnent was required in developing isohyetal patterns X >
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precipitation was estimated for each storm event. The HEC-1 unit hydrograph {'éj/ i
and loss-rate optimization option was used to determine 15-minute unit LSONYETAL AP
hydrograph ano loss rate parameters based on observed discharge hydrographs. -&P’
. - Storm of September 13, 197%

Hainfall ang runoff data for the five storms are presented in Table 9.2. ®

Unit hydrograph data and basin characteristics are presented in I
Table 9.3. for the full basin at the gage the average Snyder tp is 2.1 9.3. Typical Isohyetal Map 8
hours, and Cp is 0.77. Figure 9.4 represents a typical reconstituted 1
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TABLE 9.2
RAINFALL AND RUNOFF FOR STORM EVENTS

Basin Average Rainfall and Runoff
Shellpot Cr. at Wilmington, Del. (7.46 sq mi)

Event Rainfall Runoff
{inches) (inches)
18-19 August 1955 2.44 1.52
27 August 1967 2.24 2.07
13 September 1971 6.36 6.24
22 June 1972 3.74 2.43
22-23 August 1974 3.85 1.87
TABLE 9.3

SHELLPOT CREEK BASIN
PHYSICAL CHARACTERISTICS AND
UNIT HYOROGRAPH DATA FOR SUBBASINS

Slope Percent

Subbasin DA L Lca 10-85 Impervious t,
Number (sqmi) (miles) (miles) (ft/mi) 1 (hours)
1 0.64 1.00 0.40 23 23 0.66
2 0.71 1.70 0.80 48 30 0.96
3 0.66 1.80 1.00 61 42 1.04
4 0.94 2.20 1.10 50 35 1.13
5 0.75 1.70 1.00 86 30 1.02
6 1.11 2.10 1.10 97 20 1.12
7 0.93 2.35 1.30 119 25 1.22
8 1.34 3.25 1.60 11l - 30 1.43
9 0.38 1.05 0.52 240 30 0.73
Gage 7.46 6.10 3.10 40 30 2.10
10 0.4 1.25 0.50 186 30 0.75
11 1.56 2.40 1.40 25 35 1.26
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hydrograthng with the observed hydrogreph. Ralnfall distribution was
based on mass curve plots of available recorder data and an adjusted average
curve. Flfteen-minute values were then interpolated from the curves. The
rainfall exponent parameter ERAIN was sel to zero and the loss rate parameler
RIIOL was set equal to 1.0. This forced the program to op'tl"nilze losses using
essentially an initial loss plus a constant loss. The values of tp and Cp
were reasonably stable for the five events studied, but the loss parameters

displayed more variability due to en indbility to match antecedent soil

moisture conditions and the sensitivity of the parameters to errors in
estimating total rainfall and the rainfall distribution. The overall
hydrograph reconstitutions are acceptable, and differences between observed
and reconstituted hydgrographs can be explained as random errors, resulting
primarily from non-Uniformity of rainfall distribution.

9.4 Basin Subdivision and Model Calibration

In order to determine probable flood discharges at other locations
within Shellpot Creek, the basin was subdivided as shown In Ffigure 9.5.
Index points were selected to coincide with major tributaries and spaced
alony the main watercourse in such a way as to result in only minor changes
in discharges between mainstem index points. The percent imperviousness was
estimated from areal photographs and published information.

To aevelop appropriate unit hydrographs for each sub-basin, @
relationship between the basin physical characteristics of stream length (L)
anu length to center of basin ("ca) versus unit hydrogreph lag (tp) was
developed from a comparison of Shellpot Creek parameters with those for gaged
urban basins in Philadelphia, Pennsylvania. Also given consideration was the
tp versus L L. relation acopted in the Red Lion Creek Study described in
Chapter 10.  Initial estimates for tp were based on a line drawn through
the Shellpot Creek five-storm average value which was drawn parallel to lines
describing relations adopted in other Delaware and southeastern Pennsylvania
strean studles. This line (Fig. 9.6) has the equation t, = 0.87 (L 0 Lo

BCALE 1N LS

LEGEND

== BASIN SOUNDARY

nessten SUBBASIN SOUNDANY
SUBBAIN NUMBER

INOEX POINT
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A Snyder peaking parameter Cp of 0.77 was adopted for all subbasins. It is
the average value determined in the optimization studles discussed above. 9.5 I
Starting discharge (SIRIQ) varted from 0.13 to 30 cfs per sq ml for the +5. Basin Subdiviston r(.r;
various events and was based on gage data. For the final loss-rate ]
-—t
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parameters, the initial-loss volume ranged f'rom 0.4 to 2.0 in. and constant
loss-rates from 0.06 to 0.65 in. per hr for the five storm events. A
constant ratio of the peak (18 percent of the peak discharge) was selected
for the start of recession discharge (QRCSN), and a rate-of-recession
parameter (RTIOR) equal to 3.0 was used for each subbasin based on a
15-minute time interval.

9.5 Channel Routing Criteria

Channel routing Is required in the model to provide the correct
translation of the flood hydrograph along the stream from index point to
index point. Routing provides the timing and attenuation which reflect the
storage characteristics of the channel and overbank sections of the stream
reach. Since detalled stream cross-section and bridge data were unavajilable,
approximate routing methods were used. Channel reach lengths and slopes were
estimated from USGS 1:24,000 scale maps that had a contour interval of..10
ft. A value of average velocity was then estimated for each channel reach
based on Manning‘'s equation and assuming steady “flow with an average slope
equal to the channel slope. The Muskingum routing method was used with a
discharge weighting coefficient of X = 0.3. A reach travel time K in hours
was estimated from the mean velocity. Adjustments were made to K as
necessary to make the routed and combined bhydrographs for the nine
contributing - subbasins agree with the observed runoff events at the stream

gage.

9.6 Hypothetical Storm Runoff tstimates

Hypothetical storm data were developed by the procedures described in
Chapter 4 and the Appendix of this report. Twenty-four-hour storms were
developed for return periods of 2-years, lO-years, 100-years, and for the
Standard Project Storm (SPS). The computed 24-hour point rainfall values
were assumed to be applicable to areas of up to 1 sq mi. Adjustments were
made to all durations (15-minute to 2a4-hour) for areas of 5, 10, and 15 sq
mi, and the storms were distributed into successive 15-minute pertods. These
adjusted and distributed data were used in the stream-system option of the
HEC-1 computer program to generate consistent hydrographs for each subbasin
and combining point.
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Jhe mouel results at the gage were compared with the adopted
discharge-frequency cugve shown in Figure 9.2, and adjustments were made to
loss rate parameters until reasonable agreement was obtalned. However, even
with zero loss, the 100-year and Standard Project Storms could not be made to
glve peak discharges as high as those given by the curve. It is generally
accepted that unit hydrographs have a shorter tp when intense storms occur
over basins having confinea flood plains. Therefore, it was rationalized

could reasor;ably b‘:a adjusted by a factor of 0.8. An adjustment factor of 0.8
was also applied to the channel-routing time-of-travel K values. This
allowed reasonable loss-rate parameters to be adopted and resulted in values
consistent with the statistical analysis of observed annual maximum
gischarges and SPF shown in Figure 9.2. Final loss perameters (STRIL and
CNSTL) used for all subbasins were:

2-¥r 10-vr  100-Yr  SFF
Initial Loss (SIRTL) in in. 2.0 1.5 0.5 0.5
Constant Rate (CNSTL) in in./hr 1.0 0.8 0.1 0.05

9.7 Regional Discharge-frequency Comparisons

Regional discharge-frequency characteristics were determined using data
from . studies of other basins in the area (Hydrologic Engineering Center,
1974). The followiny correlation relationship for these regional data was
developea:

logqn=Cm'0.87log(Dﬂ). S N .{(9.1)
where

gecmetric mean of the annual flood peaks in cfs,

Q(pressed by equation 9.1) The equation with the slope was not used,
however, because it was felt that the great deal of effort nceded to

determine S for all the ungaged streams was not justified for such a small
increase in Rz.

The mapping coefficient Cm is the difference between the observed and
computed mean logarithm of the flow. For the Shellpot Creek data the

’ : Co as—a buted—te
high percentage of urbanized area within the basin in comparison to the other
basins in the reglon.

The equation developed in the regional studies for estimating S the
stanoard deviation of the logarithms of annual maximuwm discharges is:

sacs-o.oslog'(on) D - 3

where t:s is a mapping coefficient for the standard deviation. The cs
value was. determined to be 0.311. Whis value is consistent with data from
ad jacent basins.

Computed values of log Q. and S for each index point were used as
irput to a reglonal discharge-frequency program, using an assumed equivalent
length of record of 20 years and a regional skew of 0.5. Results were
plotted and used to evaluate results of the hypothetical-storm approach
discussed sbove. Since the regression equation does not account for
differences in land use, channel slopes, or basin shape, it was felt that the

answers determined from the HEC-1 model were better. Consequently, the flows

computed from the HEC-1 model runs were given more weight in the preparation
of recommended curves. ODischarges based on the recommended curves are given
in Table 9.4 for all index points. The relatively wide scatter displayed on
plots of peak discharges versus drainage area in Figure 9.7 are attributable

SAYvZvH Q00714 HO4 DNIM3AOW DIDO10H80AH

C, = "mapping coefficient* for a particular basin in the region, and to the sensitivity of peak discharges to differences in land usé, basln .
LA = drainage area in sq mi shape, and channel slopes.
T
A regression equation which contained the main channel slope in addition to m
DA prosuced a slightly better correlation (the regression ceefficient R® O
]
was 0.897 when the slope was included, versus (.87} for the relationship —t
95
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HYDROLOGIC MODELING FOR FLOOD HAZARDS e HEC-1
. TABLE 9.4
® RECOMMENDED PEAK DISCHARGES AT SELECTED INDEX POINTS
(SHELLPOT CREEK BASIN)
Index D.A. Peak Oischarges (in C.F.S.) for Selected Exceedance Intervals y
Point Location Description {sq mi) 2-Year  10-Year 25-Year 100-Year SPF___ 500-Year
®
1 Subbasin No. 1 0.64 © 300 700 980 1530 1700 2500
102 Subbasins 1 and 2 1.35 420 1100 1600 2600 3000 4400
3 Subbasin No. 3 0.66 230 550 780 1200 1400 2000
103 * Subbasins 1 thru 3 2.01 700 1650 2350 3700 4500 6100
bd
o . 104 Subbasins 1 thru 4 2.95 800 1900 2700 4400 5500 7600
S Subbasin No. S 0.75 250 600 860 1350 1600 2200
105 Subbasins 1 thru § 3.70 1000 2300 * 3300 5500 6900 10000
106 Subbasins 1 thru 6 4.81 1050 2400 3500 5900 7900 11000
) 7 Subbasin No. 7 (Turkey Run) 0.93 240 '620 900 1500 1800 2600
107 Subbasins 1 thru 7 5.74 1200 2900 4200 7000 9500 13000
8 Subbasin No. 8 (Matson Run) 1.34 300 800 1170 1900 2500 3400
109 Subbasins 1 thru 9 {USGS Gage) 7.46 1350 3300 4900 8600 12000 16000
(Shellpot Cr. at Wilmington, Del.)
'. L/Refer to Figure 9.5 for subbasin and index point locatiens.
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HYDROLOGIC MODELING FOR FLOOD HAZARDS o HEC-1

‘ 9.8 Conclusions

Discharges for primary index points on Shellpot Creek are summarized in
Table 9.4 for selected exceedance intervals. Discharges at other exceedance
Xﬂervals can be estimateg from plots of the data. If discharge estimates
are needed for aoditional index points along the stream, discharges can be
getermined by in’terpalation based on respective drainage areas ang the
nearest upstream and downstream index point. The 10O-year peak discharge .
estimate for this basin appears high (approximately 1,200 cfs per sg mi) when
[~ red with other streams in Delaware and southeastern Pemnsylvania, but
with 30 years of observed data on Shellpot Creek it is reasonable to use the
discnarge-frequency curve from these data as the best indication of what
could occur on the urbanized subbasins.

O ASSESSVHENT

Pitfalls Appliation
. ®
The t commeon pitfall in application of HEC-1 is to apply
the p as though it were a black box without
underst ~the theoretical bases and limitations of the
program. |(Effective use of HEC-1 requires a clear understanding
of the problem to be solved, and recognition of the extent and '
reliability of available data. ¢
Possible ts

like any other well-used program, is undergoing
development. At the present time, work is underway ®
the program's capability to model base flow.

ion is bkeing given to provide capability to use a

ime step size, such that the program itself would

the appropriate time step for each element of the

, and would interpolate as necessary at the interface
ements. This capability would be especially valuable
ans where runoff from both small and large subbasins is
rmined as part of the same analysis.
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OUTLINE

FER Computer Program

Program development initiated by State of Nebraska's Natural Resources

Commission, Lincoln, Nebraska (NNRC).

1. Needed a program to combine both HEC and TR20,

2. Desired to simplify data inpuwt into program,

3. Restructure data input and use more alphabetic control rather than

numeric number,

Adopted HEC-1 program (Version DD) as base program.

1, Traced program logic and removed some routines.

a.

C.

e,

Removed all hydrograph optimization.
Removed balanced hydrograph procedure,

Removed snow melt computation. (does not work in state of

Nebraska, )
Removed storm system computations.

All other routines were preserved.




2. Restructured and segmented program into modular subroutines.

\
AY

®
a, Removed and change program control,
b. Program easier to modify and insert new procedures,
o
C. Restructured input data,
o _ _
1. Reads in sequential modules of data,
2, Uses control words to control execution.
o
3. Mlows more comments to be placed in data.
°® |
P 4, Major control card words (two words 1st 8 digits of the first
(line) of each data module).
o
5. Multiplan/multistorm procedures retained & simplified.
a, "STM MULT"® control card
®
b. "RTE MULT"™ control card
o
D. Routines and Procedures inserted into the FER program,
® 1. User can change computation time period during execution.

card



a, Can either increase or decrease time period.

b. Most subroutines automatically consider changes of computation

- time,
Printed output control,
a. Can be selective,
b, Can turn on or off' ai? any time during computation.
C. Major‘eontrol cards echoed in printout,
d. Pr_ints out only necessary ordinates, truncates trailing zeros.
e. Can control number of ordinates to be used (max = 300).

f. Inserted Creager's formula for maximum peaks (can be used to check

for possible errors or unrealistic computation).

g. Can turn on or off hydrograph on-line plotting at any time during

execution.
h, Can turn on or off trace routines.,

(1) Trace helps locate where program has stopped during an

execution due to a program or data problem,




New

a.

c.

(2) All trace output has the word MTIRACE" at the beginning of

each trace printed line.
variable and more versatile read-in of starm runoff hydrographs.

Can use old data coded in time périods not equal to current run

computation time period,

Do not have to read in a specified number of ordinates.

Can read in ordinate of time vs. discharge to define hydrograph.
Program interpolates ordinates in the runs computation time

period.

First ordinate read in need not be the same time as the 1st time

period of the run computation.

Reading in mass curves or Precipitation data.

a.

c.

Can read in precipitation data with different time periods than

the run computation time period.

Can read in precipitation data accumulated as mass rainfall

amounts (or percent of total rainfall).

Can use SCS rainfall distribution curve or read in any other

desired distribution.




d. Recoding of old data to change time periods is not necessary.
. Program recognized change of time periods that may or may not

be different than the run computation time period.

e. Job input precipitation was made variable mass curve type.

o
5. SCS TR20 computation.
L
a. Whenever possible FER program uses exact coding of TR20
programming,
o

b. "FER" programs computer SCS unit hydrographs using the SCS

dimensionliess hydrograph,

L c. Application of rainfall excess to unit hydrograph same as SCS

routines,
@
d. SCS TR20 convex method of routing subroutine is a direct copy of
the SCS program (slight modification of inputing hydrograph
P was required).
e. Initial SCS loss (Ia) was made a variable,
o
6. Combining & staorage of hydrographs.
PY a. User control storage, retrieval, adding (or subtraction) of
. hydrograph storage areas.




b.

C.

Possible 1 to 8 areas can be used depending upon number of

mul tiplan/storms.

Greater user control over storage areas,

Dymamic reach routing of hydrographs.

2.

C.

e,

Uses cross section data to determine reach hydraulic elements.

Same section data can be used to compute a trial initial steady-

state condition by using KCD Backwater program,
Solution use full dymamic equation solved by implicit method.

Routine is not critical of reach lengths or small delta time

increments.

Small amount of time required for execution.

PMP Storm using HMR-51 rainfall (new method).

a.

Computed rainfall precipitation amounts saved from HEC Computer

program,

FER program attaches rainfall data file and searches data for

comparable area labels then reads in rainfall amounts.




‘@

F'

G.

Future Needs and Developments.

1. Continue to locate and remove any unused coding that may or may not

remain.

2. Continue changing program logic to operate with alphabetic control

words (some numeric control remains).

3. Adopt and place more emphasis on new variable routines of hydrograph

and precipitation data input and then remove fixed methods.

4, Complete and insert a new "S-curve" method (now being developed) to
allow unit hydrographs to be read in and converted to a unit

hydrograph equal to the execution consultation time period.
5. Develop a loose leaf type users handbook to explain in detail methods
and procedures used in the FER program (this is being requested by

the state of Nebraska).

Discussion (if any) (IF TIME)
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Brief Description of "FER"
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FLOOD ESTIMATES AND RQUTING (FER)
SUMMARY OF MAJOR CONTRQ. CARDS

The FER computer program gequentiélly reads data modules of one or more lines
(cards) of data to perform a specific procedure, computation or f‘unction.
Computations are made in sequential order as encountered in the inpu data
file, Each data module must have at least ome or more lines (or cards) of
data. The number of lines (or cards) is dependent upon the operation or |
computations desired. The first card of each data module is labeled a major
contr§l card, Its puwpose is to direct the program operation and
computations, If only ore ca;'d is needed to perform the desired oper_'at:i.on,
then the data module would consist of only c';'ne line of data. If the procedure
requires additioml data to perform the desired computations, then the
supporting data must be stacked directly after the first card of. the data
module, - The FER pﬁogran executes the computations or procedure requested by
the data module then returns to read a new module of data. The procedure is

reiterated until instructed to terminate execution.

The first card of each data module directs the program to perform ore of the

following computations and/or procedures.

(1) Run control of program input /output, etc.
(2) Storm runoff hydrographs (input or computations).
(3) Routing of hydrograph thru lakeé, valleys, etc.

(4) Storing, adding and subtraction of computed hydrographs.

The first three columns of the major control card in each data module directs

the program to perform ore of the abtove four procedures. The program will




accept only ore of the following four sets of 3 characters.
(1) PRUN", (2) n"STM", (3) T"RTE" and (4) "STO"

The fourth field of the majar control card must always be blank. If the first
three characters of the major control card is not verified to be "RUN", "STM",

"RTE" or "STO" then execution of data modules will be terminated.

After the program has verified ore of the procedures above, then the secord
control ward in columns 4 thru 8 of the major control ward are used to
determine the type of computation desired. ‘As an example, if the first.{8
columns of the major control card were "RTE TAIM®, then the program would do a
reach routing of a starm run off hydrograph by using Tatum's method of
successgive averages. The remaining data fields of the majar control cards may

or may not be used to perform computations.

Following is a listing of control wards used on the méjor- control cards and a
brief description of the computation methods, procedure or usage of the
control cards, The listing shows the first 8 columns of each majar control

card.




TABLE I. Major control cards for controlling program inpu, output, etc.

Columns 1-8

"RUN BEG"

"RUN END"

"RUN TRON"

"RUN TROF"

"RUN PLON"

"RUN PLOF"

"RUN PRNT"®

"RUN TERM"

emarks an sage

Begins execution of new job after a "RUN END" card has been

read.

Ends execution and begins new job. Next card should be a

"RUN BEG" card,

"RUN BEG" and "RUN END" cards aré used for controlling job

stack.

Turns op program trace routines.,

Turns off program trace routines.
Turns op Hydrograph on-line plottings.
Turns off Hydrograph on-line plottings.
Controls level of prin';ced output.

Terminates execution of computations. Also "RUN FIN"™ and

"RUN STOP".
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TABLE I. con't

"RUN TIME" Allows changing computation time increment at any time during
execution,

"RUN ECONT™ Runs econcmic analysis of Hydrograph('s).

"RUN CMER" Compares computed Hydrograph with a hydrograph read into
program,.

"RUN NQ" Changes the number of computation ordinates (Max 300).

"RUN TAPE" Stores comput ed Hydrographs or other data on a file that can

be read in during another execution.




TABLE II. Major Control Cards for starm hydrograph input and computations.

Columns 1-8

"STM MOLI"

"STM CMIR"

"STM TAPE"

nSTM READ"

"STM HYD"

<4

"STM SPF"

"STM PMP"

"Remarks & Usage"

Initiates reading in multi "STM" control cards and data when
doing a multiple starm computation. When used program lodks
for a starm compubation "STM" for each storm in a multistarm

run.

Compares computed storm with an input hydrograph, Same as

"RUN CMIR" control card.

Reads in data from a file that was saved from a previous ex-
ecution. Reads data saved from a previous execution that has

been stared by the majar control card "RUN TAFE",

(HEC) Read in Hydrograph. Hydrograph ordinates must be coded

in the same time period as the computation time period and

must read in th'e numbers of ordinates set by "NQ",

(KCD) Variable inpu routine of reading in hydrographs.

Mllows several ways of reading in Hydrograph data,

Computation of Standard project flood rainfall (older method

that was programmed in the HEC-1DD Computer Model).

Computes probable maximum precipitation computed by older

version of HEC-1DD Computer Program,

6



TABLE II. con't

o
"STM HMp 2" ® Reads in 72 hour rainfalls saved from computation made using
the HEC computer prbgran HMR52.
@
"STM PRCP" # HEC reading in of precipitation data. Requires "HQ" ordinates
to be read in.
o
"STM MASS" * KCD Reading in of precipitation data. Input type, periods,
volume, ete. are variable and wide variety of inpu data can
® be read. TR20 rainfall distritution Tables I & II are inter—

nally programmed for direct application.

"STM PRWT" * HEC - Storm precipitation weighting routines using job pre=-

cipitation data., Input of the job precipitation data can be in
any time period because the progran uses mass cwrve routines to
P determine delta rainfall amounts. This modification allows the

method to be used with the FER program "RUN TIMEM control card.

® "STM RATO" Multiplies ordinates of the computed hydrograph('s) by a
constant.
® % Q[henever precipitation amounts are read in, computed, o used then the

program requires loss control cards and unit hydrograph control cards to follow.

These control cards, "LOS"™ and "UHKS® cards, are secondary control cards that are

_ required to compute a runoff hydrograph.

® @
- r®




TABLE IIa. Secondary control cards for loss computations.

Columns 1-8 emarks and Usage

"L 0S HEC" HEC General loss rate function for snow free ground.

n,0S HOLT® - Loss computation by "HCLT" function.

"LOS CNST"® Initial loss and constant infil tration rate.

"LOS SC3" Uses SCS curve number and equation to compute rainfall
los=s,

"L0S SAMEN Uses last loss routine that was read in and used for previous
computation.

NOTE: Loss control cards are used only when precipitation is used to compute
rainfall excess. When an "STM" Majar Control Card in used that requires
rainfall amounts to be input or computed then the "LOS"™ control card is

required to follow.

- "LOS NONE™ No rainfall losses.




TABLE IIb. Secondary control cards to input or compute unit hydrographs.

Columns 1-8 Re s _and_ Usage
"JH; READ" HEC unit hydrograph read in routine. (Input ordinates must

be in same time period of computation time period.)

"UH: CLRK" Compute unit hydrograph by Clark's Method with a unit

duration equal to the computation time period.

"UH3 SNYD" HEC method uses Snyder coefficients to compute peak Q and
time of peak then uses the Clark's method to approximte the

Snyders parameters.

"UH: ScCsn Comput es é.n SCS unit hydrograph using the programmed dimen-
sionless unit graph (or read in) converts rainfall excess to a
mass curve then computes delta rainfall excess amounts equal
to unit hydrograph duration, then computes a storm runoff
hydrograph. Ordinates equal to the FER computation time
period are interpolated from the computed SCS runoff hydro-
graph, Computation, equations and procedure are coded

directly from SCS TR20 program.




TABLE IIb, con't

"JH: SCRV" Not available at this time, Programming routine to read in a

unit hydrograph for any duration and convert the unit
duration by S-curve methods to obtain a unit hydrograph with

a duration equal to the MFERM computation time period.

NOTE: Similiar as with the loss control card "LOS", a "JH3" control card must
be read in whenever precipitation is used to compute a starm runof f
nydrograph. The program will require a "UH" control card after a ".OS®

\
control card has been read in,

10




TABLE III.. Major control card for routing of input or computed runoff

hydrographs.
Columns 1-8 Use and Description
"RTE MULT"® Used in multiplan runs. Control card will initiate' reading

of routing control cards and data for each 'plan. Routing

control cards and data must follow for each plan.

"RTE PULS" Routes hydrographs thru lakes or valleys using Pul's method

of starage discharge.

"RTE MPUL" Same as "RTE PULS"™ except program reads in a cross section
and develops a reach starage discharge relationship of the

reach.

"RTE TATM" Reach routing of hydrographs using Tatum's method of

successive averages.

"RTE MUSK" Rout es hydrographs by Muskinghum's method using coefficients K
and X.
"RTE MSKM® Multiple layer discharge as Muskinghum routing coefficients.

Muskinghum coefficients used deper;d on the discharge

ordinates of the hydrographs.

11




TABLE III, con't

"RTE STST" KCD method of Straddle-Stagger is used to reach route
hydrographs. A specified number of inflows are averaged and

logged a specified number of time periods.

"RTE RAD" . Uses the method of working R and D is used to reach route
hydrographs., Uses starage versus discharge relationship of

the valley reach,

"RTE MRAD" Same as "RTE RAD" except a valley cross section, valley
slope, and reach length are used to compute the reach starage

versus discharge relationship.

"RTE DYAMP Reach routing of hydrographs using full dymamic r-'outing
| (including the acceleration term of the dymamic equation).
Procedures used provide fast execution of hydrograph routing
even with véry small delta time periods. Solutions are not

sensitive to reach lengths between cross section data,

"RTE TMST" Multiple starage routing using time-of-starage coefficients.
Method was developed and tested by HEC for use in Columbia
River in Washington and Oregon. The HEC program fixed the
power coefficient to -.2 but has been made a variable in

FER.

12
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TABLE III.

"RTE SCS"

"RTE LAG"

con't

The Soils Conservation Service (SCS) program uses the Convex
Method of routing and the same TR20 program routing subroutine
was inserted into the FER Computer program., Only slight
modification was made to the subroutine to allow the FER
inflow hydrograph variable mames be used instead of the TR-20
variable mames. The FER program allows SCS reach routing data
to be read in directly or a fixed coefficient can be used to
reach route the hydrographs. The FER program also can read in
a valley cross section, reach length and slope to develop the
starage discharge relationship needed to perform the SCS

convex method of routing,

A

.Reach route hydrograph by averaging successive ardinates of

‘the hydrograph a given number of times (Tatum's method) then

log the hydrograph a given number of -ordinates. Same

procedures as used by Tatum's Method "RTE TATIM",

13




TABLE III.

"RTE NULL"

"RTE NONE"™

"RTE LOS"®

"RTE SAME"

con't

Control card for null/or no routing/hydrograph. Used with
multi plans and "RTE MULT" control card., For example, assume
that two plans are being considered and the hydrograph for
plan 1 was wit';h a reservoir, and plan 2 was without a
reservoir. Then, the "RTE MULT" card would be required to
inform the program that more than one routing would be
required. Following the "RTE MULT" card would be a "RTE
PULS'; control card and supporting data to reservoir route the
hydrograph through the lake"for plan 1. Then read in a "RTE
NULL" card for the second plan to instruct the program to not

route the hydrograph for plan 2.
Same control card as "RTE NULL".
HEC method of chanmel loss. Method subtracts a conmstant loss

from each ordinate and then multiplies each ardinate of the

remaining hydrograph ordinates by a constant value.

.Rout e hydrograph using lasts input routing procedure and

data,

14




TABLE IV. Major control cards for staring, adding and subtraction of

hydrographs.

Columns 1-8 Remarks

"STO HYD" Store computed hydrpg'aph('s) in a designated starage area.
Number of storage areas are dependent on number of multi-
storm/multi~plans used. Program determines available number
of starage areas for single-starm/single plan computations
maximum number of 8 storage areas is allowed.

"STQ ADD" Qs = Qw where; Qs represents ordinates in starage area and
Qw = ordinates in computation working areas. Add computed
hydrograph('s) to hydrograph in a designated starage area.
The Qs = Q3 + Qw.

"STO SUB" Subtract computed hydrograph('s) from ordinates stared in a
designated s';dr'age area, Qs = Qs - Qw

"~ "STO GET® Copy to the computation working area a hydrograph stared in a
designated starage area Qw = Qs.

"STO TOTI™ Sum one or more hydrog‘-aphs—stored in starage areas with a

hydrograph in the computation working area, Zero out

storage areas after computations are completed. Example let:

Q1 = ordinates stored in'Area 1, Q3 = ardinates stared in area
3, Q5 = ordinates stared in area 5, and Qw = the ordinates in

the computation working area, then:

15
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TABLE IV.

"STO ADDR"

"STO SUBR"

"STO Z AP®

" STQ ZERO"

con't

Qw = Qw + Q1 + Q3 + Q5 after summation Q1, Q3 and Q5 starage

areas will be zeroed out. The computation working area will

be the summation of all four areas.
Sum a selected storage area with the hydrograph in the
working area then zero out the starage area., QW = Qs + QW

then Qs = 0.0.

Same as "STO ADDR"™ except sﬁbtract working area from starage

area, Qw = Qs - Qw then Qs = 0.0

Set all hydrograph starage array to zero.

Selective setting one or more starage area to zero,

16



HYDROLOGIC MODELING FOR FLOODHAZARDS . TR-‘ZO/HEC-J

\

TR—Z20/HEC—1 COMEINATIORN

Claromn Koont=
Hydraulic Engineeer
Kanmnsas City Distyict
Corps oFf Enginecer=s
Depar-tmenrmnt of the Ar-mys
7TOO Federal Building
Kanmnsas City, Missour i &g 1O




HYDROLO(

\IC MODELING FOR FLOOD HAZARDS * TR-20/HEC-1

CENERALIZED COMPUTER PROCRAM

3 1L
Gt e

[ OB NN
L S .

[r .

3

USERS MANUAL

SERTEMBER 1942

T :‘Urutnd Stutas Army
tar g, Gnrpo of BEnginsers
PR A

AL ¢ I 3

he Ay
g the Nt

3
7 o - OO0, [rgi I UPUT U S
\ Kansas City Districs




HYDROLOGIC MODELING FOR FLOOD HAZARDS

TR-20/HEC-1

® FLOOD ESTIMATES AND ROUTING
USERS MANUAL

‘e TABLE OF CONTENTS
- Patagraph
l. Introduction to Flood Estimates and Routingecesoesas

2. Hardware and Software RequirementiS.seresessoasssoaes
q

3. Program Limications.cieeieeeeneierecnsaccasedennssans
4, Basin and Subar2a ANAlySese.eessercontsaansssonansans
. Iaput Data In Generadl.eeecvsvesaecssssenansnonoaconns

6. Job Input Dala.eeecueiieceinroonanonssansnacessnanas

" Heade

T CArAS e teerseeanssonsseasasssnassansocsacneico

(a)

Paze

fazge
ceeenns i
ceeeees 1
A

(£ ] "~

.
-
.
.
.
-
-
w

(»)
(c)
(d)
(e)
(£)

First Job Control Card...
Second Job Control

Card..

-

LR}

se v e e

Storm Precipication Job Iaput Data...

I I R I Y

.

-

Recording Precipitation Job Input Data..eeecs..
Multistorm Ratio Job Input Dataececsieececenanns

Major Concrol Cards "MCCM .. ueeererreenasceasscnnonsne

MRUN' M2 jor Control CardSe.veceseeenesnesrennsanseas

(a)
(v)
(c)
(d)
(&)
(£)
(g)
(h)

(3)
(v
()
(d)
(e)
(£
(2)
(h)
(i)

"RUN
"RUN
"RUN
"RUN
"RUN
"RUN
"R{;.\'
"RUN

ST
ST
ST
ST
"STM
"STM
"3TM
HSTM
"STM

BEG!
END"
TRON"
PLON"
PRNT
TERM"
ECON"
TIME

LT T
el

{ READ"

Hyd"
pRce2
PRUT"
Spr"
D\{ﬂl'
cMpR™
A

' Change of Computation

Baginning of Run.......
Ead of
and "RUN TROF!
and "RUN ?'O"" Program Plot Coatrol,
OUT?UT Print Controleiiereovencncans

P reecas 0

RUN e v esenavenssasensscsncasas

Program Trace Control.

"RUN FIN' and "RUN STCGP" Run Control.

Economic Analysis...

R N N U I I Iy

Time Increment

STM" Major Control Cards.ee e iiiveieraronnoas

Computation ui Multistorms..ieeina,.
Read in dvdrograph “rcdinares.. oo,
Read Ln Variable Ordinate

Read {0 Storm Pract

‘({‘I"")u"q;‘,"\

(Calinneceenvass

Preocipiracinn Welghring.eeeosans
Project

Scandard
Pros JHLL

LaT Jan
Rainfall

Computed

Mass Corvo

Fioad

e e s et s e

Trecistizainion. .
and Obs-zcved....

Distribuczion.

-
.
.
.
-
.
.
[o AR W I R ]

.

.

°

.

.

.

.
~3 O

.
.
.
.
.
.
.
o

ceenans 10
1

404000 S

I |

7
B
'
e e e e P
s o4 et 0 :
1
¢ e e o0 u s L
-
ceveees 19
ceeeees 26
eI
et 4o e - -
~m
L - -
e s e L
o
L A A




HYDROLOGIC MODELING FOR FLOOD HAZARDS TR-ZO/HEC-1

TABLE OF CUNTENTS=-ront.

Paragraph Pape
.
10. Secondary Control Cards “Egﬁf..;.... ..... it eec e se e 26

N

va)  "LOS SAME' VUse Lzst Loss Methodeevaeaeann e ereseseanas
(b) "LOS NONE"™ No Rainiall LousseSeereriviotennsarsennacaans
(c¢) M"LOS HEIC" loss by HEIC Merhadioo.o... et isesaee e
(d) "Los ¢ Inizial and Coritant LoSs Zilr.eeeenrroencns
{e} "LIS 3C Loss BY SCS Metmade.eeeeseeraronnsoennanonss

~f ~1

0

[ A B DO RN SRR S ]

el

11.- Secondar» Control Cazds MUHC i iieriiiie vt veee 9

_—
{a) "UhG SAMIY Use Last Uniz HVAICLTer civenioreeeeenennes . 29
(5) “UHG READ"™ Read ir 2 Unit Evdrcarapiie.sveeseseenesvanns 2

(c) "UHG CLRK" Clark’s Unit Hyirogrephieeieeecncnoicainacanes 50
(d) M"UHG SNYD" Smyder’s Unit Bvdreograph.eieseriesecocasnsaes 32
(e) "UHG SCS" SCS Uniz Hydrographee...o... Neseseresarseaann 32 ®

i2. "RTE" Major Control CardSiesecseecsscecaccaroncncsccasnnnas 33

(a) "RTE MULT" Multiplan Roulinge.eeeceeerseevosncesoonnaans
(b) 'RTE NONE'" or "RTE NULL" No Reach Rouling....eoeeececse
(c) "RTE SAMZ" Reach Rouze the Same...... Cheeccesereresenns
(@) "RTE TATM"” Tatum’'s SUCCESSIiVe AVETHdZEecseovosossoanccas
(e) "RTE MUSK" Muskingam’'s Method...vieeiereeeansesoronnoas
(£) ™"RTE STST" Straddle-Stagger Methodeeeveeeicenennnneoaas
(g) "RTE LAG" Llag and Average.......c.o.... i etecesasenann
(h) "RTE LOS'" Channel! losses HEC Method..ivieveesescasaceans
(1) URTE TMST" Time of Storage Method.eeiseeeseeoseassnacns
(§)  "RTE PULS" Puls MetRode..eeeioeensrnron. B Vs
(k) "RTE MPUL" Puls Method With Crouss . ®
Secticn Inpu:f Data ¥! thru X10. ... iieeeieesnonsnanss 41 -
(1) "RTZ RAD" Working R and Dev.vvo.... ettt eeareso e raean 44
(m) "RTE MRAD" Working R and D With ¥-S¢CtioNesveveseeannas L6
(n) "RTE SCS" SCS Convex Methodeieeesesveneescoconasessnees 46
(o) "RTE DYAM" Full Dynamic EqUatioN...eieeireressssesanceoss 47

(WS B }
W B oW

[N V% S WE B US I U I WS
00~ O

w
O

13. "STQ" Major Control Cards.......oevvevnnnnn Cerecieceare e 53
(2) "STO HYD" Store Computed Hydrographseeeieeeeeavasonons %6
(b) "STO GET'" Retrieve Stored Hydromraphseieseeiesooasasass 57
(c) "STQ ADD" Add Computed With Storcd...oveee.e. Ceceesaen 57
(d) MSTO ADDR" Add Computed With STorlcU.iiierenceascesasane 58
(e) MSTO SUB" and "STO SUBR" SubLraciioN.eeeisscecoscssssons 58 ()
(£) "STO TOT" Summation of Several Storage Areaseececesss 58

(g) "STO ZERO" Zero a STOTAZE ArTa3yeeeecesserrcoctioaseaaces
(h) "STO ZAP" Zero Total SLorage ACFAY..eeeeeeseosrsenncs

[ W ]
<o




HYDROLOGIC MODELING FOR FLOOD HAZARDS ¢ TR-20/HEC-1

. OVERVIEW OF FER PROGRAM

A. Original Source, HEC-1DD Version
B. IBM/CDC FORTRAN Language

C. HEC Routines Removed

o _
(1)} Optimization of unit hydrograph and rainfall loss coefficients
(2) Optimiéation of flood routing coefficients
{3) Snow melt computation
¢ (4) Balanced hydrograph computation\
(5) Storm system analysis
D. Program Restructured
@ (1) Module structure

(2) Easy to insert, change or delete subroutines
E. New or Modified Subroutines
(1) Use of channel cross-sections as input data

(2) Full dynamic routing

(3) Reservoir storage tables expanded

(4) Computation of sterage-discharge relationship from cross-section
@ data (MPUL and MRAD) '

(58) "SCS" convex routing - with or without cross-scction data
(6) ''SCS" TR-20 rainfall-runoff relationships

(7} Use of mass curves for rainfall distributicn

(8) Input of hydrographs, change from fixed to variable time intervals
(a) Variable intervals
(b) Fixed time intervals but different beginning time intervails
o (9) Change of computation time interval during ecxecution of data
(a) Program handles variable precipitation intervals
computation
{b) Intecrpolates ordinates to new/time intervil




HYDROLOGIC MODELING FOR FLOOD HAZARDS TR-QO/HEC-‘!

(¢) Adding and subtracting of hydrograph is checked

(1p) Simplification, consolidation and modification of required

input data

(a) Input data easier to interpret °
(b) Use of header cards expanded
(¢) Control cards with supporting data (modular data)
(d) Control words

(11) Improved multi-plan and multi-storm computations o
(a) Multi-storms - single plan
(b} Single storm - multi plans
(c) Multi-storms - multi plans : o

(1R) User's control of adding, subtraction and storing computed
hydrographs

{(a) One to eight possible storage segments

{b) Time increment safety factor

F. Users Manual - Introduction




HYDROLOGIC MODELING FOR FLOOD HAZARDS TR-QO/HEC-1

g o _OUTLINE
“. FER Computer Progran

A. Program development initiated by State of Nebraska's Natural Resources

o Commission, Lincoln, Nebraska (NMNRC).

1. Needed a program to combine both HEC and TR20.

e

2. Desired to simplify data input into program.

3. Restructure data input and use more alphabetic control rather than
o : numeric number,

B. Adopted HEC-1 program (Version DD) as base program.

1. Traced program logic and removed some routines.

a. Removed all hydrograph optimization.

L J
b. Removed balanced hydrograph procedure.
) ’ c. Removed snow melt computation. (does not work in state of
Nebraska.)
d. Removed storm system computations.
@
e, All other routines were preserved.
® 2. Restructured and segmented program into modular subroutines.
. a. Removed and change program control.
L 4

b. Program easier to modify and insert new procedures.

- “
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N
\

C. Restructured input data.

Reads in sequential modules of data.

.Uses control words to control execution.

Allows more comments to be placed in data.

Major control card words (two words 1st 8 digits of the first card

of| each data module).

e 4

ultiplan/multistorm procedures retained & simplified.

a. "STM_MULT" control card

8. ®RTE_MULT" control card

D. Routines and Procedures inserted into the FER program.

time.

User can change computation time period during execution.

a, Can either increase or decrease time period.

b. Most subroutines automatically consider changes of computation

Printed output control.

@a. Can be selective.

b. Can turn on or off at any time during computation.

. Major control cards echoed in printout.
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d. Prints out only necessary ordinates, truncates trailing zeros.
e. Can control number of ordinates to be used (max = 300).

f. Inserted Crea?er's formula for maximum peaks (can be used to check

for possible errors or unrealistiec computation).

g Can turn on or off hydrograph on-line plotting at any time during

execution.
h. Can turn on or off trace routines.

(1) Trace helps locate where program has stopped during an

execution due to a program or data problem.

(2) All trace output has the word DNTRACE™ at the beginning of

each trace printed line.

3. New variable and more versatile read-in of storm runoff hydrographs.

f

a. Can use old data coded in time periods not equal to current run

compugation time period.

b. Do not have to read in a specified number of ordinates.

C. Can read in ordinate of time vs. dlscharge to define hydrograoh

olabes
Program interpne%ea ordinates in the runs computation time period.

d. First ordinate read in need not be the same time as the ist time

period of the run computation.
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4, Read

a.

the run comp

b.

amounts. {or

C.

desired dist

d.
Program reco

than the run
e'
SCS

59

a.

programming.

b.

dimensionles

Ce.

routines.

d.

the SCS prog

e,

ing in mass curves or{recipitation data.

Can read in precipitation data with different time pericds than

utation time periced.

Can read in precipitation data accumulated as ¥ mass rainfall

percent of total rainfall).

Can use SCS rainfall distribution curve or read in any other

ribution.

Recoding of old data to change time periods is not necessary.

gnized change of time periods that may or may not be different

computation time period.

Job input precipitation was made variable mass curve type.

TR20 compﬁtation.

Whenever possible FER program uses exact coding of TR20

PFERY programs computer SCS unit hydrographs using the SCS

s hydrograph.

Application of rainfall excess to unit hydrograph same as SCS
SCS TR20 convex method of routing subroutine is a direct copy of
ram (slight modification of inputing hydrograph was required).

Initial SCS loss (Ia) was made a variable.
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‘ 4 6. Combining & storage of hydrographs.

a. VUser control storage, retrieval, adding (or subtraction) of

hydrograph storage areas,

o ,
b. Possible 1 to 8 areas can be used depending upon number of
multiplan/storms,
* ¢. Greater user control over storage areas.
7. Dynamic reach routing of hydrographs.
@

a. Uses cross section data to determine reach hydraulic elements.

b. Same section data can be used to compute a trial initial steady-

state condition by using XCD Backwater program.

c. Solution use full dynamic equation solved by implicit method.

L
d. Routine is not critical of reach lengths or small delta time
increments.
@
e. Small amount of time required for execution.
8. PMP Storm using HMR-51 rainfall (new method).
o
a. Computed rainfall precipitation amounts saved from HEC Computer
program.
@
' b. FER program attaches rainfall data file and searches data for
L9 comparable area labels then reads in rainfall amounts.
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F. Future Needs and Developments.,

1. Continue to locate and remove any unused coding that may or may not

remain.
. _ °
2. CIntinue changing program logic to operate with alphabetic control
words (some numeric control remains).
3. Adopt and place more emphasis on new variable routines of hydrograph o
and precipitation data input and then remove fixed methods.
%, Complete and insert a new "S-curve™ method (now being developed) to ®

allow unit hydrographs to be read in and converted to a unit hydrograph equal

to the execution consultation time peried.

5. Develop a loose leaf type users handbook to explain in detail methods
and procedures used in the FER program (this is being requested by the state.

of Nebraska).




VG #1 - Plate from HEC-1DD program showing the program structure on the

removed segments.
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YG #2 - Diagram showing new "FER" program subroutine linkage.

MAP OF FERXC eee PAGE |

O

+-DATE

1-TIME®
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1
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+=ROUTE~——[ -RTETAT
§=RTESTS----RTELAG
1-RTEPUL ~=-~KTEL AL

1
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VG #3 - Flow diagram of input data.
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HYDROLOGIC MODELING EOR FLOOD HAZARDS e TR-20/HEC-1 o

VG #4 - Data for MHEC" test No. 5 from "HEC" Manual,
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e TR-20/HEC-1

VG #5 - Same data

.

recoded to "FER" INPUT DATA.

- TEST ND. S B
35, THIS TEST 1§ TrE SAME AS REL1-TEST 3 THRU STEP 16 R
TEST OF SPFE. OMS AND RDUTING AND COMBINING ROUTINES
. 2 .9 1003, 2 [- S 2. v .0, ... 9,
awi @ [] Q2 1@ .
TR, Pmp AAREAL 10Q.,Q 12Q.¢ 9.867 29.30 0.0
Ap9. @ 122.0 107.@ :18.0
L0S; CNGTO. 82 .15 2.0 2.Q 0.9 2.9 2.0 2,2 0.0
W CLARK7, 67 Q.2 C. 0 0. Q [ -] 2.0 1.0 1. Q.2
RTE. A8 192 2.9 -1.@ 9. @ Q.9 2.0 2.9 z.Q .
L. @ 10200 2TAVR 4AJ92Y)  THIOY 7900 BIOO0  19000Q  TTodd
. 9o 10 1000 TUAW 10VOY - SQUAQ 302Q0 . 4CQ00 SUARY
STD MYD 1.9
STA PRCP  AREAZ 177.3 45.90 19.95 Q.9 2.9 28
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LMG CLRK 3.68 2.94 11,9 o2 186Q. 1770, 1.49 Q 2.9
e @ 3 8 17 23 33 S92 66 79 9%
tee
STD AROR P2 1.9
RTE TATH 194 3.2 2.9 190,20 2.2 0.9
570 MYD 1.
STH §PF AREA3 190.9 100.@ 0.867 14.9 2.0
L08 CaSTL, 0@ .- @.2 2.1 0.9 .0 2.9 0.9 Q.2 2.9
ur@ READ 13.0 Q.8 - a9 .9 -1.2 2.8 1.9 {.Q 0.@
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RATE MBK 194 3.2 9.2 1.9 20.9 o1 ¢.Q 2.9
STQ 70T 1P4 1.2
RTE 37T 18 3.9 1.9 2.9 1o 2.0
STQ _NYD 1.0
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- 17
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. 9s a7e 839 Gus 763 738 72329 8EZ 1437 279%
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HYDROLOGIC MODELING FOR FLOOD HAZARDS ¢ TR-20/HEC-1

VG 46 - Listing of primary and secondary control words.

@
FER PROGRAN :
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: o
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ot ]
W’ "Smﬂ "R ”" Ns-i\oﬂ ‘
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HYDROLOGIC MODELING FOR FLOOD HAZARDS TR-20/HEC-1

VG 37 - Flow diagram showing use of multistorm/multiplan control cards.
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HYDROLOGIC MODELING FOR FLOOD HAZARDS ¢ TR-20/HEC-1
VG #8 -« FER program storage areas.
FZR PROGRAM
INTZRNAL STORACE ARRAY -
SE(-185)
Q(150) \/W
: Werkin } A *
J Sezment
( Plen No. 1
Sterage Storm No. 1
Na. 1 N @
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hunter of stor ge' e e e mermcnwme ¢
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e2ch stordge arnrays .
is variable foxn each vorage Plan No. 1
computation and is &a. 3 Storm No. 3
dependent on the
following: .
. e o E— EE—— — -
13 = NP(NSx(NQ+5)) torage -
wiere: No. b Plan No. 2
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NS = number of storms’ . Eanddeniat s ady ¢
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®
)

BASIN RUNOFF MODEL
) o ' STRANGER CREEK

INPUT DATA LISTING

DEVELOPMENT OF UNIT HYDROGRAPHS
REACH ROUTING AND ACCUMULATIONS
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IC MODELING FOR FLOOD HAZARDS ¢ TR-20/HEC-1

A,

8.

HYDROLOGIC ANALYSER OF WATERSHED .SYSTEMS

Need for hydrologic analyses of flunds

£l
w3

ood plain information

ter resources planning

dgsign of water resource projocts
operation of water resource projects
ndtional dam safety progrum

Hydrologic investigations

1J Peak discharge and volume froguency analysces for:
existing watershed conditions
projected land use changes
alternate plans ot Jdevelopanont
2] Resemvoir storage regquirements tfor flood control
34 Design floods, peak and volume, tor witer resource projects -

(a) Impoundmentcs

top of embankirent determination
type and size of emergoney npillway
tvpe and si

cooof vutlet

WOk
) hevee tocal protectica preiects
(¢)  Channel improvemsiat proge O
varer surtace proriles

Informat ten neods

revetds

tov

Lream gy iny
recipitazion Jdu
ppoarapitic mps
channel and valiey cross-sections

recipitation Jdata tor hypsotheticul

I'S

T G UONTRS

Loy,
rershed Delincation

ertinent index locutioens
pbarea boundaries
t routing o
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HYDROLOGIC MODELING FOR FLOOD HAZARDS e TR-ZO/HEC-1

-

STRANGER CREEK STUDW - CALIERATION RUN MO, 16

ATTERST T RECONSTITUTE COMPUTED UNIT HIDRGORS™ME 2 CEATION OF SUBASEAS
COMPARE ACUNG AND ACLIMOR (ROUTED SIY SSRIOIG WITH EASTIN AHD TIMGANIYIE
150, 1.0

0. 2

R PRNT G

STM MASS LAVE! 1.8 I. ‘. 2

00 1.0

LS NONE

WS CLARIE S0 =28 Lo

STO YD LFEL &bt

FUN PRAT =,

RTS TRTM CONVRTS.

FM PRNT -2e,

ST RET  LAKEY 2.0

RTE TATR RECHA 12

STOHYD  1RA 1.0

$TH MASS
L0S NONE

AREAR 34.5 1,

UHG CLRKI2.2

STO ALD

1ARA

?.0 =2.0 0.5
1.0

STM MASS LAKEZ 59.7 1.
LOS NGHE

UHG CLRKZ.4 37 =20 0.5
SO WD REl 30 )-

FUN FRNT
RTE TATH
RUN PRNT
ST0 GET

o
CONVRTS,

=25,
LAKE2 2.0

—— RN TINME
RTE TATHM
STO HYD
STH MASS
LIS NINE
UKG CLRK3,
$T0 ADIR

——— RN TIME
STQ ADDR
RTE TATM
STO HYD
STH MASS
LOS MONE

0.0 3. 4
RECHB ©.
RB 2.0
AREAR 5.4 1.

’ =33 1

AREACIZE.2 1.

UHG CLRKS. 5.0 -L5 . 1.0
STO ADIR  ACRICL1.0
RTE TATN RCHC2GS.
STO HYD  ICIRG 1.0
—— R TIE 0.0 30.
STH MASS AREACZR.S !
LOS NONE . .
UKG CLRK2.0 2.0 -2.5 1.0
STOHYD €2 2.0
STH MASS LAKES 2.6 1.
LOS NINE
LHG CLARR, 45 -5 LG




HYDROLOGIC MODELING FOR FLOOD HAZARDS e TR-20/HEC-1

STO HYD  LANES4 3.0 L HONE

FAUN PRNT =, WHe CLRVELS -5 1.0
RTE TATM CU%VRTI2. ST0 ALD  ACUMA 1.0

RUN FRAT =25, CIM MASS LAFEE 5.1 L.

§T0 GET  LAKE4 2.0 LOG K8

RTE TATM FRECHE 4, e (LR S =25 L0
30 ADD  4RE 2.0 S3T0OMT LWES 2.0

STH MASS ARTAE 1.S 1. woeRNT X, ‘ ' e
LOS NONS ,
M5 CLRKLLS L5 -5 LD
STO ALD  ACLRASZ,0

STH MASS LAXES 3.9 Lo .

LIS NONE

LavEe 20

4
FECHL &,
.
1
!

&RH

0
UHG CLRY2.S 3,75 -2.5 1.0 3 AEEAL 11,2 L. ®
| ST0 HYD  LAHES &0 l Liv NS
FUN PRNT X HeD (LA -2 LD
RTE TATH CUNURTID. \ ST0OANGS LIRH 2.0
RUN PRNT -8, TTC AIDS ACUMI 1,0
312 GFT  LAKES 2.0 . STE. TATH RECHI 5.0
RTE TATM RECHD 1. TR IR 1.0 ,
$T0 ADD  ACMAESZ.O ITHoMAYE ARCHM €00 L. : ®
T STH MASS AREAD 0.5 1. L% NONE
LOS NONE G O 4,5 -2.0 1.0
UHG CLRK!.2 1.3 -2 1.0 S0 AID ACLMY 1.0 )
STO ADDR  ACUM4S2.0 —— RN TINE 0.6 0.
RTE TATM RECHG 5. aT™ Mi3T LAKET 404 L.
ST0 HYD  4SRG 2.0 LI NONE
STH MASS AREAG 1.9 f. . £.0 27 1.0
LOS NONE 300 WYL LAKEZ 2.0 |
MG CLRKILS 2,25 -3.0 1.0 fUN PRUT .
ST0 ADDR  ACMC2G2.0 ATE TATM CONVRTIZ
——3 RUN TINE Lo 0.0 G BENT -5,
STO ADD  ACLMG 1.0“.---——~--—-~./7\ STHOGST LAKET 4.0 |

ST0 GET AL L0- | a7 oA/~ RTZ ThTr RECHE 8.0 _ ®

RTE TATM COMRTA, S0 WD TR 2.0
RTINS 0:0 20, STH MASE ARERN 2.3 .
STH MASS LAKE3 7.4 . 3 NOE
LOS NONE ’ ' UHG CLREZ. a0 =20 1.0
UHG CLRKA. 4.0 2.5 1.0 376 ADD 7K 2.0
STO HYD  LAKE3 3.0 STM MASS LAKEE 20.& 1.

RUN PRNT 2. LT NNE o

RTE TATH COMVRTLZ. .7 L

FUN PRNT -2, I

STO 65T LAKEY 2.0 % fu

RTE TATH RECHF 4. . ATE TATM COMVRTIZ

STO HYD ncu:mzfo/ Gl ST -2,

STH KASS AREAF 2.0 1. AT0 6T (6VET 2.0

LOS NONE o RTE TATM RECHL 3.0 ®
UHG CLRK2.0 00 =30 1.0 <T0 ATD TKERJ 2.0

STHOMASS AREAL 1.4 i,

0
.0 0.0 L NOKZ
0

3
STO ADLR ACUMF 2
et RN TIME t

1

ST0 ADDR  ACIMFGL, SR CLEY LS LR =30 1.0
RTE TATM RECHH 3. TOSTh ALDR O TKEL 2.0

ST0 HYD  IGRH 1.0 ——w i TINE RN 0.0

STM KASS  AREAH 18,5 {. LI0 ADDR ACUMELLLO

Lecus) #2 CECUHE) #3
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. g

RTE TATH RECHM 19,
STO HYD ILRM 1.0
STM MASS AREAM 33,6 L

*LS NONE

M5 CLRKR.0 -L7 L0
STO ADD  ACLMY 1.0
STM MASS LAFEIO14.2 L.
L0 NS L.
MY CLRET, O -5 0.5
[ 3T0 HYD  LAKEIDT. O SR ¢
FRUN BRNT =0
VRTE TATM comveTe,
AU ERNT N T
QTN GET  arciny o Yy
>N TIME 0.0 30, e - ’
RTE TATM FECHN 2, o
T0HYD I0RN 2.0 s
STHM OMASS AREAM L3 L. R T 0o
LOS NOM ST MAIS AREAS 4.7 L.
U CLRKLLO LS -2 Lo LGz HOrE
<TO ADD 1N 2.0 ' Uy CLRRZ. =22 1.0
T OSTM MASS LAKIOAS.S L. — R T Looag
LS NONE STC AL ACUMS 1.0
UHG CLRC2.S 3,75 -5 1.0 TIME 0.0 S
STO HYD LAKICAZ. O MATT LAKE® 8.5 1.
RUN PRMT o, 3 NONE .
RTE TATH CONVRTIZ. 3 (LRIS, 2.9 =2.5 t.e
RUN PRNT -, HYD  LAFES 2.0
ST0 GET_ LAKIOAZ.O FRtT =
RTE TATM RECH® 2. RTE TATH  COMVRTIC
STO ADDR 1ON1CA2.0 ALK FRNT -23.
STO YD IONIOAZ.O et fe1 LAVES 2,0
STM MASS ARSAP 7.5 . ETE TA™M RECHTILG.
LGS NIONE ST YD SRTL 2.0
UHS OLRKE2.S 7S -3.5 1.0 TH MAST AREATIC.G 1.
STO ADDR  ACLMNP2.G LOS NONE
RTE TATM FRECHC 8. UG CLRFL0 1.7 -5 1.0
STO HYD MPRO 2.0 STQ ADOR  ACUMTE2.0
STH MASS AREAD 4.5 1, . RTE TATM RECHT22.
LOS NONE ' ST GG TIRT2 2.0
UHG CLRK2.S 75 -2 1.0 STMOMASS AREATZZLS L.
STO ADDS  ACUMO 2.0 !
» PN TIME 1.0 0.0 RS 1.0 -2.c L0
5T0 ADDR  ACUMMOL. O ST AlUR ACIMTZZUG0
RTE TATM RECHD © FTE &I RECHTIY.
STO HYD  MORD 1.0 STO MG TIRTZ 2.0
— i TINE 0.0 30. STM KMAZS  AREATEZSLE 1.
STM MASS AREAD 1.5 1. LOS MNE
LOS NUHE LHG CLRKZ, -2.2 1.0
UG CLRKIL0 1S =m0 Lo STO ADGR  ACUMT2Z.0
> RN TINE Lo 0.0 <RI Lo
STO ATD  ACUMO 1.0 STG ADDR ACKRETLLO
ST MASS LAFEINILT L, A RTE TaTM RECHI 1%,
LS MONE i 0 ATD RRILLO
UHG CLRK4.S L3S =27 t0 / SIn M AREAL 2444 i.
7 ."/‘_".—, BV fv; &

Pscuns) ps 4
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LOS MONS
UHG CLRXS. =32 Lo
STO ADD  ACUMI 1.0©
————— RUN TIME 0.0 0.
STH MASS LAKEU 2.3 1.
L0S NONE.
UHG CLRKL. 1§ -2.5 10 .
RTE FULS LAKEU 3930, 18,
0. 40, 200, 700, IR, ZE00, BRI 07D 4454,
4646, ATAL, S5OSO, SAOE, TV, &0,
0, 0, R O, t, 0, G T, 1214, 2044,
2453, 434, A3, 7D, 1D, 7oL,
RTE TATH RECHV 4.
STO YD RV .0 @
SIM HASS MAZAV 1S i
LOS NONE
UMG CLAKLLS B R I S O
STO ADDR ACLINY 2.0
—p RN TIME 1.0 0.0
STO HYD  ACWW 2.0 .
STH MASS LAKE1218.9 1, o
LO5 NONE
UM CLRKS, -3.0 L0
STO HYD  LAKELZZ.0
RUN FRNT .
RTE TATM CUNVRTS,
RLN FRNT -25.
STD BT LAKEI23.0
ST0 ADDR ACUMIZ2.0

RTE TATM RECHW &,

STO WD 12RW 2.0

STH MASS AREAW 10.8 L.
LO3 NONE :
(MG CLRKA.S 22,0 L0 - )

STO ADD  ACUMH 2.
eyt RN TIME 0.0 30,
ST MASS LAKEISS.2 .
LOS NONE
5 CLRE2LS S5 <22 Lo,
STO HYD  LAKE132,0 UG CLREE.S -3.5 1.0
RUN PRNT 5. ST0 ADDR  ACHY 2,0 o
RTE TATM CONVRT!Z, ST ADDR ACIM(TL.0
RUN PRNT -5, FTE TRTH  RETHAR2,
370 GET  LAKEI32.0 | SO YIRR 1O
RTE TATM RECHX 5. TN 0.0 .
v 1o UM NREE ARERRAZLY L
STOALD  128W 2.0 LIZ NS ®
STH MAS3 AREAX 3.5 1, Irés LLERZ, 35 LC b
LOS NONE ——s PN TIME LY 00 2ok
UHG CLRK2.S .75 =27 Lo 210 ALOR BATIN 1.0 0
LMD . U FTE 14T CorriRTe SE AAN
ST0 ADDR  ACUMAW2.0 _ETE AT CIHRT., 1 P
RTE TATM RECHY 10, FuETEE g0
ST0 ADE  RY 2.0 END O INECRRATION- - T

3TH MASS AREAY 17,2 L
LO3 NONE

s 4
SCurcl F 4
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HYDROLOGIG MODELING FOR FLOOD HAZARDS . LLUDAS

\

ILLUDAS =—= The Illinois Urban Drainage Area Simulator

q
Section 1 —— OVERVIEW
e
The ILLUDAS model 1is presented as an objective
metho for the hydrologic design of storm drainage
systems in urban areas. The model may also be used for
the vydrologic analysis of existing drainage systems.
ILLUDAS uses either an cobserved or a theoretical rainfall e

pattern which is assumed to be uniformly distributed over
the basin as the primary input. The basin is divided
into sub-basins, one for each design point in the basin.
Surface runcff hydrographs are produced for both the
contributing paved and grassed areas in each sub-basin.
These hydrographs are combined and routed downstream from
one design point to the next until the basin outlet is
reached. Pipe sizes are determined at each design point
if so|required. Detention storagelmay be included in any
sub—-basin .either in the form of a volume to be maximized
or as an actual operating rating curve.

The mddel was first introduced in 1974, It was the product of
research performed at the Illinois State Water Survey which was
aimed at finding a more reliable design tool for storm sewer design
than the uch—used Rational Formula. Since 1its introduction,
ILLUDAS has undergone saveral updates and has gathered several
hundred users both in this country and abroad. The latest update ®
to the model was its implementation on the 1IBM PC. The algorithms
for trial-gnd-error solutions and routing have been changed in the
micro-compyter version so as toc yield smaller sums of errors in the
routing techniques than are created by its mainframe predecessor.

The micro—computer version of the ILLUDAS package inciudes a
data set tpol for creation and modification of ILLUDAS input data
sets, a data set translation utility to convert mainframe data sets
to the micro format, and a post-processing graphics program that
allows on—-gcreen and/or printed hydrographs from simulation output
files.
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The mainframe version of the ILLUDAS package may be obtained
directly from the Illinois State Water Survey at a cost of $200.00
for individuals and businesses cutside of Illinois, and for %100.00
for Illinois businesses and residents.

The micro—computer version of the ILLUDAS package may be
obtained directly from the Illinois State Water Survey at a cost of
$200.00 for Illinois businesses and residents. For individuals and
businesses ocutside of Illinois, the ILUDRAIN (ILLUDAS) package may
be obtained from C.E. Software, at a cost of $375.00.

Correspondence orvphone calls pertaining to ILLUDAS / ILUDRAIN

may be addressed to either Michael L. Terstriep or Douglas C. Noel

at the following addresses:

Mainframe ILLUDAS (all), or Hicrﬁ—ILLUDAS (ILUDRAIN)
Micro-ILLUDAS (1L only) ’ ‘"(outside Illinois)

Il1linois State Water Survey C.E. Software, Inc.

P.0. Box S030, Station A P.O0. Box 2474, Station A

Champaign, 1L . 61820 ' Champaign, IL 461820

Phone: (0800-1700 Central) Phone: (1730-2100 Central)

MLT: (217) 333-495% : MLT: (217) 359-35602

DCNs (217) 333-0545 DCN: (217) 356—-8109
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Drainage Area Simulator, ILLUDAS, I[llinois State Water
Survey Bulletin S8, 90 p., 1974.
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Selected 1LLUDAS Parameters, Illinois State Water Survey
Contract Report 178, 235 p., 1976.
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Paved-Arss Runoff «

The dominant featiire of the RRL method is thaz it accome
modates runoff caly from the paved reas of the basin that are
directly commectad to the storm drainage system. Grassed

are not directly conne [LLUDAS utilizes the directly con-

arexs are exciuded &OE consideration 13 are paved areas that |

nected paved area congepe of the RRL method but also recog:

nizes and reproduces runoff from grassed and nonconnected
paved areas. .
The principal elements in the compunition of runoff from

directly connected paved areas are as follows. Equal tdme in- -

cremenss of rainfail applied to the direcddy connectad
paved area in 2 small sub-basin of the toral urban basin. Next
3 compunation is made of the travel ime required for each in-
crement of runoff to the inlets at the downstream end of
the sub-basin. In this way 3 surface hydrograph is provided for
€ach sub-basin. These surface hydrographs from each sub-basin
are a¢cumulated in 3 downstream order through the basin. This
cumuladion of inflow Bydrographs is routed through each sec

ton of pipe to account for the temporary storage within esch -

pipe secdon. The t i3 2 computed outflow hydrograph
from each section of pipe, and ultimately 2 hydrograph a¢ the
outier of the zotal basi

ILLUDAS is applied by first dividing the basin to be studied
into sub-basins. A subrbasin is normaily a homogeneous por
don of the basin eribu %0 1 single inlet or set of inlews thae
constitute 3 design point in the drainage network. Two physi-
cal factors musc be evaluated for each sub-basin, Firset, the
paved area directdy connested to the storm drainage system

hydrograph from the
basin are tllustraced in
the sub-basin map in fi
lews ac the lower end that allow warter to enter 2 storm dnin
nerwork. Shown also are rooftops siong this residendial screee.
The area shaded has been determined by 1 field survey to be
directly connected to the street. [n each case about half of the

dnveway has been coamdered to be conmibuting, The flow

from roof No. 1 is nod connected to the soeet, but the flow

from roof No. 2 reaches the drainage system cither by way of
the driveway which drains into the street or by 2 direct under
ground coanecdon,
After the direcdy
mined, calculagons
travei for the runoff

anected paved irea has been deter

made to determine the tme-ofe
m various parts of the paved ares to
the inless at the downscream end of the sub-bagin. During
experimental studies, the velocity and travel times for overiand
flow were based on an jequadon developed by Hicks (1944) as
described by Jens and McPherson (1964). In-the present pro-
gram, travel times on [the paved area are computed in two
steps.  As the first step| flow of 0.5 o 1.0 fs per acre of con-

1. Extending down the middle of .
1a is 3 city swrees with & pair of in- -

Part 2. Theory and Development

tributing paved ares is as;umed o exist in the soreet gurers,

The second step is ©0 apply Manning’s equadon to compute
the velocity of flow in the gutters. ‘With these velociges, Tavel
times are computed 1t various points on the paved ares in each
sub-basin. These mavel times are plocted on the paved arex,
and by connecting poines of equal travel time 2 series of iso-
chrones are drawn on the paved ares, as shown ia figure 12
The directly connested paved ares berween these isochrones
measured and designaced areas PA1, PA2, PA3, PA4, and PAS.
These various ares are accumulsted and plotted against travel
time to the inlet a3 shown in figure 1b. This time-ares curve
shows the amount of paved ares within the sub-basin thac is
contributing water at the storm. drain inlet ac any dme after
the beginning of runoff. In the computer program described
lazer, che tme-area curve was assumed to be 2 smraight line con-
necting the origin and the end-paint of the curve. The end-
point, as illustrazed in figure 1b, represencs the avel cime from
the farthest poing of the direcdy connected paved area, and the
total amount of the directly connected paved area.

In constructing the runoff hydrograph for each sub-basin,
the inpuz is the rainfall partern as s series of intensides of
equal duradon, s shown in figure 1¢. The rainfail input can be
an actuai event or a design storm. The time increment used
should be the same 14 the time interval bezween the isochrones.
In general this cime interval, Az, which is used throughout the
computations, shouid be as short as the qualicy of rainfail daca
will allow, bur 2 longer Az may be more convenient to use for
very large basins ot very long storms.

Figure 1d shows the losses for the same time intervals used
for rainfail. For applicidon to s paved area, the losses consist
of initial wetring and depression storzge.. These losses are com-
bined and ceated i3 an initial loss to be subtracted from the
beginning of the rainfall paczern. In figure 1d the endre inicial
loss, L1, oceurs during the fist minute or firse dme increment.

Afrer submracting these losses from the minfail pattern, the
remainder of the rainfall will 2ppear as runoff from the paved
area. This runoff is shown in figure 1e and is referred o as che
paved-wrez supply rate (PASR),

The ordinates of the paved-area hydrogragh are compurted
by applying the paved-area supply raze to the time vs paved-
area curve with the series shown in figure 1. The hydrograph
shown in figure 1f occurs at the sub-basin inlers illustrated in
figure 1a. Such 2 hydrograph is developed for each sub-basin.
and after being combined with the corresponding grassed-area
hydrograph (described in the next section) becomes an input
into the drainage network at 3 particular point.

Grassed-Area Runoff

Computation of 1 grassed-wrea hydrograph for each sub-
basin closely parallels that of the paved-ares hydrograph.
Figure 22 represencs the same sub-basin used to illuscrace
paved-ares runoff. The shaded ares represenms the con-
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tributing grassed area which in this case inciudes only
the front yards of 2 residendal neighborhood. More grassed
ares could contribute to runoff, but front yards are typicaily
graded to drain quickly to the swweet. Runoff from back
and side yards often drains gradually to a common back
lot line and then laterally to the nearest street. The
travel ime required for this long flow path virtually removes
such grassed areas from consideradon during relatively short
intense storms normaily used for drainage design.

After the contribueing grassed area has been determined, the
time vs grassed-area curve in figure 2b can be consqucted. The
location on the street of the 1-minute isochrones in figure 2b
was determined easiier for the paved-area runoff. Travel times
on the grass strip itseif are equivalent to the dme of equilibrium
in the following equations by [2zard (1946).

4, = 0.0000231 1L (1)
where

g, = discharge of overland flow, in cfs per foot of
width, at equilibrium :
I = supply rate in inches pet hour assumed to be

1.0 in this study
L = length of overiand flow in feet
¢, = 0.033KLg,° " @
where

¢, = time of equilibrium in minutes

K = (000071 + &)s " 3

S = surface slope in feet per foot
¢ = coefficient having a value of 0.046 for bluegrass
rurf

Since the equilibrium condidon is reached asymptodcally,
Izzard (1946) arbirrarily set the time of equilibrium as the
tme when g reaches 0.979,. The dme of equilibrdum deter-
mined by these equations was found to be in close agreement
with empirical equations for time of concentration developed
by Hicks (1944).

After the travel times at various points on the contriburing
grassed area have been computed and plotted, the 1-minute
isochrones in figure 2a are drawn. The conuibuting grassed
arcas within dme zones GA, through GA4 are then measured
and plotted cumulagively against time-of-travel from the inlet
as shown in figure 2b. This dme-area curve shows the amount
of grassed ares within the sub-basin that is contributing water
at the storm dnain iniet at any dme after the beginning of rua-
off. In the computer program described later, the time-area
curve was assumed to be a straight line connecting the origin
and the end-point of the curve. The end-point, a3 illustrated
in figure 2b, represents the travel time from the farthest point
on the conuibudng grassed ares, and the toral amount of con-
tributing grassed area.

As in the case of paved-area runoff, rainfall is the primary
input for development of the grassed-ares hydrograph. The
rainfall pactern illuserated in figure 2c is the same as thatin
figure lc. The modificacons that must be made in changing

.

the rainfall pattern to a grassed-ares supply rate are much more
complex than in the paved-irea case. The proczdure followed
in ILLUDAS is first to add in supplemental paved-area runoff
(SPARO, figure 2d) and then to subwmact inital and infilera-
tion losses (GAL, figure 2e),

Rain failing on the supplemental paved area (which is the
paved area not directly connected) is assumed to run off onto
the surrounding grassed area. ILLUDAS assumes that this
occurs instantly and that the volume of runoff is uniformiy
diszributed over the contributing grassed area. Because of these
simplifying assumptions, the SPARO can be expressed as inches
on the grassed area by the following equation and added di-
recty into the rainfall pattern.

SPARO (inches on SPA) x (SPA/GA) = SPARO (inches
on GA)
where

SPA = toul supplemental paved area
GA = toual contributing grassed ares

The losses illustrated in figure 2¢ include an initia loss, usually
0.2 inches, to account for depression storage plus infileradon.
The grassed-area supply rate in figure 2f is obuained by sub-
tracting these losses from the sum of rainfall plus the suppie
mental paved-area runoff. The determinadon of infiltradon
losses will be covered later.

The ordinates of the grassed-trea hydrograph are compurted
by applying the grassed-area supply rate to the time vs grassed-
area curve wich che series in figure 2g. The hydrograph shown
in figure 2g occurs at the sub-basin iniets illusnated in figure
2a. Such 3 hydrograph is developed for each sub-basin and
combined with the corresponding paved-area hydrograph.
These combined hydrographs become the surface hydrographs
from each sub-basin and are point inpucs into the drainage ne:-
work.

{f the sub-basin in question happens to be at the uppermost
end of 1 series of pipes or open channei reaches, the surface
hydrograph is entered into the system by routdng it down-
stream to the next input point. If the sub-basin occurs some-
where below the upper end, its surface hydrograph is combined
with the upsweam hydrograph and the resulting combined hy-
drograph is routed downsaeam to the next input point. If the
sub-basin is located ac the confluence of two or more pipes, the
surface hydrograph is combined with the converging hydro-
graphs before routing downstream to the next input point.

Infiltration

In an urban basin, the area that is not paved is most often
covered with bluegrass turf. When rain falls on this turf, there
are two principal losses, the first being depression storage and
the second being infiltradon into the soil. In ILLUDAS
provision is made for depression storage to be filled and
satisfied before any infiltracion takes piace. Depression storage
is normally taken to be 0.20 inches, but provision is made in
ILLUDAS for this to be varied.
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The dominant and
on bluegrass turf is

far more complex loss of rainfall falling
at caused by infllcndon. To estimate

infiltracion losses, extensive use has been made of concepss of
infltradon described Yy Holtan and Musgrave (1947), Holtan

(1961), and Hoitan ep al (1947).

carried out by the
on exteasive daaa fro

This resesrch has been
icultural Research Service and is based
reseacch watersheds. The theoredeal

approach to evalusting nflltracion rates has been based on using

_the physical propert

of the scil for estimating the water

storage available in the soil mande and evalusdng the role of

this water storage in

through the soil mande.

Water Starage in Soj

The amount of wat

the infilragon of rain water into and

that can be stored in the soil mande is

dependent first upon the total pore space available in the soil

between the soil pary
porosity in percent of
sble within the soil
water that can be sto
pore space is filled wi

cies. This is commonly expressed as

soil volume. The total pore spage avail-.
m§de represents the maximum volume of

in this soil mande. When this encire
water, the soil is said t0 be sarurated.

The tocal water in storage in the soil mande is divided into

three principal pars.

The firse of these is gravirational water.

This is water which will drain out of the sail by gravity. When
the gravitatonal wat}ha been depleted, the soil mande is

said to be at field cap
be the condidon for

cicy. This is commonly considered o
ich there is 2 soil moisture tension of

0.3 bars on the soil moisture. This means the moisture is heid

by the soil against 3
pressure.

pressure 30 percent of atmospheric

The second principal type of water storage within the soil
mande is ET warer, or that water which can be removed by

plants by the process g

f evipotranspiration. When this wacer

has been depleted by cvapowmanspiradon, the sail is said to be
at the milzing poine. This is commoniy considered to be 2 soil

moisture tension of 1

5 bars, or 15 atmospheres. The third

element of water storage in 2 soil is called bygroscopic wazer.

This is water heid with

in the sod which cannot be removed by

gravity or by evapotranspiradon by plancs. This hygroscopic

water is only removed

by evaporagon, or in the laboratory by

drying. When this wacer in the soil is depleted, the soil is said

to be arr dry.

[t has been shown by Holran et il (1967) thac these various

water storages within
basis of the physical prg

Service experimental
United Scates have be

ture tension dats for so£

a soil profile can be calculaced on the
perties of the soil. Subsequendy, mois-
sampied at 200 Agricultural Research
tersheds or plots at 34 locadons in the
published by the U. S. Department of

Agriculture (1968). The dita are useful for calculadng the
probable rates of infiltration. As a first step in doing this, it is
necessary to compute the actual available water storages.

This set of calculagons is shown in table 1 for Alexis st
loam soil sampled at Mondceilo, Illinois, and published by the
U. S. Departmeat of Agriculture (1968). The calculadgons ia

table 1 follow those d

escribed by Holtan (1961). [a table 1

o ILLUDAS

Qlculations are shown for four soil horizons within Alexis sile
loam. [tem 3 shows the saturated conducgvity in inches per
hour which can geaerally be considered the ultimate consmne
infiltracion rate through- this soil profile.  As shawn, this con-
ducdvity for the fourth soil horizon is considerably smailer
than that for the firse, second, and third horizons. Consequent.
ly, judgment is used to determine thac the zome of principal by~
drologic acsivity is confined to the first three soil horizons,

In the lower porton of table 1. porosity data are used to
calculace the water storage in inches which comprises for thus
soil the gravirational water G and the ET water. The total wa-
ter storage affecting infilradion is considered to be the sum of
G and ET water which is called the water storage S available to
infiltracion (2 total of 6.95 inches in table 1). Also shownn
table 1 are the total water storage in the soil (item 13) and the
hygroscopic water not available to infiltradon (item 14). The
various storages available in Alexis silt loam as calculated in
table 1 are shown in figure 3.

Table 1. Computacion of Wazer Storages Available

in Alexis Silt Loam
{tem Dexcription Vaiue
* Soil horizons 1st 2nd 3ed 4ch
1 Depth to bottom,
inches 12 16 22 31
2 Thickness, inches 12 4 é 9
3 Sacurated conductivity,
inches per hour 130 374 253 0.46
4 Totl porosicy, percent 49.4 50.6 40.4 400
Availabie storage
b] At 0.3 bar tension,
field apacity, ‘
percent 33.0 329 385 380
é At 15 bars tension,
wildng point,
percent 13.1 153 208 239
Gravitadonal water, G
7 percent 16.4 177 1.90
8 inches 1.97 071 0.11
ET water, or watera
plant can withdraw
9 percent 199 176 .17.7
10 inches .39 070 1.06
Water storage, S,
available to
infileradon
11 pevcent 36.3 353 196
12 mches 436 1.41 118
13 Torl water storage
in soil, mches 593 2.02 2.42 3.60
14 Hygroscopic water,
not available to
infilradon, inches 1.57 0461  1.24

2,
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Figure 3. Water storages available within Alexis silt loam,
Computed Inﬁltratx‘on

Knowledge of the water storage available to infiltration
within a soil mantle makes ic possible to compute the infil-
ration race at any time ¢ by methodology described by Holtan
(1961):

fras=F"+f, 4
where

f = infiltration rate at time ¢, in inches per hour

a = 3 vegetative basal factor reflecting the

efficiency 2 crop root system makes of soil
porosity for storing water;2 = 1.0 for

bluegrass turf

n = 3constant = 1.4

s = storage available in the soil mande in inches
(szorage at the total soil porosicy minus
storage at the wilting point)

F = water already stored in the soil at time ¢,

in excess of the wilting point, in inches
(amount accumuiaced from infilradon
prior to ame ¢)

(S = F) = storage space remaining in the soil mante az
the time ¢, in inches

f. = final constant infileradion rate, in inches per
hour {generally equivalenc to the saturated
conductivity, in inches per hour, of the
tghtest horizon present in the soil profile)

With equadon 4 it is possible to compute an infiltradon
curve based on the physical properties of the soil. Figure 4
shows the general interreladonship between the various infil-
tration rates and storage factors involved in equation 4.

4
"y INFILTRATION CURVE
0 ’
INITIAL
INFILTRATIONY
MTE ¢ § = AREA CROSS-HATCHED BELOW
s ¢ CURVE EQUALS TOTAL STORAGE
27 IN SOIL, inches
3 F i
S ¢
[ 4
= F -
S FowareR |
£ paReADy
{ STORED
F LINSOIL| | S-F
St AVATLABLE
s f STORAGE
=T IN SOIL. {nches
F FINAL, CONSTANT , }
- y y INFILTRATION RATE ‘¢

TIME, hours

Figure 4, Disgram of infileradion curve and infileracion
races as related to storage in soil

Table 2 shows 2 computation of an infiltration curve with
equation 4 for Alexis silt loam in which a2 water storage § of
6.95 inches is available as calculated in uble 1. The compura-
tions in table 2 provide a series of infileracion rates in inches
per hour at various times in hours. This computed infilradon
curve for Alexis silt loam is the uppermost dashed line in figure
5.

Also shown in figure § are various other observed and
computed infiloaton curves including a computed infil-
tradon curve for lpava silt loam. In the lower part of
figure § are results of actual infiltration races observed on
bluegrass turf ac Elmwood, lllinois, described by Holtan and
Musgrave (1947). Additional curves are shown for Tama silt

Table 2. Compuradon of Infiltradon Curve foe

Alexis Silt Loam
f = 1(6.95 = F)* +0.50
Infiltradon rate Time
Awvailable Wacer ! /:
sTorage, stored, (inches a-"zs
s~-F Ar F 1.4 P per Qs ¢
(imcbes) (mches) (inches) (S—F)™*" bowr) bour) (bowrs) (bowrs)
6.95 0 15.0 15.5 0

6.00 095 095 123 12.8 141 0.07 0.07
5.0 1.0 1.9% 9.5 100 114 0.09 0.16
4.0 1.0 2.95 7.0 7.5 87 o0.11 027
3.0 1.0 3.95 4.65 5.15 6.3 0.16 043
2.0 1.0 4.95 2.64 3.14 42 0.24 0.67
1.0 1.0 5.95 1.0 1.50 2.3 0.43 110
0 1.0 6.95 0 0.50 0.7 1.43 253

*Incremencal sime, (¢ « AF + fﬂ’!
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Figure 5. Infiloradion curves foe bluegrass curf

loam and Clinton silt| loam. There is a general physical
similaricy berween Alexis and Tama sit loams and a2 sim-
ilanty berweea Ipava and Clinton slit loams. All of these
soils are graded as hydxl;logic group B and ail occur in cencral
Ilinois. The curve ultmately computed for use in [LLUDAS
for group B soils is shown as a solid line in figure §.

The U. S. Soil Conservadon Service describes the four hy-
drologic soil groups as follows:

A - Low runoff pdrendal, high infiltradion rates (con-

sist of sand and gravei)

B -~ Moderate infiltration rates and moderately well

drained

C - Slow infiltration rates (may have 2 layer thatim-

pedes downward movement of water)

D - High runoff pgtential, very slow infiltration rates,

(consist of clays with a permanent high water
table and 2 high swelling potential)

Standard infiltration curves have been devised for use in
ILLUDAS for soils of hydrologic groups A, B, C, and D. These
curves were calculated| from the Horton equation as given by
Chow (1964) as

fofosifo=foett $)

where

fo = inidal infiltragon rate, inches per hour
¢ = base of naturaj logs

k = ashape factor|selected ask = 2

¢ = time from stam of rainfall

This equadon is solved in ILLUDAS by the Newton-Raphson
technique.

HYDROLOGIC SQIL GROUP

INFILTRATION RATE, inches per hour

0 1 2 3 4 5
TIME, hours

Figure 6. Standard infiltration curves foe bluegrass nxf
used in ILLUDAS for soils of four hydrologic groups

Table 3 lisss the various factors selected for use in solving
equadon § for caiculadng the standard infileracion curves for
bluegrass turf used in ILLUDAS shown in figure 6. Vaiues of

Tabie 3. Factors Used in Equadon 8 for Calculacing
the Scandard Infileracion Curves for Bluegrass Turf

Item Value
Hydrologic soil group
USDA designation A B c D
ILLUDAS designation 1 2 3 4
Finai consant infiltration rate, '
f.. inches per bour 1.0 050 025 o0.10
Initial infiltradion rate, {4,
incbes per bour 10 8 s 3
Depression storage, inches 020 0.20 Q.20 0.20
Shape factor, k, of
infileracion curve 2 2 2 2
Available storage capacity, S,
in soil mande, inches, for
four antecedent conditions
Bone dry, condirion 1 6 4 3 2
Rather dry, condition 2 4 2.5 2 1.3
Racher wet, condition 3 2 1 1 0.5
Sacturated, condicion 4 0 0 o 0
Infilragon accumulaced, F, in
soil mantle, inches, at start
of rainfall
Bone dry, condition 1 0 o] 0 0
Rather dry, condition 2 2 1.5 1 0.7
Rather wet, condition 3 4 3 2 1.5
Saturated, condition 4 é 4 3 2
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[ and f were selected arbitrarily. The shape factor k was
selected as equal to 2 to provide the shape best reflecting nat-
ural conditions as shown in figure 5. Selected representacive
values for the available storage capacity, S, for four antecedent
moisture conditions were used to provide values of infiltradon
accumulated, F, in inches for each condition.

In order to use the standard infiltration curves shown in
figure 6 to determine the grassed-area losses for use in
ILLUDAS, it was necessary to evaluate the antecedent moisturs
conditions actually prevailing on the urban basin at the time of
a pardcular storm. An arbitrary selection of antecedent mois.
ture conditions (AMC) that would have general value was
made, as shown in tabie 4. Each condition is based on the to-
tal rainfall thae occurred during the § days preceding the storm.
The values in table 4 were used throughout the calibration por
ton of this research and for the 23 basins studied. Resules
have been generaily favorable.

Table 4. Antecedent Moisture Conditions

for Bluegrass Lawns
Total rainfall during
ILLUDAS § days preceding storm

number Description (inches)

1 Bone dry 0

2 .. Rather dry 0t 0.5

3 Rather wet 05¢t1

4 Saturated over |

Flood Watser Detention Basins

In the 1970s it has become common practice, where needed,
to provide ardficial, man-made detention basins to provide for
the temporary storage of flood waters from an urban area
during flood times. After the flood peak recedes, water from
the detendion basin is empded inco the storm drainage system.
The provision of such basins can be economical because the
basin cuts down greadly on the maximum required capacicy of
the pipes removing the storm drainage water. A schematic view
of a typical basin is shown in figure 8.

" Temporary flood detendon can also be provided along
open driinageways in natural channeis throughout aa urban
region if desired. This has been accomplished in Madison,
Wisconsin, by city ordinance. Here a gregnway is defined a3
being 2n open area of land, the primary purpose of which is to
carry storm water on the ground surface in lieu of an enclosed
storm driin. Where these greenways or drainageways are
shown on the official master plan of the city, developers a1c
required to provide that these areas be reserved for the green-
way for acquisiion Dy the city or by the township. Drainage
ways are to have a minimumn width of 200 fest. It is required

URGAN STORM ORAINAGE
7oL QR Cnanntl,

FL000 FLOWS STORED tn gatin

SYPASS MPE QN CoaNNEL

ASTER Trg STOMS Td SALM 1S
CuT160 SV MrarnG wattR wll
g QUTFLOW Crannty,

QUISLOw STORM
QRANAGE Mot
O Craningy

Figure 8. Schemacde view of 2 detendon basin
for an utban basin

where possible that storm water driinage be maintiined by
landscaped open channeis adequate to iccommodate th
maximum expected scorm flows,

ILLUDAS assists the user in the design of detencion basins
in several ways. First, if an existng system is being analyzed,
ILLUDAS accumulates flows greater than the capacity of the
existing pipe for each reach in the basin. The maximum volume
of flow thus accumulated is equivalent to the detention starage
required to keep the system operating at capacity during passage
of the design storm. These accumuiated flows are reported on
the output and serve to pinpoint the locadon and severity of
flooding in the basin.

If 2 new drainage system is being designed, the user may
specify the volume of detendion storage allowable at any point
in the basin. ILLUDAS will then incorporate that volume of
storage into the design by allowing incoming flows to fill the
allowable storage. The outlet capacity needed o make effze-
tive use of this storage will also be provided by [LLUDAS,

As an additional option the user may limic flow through a
given reach by specifying 2 small oudet pipe size or 2 maximum
discharge through the reach, and ILLUDAS will report the
volume of detendon storage accumulated during passage of the
design storm.

FOR SMALL OF RORMAL A,OWE
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Includsé

ROUTING OPTIONS FOR ILLUDAS

ad in this new version of ILLUDAS are two reach routing techniques

which are able to route through circular or rectangular conduits, or trape-

zoidal open
routing and
equation. |
equation is
A8 _ 11412 |
At 2
where Il ap
inflow and

wave assump

channels. The two types of routing include simple time shift
hydrologie routing ugilizing an implicit solutiom of the continuizy
[n the implicit method, a linear approximation of the continuity

used:

L 01402 _ L +FLAREA(02) _ FLAREA(TL)FFLAREA(OL)] 4
Z &t ) = 2

id Ol are the initial inflow and outflow; I2 and 02 are the final
FLAREA is the flow area function in which the Kinematic
tion that Sg=S, and Manning's equation are used, where S¢ is the

CFLAREA(IZ)

outflow;

friction slope and S, is the reach slope; and L is the reach length., Equa-
tion (1) c3n be rearranged to obtain: '
11+12401-02 = [FLAREA(I2)+FLAREA(O2)~FLAREA(IL1)-FLAREA(OL)] %? (2)

L
02+Ac

Equation (3

The £1
a dimension
within the
channel ged
Raphson imp
develop thi
percent int
routine.

Equati
taining suq
1

02

where 021 bl

estimate; 4

FLAREA(02)=11+12-01 + (FLAREA(IL)+FLAREA(OL) -FLAREA(IZ)] 2= (3)

) must be solved for 02 and thus requires an implicit solutiecn.
ow area function (FLAREA) is determined for each cross-section by
iless £low area versus dimensionless discharge tabular look-up
program. This non-dimensionalized function 1is computed for the
metry. For the case of trapezoidal open channels, a Newton-
licit solucion of the Manning's equation must be performed to

s dimensionless function. Parabolic interpolation between two

ervals of the dimensionless area is performed by a function sub-

on (3) is solved by an accelerated bracketing technique by ob-

cessive estimates of 02 by the equation
029 + rl/al (4)
s the new estimate of 02 (the solution) and 020 is the initial
lso F-II+12-01-02+{FLAREA(Il)+FLAR£A(01)—FLAREA(OZ)-FLAREA(IZ)]
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o
%? is the zeroed continuity equation from equation (3) and equals zero at
the solution for 02 and al is the acceleration/deceleration factor.
"In the implicit solution to equation (3) certain conditions can cause
) unreasonable solutions which must be corrected.

These include:

1) When 02 (solution to equation'(3)) is greater than just-full pipe
flow and I2 is equal to just-full pipe flow then continuity caa
only be maintained by increasing upstream detention storage thus

® decreasing the finmal inflow discharge (I2).

2) When 02 1s less than zero then 02 must be set equal to zero, with

a subsequent change in routed hydrograph volume.

The time shift routing 6f the hydrograph..is performed for both the time
® shift and the hydrologic routing techniques. For time shift routing it is
used to determine final outflows (02) directly. While in hydrologic routing
the time shift routing is used to obtain the initial estimates of 02 to be
used in the implicit solution. Time shifting of the inflow hydrcgfaph is
performed by computing the velocity from the inflow hydrograph peak (after
. discharge limiting due to pipe surcharging and/or user-supplied discharge
limicing for both pipes and open channels). The inflow hydrograph is inter-
polated at time increments equal to the time of travel of the inflow hydro-

graph peak discharge through the reach. This interpolation eliminates in-
@ stabilities in the hydrologic rouﬁing and discharge "lumping” doesn't occur
for large user-specified simulation time increments in the time shift routing.
This interpolation is done unless the computed travel time for the reach of
interest is greater than or equal to the user-specified time increment, in

which case the user-specified time increment is used., After routing, the

® ,
outflow hydrograph’is back-interpolated to the user-specified time increment
for subsequent computations by the program.
o
®
% i
L
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Section 3 —— PROGRAM STRUCTURE and IMPLEMENTATION

The basic processing hierarchy utilized by ILLUDAS can be seen
in the accompanying flow chart. ®

[ Read Basic Data and Design Storm I

' ;{7 Read Data for Next Reach ]

@
[ Compute Paved Area Hydrograph 41
[ Compute Grassed Area Abstractions 1
\ o

[;pompute Grassed Area HMydrograph ]

Combine the Paved and
Grassed Area Hydrographs

Combine Local Runoff With Other
Hydrographs Tributary to This Point

DESIGN ' MODE 7 EVALUATE : ®

y ~_

Determine Proper
Pipe Size

@
{ Route Hydrograph to Next Design Point ] '
[ Print Results |
o

NO Qutfall 7 YES

\/ ]
Print Qutfall
Hydrograph
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Applying ILLUDAS

ILLUDAS may be used foe the hydrologic design of a new
driinage system or for the evalustion of an existng system.
In either case a map of the basin is required on which the
drainage boundary and the existing or proposed drainage sys-
tem have been delinested. Figure 76 illustrates such a map.
Points A through G may represent an inlet, 3 group of inlets,
or & manhole, and hence each is 2 design point in the system.
Additional design points may be added at changes in grade or

SCALE OF FEET

0 100 200 300 400
E—r 3

. Figure 76. Sampie basin showing sub-basins and reach
oumbering system

to break up 2 long reach. For an existing system, design poinc
should also be located at changes in pipe size ot channel cross
section,

Coansiderable topographic information must be available to
determine the sub-basin ares contributing to each design point.
For example, in figure 76 sub-basin [ contribuzes to point A,
sub-basin 111 contributes to point C, sub-basin V contributes to
point E, etc. Determination of sub-basin boundaries is often
complicared by the existence of sauctures or drainage divides.
On new designs, final grade plans are required. For the eval-
uation of existing systems it is often difficult to obtain enough
information on oid laterals to define the drainage network prop-
erly. After the sub-basins have been defined, they must be
further sub-divided into directly connected paved areas, supple
mencal paved areas, and contributing grassed areas.

The design poins are of course connected by lengths of
underground pipe or open channel. When evaluating aa existing
system, the actual reaches may be described as closed circular
or rectangular sections, or a3 open trapezoidal sections.  The
length, slope, and roughness of cach reach are required. If the
problem is 3 new design, ILLUDAS will use circular pipe sec
tions exclusively. The method of assigning the resch and
branch numbers indicated on figure 76 is described in the sec
ton on input data. The actual order in which ILLUDAS ex-
amines and combines the various sub-basing is determined by
the order in which the cards appear in the data deck,

Table 29 indicates the proper order ind some of the basic
data for the basin shown in figure 76. The logic of ILLUDAS
through the first part of table 29 would include the following

steps:

1) Compute the surface runoff hydrograph from sub-basin
1
2) Route the sub-basin [ hydrograph through reach 1-0
to point C
3) Compute the surface runoff hydrograph from sub-
basin 11 ‘
4) Route the sub-basin {1 hydrograph through reach 29
to point D
$) Compute the surface rinoff hydrograph from sub-
Basin IV
6) Combine the sub-basin [V hydrograph with the
routed hydrograph from sub-basin (I
7) Route the combined hydrograph through reach 2-1
to point C
8) Compute the surface runoff hydrograph from sub-
basin {11
9) Combine the sub-basin 111 hydrograph with the
routed hydrographs from steps 2 and 7
10) Route the combined hydrograph from step 9
through reach 1-1 to point E.

In tabie 29 the sub-basin assocated with 2 given reach is the
sub-basin that conmibutes to the upsweam end of that reach.
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Tabie 29. Basic Dazs for Sampie Basin

REACH SUB-BASINS (acres)
Dir Suppie Conmrid-
Branch . aan:::gd ;::ul u:q
2ad resch Lengeht Slope Diamever Sub-basin paved paved
awmber ) (percens) (mcbes) aumber Arex wes ares wes
10 420 1.0 15 { 3.0 1.1 0.2 1.0 ®
290 220 1.0 12 Al 3.0 1.4 0.3 1.0
2-1 420 0.3 15 1A 4 3.0 0.8 0.5 (1.2
CONFLUENCE .
11 440 1.2 24 m 4.0 1.9 0.2 1.4
30 430 0.7 15 vi ' 3.0 0.3 0.3 1.0
CONFLUENCE . ®
1-2 470 1.0 24 _ v 3.0 2.0 0.5 1.9
Total ' 1.0 X I 2.0 7.5
Percent of Basin 38.1 9.5 35.7
@

Thus sub-basin VII wj:‘l not eater the computations until the
reach downstream from point G is considered. The method of
telling ILLUDAS that|a confluence has been reached will be
described under input|daca. All reaches above 2 confluence
must be completed before the reach below the confluence czn
be considered.

ILLUDAS provides the user with several opdions relating to
detendon storage. He firse determine if his application of
ILLUDAS is an evaluarion of an existing system or the design
of 3 new system. If it i 26 evaluadion, the output will show the
flow capacity of each|reach. If any reaches are ingpable of
carrying the design flow, the overflow wiil be accumulated and .
shown on the output a3 detention storage.

If the applicadon is 3 new design, the output from ILLUDAS ®
will show the design flow and the required pipe size for each
reach. In the new design mode the user may specify a volume
of allowable storage {or one or more reaches in the system.
ILLUDAS will udilize that storage and show the required outlet
pipe size on the output, If the user prefers, he may specify the :
maximum discharge to| be allowed for a given reach in the sys- ®
tem and ILLUDAS will show the volume of detention storage

exist ¢3n be switched to the new de- )
priate design determined. The proce
dure for selecting the fmode of the run will be discussed under
input daza, cards 1] and V1.
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Determination of Parameters

Most of the parameters used in ILLUDAS are determined in a
very straight-forward manner, namely by the inspection of maps
and/or aerial photographs. Some parameters, such as initial
abstractions and the time of concentration for local surface runoff
require the use of either standard values or procedures, or same
preliminary calculations wusing vyour favorite surface runoff
algorithm.

ILLUDAS allows surface cover types to be input either as
actual acerages, which will require extensive map evaluation, or as
percentages of the local sub-basin areas,; which can be a bit more
general.

If a new drainage system is being designed, the expected pipe
lengths and slopes between manholes, and the network connectivity
are about all the data you can expect to supply for the drainage
system itself. 1f you are evaluating an existing drainage system,
you should describe the system using the actual field values
collected. In some cases, such as multiple pipes or eliptical’
pipes, the determination of either an equivalent circular or
equivalent rectangular section may be required.

Uniess observed data are available, no calibration of the
model is possible. If{ observed data are available for a nearby
basin of similiar land use and hydraulic characteristics, some
calibration based on the simulation of such a basin may be helpful.
Otherwise, we suggest that you make several simulation rums 1in
which you might vary the initial moisture for perviocus areas and
passibly vary  the initial abstraction depths so that vyou tend to
create an envelope for design hydrograph peaks from which to select
pipe sizes or storage requirements.

14 Observed data are available when evaluating an exxst:ng
draznage basin, we suggest the following procedure:

I. Calibrate storms yielding paved runoff only
A. Calibrate hydregraph volume
S 1. vary depth of paved absitraction

2. vary acreage of Contributing Paved Area =
B. Calibrate hydrograph shape and tiaing

i. vary paved time of concentration

2. vary #Manning’'s roughness
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II. Calibrate storms yielding both paved and grassed runor¥
A. Calibrate hydrograph volume
1. vary depth of grassed abstraction .
2. vary acreage of Supplemental Paved Area # : ®
Se vary acreage of Contributing Grassed Area #
4, vary Antecedent Hoisture

B. Calibrate hydrograph shape by grassed rac

The model also allows for the uniform increase or decrease of
event rainfall ordinates once the above parameters have been ®
determined. '

Section 4 —_— EXAMPLES

The examples presented on the following pages are for a basin
studied during Phase One of the Champaign—-Urbana (IL) part of the
Naticnwide| Urban Runoff Program, sponsored by the United States
Enviraonmental Protection Agency. Both the rainfall and runoff data
were collected by the staff of the Illinois State Water Survey. A
tipping bucket raingage mounted atop an eight foot high steel pipe
and an asymmetric flume_installed in the storm sewer were used for ®
the data cpllection. The information .was electronically processed
and written to diskette during the storm events.

These| data have been coded and run on the micro version of '
ILLUDAS. The plots shown were produced using the micro package.

The two events of March 16, 1980, involved rainfall on °
existing snowpack. Although the model does not simulate snowmelt,
and therfore cannct properly generate the total runcff volume of
such an event, these events were included so as to show how well we
can simulate the peaks, shape, and timing of even these events. !
. . ®

During the course of the project, it was noticed that at the
inlet end jof the reach immediately upstream of the outfall reach
there is 3 considerable valume of storage generated. This pipe
inlet receives discharge from three pipes at the manhole, all of
which have significantly larger slopes than the pipe in question.




ILLUDAS

HYDROLOGIC MODELING FOR FLOOD HAZARDS
\
j 0.0 ll I‘ L_( ) S A | 1 : T r]L 3 o) | A L I SR { 5 A
s i I 3 RAINFALL C
z . ] INTENSITY S 1
- § 3 INWIN E
s 01 3
& T S S— 1 14 T I T L NS AN S L I T T T 13
- 6.0 T ) WA SRR SRS S i T T S S WSS SIS SN S I T T
3 TINE=174 3 MARCH 16 1980 TINE=2242 o
E MARCH 15 1980 INE=1745 E BRANCH 1 - REACH S E
. 3 3 » A RoUTED HvDRO E
NE . 3 A [ OBSERVED HYDRO F|
e g £ 3
5 3.0 E 3 3
: L | : :
i £ 3
S 3 3 3 3
HoY £ 3
é 3 i 3 i 3
- i &b 3 —
3 H 3 3, .
L.2(3 £ 5;- 3
3 . kY 3 b E
E N l \".‘ e - ' 3
9.0 3-—-‘-“- \/‘\ — :“"'—""J R
. X ) T T T ) Em— T T I I T T | S SIS M |
Q 60 120 180 0 &0 120 180 240 300 360
ELAPSED TIME IN MINUTES
0.0hf
j [ 1 1 I i e 1 : i S i L I l:
< E RAINFALL e
z B INTENSITY -
< g4 3 v IN/NIN E
a | anm— I I T  — = T = T T T  an—— T
8,0 T T T  S— T I  S—— ) — I T T T —T
JUNE 28 1980 3 . -
|3 AUBUST L6 1380 BRANCH 1 - REACH §
3 A ROUTED HYDRO £
4.8 - ) ol
3 E L., OBSERVED HYORO |
] e 3
Y E 3
« 3 C
1 4 =
: E i
] 2.4 E "" E
H < L] H ol
a 3 i 3
i £ ! 3
Gk 3 ns 3 &
L2 Wa H - H ; 7{ -
3 3 ; L
f Ly E 5 2
A 3 3
* i I T  a— T - T ™ p——r
) 80 129 180 300 360

ELAPSED TINE IN MINUTES




HYDROLOGIC MODELING FOR FLOOD HAZARDS ~ « ILLUDAS

Inspection of the observed hydrographs for events with rain-
fall intengities of 0.4 inches/hour aor greater showed that pressure
flow develogped under these conditions almost immediately (usually
within 3 minutes). With this in mind; the event of May 17, 1980,
was simulated both with the drainage network completely as defined
by the figld survey, and alsoc with the above mentioned problem
reach in dpsign mode. The resulting plots are shown here. The
first plot | shows the effect of the limiting pipe capacity on the
simul ated routed hydrcgréph, which is essentially to "lop off" the
peak of thL hydrograph. The second plot shows that because pres-~
sure flow gQccurs so quickly, cur assumption that we could allow the
model to sijze a pipe large enough to pass the design peak discharge
was, in this case, a fairly legitimate way ¢to approximate the
hydraulic bottleneck in this basin. This would not necessarily
have been true if any or all of the incoming pipes at the manhole
had had significantly lower slopes.
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® The plots on this page show the same solution to the hydraulic
bottleneck. Notice however that the volume is grossly over-—
simulated in the upper two plots. A rainfall reduction of 25 per-
cent yielded the plots at the bottom of the page. Winds related to
this storm may have shook our raingage, generating more tips than
@ the rainfall would have produced (1007 paved area runoff).
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Example Uses of ILLUDAS

Teaching ... University classes

Continuing education
o
New Designs ... Residential drainage
Commercial drainage
Airport drainage
Highway drainage
Evaluation ... ‘ Hydrologic research
Evaluate existing drainage o
Future planning / zoening
Input to other models _
Detention storage requirements
Re—-design ... Airport drainage
’ Petroleum storage area
Residential drainage ®

Commercial drainage
Highway drainage

Use of ILLUDAS for Urban Flood Abatement Studies

1, Identify problem basin(s)
2. Site raingage(s) and flow meter (s)

3. Collect data on rainfall depth-durations and ' - PY
local flooding (streets, basements, etc.)

4, Develope relationship between rainfall depth-
durations and flood potential

S. Develcope relationship between rainfall depth-
durations and ILLUDAS-generated surcharges ®
for observed events

b Using information developed in 4. & S., run
ILLUDAS to test alternative solutions to
urban flooding problem




HYDROLOGIC MODELING FOR FLOOD HAZARDS o ILLUDAS

Common Pitfalls

Basin
size

Basin
cover

Basin
sliope

Section S ——— ASSESSMENT

Although this model is capable of modeling an
almost infinite number of reaches, in order
that the assumption of uniform rainfall be
realistic, the model ‘s use should be limited
to basins with less than S00 acres.

One of the most abused features of this model
is it‘s ability to model runoff from grassed
areas. Even though this feature can make a
significant difference in the runoff volume
for very intense rainfalls, it was developed
for only one instance, that being %o siaulate
runoff from urban lawns and parkwmays. Many
users have attempted to use it to model wet-
lands or to estimate the runoff from a design
storm on an undeveloped tract of 1land (to
generate retention / detention volumes re-
quired by zoning). The algorithms are not
applicable to these types of uses, and any
such use would probably generate a biased
parameter set.

The model is intended for use in areas with
mild slopes. The channel and paved surface
routing are based on the Manning Egquation and
an assumption of sub-critical flow. Steep
slopes will generate hydrographs which under-
estimate both peaks and peak times. On the
other extreme, too mild a slope (i.e. ccastal
plains) should require a model which con-
siders outlet control.

If madeling an existing drainage network
using observed data, keep in mind the reli-
abilty of the data (source, when collected,
where collected, how collected, method of
reduction, etc.) while calibrating the model.
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vLevel ot Another common problem with data is the level
detail of detail needed for a good simulation. 1f
you are using five minute rainfall data,
there is no advantage to detailing your (]

drainage system so as to produce one minute
travel times in the reaches. The user should
break up reaches if there is a significant.
change in slope or if the reach geometry is
changing (pipe diameters increasing, etc.),
but you do not need to model every set of ®
inlets as being the start of a new reach.

Verification ILLUDAS is intended to be used as a tool to
provide users with gstimates of conditions in
an existing drainage network or to provide ]
the hydrologic design of a pipe size(s). Too
many users have blind faith in model results.
When designing new drainage, hydraulic losses
due to headwalls, transitions, and manholes,
as well as silting, scouring and possible
cutlet control should be considered, even
though they may not change your design.

Jrap ILLUDAS assumes that there is a 100 percent
efficiency trap efficiency at all surface inlets in a
sub—basin. Although this will not always be ®

a terrible assumption, some over-—-estimation
of surcharged volumes may result because for
very intense storms there may be a consider-—
able volume of suf'face flow which "runs past
an inlet and on down the surface flow path to

. the next inlet. In many cases, this may be ®
seen as a compensating error for all but the
headwater reaches of the drainage network.
Surcharged As seen in the Nationwide Urban Runoff Pro-
reaches gram examples, typical model runs that don’'t o

provide gimmicks for surcharged conditions
produce severely attenuated hydrograph peaks
when inflow exceeds reach capacity. In cases
where the branches discharging to such a node
have mild slopes, the user must consider the
possibilty that even though pressure flow
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might be negligible, the stored volume at the
node may reach a stage where it begins to
flow down the pavement to the next node.

When surcharged conditions exist when the up-
stream pipe slopes are mild, the user must
determine whether outlet control is being
imposed on these pipes or whether potential
pressure flow away from this node is preven-
ting the developement of outlet control.

Possible Improvements

Update grassed area infiltration /. runoff algorithm, to’
allow wider range of grassed area applica-
tions.

Add _a user-friendly interface to other models, allowing
local surface hydrograph import from or
expart to other urban drainage models.

Replace internal time of concentration algorithms, the
functions for determining paved and grassed
surface entry times could be improved by
replacing both these algorithms and the
surface hydrograph convolution technique with
a modified kinematic wave procedure.

Allow less than 100 % trap efficiencies.
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I. Overview
A copy ¢

szmple ingpul
request to:

Please
and tape labe

Revised Stormwater Manzgement Model (Swiat)

pf thie SWMM source program for CCC-Cybernet compuier system, a
£ and output and a rough users manual is zvailable by written

Mr. williamn Todsen

(hief, Engineering Division
U.S. Army Corps of Engineers
Missouri River Division

P.O. Box 103 Downtown Station
Qmaha, Nebraska 63101

specify the tape format including the number of tracks, density

1 required. There is a 3200.00 charge.

I1. Model Theory and Structure
A. Thegretical Development.
The SWhi

given rainfal
expecteqd to
characteristg
represents tn
gutters that

quantifiable.

conditions wa
and developue

Hydrogr
infilceration,
is conceptua
subcatchments
then <cndracte
coeffisiant.

AS was 9
reasonsbly un
slope.
grouna slope

requirements

The 4§

t model simulates the runoff phenomena of a drainage basin for any

1 pattern. Since the only information wiich can reasonably te
De available is climatological and physical watersned
ics, such as size, ground slope, and types of cover, SWMM
e drainage basin Dy an aggregate of idealizad subeatohinents and
are common denominators of the drainage plan and are readily

Flexibility of the program to be adopted to any prototyps
s of greal concern and was considerad in the model formulstion

ne.

iphs are calculated by a step-by-step accounting of rzinfall,
detention, overland flow, and gutter flow. The drainags bzsin
1ly represented by network of hydrzulic elements, i.e.,
» dutters, and pipes. Hydraulic properties of ezch elament are
rized’' vy various parameters, such as size, slope, and roughness

<

riginally envisionad, a subcatchment is rectangular in shape with
iform watershed charazcteristics, such as surface cover and ground
jeometry of a supcatchment is defined by ths area, widtn, and
The type of ground cover determines the detention depth
, the roughness factor (such as Manning's coefficient), and ths=

coefficients gescribing the infiltration loss by Horton's exponential function
(kef. 9).
The subcatchments need not be the same sizs and the irreguler shape can

be approximay

principle, a

drainage basii

ed Dy an equivalent rectangle by computing the mezn widtn., In
series of subcatchments can be gesigned to cover the entire
1
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The subcatchments form an aggregated system by gutters and pipes
specifying the connectivity of flow. Hydraulically, gutters and pipes are
described by the Manning's coefficient, length, invert slope, and geometric
description of the shape. The latter may include the bottom width and side
slopes for rectangles, trapezoids, and triangles and the diameter for circular
pipes. Missouri River Division revisions allow the use of an overbank
floodway section in conjunction with gutters and pipes. Diversions fromone
gutter to another, detention dams and inflow hydrographs may also be used.

Figure 1 presents a typical but idealized drainage system. As shown.
subcatchment 2 drains into gutter 1. Both gutter 1 and subcatchment 1
discharge into gutter 2. Several subcatchments and gutters can be connected
to a given gutter, depending on the topographic condition.

E. Relevant Egquations

The basic equations used in the SWMM model are summarized below.
1. Mennings Equation:
V = 1.49 R2/3Sl/2
n

for determining outflow rates from subcatchment areas and from gutters. -

2. Continuity Equation:

for determining water depths in subcatchment areas and gutters.

3. Horton's Exponential Function:
I, = fo + (fi - fo)&°
for canputing infiltrsztion.

C. Coefficients

Coefficients used in the SWMv model are summarized below.
1. Subcatchment physical characteristics

a. Area

b. Lateral outflow lenzgth

¢. Percent impervious

d. Ground slope

e. Surface resistance factors for impervious and pervious areas
(Manning's N)

f. Surface retention storage for impervious and pervious areas

g. Infiltration rates
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2. &

3.
D'

Use in the Missouri River Division

rnveyance element dimensions

Bottam width

lenzth

Invert slope

Left and right bank side slopes
Mannings N

Depth

Overbank dimensions

e o o & ® o @

infall hyetograph - intensity (in/hr) -

The Missouri River Division has made several changes to the SWMM model.
These changes are outlined below.

1.
pipes.

erbank floodway sections may be used in conjunction with gutter and

2. A|detention dam with a specified storage-outflow curve may occupy any

gutter or

3.

computed has been changed.

ipe segment.

To aid in overland flow routing, the way infiltration losses are

The MRD modification limits the infiltration loss

to no gredter than the current rainfall except that the loss is always at

least 5 percent of the computed infiltration rate.

more in 1li
River Divis

4, A
The inflow
cfs.

5. A
gutter or |
diverted ir

6.
are printed

7. Md

to be modif

This revised algorithm is
e with the practice of handling rainfall loss rates in the Missouri
ion.

inflow hydrograph may be specified at any gutter or pipe segment.
hydrograph is input as a table of time in hours versus inflow in

diversion from a gutter or pipe out of the system or to another
bipe may be used. A table of total flow in the gutter versus flow
1 ¢fs is included in the input data.

Several changes were made which modified some details of what values

out and output format.

difications were made to allow watershed and pipe/gutter input data
ied by a factor to avoid punching new cards.
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Figure 1. DEFINITION OF A DRAINAGE SYSTEM
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I11. Program

Once the prop
can be instzu
comes in, how
and the remair
. procedure can
First, the cor
hyetograph, s

connections.

the pound;foot

Stepwise compy

l. Rain
hyetq
wher

2. 'Infi
subt

and

whers

1ing water depth in each increment of time.

jtation proceeds as follows (Figure

Structure and Implementation

Lrties of each hydraulic element are given, the computer

~ted to make a step-by-step accounting of how much water

much is lost to infiltration, and what will be the outflow
This accounting

best be described by the flow chart shown in Figure 5=-2.

nputer reads and edits data pertaining to the rainfall

tbeatchment, and gutter characteristics and their inter-

Unit conversion is made for all parameters to conform in

t-second system.

-
.

2)

fall is added to the subcatchment according to the specified

bgragh,
+ R (l)
Dl = Dt tAt:

p Dl = Water depth after rainfall

D: = Water depth of the subcatchment at time, t

Rt = Intensity of rainfall in time interval, At
Lltration is computed by Horton's exponential function and is
racted from water depth existing on the subcatchment,

-at
= _ - 2)
I, = £+ (£, £) e (
= - (3)
D2 Dl ItAt
3 fo' fi' and o are coefficients in Horton's equation

intermediate water depth after accounting for infiltration.
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READ AND

EDIT DATA |

CONSTRUCT
CONNECTIVITY
MATRIX

OVERLAND FLOW
I. RAINFALL
i 2. INFILTRATION =

3. DETENTION
4, FLOW (MANNING'S)
5. DEPTH (CONTINUITY)

SUBCATCHMENTS

mZ —

P

1 | TRAPEZOID GUTTER ELOW PIPE
HYDRAULIC [. OVERLAND INPUT HYDRAULIC
RADIUS 2. GUTTER INPUT RADIUS *

3. FLOW (MANNING'S)
4. DEPTH (CONTINUITY)

[ |-
COMTDUTE GUTTERS/ PIPES

HYDROGRAPH
COORDINATE
]

[ 2

PLOT
HYDROGRAPH

Figure 2. FLOW CHART, HYDROGRAPHIC CONMBUTATION

o -2 mDD

¥ §
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3.

If the|resulting water depth of the subcatchment, Dz, is larger
than -the specified detention requirement, Dd’ an outflow rate is

computed using Manning's equation,

- L:49 - 273 _1/2
v I a:z Dd) S (4)
and
= - ' S
Qw VW (D2 Dd) (5)

where |V = Velocity

n = Manninq's ;oefficient
s = Ground slope

W = Wideh

Qw = OQutflow rate

The continuity equation is.solved to determine the water depth of
the subcatchments, resulting from the rainfall, infiltration, and

cutflow,

Deyae = Dy = (Q/A)AE

(6)

where |A 1is the surface area of the subcatchment

Steps l to 4 are repeated until cemputations for all subcatcniments

are completed.

The inflow (Qin) to a gutter is computed as a summation of outflow
from tributary subcatchments (Qw i) and flow rate of immediate
’

upstream gutters (Q .).
g.,1

= ' 7
Qin ZQw,i * ng,i 7)
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10.

11.

The inflow is added to raise the existing water depth of the

gutter according to its geometry,

(8)
Yl = Yt + (Qin / As) At
where Yl and Yt = Water depth of the gutter
As = Mean water surface area between Yl and Yt '

The outflow is calculated for the gutter using Manning's equation,

v = 1.49 R2/3 s 1/2 - (9)
n i
and
(10)
Qg-VAc
where R = Hydraulic radius

7]
]

Invert slope

o
]

c Cross-sectional area at Yl

The continuity equation is solved to determine the water depth

of the gutter, resulting from the inflow and outflow.

= - (1)
Yege = Y1 * (9, - Q) 8t /A

Steps 6 to 9 are repeated until all the gutters are finished.

The flows, reaching the point of concern, are added to produce a

hydrograph coordinate along the time axis.
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12.

The step~by-st
picture of the
each time inc
step method.

(Ref. 7), whi

As was noted,
time interval
being updated
phenomena was

approximation

The

time

brocesses from Steps 1 to 1l are repeated for succeeding

perieds until the complete hydrograph is computed.

tep description of the solution procedure gives a physical

» processes being modeled. The integration of variables in
rement was originally performed by the modified Euler's two-
This is now accomplished by the Newton-Raphson method

ch produces a smoother hydrograph and more stable solution.

Manning's equation was used for computation during each
of integration. The "state" of the systeé} however, is
continuously. Thus, the dynamic behavior of the runoff

simulated by a stepwise and successive quasi-steady state




HYDROLOGIC MODELING FOR FLOOD HAZARDS o REVISED SWMM

IV. Example of Model Application

HYDRCOLOGY
Middle Logan Creek
Flood Insurance Study
Rancolpt., Nebraska

1. General. Tre hvdrology study for Middle Logan Lreek Flood Insurance
Study st Randolpk, Nebraska is presented in the following paragrapks, &
map of Middle Logan {reek is presented in Attachment 1,

Z. Basin Description. Middle Logan CLresks is a tributary of Logan Cresk,
a left bank tributary of the Elkrorn River. Middle Logan Creex extends
soowt U miles northwest of Randolph and flows in an easterly cdirection to
the cdownstream study limit about = miles east of Randolpr. Micddle lLogan
Treck has several major tributaries botk to the nortk and to tre sowth.
Tre drairage area apove the downstreaim limit is 27.8 square miles, Land
use in tre pbasir is precdominately agricultural., Land slopes range from 1
to 13 percent. - ‘

3. Existing Structures. One existing structure in thk2 study area
wrhich would significantly attenvate the flow crosses the large nortrern
tripbutary., Trhe structure is located on tre disgonal county road in Sactien
ly, approximately 280 feet north of its intersection with Nebraska State
Highway ZC. Tre chrannel opening wunder tris bridge is approximately 30 fest
by 3.5 feat, Tre location of the structure is shown on Sttachirent 1.

4, Discharge-Probabilitv.

a, Hvédrologic Mocdel. Pischarge-propbability relationstips for

- Middle Logan “reek were pased on & rainfall-runoff analysis using tre

Crnvironmental Protection fgency's "Storm Watsr Managemsnt Mocdel.,” Tre

pasin was dividsd into 492 suocatchmants which averaged 13 acres.

o. Rainfall. Tre 10-, &C-, and 1l(-vear one-towur psint rainfall
values were ootained from NOBA Tecknical Memorandum Nwd HYDRO-3F, The ®00-
vear event was cetermined from an. extrapdlation of a lins plotted througt
the 10-, 80-, and 10C-year velves. Tre maximum one-rour point rainfall
valves for the 80C-, 100-, 80-, and 10-vear events are 8,50, 3.63, 3.29,
and Z.4 inches, respectively. These values were acdjusted for basin sizs2
and srape prior to application in the SWM¢ model,

¢. Friction and Infiltration Losses. Tre Manning "n" coefficient
use¢ for crannel and overbank concditions ranged from 030 to JQul, 8 scil
infiltration rate of C.60 inches per rowur was wsed for the pervious areas
in tre rydrologic model., Surface storage valuzs for tre parviowus and
impervious areas were generally .0F0 and 157 incres, respectivaly. Larger
values were wsed in several basins based on a site visit,

d. Rowting. Storm runoff oceurring in the Middle Logan Tresk dasin
aoove the oricdge on the diagonal county road described earlier was routed
trrovgh the structure, Tre discharge rating cwrve trrowgh tre bpridge was
developed wsing tre Corps of Engineers' HEL-Z .computer prograr and surveyed
cross-sections downstream of and through the bridge. The results of tre
L7 progran were comdirned with a storage-elevation curve wpstream of tre
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pricdge devel
procuce tre s

-

2, Lal

oped wsing surveyed cross-cgections and tapographic maps to
torage-clscrarge relationsrip ws in tre SAMY madel,

stucy of 134
shalysis
syocatehment
3, respective
¢, Summary
an¢ 1C-year ¢
in Tabie 1.

forr

ioration. Tre SAMM mocdel was czlibrated wesing a regionel
l@s on emall drainage areas in Nebraska. Tre results of tre
Midcdle Logan Lreex at cdownstream study limit and &t
5° (as srown on Mttacrment 1) are shown on Attachments and
ly for comparison purposes,
Discherg2-prodadility relationsrips for tre 0%, 100, €C-,

.vente for Middle Logan Lrask at seslected locastions are srown

Table 1
Sumpary of Feak Discrarges
Midcle Logan (reex at Randolpr, Nabrasxa

Paak Ciscrarge

Subarea & Crainag2 "Area (Cbic f2et per second)

Locastion (3q. mi) 10-Yr R0-Yr oC-Yr e0C-Yr
9&=Midcle Logan
Lreek at Study
Limit 7.8 ugz:z qu 3z 11,677 17,335
a7=-iiddle Logan
‘resx at jngt.
w/nortr trioytary 1.0 3*3l Y- 3,342 1,402
oz=-Micdle Logan
Creexk at Rangoalph 15,3 3u5l 6714 3,267 12,313
o3=-Micddle Logan
(re24 at Jngrt.,
W/ 3ouUtr triopytary J.4 zuly usgl £,53% 8,071
Ty=30utr trigutary
st Junet. w/Middle
Logan Creex £.4 1842 29z¢ 3,533 €,326
73-w2st dranck of
Qoutk Triowary 1.4 eza 052 1,303 z,033
734-Sast Branck of
Soutk Trivutary 3.7 1103 20l Z,5C7 3,03°
yo-Nortr Triputary
at jJunct, w/Midcle
Logar Lreex 1l.5 Z1yF u13s £, LUz 7,571
5lew2st Brangk of
Nortk Trioutpry 5.7 176% uEg a4, 778 5,17C
39=-East Brangk of
Nortk Trioutiary .5 oCa 1834 1,32¢C 2,927

MODELING FOR FLOOD HAZARDS ¢ REVISED SWMM
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Middle logan Creek at handolph, Nebrjaska
County Road Bridge across Nortnern Tributary
Elevation-Storage-Discharge Data

Elevation Storage Discharge
(fy, msl) (ac=ft) (cfs).
1648.0 0.0 0
1645.6 0.4 50
1650.4 0.8 100
1651.53 1.5 200
1652.2 2.3 400
1952.§ 3.1 600
1953.5 4.0 800
1654.0 4.8 1,000
1655.0 6.5 1,450
1456.0 9.0 1,850
1657.0 11.5 4,250
1658.0 -14.5 11,150

V. Assessment

rasults.

The SWMM model hes been used on s wide variety of basins with good

plicstion of the model is g2nerzlly not difficult since the model

uses physidal parameters winich can be measured easily. Calibration has been

made wilh
«in2tic mo
vne pitfall
can maxe m
routed thro
is a probl

th historical hydrologic rsacords and regional studies. SWHK is a
el and therefore may not work well on very flat drainzte basins.
of ths model is that it does not consider backwater effects. This
eling difficult if there are many bridzes or other obsticzls to be
gh. In the past, SWiid has oeen combined with other models if this
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Examples of Subcatchment Descriptions

Middle Logan Creek, Randolph, Nebraska
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Examples of Gutter Descriptions

Middle Logan Creek, Randolph, Nebraska
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Exawmple of Outflow llydrograph

Middle Logan Creek, Randolph, NE
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6.5 MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CATCHMENT MODEL

One of the computer models mentioned in the previous chapter, the Massachu-
setts Institute of Technology Catchment Model (MITCAT) [31], is useful in
evaluating druinage management programs.

Philosophy of the Catchment Model

MITCAT represents the physical movement of water over the catchment surface
and through the channel network of a river basin [32]. Recognizing that
surfuce geometry is extremely irregular and impossible (and uncessary) to
represent in complete detail in either o physical or a mathematical model ,
MITCAT follows a reductionist approach. The model replaces the natursl com-
plexities with a number of simple elements such ss overland flow planes,
stream segments, pipe segments, ete. A suitable combination of an appropri-
ate number of these simple elements is assumed sufficicnt to model the be-
havior of an entire catchment.

A sumple catchment is illustrated in Fig. 6.14. A possible combination of
overland flow and streamflow elements uppears us a detailed model of this
catchment in Fig. 6.15. Less detuiled representations may be used in most
pructical applicationy,

Some of the basie considerations governing the development of the model
were:

The imodel was bused on sound physical reasoning,

Figure 6. 14. Drainage networi( of typical catchment. (Reproduced from
Ref. 31.)
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Figuire 6.15. Equivalent "block® dingram of the catchment. (Reproduced
from Ref. 31.)
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The parameters were directly related to the physical characteristics of
the catchment and were directly measurable from map or field data
whenever possible.

"Fudge factors," which proliferate in many hydrologic models, were
avoided. - '

The model was made as simple as possible, and minimizes the amount of
field data required before reasonable results could be derived. The
results are, in general, not very sensitive to uncertainty in the
parameter estimates.

The model eliminates or minimizes the requirements for historical rainfall
or runoff data for calibration or estimation of parameters.

The model handles catchments of any size or shape, urban or rural, and
does not require complex input data to achieve this capability.

The model has been designed principally to simulate storm runoff events.

Numerical approximations, such as finite grid mesh sizes, optimum time
step, linearization procedures, etc., are controlled internaily to make
the model as self-sufficient as possible and to make the model useful
to engineers not familiar with the numerical analysis or numerical
solution of different equations.

With these considerations in mind, certain basic runoff elements were
chosen. The elements considered were:

Flow distributed over the surface of the catchment is modeled by planes
of overland flow. An overland flow plane is subject to spatially uni-
form lateral inflow from rainfall, lateral outflow to infiltration, and
upstream inflow from adjacent overland flow segments.

Flow from the overland flow planes would be collected by streamflow
segments as lateral inflow and then passed downstream to other stream
segments. The term stream is used in a generic sense and presently
includes both open channel flow reaches and closed pipe elements.

Storage is simulated by reservoir elements,

Each of these elements can be linked together to simulate a prototype
basin. The elements are first linked into segments to define the model of a
single subbasin. These segments are in turn linked together to define the -
total basin network. The choice and arrangement of elements in any particu-
lar situation depends upon several factors, which are presented in subsequent
sections. .

Model Overview

The present MITCAT model can input several forms of rainfall data, which are
then reduced to effective rainfall by one of several infiltration algorithms.
Holtan's, Horton's, an Antecendent Precjpitation Index Method, SCS, or direct
input methods are immediately available for use; other algorithms have been
programmed but are not directly on line. :

Runoff as overland flow and as stream is simulated by use of the
kinematic wave equation. The kinematic wave model was adopted as the prime
routing method due to several factors. As the simplest of the nonlinear
models available, it yields the benefits of a nonlinear response without needing
an unduly complicated solution procedure. The use of any equation of hy-
draulic unsteady flow in modeling the phenomenon of overland flow is subject
to considerable parameter adjustment to account for the peculiar flow regime

involved. To this end, the two parameters of the kinematic model yleld
sufficient range to model the runoff phenomenon.
The kinematic wave equation for an overland flow segment is:

Ay, oyl (6.40)
at 3Ix

q= ucymc ] (6.45)

where y is the depth of flow, q is the rate of flow, t is time, x I8 distence
along the segment, i i3 the rainfall intensity, and f is the infiltration rate.
In Eq. (6.44), both i and [ may vary with x and t. The difference 1 - { may
be treated as an effective rainfall rate (which, by convention in hydrology, s
never negative). The fact that f may vary with x causes the model to
simulate runoff only from those locations where i exceeds f. '

The corresponding equation for the stream segments is:

A + _3_9_.=q (6.46)
at IxX
m
Q= usA 8 (6.47)

where A is the cross-sectional ares of flow, Q is the discharge rate, and q is
the lateral inflow rate of overland flow.

The above equations contain the so-called kinematic wave parameters
(a, m) for both overland flow and stream segments. The estimation of these
parameters is performed internally in the model from readily derived proper-
ties of the element. These properties generally include:

Cross section shape
Slope
Roughness factor, generally Manning's n

The extraction of the appropriate values of a and m are presented in the
principal reference [31].

The model solves the kinematic wave equations by numerical techniques.
The details of these techniques heve been carefully developed over a period
of many years to the point where reliable procedures have been programmed
to automatically assure the most economical solution of these equations [31).

The data input needs can generally be classified as follows:

Rainfall

Infittration parameters

Area of basin or subbasin

Length of typical overlund pauern,“-"
Slope of typical overland runoff pattern ’
Roughness of typical overland runoff pattern
Impervious cover of basin

Length of stream through basin

Slope of stream through basin

Roughness of stream through basin
Typical section of stream through basin

The analysis and reduction of a basin to a representative model isa
rensonable process and Is the finul determinsation as (o the extent of data
necessary to fulfill the above clasges. ’
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The full MITCAT model, as currently operntional, requires approximuately
350K bytes of core to run. A smull nonproprietary version, referred to ns
MINICAT, is availuble which has basic capabilities of watershed representa-
tion, routing elements, and two infiltrution methods (SCS or Horton's);
MINICAT requires 140K bytes to operate, though this requirement can be re-
duced to 64K bytes.

MITCAT Structure and File System
The key ile

CATCHMENY
DATA - BANK MODEL
{DATSYS) (MITCAT)

Figure 6. 16. MITCAT system structure. (Reproduced from Ref. 31.)

Modeling Strategy

system. These allow flexibility for the user to decide how to model a basin
and how to analyze the problem under study.

Structure of the Program
MITCAT follows certain basic steps during a simulation run. These are:

Read and check input data: The user's commands ‘and the associnted
data are read in and checked for errors, and if any are present,
messages are printed out.

Display input data: AN of the input data, as well as data picked up from
the file system or estimated by MITCAT, are printed out. This allows
easy verification of the input data by the user.

Routing and output: Each active element in the sysiem is then simulated
and its results are printed/plotted/stored.’ '

MITCAT operates on the basin configuration in a sequentisl manner.
This means that the whole time history of interest is processed through each
of the simuluting modules in sequence. This mode of operation should be
contrasted with the parallel modes where the state (i.e., waler stage, stor-
age, etc., rather than discharges) of the total system is computed at each
time step.

Use of a sequential model has the advaniage that each individua} element
can be operated at different time steps. The size of the time increment muy
be dictated by model stability and /or convergence criteria or simply by the
user's idea of what may be an “optimum® time step for such an element.

A disadvantage of this mode of operation is that decision making (where
it is required) ut each time step is rather difficult since the "state" of the
system at all the downstream points is not known. On the other hond, a
parallel model of operation permits ready decision making at each time step.
DATSYS File System
A feature of MITCAT is its associated file system (DATSYS). The data file
bhandling system is designed to allow the user to access, process, elc. data
which has been stored in the data bunk system during the operation of a sim-
ulation (or other program). The outputs from these runs are usually time
histories of duta which are frequently necessary to plot (sepurately or as
multiple plots), compute the moments of, and for copy to other files. It is
also possible 1o lond historic data into the file system so that they may be used
by a main line program for a simulation run.

Figure 6.16 shows the busic structure of the MITCAT System. Most
important for the purpose of this book are the connections between MITCAT,
the duta bank, and the land use files. The efficient use of this file
system can reduce the cost of a simulation run. For exuample, & run can
be restarted at an intermediote point in a catchment if a new test must be
made where only o change in the lower part of the basin is 1o be made.

The general philosophy behind the catchment model was presented earller in
this section. As was emphasized, the model follows a reductionist approach

ing simple el ts to model the natural complexities of a drainage basin.
Presented here are the upproach to be used in modeling the basin and the
availuble methods of linking the various individual elements. Also presented
are the strategies available to the user in modeling the behavior of complex
hydrologic systems.

MITCAT is primarily a modet to permit simulation of individual storms.
1t is thus more suitable for specific flood event simulation than for long-term
simulation which might be required for low-flow determination or storage yield
analysis. Another model, which may be based on the MITCAT data base,
should be used if long-term simulation is desired.

MITCAT Elements

MITCAT is designed to operate as an interconnected series of simple routing
elements. The operation of each of these elements is simulated by a relalively
simple set of nonlinear techniques. These techniques were selected so that
the data required for each could generanlly be derived from readily available
sources such as topographic maps, sofl surveys, and stream cross sections. )
At the same time, a determined effort was made to limit the number of black-
box techniques and the resulting factors which would be required. The re-
sulting MITCAT model i3 a deterministic simulation model with little calibration
required to model the behavior of a given hydrologic system. Although the
operation of each element within the model can be readily and easily simulated,

.the user must ensure that the chosen network of segmenta and elements does,

in fact, represent the prototype hydrologic system in the basin. This section
is designed to present some of the points considered germane to the correct
choice of modeling elements and to present operational techniques developed
in the first years of applied use of MITCAT.

Initial examination of the basin to be simulated will indicate the occur-
rence of a number of specific locations, both natural and those commonly re-
ferred to as "design points,"” which serve to define specific points of interest
along the various stream reaches within the network. The natural points
usually occur at locations such as stream junctions, highway crossings, and
reservoir sites. The first step in the application of a limited-element model
is to subdivide the basin into a number of subbasins. These are shown In
Fig. 6.17, and are chosen so0 that subbasin boundaries occur at each of the
following locations:

Primary junctions

Design points

Stream flow gage locations (if available)
Reservoir sites
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Figure 6.17. Watershed example. (Reproduced from Ref. 31.)

These initial subbasins may need to be further subdivided to account for
major nonhomogeneities within them. For example, extreme rainfall varistions
due to orographic effects or development of part of a subbasin should en-
courage the modeler to subdivide further until a reasonably homogeneous
condition exists. It is difficult to define what apecific size limitations might
be applied to the selection of the subbasins. Operational use of the model has
indicated that subbasin sizes ranging up to 10 km2 may be adequately modeled
using a single model segment. A segment is the MITCAT model equivalent of
a subbasin. In areas with relatively steep slopes and limited urbanization,
segment sizes of up to 26 km2 have been used. 1t is normally considered good
practice, however, in situations where such large segments are involved to
select the subbasins so that at least three subbasins are modeled upstream of
any design points. This prevents the "lumping” inherent in the model appli-
cation from significantly distorting the outflow hydrograph at the desired
location. .

The basic network of subbasins indicated in Fig. 6.17 can be visualized
as in Fig. 6.18. This figure represents the MITCAT network connectivity .

It is noted that such a schematic closely follows the prototype system with one
notable exception. MITCAT programming considerations limit, to not more
than two, the number of segments which may be linked as upstream inputs to
a gegment. In order to model the situation where segments 25, 26, and 2 are
linked to segment 3, it would be necessary to insert a "dummy" segment, such
as number 31, in the network. Such segments serve no routing purpose but

are simply used to permit simulation of networks which have junctions with
numerous streams tributarv at the funection .

' [+
1] 12
26 25 40 .
l_—_l—_J Dummy Segments
k1] 2
l Segment Numbers

A Reservoir

Figure 6.18. Segment connectivity of watershed example. (Reproduced {rom
Ref. 31.)

The selection of the model elements required to simulate the hydrologic
behavior within each subbasin is the next area where modeling strategy is
involved. There are four such elements available within MITCAT, namely:

The catchment element, which is used to simulate overland flow

The stream element, which is used to simulate the behavior of a stream
reach

The reservoir element, which is used to simulate the operation of on-
stream regulation facilities, and smaller storage systems such as
reservoirs for site detention control

The pipe element, which nay be used to model the behavior of closed
conduits

Typical schematics of each of these elements are presented in Fig. 6.19.

Most subbasins (segments) are modeled using a simple combination of
catchment and stream elements as illustrated in Fig. 6.20. The typical
V-sloped segment shown has been found to be an extremely efficient and
accurate way of modeling the behavior of far more complex prototype systems.

Catchment Element

in the V-sloped segment rainfall input is applied to each of the catchment
elements. The operation of each of these elements is simulated by modeling
the processes of infiltration and overland flow which occur on a unit strip of
each element. In order to apply simple modeling techniques, all the param- .
eters for each of these elements are considered to be spatinlly homogeneous.
The parameter that is of greatest interest to the model at this stage is.lhe
overland flow length, designated by Ley or Leg in Fig. 6.20.. Inspection of
the topographic map of each subbasin will revesl some variations of this value
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over the subbasin. [ will be found, however, that for most natural basins,

a surprisingly constant value of Lc can be found when one has determined
what the full drainage network within the basin looks like. This network in-
cludes not only the main stem streams, Lut aiso the multitude of smatler tribu-
taries and rivulets which act as channels under significant rainfall events.
Such a schematic is shown in Fig. 6.21. The correct selection of the value(s)
of this overland flow length Lc is essential (or the adeguate modeling of the
basin response. This parameter I8 by far the most important variable for

or Cotchwnent
{0). OVERLAND FLOW ELEMENT

{CATCHMENT)
Upstream input

Outlet
Conirols

Discharge
c) RESERVOIR ELEMENT

Figure 6.19. Typical MITCAT elements.

{b) STREAM ELEMENT h«!‘

streom inflow
Loteral inflow

One or
More Barrels

Monhole

(d) PIPE ELEMENT

(Reproduced from Ref. 31.)
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Figure 6.20. Simple catel t-stream el

{Reproduced from Ref, 31.)

ts used to model a segment.

determining the resp characteristic of the overland flow segment. Since
these elements in turn act as the primary high frequency and limited band-
widih filters in the simulation network, thelr accurate representation is
crucial to the ability of the chosen schematic to simulate the prototype
gystem.

Table 6.11 gives Manning's n for overland flow roughness effects. Since
the selection of the correct overland flow length is so critical, various internal
arrangements of the segment structure will be required in order to adequately
inctlude the range of overland flow lengths which may oceur in the prototype
basin. In certaln cases, a very simple schematic as shown in Fig. 6.22a will
suffice. The more general case i3 shown in Fig. 6.22b, where an overland
flow element is modeled in each side of the main stem. In this case, the over-
land flow lengths for the elements may be the same or, as more generally
found, somewhat different. This schematic is alao able to handle the normal
variations of the other parameters such as slope and roughness as they occur.

A more complex configuration is lilusirated in Fig. 6.22c. This would be
used to model an urban segment where a number of different flow situations
exist (Fig. 6.23). Elements would include:

Flow from impervious roadway and roof surfaces
Flow from a pervious lawn accepting runoff from commercial areas
Flow from impervious commercial/parking areas

Roof drains normally discharge directly into pipe systems in Melbourne,
and so roof and street areas are combined into one element. Figure 6.23c is

Table 6. 11 Manning's n for Overland Flow

Surface R n
Dense growth 0.4 -0.5
Pasture 0.3 -0.4
Lawns 0.2 -0.3
Concrete /asphall:

Shallow depths 0.10-0.15
Small depths 0.05-0.10°

8Sjgnificant Now occurring over the surfuce.
Source: U.S. Forest Service {13].
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Cotchment One

natural watershed.

Figure 6.21. (a) Prototy

$——Caichment Two

S

(b) MODEL SCHEMATIC

Streom Element

pe watershed; (b) typical model schematic for
(Reproduced from Ref. 31.)

Cotchment
Element ._

»

-
oo
-

Streom
Eloment

) ®) te)

Figure 6.22. Typical stream segment structures. (Reproduced from Ref.
31.)

(o) PROTOTYPE

Catchment
Element
3
g Mixed Lown E B
g \E
Gutter /Ppe
Streom Element
{b) SCHEMATIC ONE c) SCHEMATIC TWO

Figure 8.23. Typical model of urban area. (Reproduced from Ref. 31.)
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presented to illustrate a nore complex model for some applieations. Segments

shown in Figz. 6.23b and ¢ have been successfully used for sublasing up to
400 hectures (1000 ucres) in size.
Stream Element

In each of the schematics, a stresm element is consgidered to be a stream
reach of uniform cross section and to have a length of Ls.

The cross section is usually considered to be a simple shape as shown in

Fig. 6.24 where the basic shapes currently available for simulation with
MITCAT ure i iti

Hyrrsl

{c) RECTANGULAR

(o) TRIANGULAR

I©0T0H0AH

section chosen where discharge simulation is involved; however, stage,
velocity, and other derived data are sensitive to the shape chosen. From
opcrational use of MITCAT, some general rules have emerged for the appro-
priste section shapes to use.

It is found that most upsiream reaches are best simulated by use of
simple triangular shapes. Many of these chunnels are extremely small, and
any flood flow uses the overbank area extensively. Such overbank areas are
frequently triangular in cross section-sece Fig. 6.25a.

In further downstream reaches, simulation with basically trapezoidal
channel sections is found to be most appropriaste-see Fig. 6.25b. In such
coses, care must be taken to fit the most appropriate cross-section shape for
the range of flood stages of interest.

Urban areas sometimes have gutter sections as their primary drain
element. In these segments, use of a gutter shape as in Fig. 6.25¢ will be
desirable. However, for the simulation of larger urban arees, where storm
druins are used, a stream segment with a circular shape (Fig. 6.24e) should
be used. This particular shape actually simulates the behavior of a regular
conduit up to the 90 percent full position. Flows greater than that are
modeled by assuming that the capacity of the element increases as required,
i.e.. no pressure flow and/or surcharging occurs. Use of a circular cross
section is appropriate since the area being modeled does not normally drain
to u single storm drain; rather, it consists of a whole series of storm drains
connected in a relatively complex network. However, it has been found

possible to duplicate the whole network by a single stresm/pipe element as
shown in Fig. 6.23b or c.

As 8n area is urbanized, its drainage network simulation will also change.

A typical staged development of a segment schematic is shown in Fig. 6.26,
In this situation, the undeveloped (natural) basin can be typically modeled
using a single segment, with a simple catchment-stream-catchment structure
of the segment. As the basin is urbanized, more and more of the ares is pro-
vided with storm drains (including gutters) and a different set of drainage
controls exists. The easiest way to simulate the runoff from such urbanizing
areas is by using a segment in parallel to the segment modeling the runoff
from the natural system-sce Fig. 6.26b. The discharges from both of these
segments are combined to estimate the total flow from the basin. In the fully
developed case, the runoff from the total basin may well be simulated by the
urben segment and only the upstream flow routed through the muin stem.
The Intter may, of course, also be modified in order to handle the increased
discharge levels, and so forth.

As discussed nbove, & range of relatively simple cross-section shapes
are used to model prototype stream channels. These shapes are normally
sufficient to enuble adequate determinstion of the discharge rate, and were

* A - “a [ 4
{d) TRAPEZOIDAL (o) CIRCULAR () VARIABLE

Figure 6.24. Stream shapes. (Reproduced from Ref. 31.)

(o} TRIANGULAR P

{c) GUTTER

. . 3.
Figure 6.25. Selection of stream cross section. (Reproduced from Ref. 31.)
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Figure 6.26. Typical urbanization of a segment.
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(Reproduced from Ref. 31.)

W |
RECTANGULAR TRAPEZOIDAL
CIRCULAR VARIABLE

W Bottom Width R

Z  Side Slope (2 horizontal 10 1 vertical)

D : Dameler

. Eoch Point on Varoble Section Detined

by Station' and Elevation Coordinot

Figure 6.27. Stream cross-section definitions. (Reproduced from Ref. 31.)

chosen because simulation with such simple elements is extremely fast. They
will not, of course, be sufficiently detailed to allow accurate determination of
the equivalent flow stages. In this instance, other techniques are available
within MITCAT to permit adequate stage determination.

Variable. Available cross sections are illustrated in Fig. 6.27 where
their significant parameters are noted. It should be noted that the para-
meters used include the cross-section shapes as well as the segment slope S
and the effective Manning n. The value of n appropriate for stream segments
can be estimated from field inspection or from standard hydrautic handbooks.

Triangular Sections. These sections will be very useful for simulating
small natural streams, i.e., where permanent flow is very small compared to
flood flows, and streams that flow through unimproved valleys. Certain man-
made channels may also fit this category.
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Circular Sections. Modeling the storm drainage system in urban areas
requires the capability of simuluting the response characteristics of stream
segmenta with e circular cross-section slopg. In many cases, the pipe will
never fill completely during a storm event and the routing through the pipe
will resemble normal stream routing. The method allows the pipe (or circular
croas-section stream segment) to continue to respond even under surcharge
conditions; i.e., there is no upper limit to the capacity of the stresm segment.
This method has proved very useful in simulating the response of urban
basins without the need to specify the complete internal drainage system.

NORMAL BANKS - LaiLett
R Right

{a) SIGNIFICANT OUT-OF - BANKS FLOW

FITTED CHANNEL SHAPE

ataces o)\ /
3 4

af

(b) CONSTRICTED SECTIONS

Figure 6.28. Fitting tra

ezoldal (
duamed trom et 1Y P! cross section to natural channels. (Repro-

Gutter Sections. These sections are of

useé in urban a -
nificant flow In the gutters is to be modeled. ress where sig

Rectangular Section. This gection shape
man-made stream segments where the flow s expected to stay in banks for

the event being considered. It is
. i . preferable to use either a trian
trapezoidal section to model most prototype conditions. gular or a

is of most use in simulating

Trapezoidal Sections, This secti
. on shape 18 of Interest in modeling t
stream channels occurring in the downstream part of river basins. It ig v'::'y

fmportant in this instance to choose the correct side slopes to adequately

handle the full rang i
pund ge of Now stages. Figure 6.28 illustrates the cholces avail-

Instead, a "typical® segment s specified and allowed to handle as much flow
as required. To some extent, this duplicates the behavior of the prototype
where runoff that is not accepted by catch basins usually flows over the
surface until it either entera the storm drain system or is discharged to a
natural watercourse.

Reservoir and Pipe Elements

The other simulating elemenis considered are the reservolrr and pipe elements
for which simple schematics are shown in Fig. 6.28a and b. Both

elements allow modeling of on-line storage. The storage is considered ex-
plicitly in the reservoir elements. In pipe elements, each element (which can
consist of a number of individual barrels) has an upper limit on its discharge

UPSTREAM
INFLOW

l Manhole
UPSTREAM
/ \\ INFLOW

—————

STORAGE AND

CONTROLLED

OUTLETS

———
-
CATCHMENT ELEMENTS
PIPE

DISCHARGE

{a) PIPE SEGMENT WITH PIPE AND CATCHMENTS (b) RESERVOIR SEGMENT

Figure 6.29. Typical reservoir and pipe segments. (Reproduced from Ref.
)
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(b} HIGHWAY CULVERTS

Figure 8.30. Uses of reservoir elements. (Reproduced from Ref. 31.)

capacity. The model thus allocates a "manhole" storage volume upstream of
the element to regulate flow into the pipe element. All flows in excess of the
pipe's capacity are stored and released to the pipe as capacity becomes avail-
able. The pipe element will be discussed in detail later.

Reservoir elements are used to model a number of commonly occurring
situations in the basin-see Fig. 6.30. These normally include:

Retention or detention reservoir

Highway culverts, with the embankment acting to form a storage volume
under flood conditions

The operation of each of these systems can normally be simulated
through the use of relatively simple rules.

Spiliway Spitiway

AP el et it ot

Upper Drop Inlet_

Upper Culverts

" Lower Culvarts Lowsr Drsop ll_!l.'

{e) CULVERY CONTROL

Elevation

Discharge

{c}) DISCHARGE/ELEVATION CURVE

Figure 6.31. Reservoir outlet controls. (Reproduced from Ref. 31.)

The outlet control conditions which can currently be simulated are shown
in Fig. 6.31. Basically, the controls can consist of up to two outlets, each of
which is either a simple pipe or a drop-inlet (glory hole) type. Combined
with these is an emergency spillway. The operation of these outlets is solely
a function of the water surface elevation in the reservoir at any given time.
In order to provide the ability to simulate more complex conditions, the user
can specify a discharge va. elevation relation which the model is to follow.
The above set of controls has been found adequate to simulate the operation
of all the major on-stream reservoirs found in urban drainage systems. Rout-
ing through such reservoira is based on a normal input/output/storage rela-
tionship, i.e., the discharge at a given time is solely a function of the avail-
able "head” in the reservoir snd the characteristics of the outlet controls.

A pipe element could be useful for the detailed modeling of small urban-
ized areas—see Fig. 6.32. In these situations, the user may need to know the
flow and grade line elevation at each manhole within the system—the pipe
element provides this ability. The pipe element can conaist of a number of
parallel barrels of pipe section, each with a similar eross section.

The schematic shown in Fig. 6.32b shows that a pipe element can have
lateral inflow from adjacent catchment elements. This lateral flow is not
uniformly distributed along the pipe's length, as would be the case with a
stream segment, but the total flow ia input to the manhole which is assumed to
be at the upstream end of each pipe. The manhole itself has a number of
parameters (such as area and elevation) associated with it so that the model
can adequately simulate the processes such as surcharging and spill to adjacent
areas.,
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Other Capablilities

MITCAT has other algorithms which are useful in various situations. These
include situations such as: .

Off-stream storage
Splitting fMlow

Backwater gituations

7
[+ 1 Butter

CATCHMENT ELEMENYS

(s) MODEL OF TWO TYPICAL SCHEMATICS

Figure 6.32. Uae of pipe elements. (Reproduced from Ref. 31.)

Many small streams entering a major stream
Stage discharge checka

These and other unusual gsituations are covered in the user's manual [31}.
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HYDROLOGIC MODELING FOR FLOOD HAZARDS & MITCAT

Some Other Useful Guidelines

by
>William C. Taggart {
—_am . 'aggart

Natural Overland flow leng'ths do not often exceed 1000 feet and almost never
exceed 2000 feet. The fundamental reason is that the sheet flow is often

collected into small confined flows where the Manning's n must cHange.

Urban Overland flow lengths do not often exceed 300 feet for mixed (house
and lot - 75 to 200 is normal) catchments or parking lots, or 50 feet for
streets (25-40 is normal). For streets, measure from crown diagonally along
fall line to gutter, For lots, measure from high points, typically in the middle

of back yard depending on grading.

Measure overland flow lengths from divides, or in the case of urban areas,

other relative high points.

Watch relationship of ratio of effective lengths to true lengths. Should not

exceed 3:1 or be less than 1/3:1 for catchments, and 4:1 or 1/4:1 for streams.
Us‘e check runs and check areas are correct.
Check, Check, Check Volumes. This will reveal 90% of the modeling errors.

When in doubt about modeling strategy, prepare a more detailed test model
and compare its result against the base model (applicable portion thereof) for
appropriate frequencies. Generally, only a few segments are required to a
given point of interest and thus simple models can be used. However, if the
test model gives significantly different results, the more detailed approach

should probably be used.




HYDROLOGIC MODELING FOR FLOOD HAZARDS

o MITCAT

AMPDEN AVENUE
I TENTION :
CIlLITY

5.8 A.F) o] 1000
Scale feet
NO NAME CREEK TRIBUTARY BASIN
D 040 C030 C020 CoI0
[ss99] ’Bo}* —{s040}—5030 (5010 |
ENouM b~ coal CO31 cozi conl
DEVELOPED CONDITION LEGEND

CO30 ——LOT CATCHMENT

MITCAT MODEL FLOWCHART S an 1 EmmENT

co3l
D

STREET CATCHMENT

[So31]——oummy STREAM

ELEMENT




HYDROLOGIC MODELING FOR FLOOD HAZARDS o MITCAT
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HYDROLOGIC MODELING FOR FLOOD HAZARDS o MITCAT

!

| STREAM NUYB 010 NAYE MAINS0I0 A-LEMG 460 LENG 2631.73 SLOP 042 GUTT 1 30

N .05 FINISH
 STREAM NI 020 NYE MINS020 A-LENG 1910 LENG 7869.84 SLIP 032 GUTT 1 30
N 025 FINISH |
STREA NI 030 NVE MAINSO30 A-LENG 1310 LENG 9379.92 SLOP 024 TRWP 1 14
WES N .03 FINISH ‘
STREAM MIB 040 NVE MAINSOL0 A-LENG 1920 LENG 10759.32 SLOP .016 TRIA I 15
N .03 FINISH

B 047 NA'E REGINO47 ALPHA 00742 M ,532 TP1 3688.0 ISPILL 3496.1

578  FINISH

B 999 NAE ENDLN999 DUMTYY FINISH

B 010 NAYE LOTS010 A-LENG 170 LENG 240 SLOP .04 N .J INFIL SCS
CURVE 74 I1IP 74.3 FINISH

CATCH NI'B 011 NAYE STRETO11 A-LENG 23 LENG 43.03 SLOP .03 N .13 INFIL SC8
CURVE 78 111P 0 _ FINISH

CATCH OZOMLUTSOZOA-LEEISN/BEJOOW.MN.;IPFILSCS
CQRE 741 5 FINISH

CATCH MMB 021 NAYE STRET02! A-LENG 25 LENG 74.72 SLOP .03 N .15 INFIL &S
QRE 74 1P 20 FINISH

CATCH NUMB (30 NAME LOTS030 A-LENG 150 LENG 300 SLOP .04 N .3 INFIL SCS
QRVE 74 11P &5 FINISH

CATCH NUMB 031 NAME STRETO3! A-LENG 25 LENG 75.23 SLOP .03 N .15 INFIL SC8
QARVE 78 1P 90 FINISH

CATCH NUMB 040 NAYE LOTS040 A-LENG 150 LENG 300 SLOP .04 N..J INFIL &CS
CURVE 78 111P 35 FINISH

CATCH N8 041 NAME STRETO41 A-LENG 23 LENG 74.90 SLOP .03 N .13 INFIL &S
CURVE 74 I11P 90 FINISH '

999 S 999 NODE O47 R 047 NCDE 040 C 040 5 040 C 041
030 C 0305030 CO31  NODE 020 C 020 § 020 C 021

CONECTIVITY NODE 999 LINK 047

NODE 047 LINK 040 NCIE 040 LINK 030 NODE 030 LINK 020

NODE 020 LIKK 010 FINISH

HYDROGRAPH PRINT RESERV OUTFLON 047 RESERV UPSTREAM 047 FINISH

HYDROGRAPH HOUR FINISH

INFLOW TYPE 5 BLOCX DELT 5 INTENSITY 0. 0.35 0.6 1.44 2.32 4.2 2.16 0.9
0.72 0.4 D.b 0.48 0.48 0.48 0.48 0,356 0.36 0.36 0.3b 0.36 0.24 0.24 0.24 0.24
0.24 0. FINISH

INFLON 10 BLOCX DELT 3 INTENSITY 0. 0.34 0.72 1.48 3. 4.92 2.4 1.08 0.54
0.72 0.72 0.72 0.4 0.4 0.6 0.4 0.48 0.48 0.35 0.36 0.3 0.36 0.36 0.36 0.24 0.

INFLOW 100 BLOCX DELT 5 INTENSITY 0. 0.3 0.96 1.44 2.32 4.44 8.04 4.44
2,52 1.92 1,36 1.32 1,32 1.32 0.5 0.6 0.48 0.48 0.3 0.36 0.35 0.35 0,35 0.38
0.36 0. FINISH

CONTROL DTFIX 3. TMAX 180. FINISH

GiANeE INFLOW 100 FINISH

DISPLAY FINISH

sss CONNED sss AUTOD SET OF TERMINATING ELEMENT..
RUN WILL NOW TERMINATE AT STREAM ; NO. 999 IN NODE 999 ...

sss CDNNED) sss QUTPUT FROY FINAL ELEMENT — (( STREAM 999 }) — RESET TO DISPLAY QUTAUT....
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SAdVvZvH Q0014 HO4 ONIM3AON JID010HAAH

NE NIDE NO SCHEMATIC TOTAL AREA IPERVIOIS  PERVIOUS AREA
(ACRES) AREA (ACRES) (ACRES)
ENDLMIT9 999 599 .00 .00 .00
MAINS010 10 C10—8§10 —C 1 17.10 13.10 19
MATNS020 2 £20—5§20—C21 £.70 A.12 %.58
MATNS030 ) CH—§30—C¢3l £0.80 .19 .
HATNG040 %0 C40 — 8 40 — C 41 92.80 2.9 50,02
REGINOAT 9 RA7 .00 .00 .00
mmrm nm vmm
TOTALS FOR THIS RIN : AREAS IN ACRES ¢ 250,20 124.01 134.19
[ J
AREAS TN SO. MILES : 4034 .1938 .2097 =
:|.
O
>
_..l
PY PY ® @ PY
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I4YDROLOGIC MODELING FOR FL®@B HAZARDS

STREAM BECETRY DATA ¢

MRMER MAE
99 DO
10 MAINSO10
0 MAINSO20
N rAINSOI0
40 MAINSO40

NIDTH/DIAM  SIDE SLOPE

STRE DATA - KINDWATIC ¢

NMER MVE  OTF.LENGTH MANDE

99 BOWR9
10 MAINSO10
2 MAINS020
B MAINSIZ0
40 MINSO0

STREAN DATA - EROSION PARAMETERS @

COORDIMATES ACT.LENGTH . S0Pt GRADIENT  X-SECTION
X Y 1 ) (FT. 0 SHPE F U
- - - — Y — TRIANGILAR 2.0
- - ‘- 680.00 04200 23,81 GUTTER - 0.0
- - - {910.00 03200 31.25 GNTER .0
- - - 1310,00 « 02400 41.67 TRAPEZDID . 63.00 14,0
- - - 1920.00  .01500 82,50  TRIANGLAR - 15.0
AP | ROUTING SCHEXE CRITICAL CODITIDNS
(F1) N (ACTUAL) (EFFELCT.) VEL(FT/S) DISCH(CFS) - STAGE(FT)
- 015 «303 «303 1.33 —— DY ——— - - -
2631.7% 025 3.050 11,803 1.333  F.DIFF KINEMATIC - - -
7859.840 N7~} 2662 10.988°  1.333  F.DIFF KINDWATIC - - -
9379.920 035 «780 3.564 1.450  F.DIFF KINEATIC - - -
10759.320 .03 1-375 7-707 . 1.m F.DIFF KXMTIC - - -

MMBER NAE PLASTIC  GRAIN SIZE

99 BPOWNY
10 PAINSOL0
20 MAINSO20
B MAINSOI0
L)

MAINSO40

INDEX

12,0
12.0
12.0
12.0
12.0

m

VEEETATED . LIMITING TRACTIVE FORCES (LB/SQ.FT) INDICATIR
%) WET NO-VES  1002-EB ACTUAL CHEIXED

.0 - - - - VELOCITY

90 - - - - VELOCITY

N - - - - VELOCITY

"0 - - - - VELOCITY

0 - - - - VELOCITY




HYDROLOGIC MODELING FOR FLOOD HAZARDS e MITCAT

CATCHMENT GEDMETRY DATA © .

NMIDER  WAE COORDIMATES ACT.LENGTH GOPE  GRADIENT % DFERVIDUS  ISEHERED
X Y z {FD (1 FT. IN)
10 LOTS010 - - - 170,00  .04000 %00 . M3 -
20 LOTS020 - - - 150,00 04000 25.00 35.00 - @
X  LOTS030 - - - 150,00 .04000 25.00 .00 -
4 LOTS040 - - - 150,00 04000 25.00 .00 -
11 STRETOlL - - - 2.0 03000 1.3 90.00 -
21 STRETO2S - - - 25,00  .03000 R.3 90.00 -
3t STRETO3L - - - 25.00  .03000 ke fe] 90.00 -
Al  STRETOA - - - 25.00 03000 B3 96.00 - ®
CATCHENT DATA - KINDWTIC ¢
k-
NMIER MNVE  EF.LDETH MANDS ALPHA M ROUTING SOEBE EVAPORATION PARAYETERS °
(FT.) N (ACTUAL) (EFFECT.) ROUSPNESS STOMATAL RESIS.

LoTS010 240,000 «300 9 .42 1.667  F.DIFF KINEMATIC
300,000 «300 .93 .99 1.667  F.DIFF KINDATIC

LOTS030 300, 000 «300 995 1987  1.667  F.DIFF XINEMATIC

LOTS040 300,000 «300 4993 1.987 1.667  F.DIFF KINBTIC
i1 STRETON £.030 A0 728 2,961 1.867  F.DIFF KDEMATIC
4  STRETo2t 1,720 430 .72 3142 1.667  F.DIFF XDNBATIC
31 STRETO31 .20 J0 .71 .47 1,867  F.OIFF KDNEMATIC
41 STRETOM 74,900 10 1.7 k-] 1.687  F.DIFF KDEMATIC

EB8Ss

@
CATOENT DATA ~ TINFLOWS &
NREER NVE LATERAL INFLDN INFLGW SCALINS  INITIAL LA INILTRATICH PARAYETERS
GAEE STCRM  FILE e TE INTEM. {KIN) TYPE H 2 3 DETN ®
10 LoTSe10 0 100 - - - - - oo} 74,00 3.5t - J0 AL 2
20 LOTS020 0| 10 - - - - - s 74,00 351 - JO AT 2
30 Weee 0| 1 - - - - - =3 78,00 331 - 70 AT 2
LOTS040 0| 00 - - - - - s 74.00  3.51 - J0 AL 2
11 STRETOL 0| o0 - - - - - s 73,00 3.31 - 70 A2
21 STRET(21 0| 100 - - - - - s 74.00  3.51 - 70 AL 2
31 STRETE3L 0| 100 - - - - - LS 74,00 3.51 - J0 AL 2
41  STRETOML 0| 100 - - - - - S 7400 351 - J0 A2




HYDROLOGIC MODELING FOR FLOOD HAZARDS ~ « MITCAT
\.
RESERVOIR GECPETRY DATA ¢
MIFER MAE STORAGE/ELEVATION SPILLWAY LOWER QUTLETS UPPER QUTLETS
T ALPHA N REF.ELEW BEW LEwWH O ELEW DIMENSIONS N0 ELEWN DIESICS N0

{F7) FM

47  REBING4T .008

w20 55B8.00 S894.10

{FT {FD {F7)

13.80 3.00 5&88.00 27" 1

{FT) {FT)

RESERVOIR OPERATION @
NIBER NAE ROUTING QUTLET  DISCHARGES INITIAL CONSTANT DISCHARGES LOWER OUTLET UPPER OUTLET
TYPE ADDITIVE ? W& LR UPPRR  LBUELEWSs SLPE/DIAMs LEN/ELEVNS SLPE/DIAfs
M &8y (CFS) {FD ~{{IN) (FT) =/ (1N}
47  REGINOAT STANDARD INLET CONTRL  YES 3588.00 - - - - -
RESERVOIR - INFLDWS ¢
MMER MIE UPSTREAM INFLOW INFLDM SCALING OURETS DISCIARGE CUEFFS
SEQENT ELEMENT NMBER FILE ThE ThE INTEN. KE FANING N LO¥ER  UPPRR
LY REGINOA7 - i - - - - - - B 00




HYDROLOGIC MODELING FOR FLOOD HAZARDS e MITCAT

]
) RESERV DI R 4A7--REGINMT - - PSTREM LW~ # )
] ]
. " sessanss @
TDE HOR)  INLON (CUSECS)
.000 .000000
08 000000
167 1.970431 ' @
20 17.312546 :
33 521245
M7 132, 32957
500 280, 083199
5 611, 453894
567 857.131248 _
T 755491673 , o
83 8.872551
17 32,1727
1.000 345, 30845
1,083 296.7563%
1.167 Z6.480171
1.2 200917103
1.38 189,210209
1.417 150, 570257
1.500 1273, 916122
1.553 105, 914030
1-750 @.774640 :
1.83 79.078853 ®
1.917 75.868296 :
2,000 75.967502
2,03 75.897806
2,187 45, 945757
2.2% 45820061
2,33 3733066
2417 2.996391 PY
2,500 13. 123954
251 7.92126
2,847 5, 20051
2.7% 3.701913
281 2.803871
.7 2,214485 ,
3.000 1.798662 ®

¢ ¢ * * 89 988 9838




HYDROLOGIC MODELING FOR FLOOD HAZARDS o MITCAT
$
) RESERV.: 47--REEIN4T - - QUTAUT s
$ $
TIE (HXAR) DISO#REE (CUSELS)

«000 .00
083 00
167 2
20 3.42
Rt o 10.32
M7 .58
300 N0
«553 &.02
1667 " 198
750 170.74
£33 2.8
97 2.3
1.000 285.5
1.083 .59
1.167 285.38
1.250 7.4
1.33 261.52
1.417 241.94
1.500 2.3
1.583 2.1
1.867 183.52
1.75%0 167. 40
1.833 153.31
1.917 141.74
2.000 132.02
2.083 123.94
167 113.88
r&~] 106.48
.33 97.32
47 88.90
2.500 81.13
3 .97
2.687 n.ea
2.750 70.41
283 §9.42
2.917 48.40
3.000 47.34
L2 $ L 12422 ]




HYDROLOGIC MODELING FOR FLOOD HAZARDS - « MITCAT

~

$ * 4 383 384 L $ 3 3388838838 .
.8 ' ]

1 ) ]

s 80 OF RN FR 07/08/85 AT 15.12.27 .

] T T s

L L

s SYSTEM TERMINATED AT STRES NOMEER 999 IN NOIE 999 ’ o
L L

s { REQUESTED TERMINATICN HAS AT STRERM NOEER 999 ) s

R ] L

L . [}

s TOTAL RUN VOLLMES ¢ .

s s .

* s @
s INIT, SUSF. VOLUIE @ «0000 AC.FT. s

s UPSTRER DALY ¢ +0000 AC.FT, .

s LATERAL INFLDM : 64,0501 AC.FT. *

s TOTAL DNPLOW H 66,0501 AC.FT. *

L ]

s ROUTED QUTFLON : 2,852 ACFT. s

s VILIYE INFILTRATED @ .83 AC.FT. .

s VOLLME SPILL DUMPED: «0000 AC.FT. 1

s TOTAL QUTFLON H 5. 2287 AC.FT. .

s m. mo M : 9.% : m-nn .

s VILIME EVAPORATED ¢ +0000 AC.FT, s

L ]

s TOT. ACCOUNTED FIR ¢ . 85,7903 ALC.FT. *

* s o
| J L]

¢+ RAN LOSEES @ s

N ————— '

s : )

s M Lm see H ‘ : .597 m-no L

. 39X PER CBNT. J

] ] .
 }

[ ]

]

] - RN TERMINATED ON 07/08/85 AT 15.17.34 - ]

s

' ®




HYDROLOGIC MODELING FOR FLOOD HAZARDS e MITCAT
FINAL SU¥RY OF VOLLYES:
INFLOW VALLDES DFILTRATION - QUTFLOW VOLLRES
THE
NIEER NAE msﬁummmmmmﬁmmmnwumw
(MINS) (AC.FT) (AC.FT)  (AC.FT)  {AC.FTY (INFLOW) (AC.FT) (DFLOW) {FC.FT)  (AC.FT)
CATCHRENTS
10 LOTS010  5.00 00 000000 .001410 000250 17.72  .0011S! B1.67  .000008
20 LOTS020  5.00 00" .000000 .001782 000790 44,82  .000949 S54.98  .000002
30 LOTS030  %.00 <00 .000000 .001762 .000790 44,82 000949 S54.98  .000002
40 LOTSO40 5,00 00 .000000 001762 .000790 44.82  .000969 SA.98  .000002
11 STRETOI!  5.00 00 000000 000253 .000017 4,90 000235 9313 .000000
21 STRET021  8.00 00  ,000000 000437 000030 6,90 .000409 93.13  .000000
31 STRETO3!  5.00 <00 .000000 .000482 .000030  4.90 000411 93.13  .000000
41 STRETO41 5,00 <00 .000000 .000440 000030  5.90  .000410 93.13  .000000
TOTALS @ <00 .000000 002269 .002728 32.9 005522 44.79 000014
STREAMS
99 DU .00 00 32,45 .00 00 00 32,65 100.00 00 00
. 10 MAINSO10 5,00 00 00 3.85 00 00 3.8 99.98 00 .00
20 MAINSO20  5.00 00 3.85 10.54 «00 00 14,48 99.97 00 «00
30 MAINSOZ0 5,00 0 14.48 12.94 00 00 .42 9.9 01 00
40 KAINGO40 5,00 D0 .42 14.83 00 00 2.3 N7 01 00
TUTALS 00 78.20 2.2 00 00 1203  99.98 03
RESERVOIRS
47 RESINOA7  5.00 D0 2.3 00 00 00 3285 77,32 9.3 0 .
TOTALS ¢ 00 2.3 .00 00 00 .85 77.32 9.35
CATCHYENTS:
e ]
NIEER NAE MAXIMN VALLES
OUTFLN  STASE TIE 10 PEAX
{CF5) {F7) (NINS)
10 LOTSO10 02619 -.0918 .00
11 STRETO11 00703 0264 .00
20 LOTS020 02006 +0835 40.00
21 STRET021 01284 0270 .00
30 LOTS030 02006 0833 40.00
31 STRETO31 1255 0270 .00
40 LOTS040 020086 0835 40.00
41 STRETO041 01249 0270 .00




HYDROLOGIC MODELING FOR FLOOD HAZARDS o MITCAT
STREA'S!
]
NMEER NYE MAKIMI VALLES hE FLAG/OEDX VALLES
—— m——— ’ a m
' STheE VB, TR.FAORCE FPENX OUTRLN  T.E. DEFTH T.E. Vv&CITY T.E, TR.FORCE T.E. ¢
{FT)  (FPS) (LB/SAFT1 (XI)  (CFS) (ﬂIPE)‘ {FT.) (Ms)  (FPSH {1153 (LB/SQ.FT) (MINS)
99 DO 2,62 NA. MA. &5.00 XA, - N.A - N.A - NA. -
10 MAINSO10 ) 59 NA  NA 40.00 N.A. - N.A. - NA - NA - o
20 MAINS020 .01 1-8 NA, N.A. 40.00 N.Ae - N.A. - N.A b N.A. -
30 MAINSOT0 217 117 NA. NA 40.00 KA, - NA - N.A - NA  —
40 MAINS040 2.88 NA. NA 40.00 N.A. - NA. - N.A. - NA, -
KEY:
_— @
T.E, = TIME IN EXCESS
N.A. = NOT ICARE =
(0 = ¥ET LT
{0} = LT
RESERVOLIRS:
L ]
NIMEER MNRE MAXIMM VALLES THE 10 FLAG/CELX YALLES
ﬂﬂ'rl.m STAGE VOLXE SPILL/HEAD PERX QUTFLON T.E. HeAd T.E. ®
@9 M G ¢D MBS (OFS) (M) (FD) (NS}
47 mm’ 257.59 5698.93 19-37 2-$ 65-00 N-An . - “-Aa -
fEY: ) ®
T.E. = TIIE [N
N.A. = NOT APPLICABLE
«IN o
®
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WORKSHOP ON HYDROLOGIC MODELING FOR FLOOD HAZARDS
AND MANAGEMENT - EXAMPLE MITCAT APPLICATION

1.0 INTRODUCTION

This sample problem illustrates the application of the MITCAT model to a
typical problem - determination of the increase in runoff due to
deve]opment of open areas within an urban watershed. Plate 1 is a
reproduction of a topographic map (USGS 1:2400 quadrangle) which shows the
watershed under consideration. Your firm has been hired to determine if
improvement to the existing culverts under East Hampden Road and Loop Road
(Locations 1 and 2 shown on overlay #1) will be necessary to handle the
increased runoff from a one hundred-year storm due to development of the
parcel shown on overlay #1.

Application of MITCAT to such a problem would require:

Rainfall data to define a design storm.

- Soils data to define infiltration characteristics.

- Information from field inspection or as-built plans describing
stream channel characteristics (typical cross-section and
roughness) and pipe networks. '

- Information describing land use characteristics sufficient to
determine the percentage of impervious area within the watershed or
sub-basin areas.

- Topographic mapping of the study area.

This information is supplied in Tables 1-4; these tables are keyed to the
sub-basins and stream network shown on overlay #2. Development of key
model parameters is digcussed in the following sections. The participants
are encouraged to develop a MITCAT model for the middle section (sub basins
F-1) and to use the available computer facilities to run the model.




TABLE 1
SUB-BASIN CHARACTERISTICS

Sub-Basin SCS Areg

1.D. Curve No. (ft°)
A 80 6.8 x 10°
B 65 2.5 x 10°
c 65 1.7 x 106
D 65 3.0 x 10°
E 65 2.6 x 10°
F 65 4.1 x 10°
G 65 4.3 x 10°
H 80 2.0 x 10°
I 80, 65 5.3 x 10°
J 80 2.7 x 10°
K 80 2.8 x 10°
L 80 1.8 x 10°

* 80 for developed portion, 65 for undeveloped




. TABLE 2

TYPICAL MANNINGS “n" FOR OVERLAND FLOW

® _ Surface n
Dense growth 0.4 - 0.5
® Pasture 0.3 -0.4
Lawns 0.2 - 0.3
Concrete/Asphalt 0.05 - 0.15
®




TABLE 3
STREAM CHANNEL CHARACTERISTICS

Sub-Basin .

Channel Description

Reach between
design points
1 and 2 (see
overlay #1)

Bottom width increases in downwstream direction from
1 foot to 4 feet; banks are 2-3 feet high, side '
slopes approximately 10:1; vegetation growing out of -
banks and channel.

Bottom width varies from 2 to 4 feet; banks are
approximately 3 feet high with side slopes from 5:1
to 15:1; some vegetation overhangs banks.

Storm drain network has 24-inch diameter concrete
pipe as trunk line with 15-inch diameter laterals.
Maximum length of tributary and branch line is 1200
feet. Slope decreases in downstream d1rect1on
varies from .050 to .035.

Storm system has 36-inch trunk line; maximum length
of tributary and any branch line is 1,000 feet, slope
varies from .025 to .040. Pipe system outfalls into
stream channel with bottom width ranging from 2 to 4
feet. Banks are relatively steep with side slopes
approximately 3:1. Sandy, "clean" channel.

Bottom width 5-6 feet, side slopes approximately 3:1;
banks 3-4 feet high. Channel bottom sandy and free
of vegetation. o




TABLE 4
Time Rainfall Intensity
(Min.) (In./Hr)
0 0.0
5 0.36
10 0.96
15 - 1.44
20 2.52
25 4.44
30 8.04
35 4.44
40 2.92
45 1.92
50 1.56
55 1.32
60 1.32
65 1.32
70 0.60
75 0.60
80 0.48
85 0.48
90 0.36
95 0.36
100 0.36
105 0.36
110 0.36
115 0.36
- 120 0.36
125 0.0
5
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2.0 SUB-BASIN DEFINITION

The first step in development of model parameters is to sub-divide the

study area into sub-basins. It is recommended that 3-5 sub-basins be

established upstream from any "design point" (i.e. a location where
hydrograph information is desired) to reflect variations in watershed
characteristics. Other factors which should be considered when determining
sub-basin boundaries inq]ude;

Study Objectives

MITCAT can define discharge hydrographs and related information only at
the end points of sub-watersheds. 1t is therefore necessary to obtain
reasonable coincidence of sub-basin end points and locations where
hydrographs are desired; for example, at stream gauges, major highway
culverts or proposed locations of future structural improvements.

Definition of the Drainage Network

MITCAT is a physically-based model and the relationship of the
simulating elements should closely parallel the actual conditions.
Design points should therefore include the junctions of major
tributaries, locations of stream diversions or streamflow augmentation,
etc. ~

Major Surface Water Features

Reservoirs, detention ponds, and undersized culverts or significant
channel constrictions which provide flood storage should be
represented. These features may greatly alter the timing and magnitude
of watershed response to storm events.

Change in Hydrologic/Hydraulic Character

Sub-basins should be selected and defined to represent fairly
homogeneous hydraulic or hydrologic characteristics. For example,
individual sub-basins should be established to represent:

1. Major changes in the slope, roughness coefficients or cross-section
- of the principal stream or drainage channel.

2. Significant changes in land use patterns.

3. Marked variation in overland runoff or soil infiltration
characteristics.

Overlay #2 illustrates the sub-basin definition for this example.




3.0 CATCHMENT (OVERLAND FLOW) PARAMETERS

The required model input. for catchment parameters is as follows:

NUMB ID number for defining drainage network.

NAME User designated name for reference purposes.

A-LENG 'typical maximum distance of overland flow
travel.

LENGTH Effective catchment overland flow distance
used in calculating area.

SLOPE - Typical topographic slope of catchment area.

N Roughness co-efficient for overland flow.

INFILTRATION Parameters for one of the following methods -

DATA SCS, Holtan, Horton, and API.
% IMPERVIOUS Portion of catchment area that may be

considered as impervious.
Overlay #3 illustrates typical overland flow lengths for sub-basins C-E.

One technique for evaluating the SLOPE and A-LEN parameters is illustrated
using overlay #3. In this method, the user first delineates (from the best
information available), the streams, swales, gullies, etc. that function as
channels during a storm event. The next step is to draw lines representing
maximum overland flow lengths from local high points to these channels.
These lines should be characteristic of significant portions of the
segment. The A-LENG parameter may be computed as a weighted average of the
length of these lines. As few or as many such lines may be drawn as the

~user deems necessary; as experience increases the user is generally

satisfied with one or two such lines. The slope parameter is computed from

available topographic data.




4.0 STREAM (CONVEYANCE SECTION) PARAMETERS

The required model input for simulating streamflow is:

NUMB
NAME

A-LENG

LENGTH

SLOPE

CROSS
SECTIONAL

* SPILL
DATA

* DISTRIBUTE

ID number for definition of drainage network.
Arbitrary ID name specified by user.

Length of main channel within the segment
boundary. '

Effective channel length used to compute
sub-basin areas.

Average SLOPE of channel bottom over the reach
described by "A-LENG" above.

Parameters to define cross-sectional shape
of main channel, including Manning 'n' DATA
roughness coefficient. ’

Parameters required to define stream
diversions.

Used to reflect the impact of non-uniform
spacing of tributary inflow to a stream,
primarily used in handling urban areas.

~For stream elements the "A-LENG" and "SLOPE" parameters may be determined

from available topographic maps. It is necessary only to define the main

drainage channel, measure stream length and calculate the channel slope.

Cross-sectional data and roughness co-efficients may be determined from

available information such as USGS field surveys'or field inspections by

the project team.

Definition of stream elements for urban areas is somewhat less precise. At

* the level of detail in this example, the urban stream element is being

chosen to represent the aggregate affects of a number of individual storm

*
OPTIONAL PARAMETERS




sewer systems rathér than a unique pipe 1ength or portion of a unique
system. The "A-LEN" parameter is thus an approximate measure of the
maximum length of trave]lwithin a typical storm drain system and the
“SLOPE" is an average value reflecting the slope of individual pipes within
the network. In Figure 2 for example, the longest path within the network
is from "A" to "P", a distance of 500 ft. at the indicated scale. Over a
given reach the drainage pipes siope from .008 ft/ft to .025 ft/ft. A
reasonable slope estimate would be .010 given the lesser variation in slope
as pipe sizes increase. In choosing a typical‘cross-section the user
should emphasize the larger portions of the network; a 36" diameter
circular section would provide an adequate representation of the system in
Figure 2 for example. |
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5.0 AREA CALCULATIONS

In MITCAT, sub-basins are represented as rectangular areas whose width is
equal to the overland flow length (specified as the A-LENG parameter).
Sub-basin area would then be equal to the product of the rectangle width
(A-LEN) and length. In an "ideal" situation, the length of the rectangle
would be equal to the length of the stream which drains the catchment and
the area would be equal to the product of the stream A-LENG parameter and
the sum of the A-LENG's for all caichment draining to the stream.

In practice, the model representation does not explicitly represent each
minor tributary or drainage swale within a sub-basin. Consequently, the
calculation of catchment areas based solely on A-LENG parameters would
invariably be in error. An "effective length" for each catchment and
stream is required (i.e., "LENGTH" parameter). MITCAT uses the distance
specified in A-LENG to perform channel or overland flow routing and
maintains mass balance by scaling catchment or stream input by the ratio of
actual to effective length. Experience has shown that simulation accuracy
in computing catchment runoff is particularly sensitive to this ratio;
streamflow routing is somewhat less sensitive, especially in urban areas
where stream or pipe elements represent manmade channels or pipe networks.
For catchment, the ratio of actual to effective length should fall within
the range of 3:1 to 1/3:1. If this cannot be achieved the sub-basin should

be re-segmented. For natural streams, it is recommended that ratios be

maintained between 4:1 and 1/4:1. In urban areas, however, it is
permissible to use ratios up to 100:1 or 1:100. Examples are presented
below.

In sub-basin D, overland flow is represented by a single catchment of
A-LENG 650 as shown in Figure 1. The area was planimetered as 3,057,000
ft2 and the stream A-LENG is 2000 feet. A 1:1 ratio is most desirable so

~ the catchment LENGTH is set equal to 650 feet and the resultant stream

LENGTH is calculated as:
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STREAM LENGTH = 3,057,000 Ft2/650 FT = 4703.1 Ft.

The ratio of A-LENG to LENGTH is then checked for the stream and ié
satisfactory at 0.42.

A more complicated situation was encountered in sub-basin E. Overland
runoff in the upper.part of that area is estimated to travel 1,500 feet
before reaching a stream while the remainder travels only 350 feet. Two
catchments (see Figure 1) are used to represent this situation. The total
sub-basin area is 2,630,000 th; approximately 1,578,000 th is represented
by the "short" catchment (i.e. 60% of area E as estimated "by eye") and
1,052,000 ft& (i.e. 40% of area E) by the "long" catchment. If
A-LENG/LENGTH for each catchment is set to 1.0, the area attributed to the
long catchment would be approximately 81% of the area:

1,500
(81 = —————— X 100)
1,500 +350

rather than 40% as desired. Consequently, the ratio of catchment effective
lengths should be set equal to the ratio of catchment areas before
calculating stream length. In this case, an effective length of 900 for
the short catchment and 600 for the long catchment maintains the correct
areas (60% and 40% of total area, respectively) and satisfies the 3:1 to
1/3:1 range for each catchment. Stream LENGTH is then calculated as:

STREAM LENGTH = 2,630,000/(900 + 600) = 1753.3

Since A-LENG for the stream is 2100, this representation should give
accurate results.

13




6.0 DRAINAGE NETWORK & MODEL INPUT SPECIFICATIONS

6.1 Input Conventions

A significant problem in a complex simulation model is the specification of
the data required to define the various model parameters. These parameters
are relatively numerous and may refer either to individual routing elements
or to the basin as a whole. The approach adopted in MITCAT has been to
provide a user-oriented free-format command structure where each data value
being entered is identified by an alphameric 'tag' and thus assigned to its
desired location. In addition, default values are assigned for all
non-essential data so that relatively little input data is required to run
a simple model, while the ability to operate under more complex situations
is readily available.

The input data is assumed to consist of two levels of commands referred to
hereafter as primary and secondary commands. The PRIMARY level commands
are used to specify the type of data which follow, i.e., does- the data
refer to a routing element?, the basin connectivity?, etc. Each primary
command sequence begins with a single alphameric word, contains a set of
secondary commands and terminates with a FINISH command. SECONDARY level
commands normally consist of an alphameric command tag followed by the
required numeric data value. On occasion, a secondary command will consist
solely of a single alphameric command.

In order to enhance user interaction with the MITCAT system, the data is
read in a free format fashion. Using such a format, each command tag
and/or data has no fixed location in a data card (or terminal input line)
but is simply separated from the other data by one or more blanks acting as
delimiters of the data string. Such a format also permits a variable

sequence of secondary commands within a primary command block rather than

at fixed locations dictated by programming considerations. A typical
command sequence in a MITCAT data input file might look as follows:

14




. CATCHMENT  NUMBER 1 NAME TEST-1 LENGTH 100.3 FINISH
[ Tag Data1 Tag Data2 Tag Da'ca3
Primary Secondary Secondary ~ - “"Secondary z Terminates
Command Command Command Command Primary
Block Block Block Command
® . Bloch

1 - Secondary data is integer value

2 - Secondary data is alphameric

o
3 - Secondary data is non-integer
The above commands serve to define an overland flow element (CATCHMENT)
with the following parameters:
®
Number : 1
Name :  TEST-1
O. Length : 100.3 (feet)
The input editor allows the above data to be input on a single input record
(card or line) or specified over a number of records. For example the
@ following sequence is functionally equivalent to the example presented
above.
Card 1: CATCHMENT NUMBER 1 LENGTH
@

Card 2: 100.3 NAME TEST-1

Note that in this case the primary command block (CATCHMENT to FINISH) has
been spread over two records. In addition, the secondary command‘b‘lock |
o (LENGTH 100.3) has, itself, been split between records. The only exception
to such splitting is that it is not permissible to split either a single
command tag (e.g. LENGTH) or data value (e.g. 100.3) over two such records.

® It will also be noted in the above example that the relative locations of
‘ the NAME and LENGTH secondary command blocks within the CATCHMENT primary
command block have been reversed. Such changes are permitted in MITCAT.

This ability to sort secondary command data is extremely useful in adding
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data to the record(s) already describing a primary command block. For
example, slope data for the CATCHMENT described above could be added to
card #2 as follows: ‘

Card 1: CATCHMENT NUMBER 1 LENGTH
Card 2: 100.3 NAME TEST-1 SLOPE .05 FINISH

Alternatively, a new card #3 could have been added:

Card 1: CATCHMENT NUMBER 1 LENGTH
Card 2: 100.3 NAME TEST-1 FINISH
Card 3: CATCH NUMB 1 SLOPE .05 LENGTH 200. FINISH

The command editor would have assigned all secondary command blocks
following the identification of the specific element (NUMB command) to the
same CATCHMENT data set as referenced by Cards 1 and 2. Card 3 need not be
the next card immediately following Card 2 in a complex input deck. The
user may use the above capability to add and/or update data specified in a

preceding primary command block. For example, following input of Card 3,
the length of CATCHMENT NUMBER 1 would be 200 feet rather than 100.3 feet.

6.2 Drainage Network

Any conveyance element is referred to as a."NODE" in MITCAT. The stream
network is specified through use of the "STRUCTURE" and “CONNECTIVITY"
primary commands. The STRUCTURE command defines the relationship of
catchments and streams through use of the identification numbers assigned
by the user. For example, the command:

STRUG NODE 300 C 300 S 300 C 301 FINIS
defines sub-basin E as shown in Figure 2. The basin drainage network is

then defined by specifying the relationship of one sub-basin to another
through the CONNECT command. For example, the command:

16




CONNEC NODE 300 LINK 200 100 FINIS

specifies that the sub-basin defined by nodes 200 and 100 drain fnto
sub-basin E of Figure 2.

17




Figure 3

7.0 SUMMARY

presents a comparison of key model capabilities for a variéty of

hydrologic models, including MITCAT; this Figure illustrates the wide range
of capabilities included in the MITCAT model. In choosing which model to
use for a particular problem, one should remember two limitations on the
use of MITCAT:

For most

The kinematic wave formulation doesn't include backwater impacts.

Micro-based models may be more cost-effective for application to
very detailed studies of small watersheds, such as design of
sub-division drainage systems.

applications, however, use of MITCAT offers several advantages:

User-friendly with respect to input and output formats

Will accept variable cross-section geometry and roughness
co-efficients for streamflow routing in addition to "ideal" shapes
(e.g., rectangles, trapezoids, etc.)

Based on physical properties of watershed so it can be applied
with reasonable confidence in areas where streamflow data are
non-existent or out of date

Can simulate most hydrology/hydraulic situations one might
encounter - rural or urban watersheds, streamflow diversions to
other basins or other parts of same watershed, detention ponds or
other storage facilities, etc :

These advantages have been illustrated in developing solutions to drainage

problems

in numerous instances throughout the U.S. and overseas.
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THE SACRAMENTO WATERSHED MODEL
BY

Robert J.C. Burnash
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m to reasonably reflect those processes in the soil

ch are significant to the runoff process, The Sacra-
rshed Model was developed as a headwatar forecasting
ch was based on a conceptualization of those processes

.rol headwater flows. In the United States where the

Watershed Model has been applied, there have been many
f the inherent flexibility of such conceptual models.
bility has made it possible to assess the time trends
y urbanizing basins -~ to modify the rainfall runoff

the basis of calamities such as wildfires - to assess
ial for future streamflow during drought conditions, to

range of forecast services to much smaller river
d to provide ancillary information on runoff and soil
onditions for a variety of purposes. These capabiliti-
een obtained from a streamflow simulation model which
ed an extremely effective tool for the National Weather
locd forecasting program but which, due to its

structure has contributed to many other applications.

important element in the application of conceptual
h as the Sacramento Watershed Model is that the fitted
be representative of those conditions and processes
consistent with moisture storages and transfers within
mantle and the resulting streamflow at headwater
egardless of a conceptual hydrologic model‘'s inherent
, the number of ohysically~related parameters |is
Yy so large that if relatively simple fitting rules are
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tly take place. A black box application of a conceptu-
s one which seriously distorts those physical processes
model is attempting to describe. Such an analysis can

appropriateness of the model and severely restrict its.

applications. For this reason, the proper starting
using a conceptual model 1is with an understanding of
concepts upon which the model is based. Once these
are understood, proper application of the models
tions of the physical processes is made possible and a
e of applications can be reasonably made. The most

1l conceptual rainfall runoff model - and one which

y exprasses the basic ralnfall runoff processes over an
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Runoff = Rainfall - Evapotranspiration

In some areas, a portion of the runoff may leave the basin
by subterranean routes, but for most basins this simple expres-
sion is a very reasonable summary of the rainfall runoff process.
Strangely enough, this simple relationship is frequently neglect-
ed by conceptual modelers who hurry to work with detailed
modelling systems without gaining the sense of balance which a
simple system can provide. Many simulation analyses have been
undertaken without reviewing the appropriateness of the data
set, A review of the basic relationship (Runoff = Rainfall -
Evapotranspiration) c¢an assist the modeler in wverifying the
appropriateness of the available data, A mistaken estimate of
one or more of the key components in this natural triangle can
frustrate all efforts to properly utilize a conceptual model,

The first truth which must be observed before attempting to
apply a conceptual model is that the water balance distribution
between rainfall, runoff, and evapotranspiration must make

sense, If the rainfall, runoff, and evapotranspiration data do

not provide reasonable representations of the actual dimensions
of the processes involved, then there will be distortions of the
natural processes which will permeate subsequent analyses. In
order to allow a more effective evaluation of runoff, an
effective conceptual model most be capable of emulating the
natural water balance in space and time. If the basic water
balance is distorted through a biased evaluation of rainfall,
runoff, or evapotranspiration, then the conceptual model will be
forced into the role of a black box procedure. Such a distortion
restricts the systems ability to properly emulate runoff condi-
tions and can seriously affect analyses which are not encompass-
ed in the original data set.

Unfortunately, our basic hydrologic measurement systems have
serious biases which make it difficult to respect the simple
- water balance maintained by nature., Throughout the world, preci-
pitation suffers from a significant under-measurement bias.
Runoff suffers from substantial measurement problems during
extreme events; high flow determinations are frequently obtained
by rating extrapolations which c¢an test the acumen of any
hydrologist., Low flows are subject to major mis-analysis from
debris on controls or relatively minor changes in the condition
of the stream bed. Evapotranspiration, a major component of the
hydroleogic cycle, is not measured at all. The closest phenomena
to evapotranspiration which is measured 1is evaporation, and
available evaporation measurements leave much to be desired.
Even so, evaporation and evapotranspiration are two remarkably
different processes; processes which do not regularly compare
with one another for there are conditions which can cause one to
increase substantially while the other 1is diminishing. An
effective water balance can not be defined without consideration
of these problems. The simple water balance equation and the
Sacramento Watershed Model, which 1is an expansion of the same
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If the rainfall measurement problem is not considered during
the tuning of a model, a serious problem can result, An
operational hydrologist applying the model to rainfall informati-
on with a different bias than the initial data set will produce
an invalid answer. This problem will occur even if the aggregate
rainfall volumes at the rainfall sites used in development is
® comparable to the total volume of rainfall measured at raingage
sites used 1in operational decision making. Where the rainfall
gages used for operational decisions measure rainfall at a
different scale - than the original development sites, the change
in input scale can dramatically alter the tuned models apparent
ability to predict runoff,.

If consistent runoff analyses are to be produced, then the
scale of precipitation input must be <consistently maintained.
Unfortunately, many historic records of rainfall are remarkably
inconsistent., This may be due to a change in gage 1location, a
change in gage characteristics, modifications at or near the site
which alters the historic wind patterns or variations in the
) observation techniques of the observors. For these reasons and
others, a careful application of the Sacramento Watershed Model,
or for that matter. the basic water balance equation, requires a
continuous comparative analysis of rainfall and runoff records to
insure that a distortion is not being introduced in an attempt to
describe an unusual pattern which may be a result of data
.. inconsistencies rather than a true event.

EVAPOTRANSPIRATION

Detailed studies of evapotranspiration have demonstrated
® significant differences between measured evaporation at pan sites

and the field use of moisture by plants. As a result, any
attempt to utilize pan evaporation as an index to basin evapo=~
transpiration requires a significant transformation of the pan
data. Inasmuch as evapotranspiration may be the dominant use of
the moisture supplied by precipitation, and since it 1is one of
the most difficult processes to evaluate in hydrologic analysis,
o evapotranspiration estimates can provide a principal source of
error in streamflow simulation. Basin evapotranspiration, as
used in the Sacramento Watershed Model, 1includes transpiration
from leaf surfaces of water taken from the soil by plant roots,
direct evaporation from the soil and from leaf and other surfaces
wetted by rain, and direct evaporation from the surfaces of
lakes, ponds and streams. In most basins, evapotranspiration is
® the dominant process in ‘removing water from the soil.

The estimation of transpiration from evaporation pan data
can introduce several significant problems in attempting to
evaluate the transfer of moisture by plants from the soil to the
atmosphere. The processes of evaporation from a pan and transpi-
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ration the surfaces of a plant leéf differ in several
important aspects. An evaporation pan has considerable heat
storage |while a plant 1leaf has very little., Therefore, the
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air
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The processes
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er vapor and other gases diffuse. Stomatal c¢losurs may
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»idly increasing evaporation rates,
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tion, Due to the significance of evapotranspiration to
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the growth of leaves and roots.
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Under these circumstances, seasonal coefficients applied to
pan data, in an attempt to modify evaporation data to the scale
of basin evapotranspiration, are likely to be quite small during
those periods when observations of pan evaporation show a rapid
increase, When the basin is undergoing seasonal cooling, pan
evaporation may decrease at a more rapid rate than is appropriate
o to evapotranspiration from a fully developed leaf and root
systems. As a consequence, coefficients applied to the pan data
to transform it for soil moisture accounting purposes may be
larger during the annual cooling cycle than during a similar pan
evaporation period in the spring. ‘

® In areas where early frosts dramatically change the moisture

use of plants, pan evaporation data may show only a slight
alteration of the ewvaporation rate even though the vegetation has
discontinued the transpiration process. Seasonal coefficients
applied to pan data in order to approximate basin evapotrans-
piration demand can produce very unsatisfactory results during
abnormal weather conditions. Even so, the product of seasonal
® coefficients and pan observations frequently provide the only-
available data for approximating a seasonal evapotranspiration
demand curve.

Due to the inappropriateness of pan evaporation measure-
ments, direct estimates of seasonal evapotranspiration wvalues can
be more efficacious than attempting to re-dimension pan data. It
.‘ has been the author's observation that a seasonal evapotranspira-
Do ation demand curve will peak in mid-summer at a level of approxi-
mately 4mm per day in cool climates and close to 7mm per day in
warm climates. The low point on the evapotranspiration demand
curve generally persists about three months during the winter
period, and will have a magnitude of about 1lmm per day in
cold climates. In warm climates, winter evapotranspiration
® demand may continue at relatively high wvalues. In any case, the
average nonthly evapotranspiration demand will generally be
dimensionally similar to the average monthly measured evaporation
from a carefully maintained pan during the summer and winter
extremes, :

P The differences between the evapotranspiration process and

the evaporation process are ‘such that the use of evaporation to
represent evapotranspiration is an approximation which can help
define soil moisture under some conditions, but which is totally
inappropriate -to others, Inasmuch as the evapotranspiration
process is a major component of the hydrologic cycle and since it
is relatively poorly defined, it is not difficult to understand
® why many investigators have turned away from conceptual models
which require evapotranspiration information and pursued the
development of stochastic representations of the rainfall-runoff
process.

| The measurement problems inherent in natural data bases is
severe., Applying physically based models under these conditions
@ takes skillful judgement. The use of physically based conceptual
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SOIL MOISTURE

start of any headwater modeling system is the rainfall-

rocess, For a given soil, the primary condition which
the rainfall runoff process 1is soil moisture. Any
ly constructed representation of the rainfall-runoff
must provide a simulation of the dominant soil moisture
ns. To better understand these conditions, a brief

f some of the basic characteristics of soil moisture may
ul.

lyses of the movement and storage of moisture within the
ve demonstrated that there are three dominate forms of
in any given volume of soil. These forms are: hygro-
tension, and free water. Hygroscopic water is that water
tightly bound to soil particles - so tightly bound that
only be removed by extreme heating. This volume of water
weight of an apparently dry soil.
pic moisture is essentially locked to the soil particles.
warm, dry climates will the sun's heating remove small
of hygroscopic moisture which are near the surface of the
For this reason, hygroscopic moisture is a nearly
part of the soil-moisture system and can be considered
ively invariant in the modeling process.

second form of water
water which

in the soil is that additional

£ can be held in close juxtaposition to the

ticles by the attraction of the soil particles for
, but which can be removed by the evapotranspiration
This type of water is frequently called tension water.
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raction of gravity pulling the water toward deeper
However, forces exerted by plant systems and/or vapor
differences between very shallow soils and the atmos-

n overcome the moisture attraction of the soil particles
ult, a small portion of the tension water can evaporate.
nant use of this moisture is however, to supply water for
ation by plants. Where plant roots are adequately
d to draw on this moisture, the entire tension volume can
from the soil through evapotranspiration. The volume of
nvolved in ‘tension wuses can add approximately 10% by
6 the soil.
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The third form of water, which is significant to a moisture
budget of the soil system, is free water. - Free water is that
water which moves through the soil. The first function met by
free water 1is to transfer water to deeper levels and to resupply
tension water deficiencies, When the tension deficiencies are
® met, at those depths to which the free water has percolated, the
free water may drain horizontally or it may be temporarily stored
in the interstices between soil particles. The volume of
free water which can maintain temporary residence in the soil is
highly dependent upon soil types -and - depths but, when it is
present it can add approximately 45% to the weight of the soil,
These different forms of moisture within the soil - hygroscopic,
L tension, and free - can be visualized as adding weight to a dry
soil mass approximately as indicated in Figure 2. The actual
weights added to a dry soil by the application of moisture are
very dependent upon soil types, The values usad in this discus-
sion are illustrative of the general dimension of moisture within
the soil but considerable variance may occur in various soils.

SOIL MOISTURE PHASES
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Any moisture accounting procedure must consider the amount
® and distribution of the two regularly variable phases of moisture
within the soil - the tension water and the free water., For
purposes of simplification, the relatively invariant volume
of hygroscopic water can be ignored. The downward transfer of
water in the soil takes place when rainfall wets the upper soil
particles beyond their ability to hold the available moisture
supply against the force of gravity (i.e., the surface tension
o * water demand is exceeded). As gravity draws the water to greater
depths, any unmet tension water requirements in that soil horizon
are resupplied bv the descendina free water. This vertical
transport of water is accomplished through a wetting front which
gradually descends to deeper soils. This process follows the
general form shown in Figure 3.
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f these phenomena when the basic question with which
cerned is "what wvolume of rainfall will run off2"
hout identifying how soil moisture conditions change,
t be able to evaluate the effect of rainfall on the
would not be able to develop a rainfall-runoff model
ed the dominate runoff forms which influence stream=-
definition of the volumes of moisture involved in the
re processes and the determination of the time-depen-
ions which govern how these conditions change with
a conceptual rainfall-runoff

THE SACRAMENTO WATERSHED MODEL
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acramento Watershed Model 1is based on the concepts
A principal problem in organizing the
to 1link these concepts in a manner which provided a
representation of subsequent runoff conditions but,
ly that level of detail which could be demonstrated as
sary for an effective determination of streamflow
n a natural river basin, there are many characteris-
ition to those we have already described. However, at
we have already identified the basic soil moisture
that the Sacramento
odel could be organized with a conceptual structure,

~every river basin, the same moisture storages and the
re transport mechanisms are active. The question is,
e construct a generalized representation of these
hich can be applied over a relatively large area, and
ect the soil moisture mechanisms which have been
in controlled tests of soil moisture characteristics.
be recognized that only those elements of the system
with time need to be modeled. For this reason, the

negligible changes in hygroscopic soil moisture
be included 1in the modelling of the tension water
9
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. A small quantity of rainfall may be held in the vegetative
o cover of a basin and never enter the soil system, This process,
called interception, causes moisture to be stored and lost from
the system in a manner which parallels changes in tension water
storage. Lumping the interception moisture component with
tension water provides a c¢onvenient means of approximating all
upper level non-free water storages., Thus, tension water and
free water, their volumes, changing vertical distribution, and
L ' the transfer mechanisms between these major storages present the
major components of the conceptual modelling process,

If we visualize a river basin as having rigid boundaries

both horizontally and vertically, then we can quickly deduce
that during the drying c¢ycle once moisture stops leaving the
basin we need not account for further moisture losses.
Therefore, within the scope of what we have previously analyzed,
once losses from basin drainage and evapotranspiration deplete
the available water supply, the soil moisture condition is
invariant until some type of moisture resupply occurs.

In order to provide for the moisture uses we have ‘discussed
) earlier, it should be apparent that all river flows which do not
drain across the soil surface to various streambeds, but instead
_pass temporarily through the soil, must spend some time as free
water in the soil system. Many years ago, Darcy determined that
water passes through the soil as a function of the soil's
porosity and the head which is driving the water. The outflow
from a volume of water draining through a uniform soil would
depict a straight declining 1line if the discharge were plotted
against time with semi-logarithmic coordinates. Barnes shed
additional light on the relationship between Darcy's proposition,
frequently called Darcy's Law, and the characterization of gaged
streamflow recessions. Barnes demonstrated that normal recession
curves appeared to be composed of drainage from three separate
aquifers (see Fig. 4). Each aquifer drained independently and
@ with significantly different characteristics. These aquifers
could be seen most clearly on a continuous recession following a
major rise, The composite of flow from these three aguifers
actually produced a curvilinear recession until that time when
the aquifer with the slowest drainage characteristic became
sufficiently dominant.

lesef Sutface Runeff, Interflow, Suppleméntat aad Primary Saseilow
* 100 Iaterfiow, Supplemeatal 3nd Primary Saseliow | -
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o i
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became apparent that three separate free water storages
its own drainage characteristics would be needed. Such
tation would allow an effective integration of the work
nd Barnes and provide a conceptual linking of the works
earlier hydrologists, The characteristics of the
free waters made it apparent that one of these drainag-
ery brief residence in the soil - as a consequence, the
the Sacramento Watershed Model associated the guickly
torage with the most rapidly moving free water, that
temporarily resident in the upper soil. In an attempt
the storages necessary £for accounting purposes to a
they also conceived this fast-draining upper soil
providing the head function necessary for moving the
ont to deeper soil horizons. The other two free water
identified through Barnes' recession analysis esxhibited
1 residence periods. The drainage of the next most
aining aquifer generally took'several weeks, while the
aining aquifer could take many months or even years to
In the Sacramento Watershed Model, the two slower
ree water storages were assigned to a lower zone of the
the rapidly-draining free water storage was assigned
er zone of the soil,.

arlier analysis of soil moisture has, however, made it
where free water exists in the soil, the tension water
ts of the co-located soil particles must be met. As a
e, it was necessary to consider tension water storages
lleled the free water storages. Thus, an upper zone
atar storage and a lower zone tension water storage
red to parallel the free watzar moisture storages we
ssed earlier,

is point, a series of soil moisture storages have been
which provide a parallel to the earlier works of
recession analysis, Darcy on flow through porous media,
and Klute on the moisture phases of water and their
movement, To this depiction, the authors of the
Watershed Model. found it necessary to add several
Where soils normally contained sufficient moisture
root systems of plants could regularly obtain necessary
ithout reaching the bottom of the aquifers, the deepest
the lower free water storage was exempted from having
y tension water. Provision for this capability (which
Reserve) was included on the assumption that some
climax vegetation =~ the necessary mechanism for effec-
transpiration at those depths - might not develop root
ich were sufficient to reach the deepest depths of the
stem. Thus, a provision for reserving a percentage of
zone free water against the claims of evapotranspira-
ncluded on the basis that tension water at those depths
r be utilized by the plant root system.

ter feature involving the lower zone was the recognition
depths varied over different portions of the basin. As
the lower zone free water aquifers might begin to be
in some areas before the aggregate tension water
1t of the deeper soils was satisfied. As a consequence,

11
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® a feature was provided which made it possible to dirsct a
portion of the water percolating to the lower zone directly to
the free water storages. This parameter, identified as PFREE
defined that portion of the percolated water - which was
distributed to free water aquifers during the pericd when deep
tension water deficiencies were not fully met.

The upper zone of the Sacramento Watershed Model included
the free water and tension water storages which were earlier
found to be necessary components for a conceptual analysis.
However, two additional features were necsssary to complete the
conceptual description of the model's upper zone. The £first of
these stemmed from the Eact that the area covered by any running
o stream and the impervious areas immediately adjoining that stream
will convert rainfall to runoff with little perceptible loss of
volume. Those areas which regularly produce such runoff are
considered to be germanently impervious areas. That percent of
the basin which exhibits this permanently impervious characteris-
tic is identified 1in the Sacramento Watershed Model as the
percent impervious or PCTIM. No soil moisture accounting is
® performed for that portion of the area which is identified as
permanently impervious. '

ThHe other upper zone feature which was necessary, stemmed
from the observation that as a basin approached saturation, the
area covered by the river expands and an increasing portion of

PY the soil mantle exhibits runoff characteristics similar to the
\ permanently impervious areas. In order to represent this
%, phenomena, the authors of the Sacramento Watershed Model included

a variable which allowed the impervious area to swell with
increasing basin wetness. This additional impervious area was
identified in the model structure as ADIMP. ‘

® _ The goal of the Sacramento Watershed Model is to forecast
streamflow from rainfall, utilizing a conceptual representation
of the physical processes and storages which influence the
rainfall-runoff process. As a consequence, it 1is necessary to
assemble the model so that it depicts discharge in a river
system. The use of a watershed's gaged recession curve to
describe the characteristic of the free water aquifers is a clear
® example of the necessary 1linkage between streamflow and soil
moisture storage.

Another feature of the model, particularly necessary for
stream £flow evaluation, is the impact of evaporation from the
stream surface and the evapotranspiration from riparian vegeta-
tion adjoining the stream. These conditions modify all flows but
® become particularly apparent during warm, dry recession periods.
The impact of these factors upon the base flow recessions fre-
gquently confuse analysts who are attempting to evaluate
recession characteristics. This 1is because recorded streamflow
is the result of all of the factors influencing the basin
hydrology and does not just represent the total discharge from
e base flow aquifers. The impact of moisture losses from the

12
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from riparian vegetation areas can be seen most
their influence on recessions during dry periods.
osses of potential streamflow are represented in the
to Watershed Model through the parameter SARVA,
fines the percent of the basin covered by the stream and
ation which regularly utilize water for evaporation or
nspiration which would otherwise produce base flow.
losses from the SARVA area are subtracted from the
of water which would otherwise be available to produce
ow, :

and
from

order to wutilize the concepts we have discussed, it
e apparent that the Sacramento Watershed Model necessari-
es more than a soil moisture accounting process. 1In

achieve the basic water balance with which we initiated
ussion of conceptual models, it was necessary for the
to Watershed Model to complete the total production of a
ow hydrograph at an outflow point. There have been
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ions of portions of the Sacramento Watarshed Model which
to utilize the outputs from the soil moisture aquifers
in the Sacramento Watershed Model with separate
Many such approaches resviewed by
have included features which were inconsistent with
eptual processes involved in the model's development. 1In
o avoid such inconsistencies, the Sacramento Watershed
s developed as a complete headwater forecasting system.
ion of portions,of the logic must be carefully construct-
void inconsistencies with the conceptual formulation in
c model.

criptions of the principal components of the Sacramento
d Model are now nearly complete. However, two additional
must be added which allow modifications of the base flow'
rm to those basins where subsurface losses £from the free
quifer do not contribute to observed streamflow. 1In
as, the works of nature have resulted in the lower
of the streambed becoming filled with porous material.
of extrame glaciation, the amount of porous material in
of a. stream can be quite large. Where such conditions
he amount of water which can be measured in the stream
include the flow through the porous bed of the stream.

Yet, the
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analysis
Whenever
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apparent
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voids in the porous area must be filled with water or
m will immediately sink to £ill these voids. The water

fill this area is a fixed volume of €flow which takes
low the apparent surface of the streambed. The volume of
ssary to fill this aquifer has been called SSOUT as a
tation of the sub-surface outflow it depicts. Recession

provides a wuseful key to the magnitude of S3SOQUT.

a constant volume c¢an be added to a given base flow
n, and a semi-logarithmic plot of the recession can be
med to a valid representation of Darcy's Law (i.e., an
ly uniform base flow aquifer), the evidence for SSOUT
overwhelming. (See Figure 5.) The magnitude of the flow
which linearizes the semi-logarithmic plot provides a
on of SSOUT.
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One other element completes the base flow picture for the
conceptual hydrologic model we have been describing - potential
base flow which 1leaves the basin without affecting base flow
conditions in the river, This additional element to the base

. flow depiction represents that base flow, which flows outside the
channel. This component is identified as SIDE in the model. It
is represented as a decimal fraction of the base flow which can

o be perceived in the stream. A side value of 1 would mean that as
much base flow exits the basin outside of the river channel as is
observed within the channel. With the description of these two
base flow characteristics, SSOUT and SIDE which modify the
basin's watertight boundaries, we have completed the description
of the model components,

o Before developing the functions linking the concepts in the
Sacramento Watershed Model, let's review the organization of the
storages and processes we have discussed. Figure 6 is a depic-
tion of these concepts in a manner which graphically suggests
their relative positions and their contributions to the stream-

- flow process, To the descriptive names for the components

Py identified in FPigure 6, Figure 7 adds the neumonics which have

been adopted for use as computer designations in the Sacramento

Watershed Model. These neumonics and what they represent are:

PCTIM - A decimal fraction expressing the percent
of the basin which is regularly impervious
and which 1is effectively 1linked to this

® stream channel such that it contributes to
© instantaneous runoff.This water bypasses the
' storages in the upper zone,
} :
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 J
ADIMP - That additional fraction of the basin area
which develops 1impervious characteristics
when the soil mantles field capacity is fully
met,
o UZTWM - Upper Zone Tension Water Maximum, the maximum

volume of water which can be stored by the
upper zone between the field capacity and
the wilting point. This moisture capacity
applies to that volume of soil moisture which
can be lost by direct evaporation from the
e soil surface or through the.
evapotranspiration process of shallow rooted
vegetation, This storage has a strong
attraction for water and must be filled
before any water in the upper zone is avail=-
able for transfer to other storages.

o UZFWM - Upper Zone PFree Water Maximum, the limiting
capacity of uppér zone free water. Upper zone
free water provides the source of water for

interflow and the driving force for transfer-
ring water to deeper depths.

PY UZK - Defines the daily rate at which water stored
: as Upper Zone Free Water can drain as
interflow.

PFREE - Establishes the minimum proportion of water

percolating from the upper zone to the lower
Y zone which is available for recharging the
lower zone free water storages.

LZTwWM - Lower Zone Tension Water Maximum ~ the
maximum capacity of lower zone tension water.
This water can only be removed from the soil
through evapotranspiration.

o .
LZFSM - Lower Zone Free Water Supplemental Maximum -

the maximum capacity of lower zone sup-
plemental free watzar; i.e., the maximum
volume of free water storage from which
supplemental baseflow can be drawn.

1. " L2SK - Defines the daily rate at which water stored

‘ in Lower Zone Free Water Supplemental can
drain as supplemental baseflow.

®

1lé
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LZFPM

LZPK

RSERV

' SIDE

- SsouT

SARVA

Lower Zone Free Water Primary Maximum - the
maximum capacity of lower zone primary free
water, i.e., the maximum capacity from which
primary baseflow may be drawn.

Defines the daily rate at which water stored
in Lower Zone Free Water Primary can drain as
primary baseflow,

The decimal fraction of lower zone free water
which due to its depth below the root system
is unavailable to resupply lower zone tension
water.

The decimal fraction of observed base flow
which leaves the basin by non-channel
underground routes.

The volume of flow which can be conveyed by
porous material in the bed of the stream.
This volume is generally so small that it

can be set to zero. However, if the riverbed
is quite permeable, it can assume a signifi-
cant magnitude,

A decimal fraction representing that portion
of the basin normally covered by streanms,
lakes and riparian vegetation which can
deplete stream flow by evaporation and/or
evapotranspiration,
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PERCOLATION

The storages UZTWM, UZFWM, LZTWM, LZFSM, and LZFPM represent
the maximum moisture-holding capacity of those portions of the
soil mantle which influence the rainfall-runoff process. 1In
order to maintain an accounting of the volume of water in each of
these storages, the moisture contents of each storage are
identified respectively as UZTWC, UZFWC, L2ZTWC, LZFSC, and LZFPC.

Over the permeable portion of every catchment, the Sacramen-
to Watershed Mcdel visualizes the components we have assembled as
interacting in the following way. The 1initial soil-moisture
storage identified as Upper Zone Tension must be totally filled
before moisture becomes available to enter other storages. Upper
Zone Tension represents that volume of precipitation which would
be required under dry conditions to meet all interception
requirements and to provide sufficient moisture to the upper soil
mantle so that additional water becomes available for percolation
to deeper zones and, if sufficient water is available so that
horizontal drainage c¢an begin. When the Upper 2Zone Tension

. volume has been £filled, excess moisture in the upper soil becomes

' available for distribution from Upper Zone Free Water. The Upper
Zone Free Water is free to transfer water to deeper portions of
the soil mantle or to move laterally through the soil in response
to gravitational and pressure forces. The Upper Zone Free Water
storage supplies water for percolation to lower zones and for
interflow. The demands imposed upon the Upper Zone Free Water
vary with the amount of water available in the upper zone. Once
the Upper Zone Free Water meets the immediate percolation
reguirement, the residual volume . is available to generate
interflow. Thus, interflow is proportional to the available free
water volume after percolation, i.e., '

INTERFLOW = UZK*UZFWC
where

UZK is the Upper Zone Free Water daily storage depletion
coefficient,

and

USFWC is the volume of free water temporarily stored in the
upper zone,

The rate of vertical drainage, the percolation to deeper
soils, is controlled by the contents of the Upper Zone Free Water
and the deficiency of lower zone moisture volumes. The preferred
path for moisture in Upper 2Zone Pree Water is considered to be
downward as percolation, Horizontal flow in the form of inter-
flow occurs only when the volume stored in the Upper Zone Free
Water exceeds the rate at which percolation can occur from the
Upper Zone Free Water. Thus, interflow requires that the

18
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precipitation rate must be in excess of the percolation rate.
When the precipitation rate exceeds both the percolation rate and
the interfllow drainage capacity, then the Upper Zone Free Water
capacity cdan be filled completely. Excess precipitation will
then resullt in surface runoff. Surface runoff produced by these
mechanics |is a highly rate-dependent wvolume. Depending wupon soil
porosity, | a rainfall volume which falls in a few hours can
produce substantial runoff while the same rainfall volume spread
over a day may have little effect upon streamflow., The rate of
surface runoff is determined by the rate of precipitation
application, the degree of dryness of the different zones and the
permeability of the soils,

Lower| Zone Tension Water Maximum 1is that depth of water
held by the lower zone soil after wetting and drainage which is
generally |available for evapotranspiration. The two lower zone
free water storages, Primary and Supplemental, represent those
volumes whiich are available for drainage as baseflow or sub-
surface outflow not appearing in the channel. These free water
storages |[fill simultaneously from percolated water and drain
independently at different rates, giving a variable ground water
recession.

The percolation mechanics of the Sacramento Watershed Model
have been |designed to correspond with the observed characteris-
tics of the motion of moisture through the soil mantle. This has
been acc:gplisbed by utilizing the storages we have analyzed to

drive a isture transfer system. The mechanics of transfer from
upper zone to lower zone volumes is based upon the computation of
a lower Zone percolation demand. When the lower zone is totally
saturated, then the percolation into the 1lower =zone must be
limited tq a value ‘equal to that value which is draining out of
the lower |zone. This limiting drainage rate is computed as the
sum of the products of each of the two lower zone free water
storages 3and its respective drainage rate. This limiting rate of
’ drainage from the combined lower zone storages is defined by the
system as | PBASE. PBASE, the percolation base rate, represents
the drainage Erom the soil moisture system when the soil moisture
system is |saturated. Mathematically, PBASE can be expressed as:

PBASEH (LZFSM*LZSK) + (LZFPM*LZPK),

where

lower zone free water maximum supplementary
storage, which is the maximum storage capacity
for faster drainage baseflow.

LZFSH
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LZSK = lower zone supplementary daily storage depletion
coefficient, ‘
LZFPM = lower zone free water maximum primary storage,

which is the maximum storage capacity for slower
draining baseflow, and

LZPK

lower zone primary daily storage depletion
‘ coefficient.

Although PBASE defines the maximum percolation into a
saturated soil, much higher rates of percolation will occur when
the soil is dry. Regardless of the magnitude of percolation
under dry conditions, that magnitude can be defined as a multiple
of the PBASE rate such that:

- MAX PERCOLATION RATE = PBASE*(1+ZPERC)

Where ZPERC, ‘a percolation maximizing constant, provides the
necessary multiple to 1increase percolation from the saturated
rate, PBASE, to the maximum rate under dry conditions. Inasmuch
as the maximum percolation occurs when the upper zone is saturat=-
ed and the lower zone is dry, then the percolation demanded by
the lower zone can be represented as:

Dmmq;}omateficiency))
Lower mxm_cxmcity

IOWER ZONE PERCOLATION DEMAND = PBASE* (1+ZPERC*f(

Following the work of many experimenters with infiltration,
it is reasonable to assume that the change in lower zone percola-
tion demand is exponentially related to the ratio of (lower zone
deficiency/lower zone c¢apacity). This allows us to express the
equation for percolation demand with varying soil moisture as:

' - )
Percolation [ d:PBASE*(1+ZPERC(Z(L°wer zone capacities less contents) , REXP,

I (Lower zone capacities)

The actual percolation must, however, also be controlled by
the supply of available water, Consequently, the.effective
percolation must be obtained by modifying the .percolation demand
on the basis of the available supply. This leads us to the
relationship:

P ; +(Upper zone free water content).
Percolation Percolaglon Demand (Up§éf‘Esﬁé“ffééﬁﬁaféi’ﬁéﬁﬁéify
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Assyming a continuously full upper zone free water, this
relationghip of percolation demand versus lower zone soil-
moisture |is illustrated in Figure 8 for several values of REXP.
Percolatjon curves from this relationship allow a very close
parallel | to the infiltration curves observed in field tests.
Total mojsture movement into the soil has a potential equal to @
the volume necessary to replace the upper zone moisture losses
which resulted from transpiration, horizontal drainage and
vertical | percolation, It is the sum of these moisture losses

) PERCOLATION REPRESENTATION
Lo+ . , .
° . PEASE ¢ The continuing percolation refe
: [ . wader setucaisd condlitions,
[
s ' ZPERC o  The nvmber of PBASE walts
z ‘e 2 which must be edded to the cone
» 7 ° o tHiaulag satvretad parcolation rete
: . 1o deline the mesimum percoistion
« = REXP e 1.3 . . sondition,
3 hd ’ REXP ®  The sapenent which defines Ihe
s a o.¢t : ’ . curveture In INs percelation twrve
: . with chenges in the loewer gene
g 5 seil meleture doleclency.
[} 01
< «
- -
- -
” ~ 0.4
]
&
3
; ®
2
3 c2+
® REXP ¢ 9.0
<
X
=0 + a + + + * Pt T —
/ 104 %0 (1] ke 80 30 40 30 - 20 10 -] .
FOASE T QI8 fncpes LOWER ZONE SOIL MOISTURE OEFICIENCY IN PERCENT
Figuee 8
.
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the  maximum infiltration rate at any given
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ion by Horton. While interrupted infiltration |is
in a manner which effectively parallels the combined
induced by percolation and evapotranspiration (see

Thus, percolation is defined by an interrelationship
pil drainage characteristics, time variant soil-moisture

and the rate at which rainfall is applied to the

These features produce a highly time-dependent percolation

which produces runoff in to the rainfall

the rainfall rate.

response

of rainfall which is percolated to the lower

soil-moisture storages.

The first| of these, lower zone tension, represents that volume of
moisture in the lower zone soil which will be claimed by dry soil
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ge condition. The effect of these variations is
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r into lower zone free water storages before lower zone
water deficiencies are fully satisfied (PFREE). An
on of Figure 7 indicates that water percolating from the
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water, or
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water sto
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some fraction of the percolated water, PFREE, may be
lable to the primary and supplementary storages. At any
the lower zone tension storage becomes totally filled,
percolation 1is divided between the two lower zone free
rages. At all times, water made available to primary
lementary storages is distributed between those lower
ages in response to their relative deficiencies,

ng our discussion of we have
d three new terms:

the percolation process,

-
o
ke -

The constraining percolation rate when the
soil system is saturated, PBASE is defined
as being equal to LZFSM*LZSK+LSFPM*LZPK.

The exponent in the percolation relationship
which determines how percolation wvaries with
different degrees of soil wetness,

L]

The multiple which must be applied to PBASE
so that the maximum percolation rate
(ZPERC+1)*PBASE can be defined.
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@

We have discussed the motion of water into and through the
soil at some length but, up to this point, we have paid little
attention to the formulation of that portion of the hydrologic
cycle which we have identified as evapotranspiration,

® , EVAPOTRANSPIRATION

The loss of moisture from a river basin takes place from
drainage and from a combination of evaporation and evapotranspir-
ation. The Sacramento Model uses a single relationship to express
both of these phenomena - where soil moisture losses are primari-
ly from vegetative uses, this provides an effective
o simplification, However, under those conditions where a river
basin has a significant percentage of water surface and the
surrounding soils could become guite dry, then separate evapora-
tion and evapotranspiration would be desirable. Thus far, the
authors have analyzed many hundreds of basins without encounter-
ing a problem associated with the use of a single relationship
which lumps evaporation with evapotranspiration. An analysis of
L the reason this 1is true, suggests that it stems from evapo-
transpiration generally being an order of magnitude more signifi-
cant to catchment runoff than is evaporation.

In the Sacramento Watsrshed Model, water is removed from the
stream surface and  from phreatophyte vegetation areas at the
potentional rate. Over other portions of the soil mantle,
evapotranspiration uses varies with both evapotranspiration
demand and the volume and distribution of tension water storage.
As the soil mantle dries from evapotranspiration, moisture is
withdrawn from the upper zone tension water at the potential rate
multiplied by the proportional loading of the upper zone tension
. water storage. 1In the lower zone, evapotranspiration takes place
o at a rate determined by the unmet potential evapotranspiration
times the ratio of the lower zone tension water content to total
tension water capacity.

If evapotranspiration should occur at such a rate that the
ratio of contents to capacity of tension water, then water is
transferred from available free water to tension water and the
o relative loadings are balanced. This makes 1t possible to
maintain a moisture profile that 1is logically consistent,
Depending upon basin conditions, some fraction of the lower zone
free water is considered to be below the root zone and therefore
unavailable for such transfers., Starting with a saturated soil,
and exposing it to a constant evapotranspiration demand would
® produce an effective evapotranspiration wuse curve of the type

illustrated in Figure 10.

Various algorithms have been utilized to compute evapotrans-
piration demand. Hounam (1971) has reported on an approach
suitable for such a computation. The authors of the Sacramento
Watershed Model have, however, developed a distinct preference
® for utilizing a normal evapotranspiration demand curve which is

o

‘;}l_r
E
A}
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established from the mean daily value for the mid-point of each
month.

In a number of basins an attempt has been made to redimen-
sion daily pan evaporation data to provide an estimate of the
® daily. evapotranspiration demand. In a few events within any
given record, the results of using daily estimates of evapotrans-
piration generally show improved reconstitution of the catchments
streamflow. Unfortunately, these improvements have been negated
by other events whose reconstitution have been penalized by the
differences between the evapotranspiration process and the
evaporation process. As a result, the authors have concluded
@ that although average evaporation data can assist in evaluating
an average evapotranspiration demand, the use of discrete daily
evaporation data is as 1likely to be misleading as it is to be
helpful. A very rough guide to daily evapotranspiration which
approximates the values of ET the authors have experiehced is
tabulated in Figure 11.

@ RUNOFF TIME DISTRIBUTION

At this point, we have examined most of the concepts on
which the Sacramento Watershed Model is based, However, as the
- simulation process is applied to and verified by actual stream-
.. flow conditions, the need for some additional considerations
becomes apparent. It should be remembered that streamflow
recessions are simulated by drainage from groundwater aquifers.
These recessions - are influenced by subterranean 1losses to
ancillary channels - either porous aquifers below the headwater -
- channel, or sub-surface outflow outside of the normal surface
channel. 1In addition, flows at the point of reconstitution are
@ affected by evaporation from the water surface and from the
phreatophytes which take moisture from the channel or from that
water which 1is enroute to the channel. Although these features
will define a large portion of the flow regime, that water which
flows rapidly toward the river system must be treated with some
form of runoff distribution function. Runoff distribution
functions reshape the momentary sources of runoff intoc a shape
® which conforms to the timing of the outflow hydrograph of the
watershed, For this purpose, two tools are utilized. The first
tool is a histogram of flows vs. time. The histogram is a first
cousin to the well-known unitgraph concept. The second tool
affecting runoff distribution is a routing process, which is
applied after the histogram to provide a nonlinear flow
P vs. time relationship.

The combined processes provide for a wide variety of flow
characteristics which closely parallel channel conditions. 1In
combination, the two techniques overcame many of the linearity
problems which 1limit the application of unitgraph concepts.
It should be pointed out that the time histogram which is
® utilized for the initial time vs flow distribution 1is based upon
those flows which reach the outflow point with the greatest
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efficiency. If wvarying volumes of flow exhibit different
charactaristics, then the wutilization of the sharpest time
vs., flow distribution allows the channel storage feature to
provide |the necessary change in channel efficiency to maintain a
close pdarallel between forecast and observed flows., ®

The routing mechanics utilized to reshape channel flows are
based ugon a layered Muskingum concept. Four levels of flow are
provided within the Sacramento Model to allow variable degrees of
attenuation based” upon modifying the discharge hydrograph
produced by the histogram distribution. When the channel storage
feature | is utilized, the volumetric capacity of each of the PY
dischargde layers must be determined as well as the routing
coefficient appropriate to each layer. As an example, period
outflow |volumes might be developed from a histogram distribution
which produced the discharges sequence:

1.0 2.0 5.0 20.0 10.0 4.0 2.0

If | the river rose to levels which reflected different
channel torages than those described by the histogram applica-
tion, th histogram produced volumes might be transformed with
layer widths of 5,0, 10.0, and 5.0 with routing coefficients of
1.0, .8,|and .5 in the following manner:
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-

LAYER 1

Width 5.0 Flow Component up to 5.0 with coefficient 1.0
Layer 1, Input and Output

1.0 2.0 5.0 5.0 5.0 4.0 2.0
LAYER 2

Width 10.0, Flow Component> 5.0 but less than or equal to
15.0 with coefficient .8

Layer 2, Input

0.0 0.0 0.0 10,0 5.0 0.0 0.0
Routing 8.0 4.0
1.6 0.8
0.32 0.16
0.06

Layer 2, Output
0.0 0.0 0.0 8.0 5.6 1.12 0.22
LAYER 3

Width 5.0 Flow Component> 15.0 but less than or equal to
20.00 with coefficient .5

Layer 3, Input
0.0 0.0 0.0 5.0 0.0 0.0 0.0
Routing 2.5
) 1.25

0.62
0.31

Layer 3, Output
6.0 0.0 0.0 2.5 1.25 0.62 0.31

Layers 1-3
1.0 2.0 5.0 15.5 11.85 5.74 2.53

NOTE: The summation of the layers must include the entire
range of possible flows, or truncation of high flow values
will occur,
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his point, we have assembled all of the concepts which
sary to generate an effective simulation of headwater
hese components and the logic which links them are the
o Watershed Model. It should be emphasized that all of
ponents are not necessary in every basin, but all of the
S are necessary to allow the Sacramento Watershed Model
lied to a wide variety of highly diverse river condi-
he integration of these conceptual processes provides a
y flexible capability which, if properly applied, can
ally enhance many forms of hydrologic analysis and
ng. The attempt to provide a physically realistic but
cally simple model has provided a very powerful tool
ologic analysis. The flexibility of the resulting
on and the number of descriptive parameters is necessary
al application; however, care must be taken to assure
model features are used in a hydrologically rational
The maximum number of parameters should be established
ologic reading of the streamflow record, not by attempt-
tch a streamflow record by a random juggling of paramet-

very first decision which must be made should be
zd by resorting to the primitive accounting process which
ver be neglected,

off = Rainfall - Evapotranspiration

most areas, runoff is the most effectively measured of
Yee processes. If the analyst quickly notes the annual
reported for runoff and rainfall, and makes an estimate
nnual evapotranspiration which must have taken place to
the basin vegetation, he can generally spot any sub-

problems with rainfall interpretation or subsurface
systems which are 1likely to compromise the simulation.
d be noted that the simple water balance does not have to
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be met in a single year, Changes in soil moisture storage are

. likely to prevent that condition £from occurring, but over a
period of a decade soil moisture changes will generally be
obscured and the average rainfall-runoff and evapotranspiration
should emerge. It should be emphasized that just as the rainfall
and runoff represent the value which occurred and not the
potential, the evapotranspiration in the simple runoff equation
will be that which occurred. Unless the basin is quite wet,
actual evapotranspiration can differ remarkably from the evapo-
transpiration potential. Figure 12 will provxde a rough guide to
the annual effective evapotranspiration in an area. This graph
is only intended as an approximation of annual effective ET.
Variability in plant systems, latitude, atmospheric humidity,
winds, the seasonality of precipitation, and other factors all
influence the actual evapotranspiration and will vresult in
deviation from the indicated values. Even so, the relatioaship
provides a first estimate which should help the analyst.

The primary reason for reviewing the water balance is to
attempt to place the precipitation input in the proper scale for
successful modeling of the streamflow. Due to wind influence,
gage shape, and exposure problems, measured rainfall is frequent-
ly about 85% of that which actually reaches the land surface. In

: addltlon, there are areas where orographic features of a basin
influence the rainfall pattern and can affect the ratio of the
recorded rainfall to basin rainfall. 1In areas where convective
precipitation occurs, the recorded precipitation may have a
nearly random relationship to basin precipitation. As a result
of these and other problems, careful attsntion must be paid to
utilizing the available precipitation data so that it provides
the most useful approximation of actuwal. basin rainfall, The
challenge of dimensioning recorded precipitation so that it
reflects the necessary water balance appropriate to model fitting
has been neglected by many modelers. The resulting distortions
to model parameters and the systems simulation capability
can be severe. Such analyses will generally have little applica-
tion to events which are outside the scale of the original
fitting.

Another common pitfall which confuses the simulation is the
lack of consistency in measurement techniques at the rain gage
site. All too often, changes in measuring egquipment, gage
location or site conditions are wunracorded and a nonuniform
record of rainfall measurements is identified as a single
continuous record. The relative error introduced to the simula-
tion process by precipitation measurement vagaries can be
compared against the relative error lntroduced by variations in a
simulation parameter (Figure 13).
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Any change in rainfall measurement can produce an error in
runoff evaluation which is an order of magnitude greater than a
similar percentage change in any model parameter. The important
® factor to gain from such a comparison is  that precipitation is
the driving component of the hydrologic system unless precipita-
tion is consistently measured and properly dimensioned, the
modeling effort will be compromised.

During the course of this presasntation, we have raised
® caution concerning the precipitation data, the evapotranspiration
estimate, and the runocff record. Hopefully, with a somewhat
better appreciation of some of the basic flaws in hydrologic data
sets, we may be better prepared to consider calibration of the
model itself, Remember, that the model 1is a mathematical
simplification of a sequence of natural processes. Where the
records provide irrational inputs (and many records do), it is
o necessary to make logical decisions as to why certain phenomena
have been reported and to subjectively evaluate the simulation
capability accordingly. Inasmuch as automated optimization
systems applied to model parameters can not make such
evaluations, data irregularities «create one of the principal
constraiants in using automated fitting procedures.

“ . The complexities of natural data sets, such as changing a
gt discharge rating at an arbitrary time, rainfall being lower than
runoff due to strong winds reducing rainfall catch, lack of
suitability of the rain gage locations, rises in streamflow from
unreported raianfall, and other problems which are implicit in the
data sets, should always be kept in mind. Indeed, applying a
Py ‘ streamflow simulation model in an intelligent manner requires a
high 1level of hydrologic acumen and familiarity with all the
measurement problems which can mislead the unwary. With these
words of caution, it is time to "“read" the daily record which a
properly dimensioned rainfall input and a concurrent streamflow
record provids,




HYDROLOGIC MODELING FOR FLOOD HAZARDS ¢ SACRAMENTO

Through "reading"” the historical record, we are attempting
to approximate as many of the parametric representations in the
simulation model as can be deduced from the historical records of
precipitation and streamflow. Generally, the features which can
be closely determined from historical records will include:

: |

PCTIM - the percent of the basin which is impervious.
ADIMP - the additional impervious under saturated

conditions,
UZTWM - the upper 2zone tension water maximum. ®
UzZK - the upper zone free water daily interflow

depletion rate. g
LZSK - the lower zone daily depletion rate of the more

rapidly draining base flow, -
LZPK ‘= the lower zone daily depletion rate of the ®

slowest draining base flow. :

In addition, we should be able to make a reasonable estimate
of LZTWM| the minimum size of LZFSM, the minimum size of LZFPM,
and the |[magnitude of PFREE. In order to "read" the streamflow
record, preliminary run of the Sacramento Watersned Model with
a standard set of system values can be helpful. Assuming that
the rainfall and evapotranspiration have been reasonably dimen-
sioned n the basis of a water balance analysis, an initial
simulation based upon the following values can simplify parameter
evaluation. ' :

UzT 100 mm ' ‘ ®
UZFWM 40 mm
LZTHM 150 mm
LZFSM 30 mm
LZFPM 100 mm d
ADIMP .02
PCTIM .01

SARVA .01 ®
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e
RSERV .2
PFREE .2
) UZK . .4
o ~ L2SK .08
LZPK - .004
ZPERC . 35.
d REXP 1.5

These 17 parameters are -the basis of the Sacramento Water-
shed Model. Although it is also necessary to define the precipit-
ation field, the annual ET curve, and the time distributigp of
. runoff, the 17 wvalues 1listed are the descriptive parameters
) associated with the Sacramento Mcdel. 1If we review a period of
record by inserting these parameters into the model, we can gain
some useful insight into many of the values which are appropriate
for a particular watershed.

The first parameter to be defined by inspection is PCTIM =~

the percent of the basin which produces imperviocus runoff. Scan
“ the record for small runoff events which occur when the UZITW is

not full- that is, there has been enough intervening evapotrans-
piration since the last storm so that the rainfall event has the
potential for being completely stored within the Upper Zone
Tension Water Storage. Runoff wunder these conditions must be
from the impervious area. The ratio of rainfall to storm runoff
P ) accumulated for a number of events provides an effective estimate

of PCTIM. If we have taken an adequate sample, our £fitting of
PCTIM is complete.

ADIMP, the additional percent of the basin which becomes
impervious when the basin is quite wet, can be- estimated by
finding a small storm following soon after a major runoff event
® which filled the tension water storages. The precipitation which
occurs should be 1less than the evapotranspiration which has
occurred since the previous rain., The ratio of the runoff volume
generated by the light rain to the rainfall volume which produced
the additional increment of runoff defines the total area of the
basin which has impervious characteristics. By subtracting the
PCTIM area from this computation, the ADIMP can be evaluated. As
® with all determinations of parameter values, the more cases which

can be used to support the computation, the sounder the analysis.,
Generally, the value of ADIMP will not exceed 10% of the basin.
Frequently, it 1is so small that.a zero value can be used. 1If a
. large value of ADIMP is computed, a review of the basin's
" topography should show extensive marshes, overflow areas, or
other water surfaces becoming an increasing feature of the basin
® during wet periods. 1In many areas, particularly rough terrain,
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uch as UZTW must be filled before any runoff in excess
rvious runoff «can occur, very dry periods should be
The amount of rainfall which must be applied after a
before any runoff in excess of the impervious fraction
is a depiction of UZTWM. This value of rain is a
the rainfall deficit which must be met to replace
t from UZTW. If the dry period is long enough, the
eficit will be the actual value of UZTWM. This value
ally be relatively small in areas of sparse vegetation
11y relatively large in areas with heavy growths of
rials. .

, the 1lower zone tension water maximum storage, can be
where the rainfall follows a marked
ttern. When a computer run over several years of data
d, the error in the forecast runoff volumes associated
period of the runoff year when the Lower Zone Tension
1d be filling, provides a gquick way of modifying the
of LZTWM size. As additional parameters are
the simulation converges on the observed runoff, the
runoff volumes during that period whan excess water is
rimarily to Lower Zone Tension Water will continue to
de to the volumetric adjustment of LZTWM. A properly
WM is needed to obtain an optimum water balance.
ncies in the annual precipitation catch will have a
ct upon the ability to define LZTWM.

- this value is based upon the rate at which base flow

nges per day. Conceptually, it is one of the simplest
to determine. Unfortunately, the effects of evapor-
the stream surface and from surrounding riparian

can somewhat cloud this determination.

est procedure is to take an extended period from a few

r a major storm to just prior to an event which
unoff in excess of the impervious fraction. Utilizing
hich is not marrad by other than impervious area
ill allow a reasonable determination of LZPK. This
hich allows the determination of LZPK is:
L2PK=1- (QP./qp,) /¢

equation has been utilized to produce Figure 1l4. Use

14 helps 1in appreciating the consistency of LZPK even
re may be minor problems in assessing the recession

If the periods utilized for determining LZPK are
a semi-logarithmic coordinate system, some interesting
of the stream may be observable, If the actual
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Figure 14

recession does not approximate a straight 1line but 1is convex
during a period when evapotranspiration is relatively low, then
the addition of a constant volume to the observed points may
result in a more 1linear appearance to . the semi-logarithmic
representation of the recession. The constant which must be
added to the recession points is an indication of the base flow
which is being claimed from the flowing stream in order to £ill
the porouys aquifers in the base of the streambed., That volume of
flow which translates a convex representation of the recession to
a linear recession (on a semi-logarithmic plot ) is the volume
which should be assigned to SSOUT (see Figure 5).

SARVA - A semi-logarithmic plot of a recession which takes
place during warm periods may show a concave shape. Provided the
recession curve shows the greatest departure from a linear
condition when the evapotranspiration demand is highest, the loss
from the channel provides a measure of SARVA the stream and
riparian vegetation area. 1If, during summer heat, the streamflow
volume is ,03 mm of runoff per day less than a rational resces-
sion, and the estimated daily evapotranspiration potential is 6
mm per day, -then the area affected by SARVA is .03/6 or .005;
That is, five thousandths of the basin is withdrawing water
directly from the stream or its adjoining underground aquifers.,

L2SK determines the rate of the faster draining base flow
recession which is superimposed upon the primary base flow. This
recession value and the volume it drains from LZFSM can be

estimated by following the process illustrated in Fig. 15.
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: \\ over primary N
9;, 3 2SR (Q /000 77
2% 4 H D
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0 T s 10 15 20 25 )
TIME (days)
Figure 1S INTERFLOW = st/wx
maximum cbservable volumes are SUPPLEMENTAL = Q x
s’
PRIMARY = Q. /L2PK
LZF$M =~ Under very wet conditions, the computed value of
LZFSM may be quite close to the actual value of LZFSM. However,
it has |been the authors experience that rarely is the soil
sufficiently wet so that the full value of LZFSM can be computed
from a hydrograph. Generally, a truer value of TLZFSM will be
about 60% higher than the computed value,

LZFPM - The problem of finding a wet énough condition to

establis
lishing
a direct
LZFPM i
outflow
which th
size of
from its

PFR

feature, lone which an analyst can readily read

of the

to f£ind

hava bee
ly dry p
Lower Zd
refills 3
come clos
condition
water wh
dirzctly
run utili
flow ing
increase

LZFPM is similar to the problem encountered in estab-
2FSM. The mathematical approach of determining LZFPM is
parallel to that utilized in estimating LZFSM. That is,

aqual to the highest value of lower zone free water
hich can be found in the record divided by the ratzs at

LZPK drains lower zone primary free watec. The maximum
2FPM will however generally require less of an expansion
computad value than will LZFSM.

E the

parameter PFREE has a  particularly unique
from a hydrograph
treamfilow record, but one which is virtually impossible

ith any of the automated optimization approaches which

suggested for conceptual models.,- Following a relative-
tiod, when there 1is a significant deficiency in the
ne Tension Water, a storm should be examined which

vortion of the lower =zone tension water but does not
e - to filling the Lower Zone Tension Water., Under these
s, any increase in the base flow must be attributed to
ich bypasses the lower =zone tension water and flows
to the lower 2o0ne free water aquifers, Since our test
zed a value of .2 for PFREE, the actual rate of base
rease compared to the projected rate of base flow
during the special conditions cited allows a simple
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modification of the value of PFREE. Although it may be desirable
to adjust the value of PFREE after the size of the various
storages ara better known and the basic recession characteristics
are well identified, the PFREE term will only be significant
under the conditions we have described. It is a parameter with a
very limited wvisibility. If the conditions do not exist' to
"read™ PFREE from the obsérved hydrographs, its effect will be
too small to definz with optimization.

O0f the seventeen parametars we started out with, UZFW,
RSERV, UZK, ZPERC, SIDE, and REXP remain to be evaluated. Of
these, RESRV, the portion of lower zone free water not subject to
tension water transfers, is a rather insensitive component of the
model., The initial assumption of .2 will generally function quite
well. A change of less than ,1 from the starting value will
encompass virtually all of the basins I have encountered. This
parameter is totally maskad in wet areas and only has a real
application in extremely dry areas. )

UZK, the rate at which interflow is withdrawn from the
UZFW storage, can be approximated from an extension of the
process previously used for LZISK. However, since the UZFW storage
the computed value of UZK (refer to Fig. 15) will be substantial-
ly higher than the actual value. The maximum interflow component
which can be read or projected from available rzcession data
should be considered as an upper bound o
of UZK. Due to percolation effects a more realistic value is
likely to be about 1/2 the value described by the hydrograpin.

UZFWM can be approximated by extending the logic utilized in
determining LZFSM. The problem of percolation from UZFWM will,
however, cause an underestimate of the size of this storage. As a
result, the computed value should be considered as a minimum and
generally will need to be increased by a factor of 2. The final
value of UZFWM will have a major impact upon surface runoff
computations and must necessarily be sized to provide an inter-
flow regime appropriate to the dominant soil types 1in the
watershed,

SIDE, the base flow which takes place outside the stream
channel, has a unique impact on the hydrograph. Following a
period of extensive wetting, when the base flow aquifers are
adequately filled to produce the maximum observed recessions, and
the Lower Zone Tension Water has been fully wetted due to its
preferential treatment in distributing water, a significant

over-foracast of storm runof £ volumes may occur. This
over-forecast response, if systematically repeatad, is a key
signal that the minimum percolation rate has been
underestimated. . If the forecast recession 1is an adequate

dimension, then enlarging SIDE will provide the percolation

-potential during saturated and near-saturated periods

without requiring an excessive flow in the measured portion of
base flow.
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ZPERC, the term which increases the pé:colation rate to its

maximum v
relativel

lue during dry periods, has a feature which makes it
simple to establish. . ZPERC demonstrates its greatest

sensitivity when the basin is relatively dry - a storm which

follows
focusing
high poin
which oce
soil, ar

REXP
from (1+2
condition
problem w
storages
ic error
needs to
storm run
simulated
REXP must

Foll
trained
hydrologi
puzzle w
questiona
in his o
data he i
‘investiga
models.
become bu
fying tho
is const
stochas®i
hazardous
which is

n initial wetting of the upper soil is ideal for
n establishing ZPERC. Remember, (ZPERC+1)*PBASE is the
on the percolation curve. By focusing on those storms -
r with a wet upper soil but a relatively dry lower
asonable value of ZPERC can be evaluated, .

defines the rate at which the percolation rate changes
ERC)*PBASE under dry conditions to PBASE under wet
. Those storms which most c¢learly demonstrate a
th REXP are those which occur when the 1lower zone
re approaching a half-filled condition. Any systemat-
n such storms can be ascribed to REXP. If more water
e percolated in order to reduce the volume of immediate
f£, then REXP must be decreased, If, however, the
storm runoff is inadequate to match the observed, then
be increased. '

wing these guides becomes a° matter of habit for the
nalyst. However, it should be recognized that the
t performing a simulation is attempting to solve a
ich has many parts missing and many other parts of
le size. He must always be aware of the room for error
n efforts and in the efforts of those who provided the
attempting to evaluate. These problems have led many
ors into stochastic models rather than conceptual
difficulty with such an approach is that limitations
ied in the procedure and the opportunities for identi-
e areas which can contribute to rational improvements
ainad. Simultaneously, the validity of applying a
model outside its range of experience can be much more
than the similar application of a conceptual model
ased on well-known physical laws.

Thereg is another coasideration which should be reagularly

reviewed
Watershed
estimate
modifying
appropria
of the er
forecast,

The
ET for th
help to
however,
maximum
change in
unless ¢
seasonal
schedule

when performing a simulation with the - Sacramento
Model - the monthly error summaries. The original
of the evapotranspiration curve is necessarily based on
evaporation data. After a number of simulations, it is
te to review the monthly error volumes., An examination
ror in flow values as related to the surface flow
is generally related to one of two error sources.

first error source is a mis-evaluation of the potential

t month. A modification of the presumed ET value may
allzaviate the monthly bias. It should be remembered,
that the ET curve is a continuous function rising to a
in summer and declining to a minimum in winter. No
the monthly ET which distorts this shape should be usad
here is external evidance supporting an irregular
ET demand. (Such as a seasonal plowing- or burning
over a major portion of the basin)
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A second source of bias in the monthly ' runoff volume may
come from a periodic precipitation bias associated with seasonal
wind maximums or minimums. Measured rain is merely an index to
true basin rain, and if the index is unstable due to a seasonal
measurement problem, a bias pattsrn will be evident in the
simulation. This bias may be associated with a seasonal condi-
tion and it may be prevalent in many major storms.

Another feature of the monthly simulation error table may be
an extended period of time with a consistent, shifting forecast
bias. Such a condition will occur if the representativeness of
the rain gage catch has undergone a change during the simulation
period. :

It has been our experience that those hydrologists who
carefully apply the Sacramento Watershed Mcdel gain a rewarding
insight into hydrologic processes. Their appreciation of the
physical concepts involved and the impacts of problems in
hydrologic measurements can make a substantial contribution to
their hydrologic knowledge. Nonetheless, once the processing
logic for any system is placed in a-computer, there are many who
will utilize the system as a black box. It is our hope that the
effort we have gone to in preparing this material will help to
avoid black box applications and will contribute to the intelli-
gent use of a highly descriptive system.
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Errata
SACRAMENTO WATERSHED MODEL
by

Robert J..C. Burnash

Page 7, para 3, line 2

should read dominant not dominate
Page 12, para 3, line &4, last word

should read these not this
Page 14, para 2, lines 7 and 9

should read mnemonics not neumonics
Page 24, para 4

should start as:

If evapotranspiration should occur at such a rate
that the ratio of tension water contents to tension
water capacity is less than that of a similiar ratio
for free water, then water is (etc.)
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FIGURE 2.
Components of a Generalized Hydrologic Model

SASIN RAlN
- & €
UPPER ZONE P, [ T1{34 lUl.f' s
; v RAIN % ACTIVE INPERVIOUS

’

1ewsion 0 race

SURFACT RUNGFF ¢

4 RAMIFALL EXCESS B (L-ACTIM)
watTgR / WATEIR SURFACE
S ouTrLew
7 INTEAFLOW o
vlTwl ' UIFWe & UIK & (F. - POTIM)
‘.' con UITwN . »
| cemammer
PEACOLATION s acxr ) . STORAGL
lLower Zone Deliciency v2rwe yrionsan
poast ","""‘zu-« Zone Ceopecilies "UIFW d
UNITGRAPN CHANNEL
DISTRIBUTION ACCUMULATION
{r.-prree] | prace] :
LOWER ZONE T ,
L3
TOTAL cHaNNEL
1 race . » ™1 conrowent ;
TENSION | watem sasg FLOW TYYTIIN
' ¥ L1033
wATER : | SUPPLEMCNTAL 8ASC CrasnecL|
'z : z LTFSC LTSI 0 (L~ POTING COMPONENT
‘ < 3 )
HE SR
st )] £ 0 £ :
{t 3 SUBSURFACT
FREE WATIR 2
1 PRINARY BASE FLOW ¢ ¢
€ e (£0-C 0% i1 LZF PCRLTPION (1.- POTIM) M3ChARe
2 'R ITwa+LITwM




o fLWD FoRecAST™

EXTENDEDY AMALYSK
d WATER ScfrL v

. DRousHT £vhwiaTIoNn
FORAGE TRoODucTION
KESERWR LFS/igA/
'® RESERW R PERATIIN
. CHAVAES N EASH Cot/dipens
EFHECT OF B4RrRVS
LANDSLDE EYALUAT /N







HYDROLOGIC MODELING FOR FLOOD HAZARDS * CUHP

COLORADO UREAN HYDROGRAFH
FROCEDURE CCUUHPF )

Ben Urbonas.F-E.
Director , Master Flarnn
Ur-bamn Drainmnage and F1
Comntrol District
Suite 15&85—B
244880 WwW.a 28tTth Avenue
Dermnmwer 4 Colorade S80O0211
: Be
D o Yourng Yoon  , F.E.
Director ,Hydrologic Services
Bowvle Engineering Corporation
Suite 200, 1&ES Sa Urmni on
LLakewood , Colorado S0228

inmng
oocd




Py CUHP

COLORADO URBAN HYDROGRAPH PROCEDURE
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HORTON's EQUATION
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TYPICAL DEPRESSION.RETENTION FOR VARIOUS LAND COVERS

"(aIll values in inches)

.

(Fotf use with CUHP Method)

Land Cover

Depression &
pDetention Recommended

.. Impervious

Large Paved Areas
Roofs - Flat
Roofs - Sloped

Pervious

. Lawn Grass
° wooded Area and
Open Fields

——— o

0.05 - 0.15 0;1
0 l - 0.3 0.1
0.05 - 0.1 0.05
0.2 - 0-5 0035
0.2 - 0.6 0.4
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Soil Infiltration‘Losg

HORTON'S INFILTRATION EQUATION

£ = fo+(fj-£f5)e”2t

infiltration rate (inches/hour)
initial infiltrationrate (inches/hour)

In which £
. .

f;= final infiltration rate (inches/hour)
e = natural logarithm base "

a = decay coefficient (l/second)

t = time in seconds




RECOMMENDED HORTON'S EQUATION PARAMETERS

sCs Hydrologic
Soil Group

oOQwy

Infiltration (in/hr) Decay

Initial -£i Final-*o coefficient
5.0 1.0 0.0007
4.5 0.6 0.0018
3.0 0.5 0.0018
3.0 0.5 0.0018
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RELATIONSHIP BETWEEN
UNIT HYDROGRAPH AND BASIN PARAMETERS

Time to peak (t_) ' Basin length (L)
' Distance to centroid

Channel Slope

/ Imperviousness

UNIT HYDROGRAPH PEAK ('Qp’) 44— Area




1C UNIT HYOROGRAPH EQUATIONS

BA
® S
0.48
) C L ¢ ™
| o= Ct (L L/ VS ) T, 80 + 0.5t
@
In which tg = time to pe2k of the unit hydrograph ¢rom midpoint of
unit rainfall jn hours.
® L * 1ength along gtream from study point to upstream
1imits of the basin in miles
Lca = Jength along gtream from study point to a point
_ along stream adjacent 10 the centroid of the basin

® ‘ in miles. _

s = weighted average slope of pasin along the stream to

upstream 1imits of the basin in feet per foot.
c, * coefficient reflecting time to peak.
® .
Tp = time from peginning of unit rainfall to peak of

' hydrograph in minutes. '
® t, *© time of unit rainfall duration in minutes.
L
@




In Which qp = peak rate of runoff in cfs per square mile.
Cp = coefficient related to peak rate of runoff.

Qp = peak of the unit hydrograph in cfs.
A = area of basin is square miles.
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EQUATIONS OF CURVE . BASIC EQUATIONS
. 0.48
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- P = S\Vso
0.8 an.| 8 b <
1 .0 -.00371 1683 g, = 840 Cp
2 | .0c00023|-.00224 | .148 to
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UNIT HYDROGRAPH

—

= g

DA

)}

POINT OF INFLECTION

/'.

CENTER OF MASS

TIME VARIABLE

SCS tp = f(L,S,CN)
1 _ 0.3
SNYDER's tp = Ct(LLca)
Llcg 0.48
CUHP tp = C,( = ) |
0.38
(LLca)
COE - LA DISTRICT tlag = 24.n =



" WEIGHTED SLOPE

A L4170
0.24 0.24 0.24
LIS1 +L252 +.. +LnSn
S =
L L1+L2+L3+'...Ln
In Which, S = weighted basin waterway slope in ft/ft
51,52.....Sn-= slopes of individual reaches in ft/ft
(after adjustments using Figure 4-1)

LI.LZ,....Ln = lengths of corresponding reaches.
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DRAINAGE CRITERIA MANUAL RUNOFF
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* COMPARISON OF CUHP AND RATIONAL FORMULA RESULTS
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MODIFICATION OF THE CUHP PROCEDURES
FOR SMALL AREAS LESS THAN 90 ACRES

The time to peak (tp) estimated by the CUHP procedure

may not be accurate.

The time to peak (t,) may be estimated by the following
formula using the Eime of concentration as estimated

by the rational formula method.

F1.2-O.36F1.+0.07L
tp = 0.39 .F 2- }\TC-GFI') ’
:

0‘49Fi+0'14

In which, tp is the time to peak in minutes, TC is the time
of concentration in minutes, and Fi is the impervious area,

as a fraction.




A COMBINATION
OF
CUHP and SWMM

WATERSHED - CHANNEL
PARAMETERS PARAMETERS

ROUTED
HYDROGRAPH
e

RAIN SWMM

CUHP

1 4

RUNOFF BLOCK




MODIFIED RUNOFF BLOCK (UDSWM2)

BACKGROUND
- ®© Original Version
C - Version II Runoff block by University of Florida
© Modifications
- Battelle Institute
- Corps of Engineers,VHydrologic Engineering
Center
- Corps of Engineers, Missouri River Division

- Boyle Engineering Corporation

Program Structure
e Simulates Quantity Runoff Only

e Can Be Linked wWith The CUHP
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MANNING'S
ROUCHNESS COEFFICIENT,n
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RELATION BETWEEN MANNING'S ROUGHNESS
COEFFICIENT, FRICTION SLOPE AND
HYDRAULIC RADIUS

REF. DRAFT U.S.G.S. REPORT BY ROBERT O. JARRETT -
"DETERMINATION OF ROUGHNESS COEFFICIENTS
FOR STREAMS IN COLORADO." DRAFT DATE JULY 1984




ROUGHNESS COEFFICIENT

Hydrdlogic Hydraulic
Routing Calculation
n - —— __ 1.25 x n
GUTTER
or £ 0.016 - - 0.013

PIPE




Figure 2

SUGGESTED TRAPEZOIDAL APPROXIMATIONS FOR STREETS
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COMPARISON OF SWMM & CUHP WATERSHED PARAMETERS
EXAMPLE 1

® WATERSHED
BOUNDARY

[\

@
CUHP SWMM
Drainage Area 39 Ac 39 Ac
® Basin Length or Width 1370 Ft.(L) 2740 Ft. (W)
| Distance to Centroid 740 Ft. -
Slope 0.039 0.02
Total Imperviousness 70 % 70 %
Imperviousness w/o Depression - 10 %
Manning's n
® Pervious area - 0.25
Impervious area - 0.016
Depression Loss )
. Pervious area - -0.35 0.35 inches
" Impervious area 0.05 0.06 inches

Infiltration Coefficient
Ma ximum (fi)

"I' Minimum (f)
Decay Rate (a)

4.5 in/hr 4.5 in/hr
0.6 in/hr 0.6 in/hr
0.0018 0.0018




o BASIN WIDTH
{
MAIN
" DRAINAGE
DIRECTION
ANNEL
o OF OVERLAND CH
FLOW
e + =
ALYA,=A
L
A A
W=(2-vp v 2

) : T i :
Where W = subcatchment width, ft, and

2 = length of main drainage channel, ft.

J = skew factor, 0 _ _ 1.0, 2

A1= area to one side of channel, ft. ’9

A2= area to other s%de of channel, ft.“, and
@ A®= total area, ft.<.
L
®
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NOMOGRAPHS TO APPROXIMATE BIG DISCHARGES
June, 1985

BOYLE ENGINEERING CORPORATION

The attached computation worksheet and nomographs are intended to
provide a guick and easy peak flow computation based on the methods of
the Colorado Urban Hydrograph Procedure. The procedure to make use of
the nomographs are as follows: ‘

1)

2)

3)

4)

5)

Estimate the following parameters;
A, area of the basin in square miles
- soil type (A,B,C, or D)

I,, imperviousness in percent

L, length along the stream from study point to upstream
~limits of the basin in miles

Lega?’ length along the stream from study point to a point
along stream adjacent to the centroid of the basin in
miles

s, weighted average slope of the basin along the stream to
upstream limits of the basin in feet per foot

I, l-hour rainfall in inches

Estimate 2-hour effective rainfall (Rg) using the effective
rainfall chart with given imperviousness, soil type, and 1-
hour rainfall

Compute a value for LL_.,/ J?ﬂ

Enter the peak flow chartwith A, LLga/ |57 I, to determinea
coefficient, C.

The peak flow, @, will then be

Q = C *R, xaA
Where Q = peak flow rate in cfs '’
c = coefficient determined using the peak

flow chart

Rg = 2-hour effective rainfall as
determined by the effective rainfall
chart

A = area in acres




The limitations and accuracy involved in using the nomographs are as

follows:

1)

2)

5)

The basin area should be greater than 100 acres and less than
4000 acres, having homogeneous characteristics and a
regular shape.

In developing the effective rainfall chart, the depression
losses are assumed to be 0.3 inches for pervious areas and
0.05 inches for impervious areas.

The error in the peak flow estimation increases as the value
of "C" determined by the peak flow chart increases. The
expected error ranges for infrequent storm events greater
than a l0-year return period are

if ¢ <« 1 , k5%

if C

v

1 , 4 10%

If a stormevent is less than a 10-year return period, a more
error may be expected

It is cautioned that the nomographs are only used for checking

the results produced by the CUHP computer model or in the case

of needs for the very rough estimation. The nomographs should

never be used for reporting, planning,or design purposes.



PEAK FLOW COMPUTATION WORKSHEET

(For checking purpose only - NOT to be used for design)

Basin Name

- — - ——— - —— i —— . -—

Geographic location of center of basin: Long._ Lat. ___ _
Basin Area ____ square miles. X 640 = acres
Land Use : Impervious Area (Ig) 3

Watershed Parameters

Basin length L = ———_mi
Distance to Centroid Leca = —_— 0 mi
Drainageway slope —_____Et/ft
LLca
Ns
Storm Frequency ___ Year, l-Hr Rain _ inches
Estimate effective rain for each soil type
*
Soil Type Percent Effective Rain
A e $ x /00 = -
B 3 X /100 = -
C & D ¥ X /100 —
average effective rain (Re)____ _inches

* To determine effective rainfall, enter effective rainfall
charts with "Ia" and "l-hour rainfall®.

Re (inches) x A (acres) /12

Runoff volume

= X /12

st s e - et s e —

= o ac.ft.

Peak Flow = Cc* X Re (inches) x A (acres)
= | | x X
= cfs

——— 7 o el s st 0

* 7o determine C, enter peak flow chart with "A“,"LLca/4/S","Ia".

Summary: Frequency _ _ Year, Peak flow _ cfs, Vol __ ac.ft




2 - HOUR EFFECTIVE RAIN IN INCHES

2 - HOUR EFFECTIVE RAIN IN INCHES

3.0

SOIL TYPE A

1.5 2.0 : 2.5
1 - HOUR RAIN IN INCHES

3.0

3.0r

TITTIIISOIL TYPE, Sab

1.5 2.0 2.5

1 - HOUR RAIN IN INCHES

3.0

2 - HOUR EFFECTIVE RAIN IN INCHES

_SOIL TYPE B

1.0 1.6 . 2.0 2.5 3.0
1 - HOUR RAIN IN INCHES

la=IMPERVIOUSNESS

NOMOGRAPH TO APPROXIMATE
2 - HOUR EFFECTIVE RAINFALL
FROM 1 - HOUR RAINFALL

(NOT TO BE USED FOR DESIGN)

JUNE 1985
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- 0.48 ‘ (5-1)
tp =C, v,/ s )] .

In uhich- tp” = time to peak of the gnit hydrograph from midpoint of
unit rainfall in hours. '
L = length along stream from studv point to upstream
Vimits of the basin in miles
I_ca = length along stream from study point to a point
along stream adiacent to the centroid of the basir

in miles. 4
§ = weiohted average slope of basin along the stream to
upstream limits of the basin in feet per foot.
€. = coefficient reflecting time to peak.

t
The time from the beginning of unit rainfall to the peak of the unit

hvdrooraph is determined by:

= + 0.5t : {4-2)
. Tp 60tp v . '
In which TF’ = time from beginning of unit rainfall to peak of
hydrograph in minutes.
t = time of unit rainfall duration in minutes.
u
The unit peak of the unit hydrograph is defined by:

640 €y 14-3)

[\ R

1

T

In ¥hich qp = peak rate of runoff in cfs per square mile.

¢ = coefficient related to peak rate of runofi.
P
Once q_ is determined, the peak of the unit hydrograph for tne £z’
P
is computed bv:
. Lot
= A (z-t;
% =9

In Which Qp = peak of the unit hydrograph 19 cfs.

A

area of basin is square miles.

4.4 Unit Storm Duration

-For most urban studies the unit storm duration, tu, should be
5-minutes. Howeyer. the unit duration may be increased for larger
basins. It is convenient to have the unit duration incremented in
multiples of S5-minutes (i.e. 10- or 15-minutes) with the maximum unit
duration recommended at 15-minutes for the 1982 version of the CUHP.
An acceptable unit storm duration, whenever it is larger than
S-minutes, should not exceed one-third of tp. As an example, if the
basin has a t = 35-minutes then an appropriate unit storm duration
would be 5-minutes or 10-minutes (i.e. less than or equal to 1/3 tp).

4.5 Basin Size Limits

The rainfall/runoff data used in the development of the 1982
version of the CUHP was obtained primarily from small basins. Basin
sizes ranged from 0.1% square miles to 3.08 square miles. Although
sorie extrapolation is justified, unlimited extrapolation of how the
bpsin responds to rainfall is not justified. 1t is recommended that
the maximum size of a basin to be analyzed with a single unit
hydrograph be limited to 5~square miles. Whenever a larger basin
_needs to be studied, it is suggested it be subdivided into sub-basins

of 5-souare miles or less and individua) sub-basin storm hydrograph be

routed downstream using appropriate channel routing procedures. The
routed hydrographs then need to be added to develop a single composite
storm hydrograph.

4.6 Basin Shape Limits

The basin shape can have a profound effect on the final results
and, in some instznces, can result in underestimates of peak flows.
Experience with the 1982 version of the CUHP hzs shown that wnenever
basin length is increased faster than basin area, the storm hydrograph
peak will tend to decrease. Although hydrologic routing is an
integral part of runoff analysis, the data used ‘to develop the 1982
version of the CUHP is insufficient to say that the observed CUHP
response with increasing basin length is valid. For this reason, it
is important to subdivide irregularly shaped or very long basins

"(i.e., basin length to width ration of 4 or more) into more regu\ar]y
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shaped sub-basins. A composite basin storm hydrograph can be
developed using appropriate routing and by adding of the individual

sub-basin storm hydrographs.

4.7 Basin Slope Limits and Considerations

The 1982 version of the CURP was developed using data from basins
having a range of major drainageway slopes between 0.005 ft/ft and
0.037 ft/ft. Caution needs to be used when extrapolating beyond this
range. In natural and grass lined drainageways, channels become
unstable when a Froude Number of 1.0 is approached. As a result,

there are natural processes at work that limit the time to peak of &
unit hydrograph as the drainageway becomes steeper. To account for
this phenomena, it is recommended that the slope used in Equation 4-1
for natura) drainageways and existing man made grass-lined channels be
adjusted using Figure 4-1.
‘ Grass lined channels designed and built using Urban Drainage and
Flood Control Disgrict criteria, have a slope that limits max imum
control velocities: A typical range of slopes for such channels is
0.004 ft/ft to 0.007 ft/ft. It is recommended that for preliminary
estimating purposes a slope of 0.005 ft/ft be used along grass lined
channels that are to be designed using UDFCD criteria.

The UDFCD criteria also limits the Froude Kumber to 0.8 for
riprap lined channels. For this reason it is suggested that for
preliminary estimating purposes where riprap channels are
contemplated, a slope of &-30 be used with Equation 4-1. VWhen ¢
riprap channel is in existéﬁ%e, use the measured average channel
profile siope.

In concrete lined channels and buried conduits, the velocities
can be very high. For this reesor, it is recommended the average
oround slope {i.e. not flow line slope) be used where concrete lined
channels and/or storm sewers dominazte the basin drainageways. There
is no upper limit recommended to the slope for such basins Where the
flow line slope varies along the channel, calculate a weighted basin
slope for use with Equation 4-1. Do this by first segmenting the
major drainageway into reaches having similar longitudinal slopes.
Then calculate the weighted slope using Equation 4-5.

10
7 .08
<
.
o
g WELS OR
o .06 cuAN
w N“TuR“L 1 :
! s
P o ECK
t;: g WANRELS Y
/GRASS C

9 .04
o |
R - 4
o
w
by
8 .02
P §
[,

.0

.0 .02 .04 .06 .08 a0 a2

MEASURED WEIGHTED DRAINAGEWAY SLOPE ("/")

FIGURE 4 - 1. SLOPE CORRECTION FOR NATURAL DRAINAGEWAYS
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\ 4.17
0.24 0.24 0.24
LyS) S, T L S
S = . (4-5)

L1+L2+L34 eeslln

In Which, S = weighted basin waterway slope in ft/ft
SI'SZ""‘Sn = slopes-of individual reaches in ft/ft
(after adjusting using Figure 3-1)

LI'SZ"°"Ln = lengths of corresponding reaches.

4.8 Basin Land Use Consideration

A lumped parameter model such as a CUHP relies on data from

basins having relatively uniform land use. It is recommended that

basins having zones of differing land use be subdivided into

sub-basins having relatively uniform land use. As an exqmple. if a

lower half of a watershed has been urbanized and the upper half is to

remain as open space, it is best to develop two distinct hydrographs.

The upper sub-basin hydrograph will be based on the coefficients for

undeveloped land and the lower sub-basin hydrograph will be the result

of coefficients for the developed area.

2.9 Determination of ct and CD Coefficients

The value of Ct in Equation 4-1 may be determined using Figure
4-2. Note that the curve in Figure 4-1 can be represented using
parabolic equations having the percent impervious (]a) as an
independent variable.Three sets of coefficients that are unique for
each of the three ranges of imperviousness describe the curve. The
methematical description of the Ia Vs Ct curve was developed so that
the CUHP procedure could be computerized.

The value of Cp to be used in Equation 4-3 may be determined
using Figure 4-3, The curve in Figure 4-2 is also represented with 2

parabolic equation.
To determine C_, first obtain the value of the Peaking Parameter P,

from Figure 4-3. Then ca’lcu'late»Cp using Equation 4-6:

. 0.15 .
cp PC A ' (4-6)

018
EQUATIONS OF CURVE : BASIC EQUATIONS
.2 . 0.48
C‘ = BI. + bI‘ + C L = c(l.l_cl)
e = G\ Vse
016 Eqn.| 2 b P Se /.
1 ].0 -.00371 | 163 q, = -849Cp_
2 }.000023 |-.00224 | .46 to
~6 -4
\ 3 ja3.3xi0 }e.01x10 | 120 1, = TIME TO PEAK
014 = hr
G , L = WATERSHED LENGTH
= mi
; \» Lca = DIST. TO CENTROID
E \ = mi.
:-_! 012 So = WATERWAY SLOPE
i =%
o -
O
010
N
\\
0.08
Eqng Eqn.2 Eqn. 3
0.06 ' _
4] 20 n 40 60 80 100
PERCENT IMPERVIOUS - I,
FIGURE 4-2. RELATIONSHIP BETWEEN C, & IMPERVIOUSHESS
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In Which, Ct » coefficient from Figure 4-2
: P = peaking parameter from Figure 4-3

A = basin area in square miles.

4.10 Unit Hydrograph Shape

12 'y
EQUATIONS OF CURVE :
I 2
P = aI, + bI,6 + ¢
10 [l Eqn. a b c
1 +.002450]-.0120 [+2.38
1 2 -.00091 |+.228 -2.06

/

/

/

(-]

F

PEAKING PARAMETER - P = (%%)(1)015

The shape of the unit hydrograph is a function of the physical
characteristics of the watershed. It incorporates the effects of
watershed size, shape, degree of development, slope, type and size of
drainage system, soils, and many other watershed factors. The shape
of the unit hydrograph is also dependent on the temporal and spatial
distribution of rainstorms and will vary with each storm event. As 2
result, a unit hydrograph based on rainfall/runoff data is an
approximation that provides the engineer or hyvdrologist with a
reasonable unit hydrograph shape for a given hydrologic region and
land development practices.

Equations 4-1 through 4-6 are used to define the peak discharge
and its location for the unit hydrograph. The widths of the unit
hydrograph at 50 and 75 percent_of the peak_can be estimated using
Figure 4-4. Note that the unit hydrograpﬁ width at 50 and 75 percent
of the peak are given in hours. The two equations shown on Figure 4-4
mathematically describe the two lines on the figure.

In addition to knowing the location of the unit hydrograph pesk

SAYVZVvH Q0014 504 ONIM3AONW O[O0 T0OHAAH

] and its width at two points on its ordinate, it also helps to know how
2 Eqn. No.1 Eqn. No.2 to distribute the two widths around the peak. A study of many unit
e M . hydrographs generated using recorded rainfall and runoff events
indicates that, as a general rule, 0.35 of the width at 50 percent of
peak is to the left of the peak and 0.65 of the width is to the right
° o 20 40 60 80 100 of the peak. At 75 percent of the peak, 0.45 of the width is left of
PERCENT IMPERVIOUS - I, the peak and 0.55 of the width is to the right of the peak. However,
on some hydrographs this rule needs to be modified. Whenever the ®
above rule results in the hydroaraph at 50 percent of peak being to
FIGURE 4 - 3. RELATIONSHIP BETWEEN PEAKING the left of the peak by more than 0.6 T, (’l'p = the distance from zero @)
PARAMETER AND IMPERVIOUSNESS to the peak of the unit hydrograph); the x-coordinate at 50 percent of o
peak should be placed at 0.6 Tp and at 75 percent of the peak it %
should be placed at 0.424 Tp. Figure 4-5 shows how a typical unit
L ® ® e ® ®
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RELIABILITY OF DESIGH STORMS IN MODELLING
by
Ben Lrboms

Chief, aster Planning Program
Urban Drainag2 and Flood Control District

using design storms when compared to ’Iiau;ned
peaks using actual rafnfall histories’»¥:3,
Harsalek observed that for the conditions he in-
vestigated in.Ontario, Canada, only half of the
1inear variation in runoff peaks could be exphﬂned
by the linear varfation in rainfall intensity®.
This led him to conclude that parameters of rain-
fall distribution are important in the generation
of vealistic runoff peak flow. ‘enzel and Voorhees
concluded that the design storm hyetograph and
antecedent sail moisture conditions are very impor.

PUACINT PROBABILITY OF LuCEDENCE

e L S
LEGEND .
90~

. District {District) serving the metropolitan Denver,

Jenver, Colorado

Abstract. Stormwater vunoff is generally simulated using a desian
storn as input. The use of design storms significantly reduces
the complexity of stormsater runoff analysis. As a resuit, the
use of design storns 1s popular among engineers. The basic pre-
wise behind their use is that a design storm of a given return
frequency will produce a simulated runoff peak and volume having
the same return frequency. As an example, using 3 S-year design
storm will result in a S-year runoff peak and volume.

Typigally. design storms are developed by statistical analy-
sis of rainfall records. The resultant temperal distributions
of these design storms may be quite unlike the rainstorms occur-
ing in nature. ‘lorse, the use of design storms may not be re-
sulting in runoff peaks and volumes having the same return fre-
quency. As a result, drainage and flood control facilities
designed using design storms may be oversized or undersized.
Unfortunately, design storms are, by and large, not tested
aninst lgng-tem rainfall/runoff record sinulation to determine
if they will reasonably simulate runoff for a given return
frequency.

A research effort is underway by the Urban Drainage and
Flood Control District in the Denver, Colorado area to develop
more reliable runoff simulation techniques. As a part of this
effort, the design storm concept fs being analyzed. Although
the District's research effort is broad in scope and is exhaust-
ive in nature, this paper discusses only the findings and the
work to date relative to the design storm concept. The findings
are based on applying 73 years of rainfal) to simulate runoff
with computer nodels. These computer models were calibrated for
each basin using rainfall/runoff data collected since 1969. In
additu_)n. this paper examines the principles of design storm
ana!ysls and offers suggestions on iow to develop and test
design storms.

Introduction niques to develop the design storm from rainfall

records have evolved or have been nr?posed over

In 1269 the Urban Drainage and Flood Control

and Urban Storm Runoft Inlet Hydrograph Study‘.

AV) of these techniques are based on the statistical
enalysis of rainfall data with very little, if any,
verification of results through the investigation
of the resultant runoff. Since only rainfall data
are analyzed, independent of ‘the total rainfall/
runoff process, the validity of the design storm
concept has been questioned. McPherson 3 has
pointed out the fallacy of assigning identical
frequencies of occurrence to rainfall and runoff
when in reality both processes can exhibit statis-

Colorado, area, became a cooperative sponsor with
the U.S. Geological Survey (USGS) to collect rain-
fall/runoff data from urban catchments. In 1977
the District started its own data analysis and re-
search effort to develop more reliable urban runoff
simulation techniques. As a part of this effort,
the design storm concent was analyzed. Although
the District's research efforts are broad in scope,
this paper presents only the recent findings rela-
ted to the desicn storm concept.

the past 20 years, including Chicago', ISis2, cuie3,

3ackground

. The use of design sterms is very nopular amonqg
drainage and flood contro) engineers and has
achieved almost universal acceptance. 1la practice,
it is assumed that a design storm of a given re-
currence frequency will simulate a runoff peak and
velume having the same frequency. Several tech-

tical nonhomogeniety. The use of the design storm,
according to McPherson, may be acceptable when
only gross differences in level of protection from
flooding are sought, but actua) rainfall histories
need to be gsed for the final design of operating
facilities.

Regent investigations have reported differences
in predicted recurrence probabilities of peak flows

tant parametersd. 8oth Marsalek and Wenzel
expressed concern about the validity of the com-
puter models used when extrapolating to less fre-
quent large storm events. Soth reported their
models operated in a surcharge mode during the
larger events and, as 2 resuli, they felt the
accuracy of the predicted runoff peaks during very
Yarge rainstorms was suspect.

Rainfall Analysis

Local qoveraments in the ODenver area have
adopted the use of tge Urban Storm Drainage Cri-
teria *anual {USDC}? for planning and design of
drainsge and flood control facilities. The manual
was published fn 19262 by the Denver Regional Coun-
cil of Governments (DRCOG) and contains rainfall
isopluvial maps for the Denver metropolitan area
for a variety of storm durations and return periods
The USDC't also contains a step by step procedure
for reducing the isopluvial information to design
storms. Subsequent to the adoption of the USDCH
by Yocal governments, another set of isopluvial
maps was published by the Nationa} Oceanic and
Atmospheric Administration (NOAA)'Y. The two sets
of maps did not agree. The local govermments con-
tinued to use the previously adopted USDC' rainfal)
information, while Federal agencies used the NOAA
Atlas. Occasionally, disagreements occurred
between various parties that werZ based solely on
the argument that one set of design storms was
petter then the other. Hone of the arguments were
backed by runoff data.

To examine the validity of the published iso-
pluvial maps, the 73 maximum 30-pidd rainfall
depths recorded at the Denver/ér;?;:\ 1898
through 1971 were reduced to -ueibuﬂrohability
plotting position. The rainfaN data“plotted on
Yog normal probability paper are Shown on Figure ).
The two lines shown on Figure 1 represent the 30-
minute rainfall dépths obtained from the DRCO5 and
NOAA isopluvia) maps. It is interesting that nei-
ther of them fit the rainfall data well, yet the
isopluvial maps information was the basis of dis-
agreements between local and Federal officials.
1f one thorougly investigated the procedures used
to develop the two sets of isopluvial maps, the
reasons for these differences can probably be dis-
covered. However, that is not the point. What is
important to recognize is that published rainfall
depth-frequency-duration maps are often used as
the basis for development of design storms. Be-
sides being statistically nonhomogeneous with
runoff, the design storms in themselves may origi-
nate from information that may not be totally con-
sistent with the rainfall data collected locally.

Also shown on Figure 1 are the 7-day antece-
dent precipitation data corresponding to each of
the rainstorms used. Examining this data reveals
that the antecedent precipitation is random in
nature and it is not possible to draw any conclu-
siuns as to how it may affect the statistical dis-
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Figure 1. Probability Distribution Of 30-Minute
Rainfal) Depths at Denver Raingage,
Deriod 1898 through 1971.

tribution of runoff. To identify the potential
effects of antecedent precipitation, it is neces-
sary to examine the runoff peaks simulated while
accounting and not accounting for antecedent moist-
ure conditions. Such dua) runoff simulation was
performed and the results are reported later in
this paper.

Runoff Analysis

Gaging Program

Shortly after its inception in 1969, the
cooperative District and USGS rainfall-runoff data
collection program set up apoproximately 30 gaging
stations in the Denver metrogolitan area. ln 1977
the District started its own data analysis and in-
terpretation effort. After a review of the data
collected, approximately one-half of the gaging
sites were abandoned and the data collected at
these sites were dropped from the records because
of problems ranging from variable basia boundaries
to undefinable flow gage rating curves. It is
difficult to interpret field data obtained even
under perfect 9aging conditions and the additional
difficulties associated with the interpretation of
questionable data was sufficient reason to limit
data acquisition and analysis to sites where prob-
lems could be fdentified and resolved.

Seven of the stations remaining in the data
collection program have been analyzed in detail to
date. Of these seven, data from four of the basins
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Table V.
Site Area tength
. {wi?) C_(mi.)
1. Northglean ' 0.56 .
2. Denver 0.29 B4
3. Englewood 0.43 1.52
4. Airport . 0.15 .97

were chosen for use in the investiqation of the
design storm concept. The four basins represent a
variety of urban land uses, including a mobile home
park (fiorthglenn site), single family residential
{Denver and Englewood sites), and an airport term-
inal. Site maps for each basin are shown in
Figures 2 through 5. Basin Characteristics for all
four are summarized in Table 1.

The first three basins were selected for this
study because the stormwater runoff is not subject
to-detention storage routing of any kind within
the basins. There is a possibility of flow sur-
charge storage at the airport site during rain-
storms having a recurreace interval in excess of
10-years; however, none of the gaged runoff events
jndicated a surcharged condition. Although the
simulated runoff from the airport site may not
accurately reflect the true orobability for re-
currence intervals greater than 10-years, all four
sites can be considered to indicate runoff trends
from sites that have no on-site detention storage.

Model Calibration

Runoff simulation was performed with the
District’s computer model that uses a linear unit
hydrograph fn combination with Horton's exponential
decey infiltration functionll. This model was

Observed Characteristics of Gaged Basins

Slope Impervious Drainage
(fe/ft) {Percent) Systes:

0.04 35 Streets and Grass Channel
0.005 40 Streets and Concrete. Channd
0.010 - 45 Streets and Pipes
0.005 97 Large Pipes

selected for its simplicity and Yow cost of oper-
ation, and because it was found to reproduce the
gaged runoff peaks and volumes with reasonable
consistency. The model was calibrated using the
rainfal) and runoff dats recorded at the four
gaged basins. Both runoff peak and volume were
calibrated. Two kinematic wave models were also
calibrated for the Denver site, but they produced
less consistent duplication of runoff peaks and
were considerably more difficult to use in pro-
cessing large numbers of storm events. As a re-
sult, neither kinematic wave model was used for
this investigation.

Table 2 summarizes the calibrated fnfiltration
and other rainfall losses used in the runoff simu-
lations. The data for the four sites were analyzed
in detail to gain insight into the effects of ante-
cedent orecinitation. Based on what was learned,
the initial infiltration and deeression storage
values were adjusted for each storm to compensate
for the effects of the recorded antecedent pre-
cipitation data. A comparison of the observed and
simulated flow peaks at all four gaging sites is
shown in Ficure 6, which also demonstrates the
validity of the computer model calibration.

Table 2. " Cadibrated Rainfall Loss Parameters

. Jatiad Final
- Infiltration Infiltration
Site {inshr) {inshr)
1. Horthglenn 3.00 0.50
2. Deaver 4.50 1.10
3. Englewood .99 0.50
4. Airport 3.00 0.50

HANNEL:

’k—

— .
_—\\"i// TN

Figure 3. %ap of Denver Gaging Site
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Exponentia) Pervious Impervious
Coefficient Storage Storage
1/sec. {in. (in.g
0.0018 0.50 0.0
0.0007 0.40 0.10
0.0018 0.40 0.10
0.0m8 0.40 2.0
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types of design storms being used in the Denver
area, the peak flows estimated using the design
storms are also shown in Figures 7 through 0.

These design storms were developed in accordance
with the USDCN procedures and the DRCOG and NOAA
published isopluvials discussed earlier. - It appears
that using design storms developed solely from
rainfall data can result in significant varfances

in the peak flows when compared to the statistical
distributton of simslated peaks.

Sunof f Probabilities and Design Storms

Having a calibrated computer model for each of
the four gaged basins, it was possible to simulate
the runoff that would result from a series of large
rainstorms recorded at the Denver rain gage. Digi-
tized rainfall data for a 73-year period {1898-1971)
at the Denver rain gage were obtained by USGS from
the National Weather Service. The 73 rainstorms
having the largest recorded one-hour rainfall
accurulation were selected to represent a partial
juration series for the 73-year pericd of record.
Because the digitized rainfall data wes reported
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in S-minute time intervals, and because the study
basins were relatively small, a S-minute unit
hydrograph was selected for use in this study.

A1l 73 storms were used to simulate peak

stormwater runoff from the four sites.

Before the

Yong term simulation was started, the antecedent
precigitation for each of the 73 storms was quan-
tified and initial rainfall abstractions were ad-
justed-using the trends observed from the vainfall-

runoff data at the gaged basins.

A total of 73
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Figure 9. Peak Flow Probability Distribution for

Englewood Site

runoff peak flows were then simulated and analyzed
using the Log Pearson Type 11l statistical anﬂyﬁs
recommended by the U.S. Water Resources Councii.

An identical statistical analysis was performed
using peak flows simulated while ignoring the
effects of antecedent precipitation. The resultant
distributions of simulated peak flows vs. the
recurrence interval are presented in Figures 7
through 10.

Antecedent precipitation appears to have ¢
relatively smal) effect in the four test basinms.
It is ovossible that the algorithm used in correct-
ing for antecedent precipitation underestimated
its effects; however, there are other possible ex-
planations. Denver is located in a semi-arid
region of the United States and has an average
annual precipitation of only 15 inches, with
approximately one-half of that being rainfall. Re-
ferring to Figure 1, one can see that only ten of
the 73 rainstorms shown had a 7-day antecedent
rainfall that exceeded 0.8 inches. The lack of
precipitation in this semi-arid region also results
in the lack of antecedent precipitation and can
explain why it has only a minor effect on the sta-
tistical distribution of runoff peaks.

The District's studies also indicate that the
runoff from impervious surfaces in the Denver area
tends to overshadow the runoff from the pervious
areas. Runoff from impervious surfaces is very
quick to occur and concentrate and is primarily
resoonsible for the peak flow on small urban
basins. At the same time, runoff from pervious
areas occurs later in the storm and contributes
little to the peak flow during the storms that are
common to the semi-arid climate. High antecedent
moisture may result in increased volumes, but it
appears to have very little impact on peak flows
from urbanized basins in the Denver area and pos-
sibly in other communities located in the semi-arid
regions of the country.
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re: nan ren s tor e teste e-
sign storm to overestimate the peak flow. This
is not surprising since the statistical amalysis
commonly used in the development of design storms
tends to maximize rainfall depths for all time
increments. However, the author believes that the
temporal distribution of the design storm can also
affect runoff peak calculations. Hhen a leading
or advanced type of design storm distribution is
used, the largest rainfall intensities occur at
the time when rainfall losses are large and the
runoff is reduced. 1f, however, a lagging storm
pattern is used,the reverse is true and runoff is
increased. ~

Because of the random nature of the temporal
distribution of rainfall during rainstorms, it is
naive to believe that a design storm can be devel-
oped to represent a real storm of a known vecur-
rence interval. Jesign storms do not represent
typical rainstorms and are a conglomeration of many
storms that have occurred in the past. However,
the concept of a design storm should not be aban-
doned just because a design storm does not repre-
sent a typically occurring rainstorm. A properly
conceived design storm can still be a very valu-
able planning tool for use in estimating rainstorm
vunoff, provided its shortcomings are understood
and it is used only when appropriate.

Alternatives Yo Design Storm

What alternatives ave there to a design storm?
One obvious alternative s to perform a long term
simulation using a calibreted computer model and
recorded rainfall data. This approach would be
similar to the onc taken during the District’s
investigation and may be more accurate. Such an
approach takes substantial expertise, time and
budget. Another alternatige is to identify a num-
her of recorded rainstorms®, say five to ten, as
being representative of a desired recurrence event
which can be used to test final design of drainage
facilities. The advantages of this approach in-
clude the use of recorded rainfall data, which
accounts for a number of temporal distributions
found in nature, and the user is provided with the
argument that an arbitrary design storm is not
being used. The use of selected recorded storms
has disadvantages that are similar to the ones
stated for the long term simulation method, without
the advantages of using a comolete rainfall history
Regardless of how the historic rainfall record is
used, it is important to recognize that it is a
historic record and is not an absolute predictor
of the future.

When the planning effort has substantial po-
tentjal economic impact, is regional in nature, and
a high level of expertise and adequate budget can
be coonmitted, then long temn simulation is justi-
fied and needs to be considered. for instance,
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regional non-point source water quality olanning

is an area where the desion storm apnroach has very
little merit. The non-homogeneous statistical
characteristics of rainfall, antecedent precipita-
tion, pollutant buildup rates, best management
practices, and other phenomena, some of which are
not well understood at this time, demand that a
rainfall record of temooral and spacial distribu-
tion be used. Similar arguments can be made for

regional flood control planning. However, when the

poroblem shifts to smaller drainage subbasins and
individual storm sewer or detention pond design,
there is a need for simplified abproaches to the
problem. In such instances the design storm is
state-of-the-art to many of the professionals:

Desian Of A Desinn Storm

The need for simple, straightforward ap-
proaches in urban drainage and flood control is
recoqnized by the Urban Drainace and Flood Control
District. This need orompted the District to pur-
sue the development of design storms that would
simulate peak flows to fit the runoff probabilities
The approach required the yse of readily available
published rainfall information that had a broad
base of acceptance. Because the NOAA Rainfall
Atlas!U was used by the State of Colorado outside
the District and was exclusively in use by Federal
agencies, it was selected as the base source of
rainfall information. The one-hour rainfall depths
for the various recurrence intervals were taken
from the Atlas at the Denver Rain Gage location.

A temporal rainfall distribution was then developed
for each recurrence interval storm and was convert-
ed to a percentage of the NOAA Atlas one-hour
rainfall depth. After several runoff simulation
trials 3 series of tempora) rainstorm distributions
related to the NOAA Atlas information were found
. to reasonably reconstitute the peak at each recur~
rence interval for all four test basins. The
results can be seen by comparing the peak flows
obtained using the new design storms against the
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distribution curves of the peak flows obtained
using long term simulation. The comparisons are
made in Fiogures 11 through 14. . :

The results to date ook encouraging; however
the District is not yet prepared to revise the
usDCn. .fefore permanent policy revisions ace .made

to the design.procedures used.in the Deaver area, -7

the new design storms will undergo further testing
using othersgaged:basins. The volumetric integrity..
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of -thé hydrographs simulated using the new design
storms also needs to be verified. Flood routing
of the hydrographs obtained using the long term
rainfall record will be performed using a variety
of detention pond designs. The routed peaks will
then be statistically analyzed and compared against
routed peaks obtained using the new design storms.
It is hoped that the new design storms will have
realistic flood routing charactéristics. If they
don‘'t, it may even be necessary to develop another
series of design storms for use in the design of
detention storage facilities. The ultimate goal
of the District is to develop design storms that
will consistently result in a reasonable prediction
of the peak flows and volumes for storm runoff

in the Denver area. These design storms will then
be available to the engineering profession for use
in the design of loca) drainage and flood control
facflities. These new design storms are not intend-
ed 1o be used in regional non-point water quality
studies, nor professed to be the only ones to be
used in regional flood control projects.

Summary and Conclusion

The Urban Drainage and Flood Control District
staff is involved in a research program to develop
more reliable urban stormwater runoff simulation
tools. As part of this effort, the District is
investigating the design storm concepts being used
in the Denver area. As a result of this investi-
gation the following observations and conclusions
have been made:

1. Design storms are developed using
information contained in published iso-
Pluvial maps that may not be totally
~consistent with the long-term rainfall
dxta collected locally. Lo

R

2. Design storms developed using pub-

Vished isopluvial maos result in runoff
peaks that can vary significantly from

the peak flows obtained through statis-
tica) analysis of long-term simulation

of runoff using recorded rainfall.

3. * Antecedent precipitation in the
semi-arid Denver area appears to have
very Vittle effect on the probability
distribution of runoff from small urban
basins.

4. 1t is possible to develop design
storms that reasonably duplicate the
peak flows from small urban basins at
various recurrence intervals. However,
this requires substantial rainfall- -
runoff data to pernit calibration of
computer models, long term simulation
of runoff using recorded rainstorms and
statistical analysis of simulated flow
peaks and volumes.

5. Design storms developed using long
term runoff simulation as a point of
reference are useful in the planning of
storm sewers, detention ponds and other
flood control facilities. Recorded
rainfall records that include temporal
and spacial rainfall distributions need
to be developed and cannot, at this
time, be short cut through the use of a
design storm whenever water quality
studies are performed and/or stormwater
management operational systems are de-
signed. The use of design storms for
these purposes fails to recognize the
non-homogeneous statistical distribution
of a large number of variables affecting
the results. :
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COLORADO URBAN HYDROGRAPH PROCEDURE
COMPUTER PROGRAM - PC VERSION
(CUKPE/PC)

January, 1985

Urban Drainage and Flood Control District
Suite 156-8
2480 V. 26th Avenue
Denver, Colorado 80211
(303) 455-6277

Prepared By

Boyle Engineering Corporation
165 South Union Blvd., Suite 200
takewood, Colorado 80228
(303) 987-3443

INTRODUCTION

The Colorado Urban Hydrograph Procedure Computer Program (CUHPD) was originally
developed in January, 1978 and updated in March, 1983. This personal computer
version {CUHPE/PC) includes additional modifications made by Boyle Engineering
Corporation under the direction of Ben Urbonas of Urban Drainage and Flood

Control District. Major modifications incorporated into this PC version are as

follows:

1.

The equation for calculating time to peak has been modified to be
consistent with the 1984 revision of the Yrban Storm Drainage Criteria
Manual.

Dimensional and common statements and some of the logic in the earlier
version were modified to be adoptable on an IBM PC-XT.

Plotting rodtines included in the earlier version are eliminated.

Some input data requirements are simplified to facilitate data’
preparation effort. It is no longer necessary to define entire
hyetographs or to define basin parameters Ct and Cp.

The program has, as an option, a capability of estimating hydrographs
for small drainage areas (generally less than 90 acres) for which the
original CUHP method is not applicable. The resulting flood peaks in
many cases are generally comparable, but not identical to those
estimated by the Rational Formula as specified in the Urban Storm
Drainage Criteria Manual. To exercise this option, input the time of

- concentration (Tc) as.computed by the rational formula procedure

described in the Urban Storm Drainage Criteria Manual.

The program can, as an option, create an input data file containing

storm hydrograph values for the purpose of combining and routing these . i

hydrographs through the application of UDSWM2-PC, a version of the
runoff block of the Storm Water Management Model (SWMM) originally

developed by the U.S. Environmental Protection Agency and modified by |

the U.S. Army Corps of Engineers. A personal computer version of this
program and a user manual is being distributed by Urban Drainage and
Flood Control District as a separate package.

i
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BASIC RELATIONSHIPS

Rainfall
The program requires the input of the design storm either as a

detailed hyetograph or, as an option, as a l-hour depth from which a

infiltration decay rate and depression storage values entered
‘with basin data. For example, if the user wishes to use Horton's

g “équation.ﬁf{h'f;'c 3.0 1mche51h0ufﬁif6h¥*0.5 inches/hour and. 3 =

detailed distribution is computed. - The user s referred to the Urban

‘ Storm Drainage Criteria Manual for the recommended methodology of
. developing a design storm. Once the design storm is 1nput or
computed, rainfall losses are calculated by the program in accordance
i”with the Dra1nage Crlter1a Manual and account for retention and

_depression storage and for infiltration. See Section 2 1n the
“Runoff" chapter of the Criter1a Manual for the excess prec1pitation
algorlthm used by thls program. '

_l. The inftltratlon rate can be handled in two ways for each basin:

_a) _'A constant 1nfiltrat10n rate throughout the storm can be

_specified. To use a constant inf1ltrat10n rate the user

il o, it

needs to enter only the lnitlal infiltratlon rate (INFL)

‘ b) A variable 1nflltrat10n rate based on Horton s equation can
be calculated B

Horton s equation is f f + (f - f )" at «»\v

Where f = 1nf1ltration rate in inches/hour
fi.= 1n1t1al 1nftltration rate in 1nches/hour
f0~= flnal inf1ltrataon rate in inches/hour
a = decayvcoeff1c1ent in per second units
time in seconds

t =
2. Infiltration and depression losses can be varied from storm to
storm. To do so, the user inputs multiplying factors with

rainfall data for each storm to change the initial and final

0.0018 per second for the <- and S-year stormand—thenwants—to—————

‘reduée the infiltration .to a constant:1/2 inch/hour rate for the
10- through' 100-year stovms, let CINFL = 0.17 on the 10- through
" 100=year raintall idats ciwd:-B-2 and leave all other correction

factors blank. = 3.0 in/hr by 0.17 and

This will multiply fi
‘reduce the: initial infiltration rate to 0.51 in/hr, which will
then decay vapidly toi the final infiltration rate of 0.50 .in/hr.
1f the user has entered rainfail’ oss adjustment factors with the
rainfall data and does not wishi to use them for a given:basin:
“ " during a computer run, he can nullify these correction factors hy
entering any positive number for XNUL on the basin data-card D.
A positive entry for XNUL will cause the computer to use only the
rainfall loss factors entered with basin data.
Depression storage is entered independently for the pervious and
impervious'areas. A single correction facter is permitted with
each rainstorm input if the user wishes to vary depression
storage.between storms.
4.. If the user does not enter any rainfall loss adjustment factors
(1eave blanks in the adjustment factor columns ) for a given
» storm, the infiltration and depression storage parameters entered
with basin data will be used. Adjustment factors are provided to

permit the user to account for the effects of antecedent

precipitation on rainfall abstractions.
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Up to 72 rainfall fincrements may be input for each storm

hyetogragh. If a detailed storm hyetograph is to be input, the

user needs to identify the storm and then input incremental
rainfall depths for each time increment of the hyetograph. If
the l-hour depth input option is to be used the user needs to
identify the design storm and then enter the 1-hour depth and the

return period (i.e. 2- 5- 10- 50-. or 100—year) The design

hyetograph will then be computed by the program using the 2-hour
RIS AL IS R I

storm distribution reconnended 1n the District S Urban Storm

LS ERH

Drainage Criteria Manua] The unit time specified under basin
data (use only S-mlnute or 10 m1nute unit time with the 1-hour

option) has to be consistent with the tlme 1ncrement used for the

5 R e S . y
tabulation of the des1gn storm. Namely, if a S-minute unit
Sk T '-"’-Q B Traco
hydrograph is to be used then the rainfall data should also be
P S A SN B I Ctet
entered us1ng 5-m1nute time increments.

[ PPOE F IR T ISR S U SURNY S

v ga

A user may input up to 99 rainstorms. Any consecutive black of !
ra1nsturns may he called for processi;; hy'fhe basin cardsf fié‘ e
is poss1hie £5 ahnut seuenal’secs of ra1nstorms developed for

dlfferent parts of the metropol1tan area and then to spec1€yvé;;' e

spec1f1c ralnstorms to be used by a g1ven basln. It 1s a]so

posstble to input S-mlnute and 10 m1nute rainstorms and then ca11

the appropriate ones, depend1na on the unlt hydrograph used for

oy

a glven basin.

R oo pndt

BT

vUn1t and Storm Hydrograph o _
The computer program w1l] generate a un1t hydrograph column matrix for '

each bas:n. It wlll then set up an excess prectpitation row‘natrii

AN

I ot Gt o, ire

zlq 400

for each storm ca]led by the bas1n card whlchx%t then cross-multxplles

ey

_and storm Hylbrogiaphi a¥:7 por wvuhiet gy

with the unit hydrograph matrix. The resultant storm hydrographs are
then printed out. Unit hydrographs are developed using basin
parameters of imperviousness and area and the eeuations in the Urban

Storm Drainage Criteria Manual as revised in 1984. As an option, the

values of C_ and Ct. {f known or predetermined, can be input directly

p
to override the values computed using the Criteria Manual procedure.

Unlike the earlier version (i.e. CUHPD), CUHPE/PC utilizes the
following equation for tp as found in the 1984 revision to the

Criteria Manual:
=, (Lch/y-)o 48,

It' is no IonQEr necessary to modify the Ct coefficient as was the case

with CUHPD. ™ : % = - .« = : e

.
-t .

Because of the Speed'of:the coniputer, it is noet necessary to.vary the

unit duration of ‘the ‘unit hydrograph in order to save manual ..

3

calculation time. It is recommended~that a S-minute.unit hydrograph’
be used ‘for all"worki Rowever, the asershas the-option of using any ..
unit timé provided e ‘¥ainfall data,used hascthe same: unit time and a
hyetograph”is ‘définéd 'by the:useri wo v .

T R PR RO

If the*}hh&ufirainfa1liinbut option is used, the user may choose
either 5- 6F 103"minaté*tnit duration: only; however the S-minute
duration '{s" recommended-Foi*-all: 2<hours storms.y »
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per foot. See mstructions in the Urban Storm Drainage

Criteria Manual to determine the weighted slope.

f) As an option for smal'l urbam’zed areas, (e.g. less than 90

acres), you may enter t’ime ofjc’o;nee{ntrdtlon in minutes. -
Procedure for est1matmg tlme of concentratwn is g\ven m
the Cr1ter1a Manual By specﬁymg the tme of
concentration, hydrograph peaks wﬂl be computed and
displayed using both the CUHP method and the Rational
Formula. This option will be exercised only if the 1-hour

rainfall option is used for Card B2,

[ 0

entered with ramfal] data are to be nulhf\ed (optwnal)

Optlonal lnput Parameters For Mydrograph Shapmg. The umt

hydrograph is developed by the computer usmg the algorlthm used
in the 1984 revision of the Urban Storm Drainage Criteria Manual.
As noted béfore, the coefficients Ct and Cp are computed by the

program; however, they can be specified by the user as an option.

The shaping of the unit hydrograph also relies on proportioning
the widths at 50% and 75% of the umit hydrograph peak. The
proportioning is based on 0.35 of the width at 50% of peak being

ahead of the “time to peak” and 0.45 of the width at 75% of peak

RO

N
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1. Input Parameters. The following basin parameters are needed for g) Pervious retention - Maximum depression storage on pervious D
the program to generate 2 uni{;‘. and storm hydrograph R o surfaces in 1nelhes.’ - :
a) Area - 935‘" area f': sﬂuare mi'les ‘ . h) lmpervious retention - Maximum depression storage on imper- Ty i
, tb) Bas’m Length - The lengthbin mﬂes from the downstream ; vious surfaces in inches. ) . g
‘ ( desngn point of the bas;nn_or sub basin along they'r\a(inu ‘ . i) Infiltration rate - Initial infi'ltration rate for pervious C—S .
. ' dramageway to the‘high oo‘int on its resl)ective baSin or surfaces in the basin in inches per hour. If this entry is g
. sub-basin, Hhen a basm is subdivided into a. serles of ) used by itself;.fji_t‘_wﬂl be used as a constant infiltration 8
b sub basms the :s‘ub-basin length used shall include the ) rate thrwghgut:t‘he storm. If the next two entries are ‘ m
!;;i ' o distence required for runoff to reach the majorx channel from made, then this uulue will be used as the initial infiltra- % ;
o n :;Kthe‘ferthest point ln the“lsu_’h"basin.;__ o tion rate in Horton's equation. Er Q I
AL c) " cs(;ntr;oql-d ;I‘)’.I.staLnee —wbist%aégce “.? m\}le's, from the desién point j)_._ ‘Decay - Q_Exppnen,tiql deca¥ (!:oeg_fieienth in Horton's equation : 8 g
L of t’h?e ‘basi?n”o{r sub ufasin‘alor:g the main drainageway to its o in " "per se;ond- units.’{,i e o DR B ¢
o respective brazsin‘or. sub ban‘n) eentrmd. e e e k) Final infiltration - Final infiltration rate in Horton s s m
. A__:(‘ii):’:'”_ferxce:\ct tmpervi}o’us - The Jportion‘of the basmws'u‘rface which . equa,tion in inches per hour. 5‘
. ;s imperkus in percent. . l) Nulhfier of Ramfa]] Loss Adjustment Factors Entered with ‘CDa
",‘:)-»v 1'"154]°Pe - The welghted verage slope of the basin in feet Rainfal] - To be used if rainfall Toss. adjustment factors X ’GE
‘ e
=
0
O
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being ahead of the “"time to peak". These proportioning factors

were selected after observing a number of unit hydrographs
derived from the rainfal’l/runoff. data collected by the U.5.G.S. )
for the District. It is possible for the user to overridge the
unit hydrograph widths .and the pr_oportioning of these widths
built into the program._ For drainage and flood studies within

the District, the program values shall be used If the user has

1A sud

hydrographs in such a way that their peaks become compatible with

_those by the Rational Methed for small drainage areas.

1. Calculation of Peak Runoff Rates Based on the Rational Method.

The Rational Method is based on the following formula:

Q =CIA

4, ONEZQ0ON OIDO10HAAH

derived unit hydrographs from reliable rainfall-runoff data for a . .
. EEEN . . ERINE H 3
L %
study basin and can develop 2 cahbra“tgd" “"ft hydrogralph‘ fO" In which, Q is defined as, the maximum rate of runoff in cublc : ;i
Edene Gxow 55,2 . Y - i I K ;
this basin, this option pfrmi‘tls Qreishapirpg; the umt hydrograph ,fee,’tﬂp)eghsecgnd ‘\C is a rungff cggffjcien_t. 1 is_ythe:ayera’gew,_ v i
accordingly. ) . jptepsity of rairfall in-inches-ger hour for.a duration equal to :
. b W ERBEE G0 Ul pus me g x ¢ T i PPt J
. . ) the tlme of concentration? and A is the dramage area 1n acres i % H
PSSRV i T S e SOEDE YR e g TR * %
C. Rational Forrula OPUO" For Small Catchments To est; ate peak yunoff rates using the above rational formu]a, TR |
. ER NI FUSTNR M T T Ay g,‘ S S S TE T T TP ¢ 2 40 i _F“ :
_ Rttt uire the fol]owmg relationsh?ps were developed and mcorporated m ; gg 2
The Colorado Urban Hydrograph Procedure (CUHP) is. apphcable for the CUHPE/PC: : 3 §
HEE N F SN L the vl e g {te " S BEE Ry ) Eidal it BSEIUN S BBy e ‘ O ¢
basms that are generally larger than 90 acres. When the procedure fs ) D '
» e Ak D PET T DAL L ¥ bty ,~:!iz\s._-,u>g Y §openEed . S GIEE SERTS O i
applied to sma!l 1»67‘ _basms. ’ltphﬂs xautendency }0‘ overestimate or N The rainfall intensity-duration relationship specified in the Urban I .
1 § ERN ' P RY I TR 1 w132 N
underestimate peak runoff rates. The Colorado Urban Drainage and Storm Drainage Criteria Manua) is as follows: ; > .
. £y ML ST [ R I b 1Ty [ R P ti TE A RSN ECE ENE T L ERRLEE I EOEE R A LA et ¥ ity iy H N} g
L Flood Control Distnct s, “Urban Storm Dramaoe Criteria Manual® i > g
I,g HELY LR TY SR PRSI F g j;; ERTATENEY A [ALEESE RS RRET I LRSI T i m} :
5. suggests the use of the Ratmna] Method for such sma'l] basms. In the . 3 @. g
i A R U SRR LRIy A S LASSES O P L S 50 B B S MU SR £ H RPN L B LA, Y ’ : = b
CUHPE/PC versmn. an optional routine is. incorporated which computes " Q ION RATIO TO it 22) :
R faare gy ave popmaen g aaf% FEMORTLGG LR clTIWT 7y Ty v T SRR
peak runoff rates based on the Rational Method ln additlon to basm N (Mmutes) 1-Hour Rain Depth N v
W . P =0 v TINZ By BrGYy b Ir Hag L ‘; -
parameters reqmred for the CUHP, the user may spec1fy the time of 0.28
. [T FTER A R X L el ty Ot (SRS M SIS A LT HAE A LS ST S ot
concentration for the basin of 1nterest and the CUHPE/PC wﬂ'l then 0.4 L4
L S O I -4 I S X 1) i [N R PR S TR SF IR TRV RS IO § PRy K. § L T
compute and dlsplay both peak runoff. rates' as computed by the CUHP and : 15 0.57
LR Zaeng (A (ERET IS B REDUS 200 2 70T e e O
the Ratlona] Method for companson purposes. The program also 0. 7 C 4
PeRoe PEoad s e a3 s ¥ YRS FLV AR SN L L 150 YR GETA uhLERT op T e Uy e : }]: X
contains a routine which modifies the CUHP procedure for generatmg 60 1,00 r -:U; :
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Based on the above relationship, the average Intensity for When the user specifices the time of concentration and the i O §
g 0
s . d by: p
any given duration can be estimated by © 1-hour rain depth, the CUHPE/PC will automatically calculate 1 O
1, = 28.51 o/ (+10)°-78 ‘ i Wsal
t 60 ) and display a peak runoff rate based on the above Rational “:05
R T Y : the: < #ty ip fnches per hour for N i

1nt which, lt 15 the:average: intensity ih fnc P _ procedure. However, when this procedure is used for a O

a ‘duration of ¥ mi + % is, the rajin: jon- in minytes; ==

a duratich of ¥'minutess -t is, the vain: duration minytess drainage area larger than 160 acres, which-is not recommended (@)

n -inches for-a l-hour-duration..

‘ond l60 is the ‘rain depth i e o v by District, a warning statement will appear in the output §
EELAE ST S R A N ey . along with the estimated peak. 8
T L L TR G F e 1. m?
The Urban Storm Drainaee Criteria Manual provides a table § — :
B BRI LU & ERNE O TR LY } J..7—.—--;
spgcifying va’lues of, the runoff coefficient, C, to be used 2. Modification of the CUHP Procedure § [Z‘
REL RS i ey e PR R : q)‘
, for var'jpu; land use, and storm frequency conditions. ln the As mentioned earlier, the peak runoff rates developed by the % -n§
Parhlneayy g b i Hee X i .:( _J: g
) CUHP;/PC these values are approxlmatied by : CUHP may not be consistent with those by the Rational Method : @z

: te G yobBpartorne L3y i X .

C R /R : R i for smaller drainage areas. This inconsistency results from D

AR S HECRT AN - vt B L R e A T s : ‘ ‘
In which, R, 15 the effective rainfall i;nd Ry is the “total (i opqoms g Sifferent procedures used to calculate the time to peak used ) P?
SR B 2o pein i Beg gy o aad fue . M ¢ 1 f
.. rainfa }\} f9r a 2 hour stkorm as used in the CUHP method. Derusio 4o rha for the CUHP and the‘ t'irfne}\of fo‘nae{\‘tratlyn for the Batii?al . G‘
By SO syl TR Ea IR RN 16§, R T NI ] v H T ;
K " " : " . sanby tpe, fpm!u]q, The @fferences. however, become smal'l or almost eo
e -~ - . . L 1 T $i05 MON K. o 7L riien PoLs [ I .
BALO I AN R R R L R N LN R N I 5 . r § é O
A value of the runoff coeffiment as determlned by the above £egh) i £ - Pegligible w when the fOHOang rg}a]tgo:\szlfll). 'is us'edt‘o relFt,?_ i ij:i

15 LW Y3 ,A ¥ B (S [ELEv
the two vanab‘les.

A%

equa,ti_on_ is deg?ndent7 d\’:’p?r} ‘ra‘:nf;a)’ll) mgﬂu‘ntude. . )
imperviousness, depre}s.‘t}‘qn;gos‘s.{Bpf;d“ﬂ:’ealﬂ(j"to" s . XL IRV N T FEN N I X ; 0; 39(":12 ) Ti-6F, oo s g 3>§
infﬂtrat)on equation gav:xam(legv:sh On ithr?’so.ther hand (f:e R T 7 LRI M Ny P __‘ ’,9 49F +0 14 e e § ;Cg:
‘runoff coefficents sgecrﬁe;_ in ‘t;t:ebxgrgar: Storm Dramage Muph Dy 0T 1 Ingwhich, t :is the <time.to ‘peak iq mmutes T IS ;he; tm\e : U)j
. Critena Manual only viv"x: W}tg('jmgfrv:ogiqe§s and stonn e oy s of concentratlonx_ingsminutes,x and F.,is the impervigys area, : "\.‘;
. frequency. . However. when typical values of ramfaﬂ cup frry o as . fractioni . e e - :
intensity for a given frequency and depression loss are tenp s G sa 3T e b nre e . “4 .

used, the runoff coefficients generated by the program W e ~In the CUNPE/PC, the above relationship is incorporated to
generally agree with the values of C specified in the Urban ¢ v ... -+ -estimate the time to peak for a given value of the time of. g
Storm Drainage Criteria Manual. ' RS concentration provided by the user, replacing the CUHP for -
estimating the time to peak. This optional procedure sh_pu’ld o
o o [ ® ® @ ® o
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be only utilized for small drainage areas (the recommended

threshold drainage area is 90 acres). When the procedure is

utilized for larger drainage areas greater than 90 acres, a
e N wte * SiHE R . , i

warning sta‘tement_willl_ appear in the output.
L TR B e S A P .

USE OF CUHPD WITH HEC-1

The Urban Drainage and Flood Control District's CUHPD program was modified in
February 1983 to provide a user-selected option of writing storm hydrographs to

an output disk file for:subsequent use with the multi-plan method of river
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D e R g 3 vaer e vieves - o

Y g
o TR s g mat? ne gebanys routing available with HEC-1 (flood hydrograph program of the U.S. Army Corps of :
3. Rational Method Options. !
- P S 1% SBLARD e g Engineers). AT that time, the acronym for the District's program was changed to
; The CUHPE/PC program has two options under whlch it will :
R o CUHPD to distinguish this:version.from previpus versions pf. the program.., The :
3 generate peak flows using the Rational Method. Under the . : i §
: LGRS fuE nipay i ade user -of the HEC-1 output-of CUHPD s adwised: t;n-;.c,arggullyn;eview the H@C-LQ}EFS 5 N §
first optio (i e lCIA 2 on Card c), if the user does not <
WRIET L pe wit gt o Manual (HEC-1 Flood Hydrograph Packagg Users Manual, U S. Army Corps of R I
input a time of concentratlon (T ), the program will only PEETH S I
STNE - Engineers Water Reseurces SupportUCéh‘ter;, 198l) before proceedmg with such use. T
generate a hydrogriaph usmg the Urban Storzn Dramage RN UV gO . 3
irins RS 12 R e fqe - ) §
Cnteriﬂa Manual (USDCM) pr_ocedure. however, if the user BECm aBhy o 16E fn H
' hal:ta Gome nareieo . Pe mpeag, In converting the program, te to CUHPE/PC (i.e. to run on a pC type equipment) the i = S I
i inputs a value of TC and the 1 hour rainfall depth the : LT TR A2 et 8 R N
? HEC-1 output option was not ful]y tested and may require further work to O §
! program wﬂl generate a hydrograph using the USDCM procedure TOARARL T peLtie e g N i EO“' H
: R L I O generate output foy use w'ith mamframe or PC compaﬂb]e HEC-1 program. The text O ¢
: and '»‘l)u i'lso sa]culate the'p‘eak flow using the Ratlonal PTG CL Tailenresrgee g B p ~®ﬂ g
¢ DT rae REMGRTE; Tun gz m e .2 that follows is, for the m0§t part. found in the CUHPD User Manual. S .
Method as explamed,,ea__rher. Under the second option (i.e. R L e E s QYN iIif i
H :
ICIA = l on Card C) the user is required to provide an input A R A I LAY TU N TR S DE N 4 SR P ! =0
AoRL BDIALY WA e '}) ZN‘ !
valpe for TC and the l h0ur ra1nfa’ll depth. The program . Ef UAS MR QB © D206 Mo ppute b1 fp gusanug e eng i >‘ {
% 3 BN L o N N A TR : g el
% will_then generate a storm hydrograph that has been modifled R A R I R I e A s :
: RS n ‘ T i A1
uslng the 1nput TC and wﬂ'l also calculate the peak flow © T Wl TTRING Y g (fpip b O ¥ 8 i
. SR S I s BRI P T T s b E
using the Ratwnal Method. This second option is recommended ¢ ;‘?"' 4
only for areas smaller than 90 acres and should not be used at 3,098 BML gus GTTIE S b ’ §
g an{;.‘(ergvareas ]arger than 160 ‘acreS: /,“,;Soe sm§ secggnd-qption LR LT o woartge AFELEE iy Do v g ® .
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