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HYDROLOGIC MODELING FOR FLOOD HAZARDS

PROGRAM

Wedne.sday, August 7

8: 00 a. ffi. Re-gi strati on Check-i n, E:-:ecLlti ve Tower Inn, Beethoven Rm
8:30 a.m. Welcome and Over.view

Oren Strom, Assistant Dean,
CU-Denver School of Engineering

"Methods and Requirements for FEMA Flood StLld;'·i@s"
Dr. John Liou, FEMA Region VIII .

"GLli del i nes for CompLlter-Based Hydrologie: De<S:ll;jn Studies,;"
Dr. Lynn Johnson, CU-Denver, Civil Enginee;>ring

9:30 a.m. Hydrologic Model - TR-20
Wendell Styner, SCS l4Jest Nati onal Technical Center

11:30 a.m.Hydrologic Model - TR-55
\4Jendell Styner, SCS West National TechnLtid teht.e:1"

12:30 p.m.Lunch and Speaker .
"Rai nf all-RLlnof f Model i ng from ConsLll tant . s I='oi nt-of -Vi'lil>w"

Dr. ,:;nand Prakash, Chief Hydrologist, Dames and Moore
1:30 p.m. Hydrologic Model - HEC-l

John Peters, Hydrologic Engineering Center'"
Corps of Engineers

3:30 p.m. TR-20/HEC-l Combination
Cl aron ~~:oontz, Kansas Ci ty Di s-tri ct.',
Corps of Engineers

4:30 p.m. Microcomputer Demonstrations

Thursday, August 8

8:30 a.m. Hydrologic Model - ILLUDAS
Doug Noel, Illinois State Water SurVey

11:00 a.m. Hydrologic Model - Revised SWMM
Jody Farhat, Omaha District,
Corps o~ Engineers

12:30 p.m. Lunch (on your own)
1:30 p.m. Hydrologic Model - MITCAT

\1Jilliam Taggart, McLaL\ghlin \-Jater Englr;ee'rs, Inc'.
Roy Evans, CAmp, Dresser, & McKee

4:30 p.m. Microcomputer Demon~tratlons

Friday, August 9
8:00 a.m. Hydrologic Model ~ Sacramento Watershed Model
12:~) a.m.Lunch (on your own)
1:00 p.m. Hydrologic Model - Colorado Urban Hydrograph Proced~re

3:00 p.m. Panel Discussion and Wrap-Up

,.'
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Mr. Doug Noel
Water Resources Building

• 605 East Springfield Ave.
P.O. Box 5050, Station A
Champaign, Ill. 61820

Mr. S. G. Wilkes
SCS

• Diamond Hill Complex
Building A, third floor
2490 West 26th Ave.
Denver, CO 80211

HYDROLOGIC MODELING

FOR

FLOOD HAZARDS PLANNING AND MANAGEMENT

Lecturers

Hr. 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

Mr. Wendell Styner
• C/O Mr. George Blahrn

West National Technique Center
511 N. W. Broadway'
R. 514
Portland, Oregon 97209

••r. Young S. Yoon
Boyle Engineering Corporation
165 South Union, Ste 200
Lakewood, CO 80228

•

•

•

Mr. Ben Urbonas,
Urban Drainage & Flood Control Dist
2480 W. 26th Ave., Ste156-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 80225-0267

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
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Sally Lewis
City of Broomfield

•

lf 6 Garden Office Center
roomfield, CO 80020

• Edward Lind
Ayres Associates
17 North 12th Ave
Brighton, CO 80601

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

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. H. Samad
McLaughlin Water Engineers
2420 Alcott St.
Denver, CO 80211

•

•

Hike HcCarthy
JR Developers Ltd
2120 Ho11owbrook Dr., Ste 201
Colorado Springs, CO 80918

Pat HcNamarra _
Costin Engineering Co
2775 \-l. Hampden Ave
Englewood, CO 80110

Todd Sando
North. Dakota State Water Commission
900 East Boulevard
Bismarck, ND 58505

Staff
J.·F. Sat0 & Associates Inc
5898 South Rapp Street
Littleton, CO 80120

Constantine Papadakis
Colorado State University

••iVil Engineering Dept
ort Collins, CO 80523

Thomas Pick
Bureau of Reclamatipn
P.O. Box 2553

• Billings, HT 59103

Philip Porrini
Hortison-Haierle Inc
P.O. Box 6147
Helena, HT 59604

Tim Schoonhoven
Howard Needles Tammen & Bergendoff
907 N. Poplar, Ste 250
Casper, wy' 82601

Gene Spence
Elliott & Assa Consulting 'Engrs
5316 South l32nd St
Omaha, NK 68144

John Timberlake
Morrison-Knudsen Engineers Inc
2425 S~ Colorado Blvd ft205
Denver, CO 80222

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

• Brian Richter
TST Engineers
748 Whaler's Way
Fort Collins, CO

Bldg D
80521

Douglas Tri'este
Bureau of Reclamation
P~O. Box 25007
Denver, CO 80225

Vannop Ottozawa Chatuproh
Arizona Dept. Water Resources
99 East Virginia
Phoenix, AZ 8500.4

B, Rindahl
• City of Aurora
~. O. Box 1000
"'illrora, CO 80012

•

James Verdin
Wright Water Engineers
249-0 W~ 26th St. I Ste 55A
Denver) CO 80211
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Steve Bagley
City of Greeley
919 7th Street
Greeley, CO 80631

Steve Butherus
City of Greeley
919 7th Street
Greeley, CO 80631

David Frick
Resource Consultants Inc·
P.O. Box Q
Fort Collins, CO ·80522

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

•

• Cynthia Croxdale
615 Dudley Street
Lakewood, CO 80215

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

Joe Des Jorcjin
JR Developers Ltd
2120 Hollowbrook Dr.,

••olorado Springs, CO

Edward Endicott
ARIX
800 8th Avenue
Greeley, CO 80632

80918

Ste 201
809.18

Ste 201
80918

Grai'g Kessinger
Cos.tin Engineering Co
2775 W. Hampden Ave
Englewood, GO 80110

Robert Jones
2680 Telluride Drive
Colorado Springs, CO

Jeff Jurew
JR Developers Ltd
2120 Hollowbrook Dr.,
Colorado Springs, CO

Bill. Johnston
JR Developers Ltd
2120 Hollowbrook Dr.,
Colorado Springs, CO

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

Ste 201
80918

Jim Davey
Boyle Engineering .
531 E. Bethany Home Rd
Phoenix, AZ 85012•

• James Faulhaber
ARIX
800 8th Avenue
Greeley, CO 806.32

R.i~chard Lamb
Norton, Underwood & Lamb Inc
10.20 28th Ave #20.5
Greeley, CO 80631

• Terry Fead
McLaughlin Water Engineers
2420 Alcott St~

Denver, CO 80211

Ri-chard Leffler
Western Technical Services Inc
1024 Eighth St
Greeley, CO 80.631

Kenneth. Fi.nch.

•
Army Corps of Enginee~s...USAED
650' Capitol Ma,ll .

411racramento, CA 95814

Sacramento
Ken Lewis
Boyle. Engineering
531 E. Bethany Home Rd
Phoenix, AZ 85012
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George Wingfield

•
stin Engineering Co
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Mary 1;.J'u
McLaughlin Water Engineers
2420 Alcott St
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HYDROLOGIC MODELING FOR FLOOD HAZARDS

•

• GUIDELINES FOR COMPUTER-BASED
DESIGN STUDIES
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•

•
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•

Dr_ Ly~~ E_ J~h~~~~, P_E_
D~p~rt~~~t ~~ Ci~i1 E~gi~~~ri~g

Uni~~r~ity ~~ C~1~r~d~ ~t D~~~~r

1100 14th Streoeot
D~~~eor, C~1~r~d~ 80202



HYDROLOGI<D MODELING FOR FLOOD HAZARDS

GUIDELINES FOR COMPUTER-BASED DESIGN STUDIES

INTRODUCTION

o Need for Guidelines/Standards
- Enhance model credibility and confidence.
- Aid understanding of model results.
- Assist in procurement of modeling services.

o Problems of Model Choice
- Models vary in spatial and temporal detail, as

well as the processes represented.
- Models are operable on differing computing

systems (e.g. desktop micro to mainframe).
- Person who developed model is not the one

applying it.
- Programs get modified without followup

documentation.
- Client may be sceptical of model results.

o Guidelines are standard precautions or specifications
- Minimum number of standard tests for:

+ model verification,
+ sensitivity analysis,
+ output interpretation.

- To avoid using:
+ wrong model,
+ wrong data,
+ wrong interpretation of results,
+ misunderstanding of model and its

relationship to design objectives.

MOF'E COMPLEX COMPUTER-BASED DESIGN ENVIRONMENT

o Fac ors 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.

o Computer Models
Several hundred currently available.

~ Main frame code being ported to micros.
- Preference for use of a model used before.
- Most models being enhanced each year.
- General-purpose software (e.g. ~preadsheets)

make computing easier.

•

.:•
•

•

•
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HYDROLOGIC MODELING FOR FLOOD HAZARDS

\
o ,Hat""dw.:\t""e

- Rapid evolution of microcomputet""s.
Dect""easing costs of computing.
Distt""ibuted computing linking mict""os with
mainft""ames.

o Systems Wat""e .
High t""esolution gt""aphics pt""ocessot""s +ot"" mict""os.

_ Enhanced communications speeds (e.g. 1200 baud)
National and intet""national netwot""ks to access
I at""ge compLltet""s.

COMPUTER MODELING ASPECTS OF STUDY REVIEW

o Pt""oblem Review
At outset of study, detet""mine dt""ainage system
chat""actet""istics so that computet"" model can
t""ept""esent those chat""actet""istics.
E:·: amp I es :

+ Divet""sions
+ Pipe sut""chat""ging
+ Intet""iot"" design points

o Study Objectives and Ct""itet""ia Functions
ID questions to be answet""ed and' how computer
numbet""s will t""elate to answers.
Detet""mine pet""formance ct""itet""ia:

+ How computer numbet""s are to be compared
between sevet""al t""uns.

+ E>:amples: peak flcHo,J, time to peak, "-11: " •. ;":'?,

o Accut""acy of Model Should Match Data
Field measut""ements and calibt""ations will
establish accut""acy of model.
E:-:ami ne SOLlt""ces of ~"t""ot"":

+ i npLlt data
+ model concepts
+ solution methods
+ computational accut""acy
+ field equipment and measut""ements

o Model Selection Ct""itet""ia
Use the simplest model which answet""s the
qLlest ions.
StLldy t""eSOLlt""ces.

- Availability of the model.
- Availability of suppot""ting advice.

Expet""ience with the model.
Availability of data.

- Requit""ements of t""egional authorities.
- Special costs of proprietat""y pt""ogt""ams.



HYDROLOC Ie MODELING FOR FLOOD HAZARDS

GU DELINES FOR COMPUTER-BASED DESIGN STUDIES

STEPS TO ESTABLISH MODEL CREDIBILITY

o Vali~ation Tests
- Compare model responses with theoretically

anticipated results computed by hand.
- E~·~ amp 1es:

1) Zero rain ----> no runoff.
2) Steep catchments ----> hydrograph

shaped like hyetograph.
3) 100 X impervious ----> runoff volume =

rain volume.
4) Light rain and high infiltration ---->

no runoff hydrograph.
5) Flat pipe gradients ----~ surcharge check.
6) Storage routing check.
7) Addition of two hydrographs at junctions.

o Calipration and Verification
- Calibration implies comparison of simulation

resLl1 ts wi th:
1) field measurements,
2) another model known to be correct, or
3) some other criteria.

- Calibration involves progressive adjustment of
model algorithms or model input data until
satisfactory confidence level is achieved.

- Verification implies testing the system model with
an independent data set not used in the
calibration process.

o Level of Discretization
- Need to represent interior design points.
- Time step selected to accurately represent unit

,",ydrograph.
- ~rade-offs between study costs and number of

subspaces.

o Sensi~ivity Analysis
- ~ensitivity analysis conducted by holding all

parameters but one constant.
- ~ary the single parameter over expected range.
- If model criteria function is sensitive to

~ariation then data collection/analysis effort
f.;hOLII d be condLlcted wi th care.

- If not sensitive, then accurate measurement not
hecessary.

- 'eak flow: slopes (pipe ~'. lcmd), Manning's "n"?
Isubbasin shape.

- Jolume: % impervious, infiltration, depression
f-;toragf2.
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HYDROLOGIC MODELING FOR FLOOD HAZARDS

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.

_ Graphics displays aid in data review (input & output).

o Documentation
- Identify model version and reference documentation.
- List input and output data files.
- Backup data on computer storage media.

GUIDELINES FOR ~OMPUTER-BASED DESIGN STUDIES

TOPICS FOR COMPUTER-BASED DESIGN STUDIES

o PROBLEM REVIEW

o STUDY OBJECTIVES

o PERFORMANCE CRITERIA

o RREQUISITE ACCURACY

a REVIEW AVAILABLE PROGRAMS

o STUDY RESOURCES

o MODEL SELECTION CRITERIA

o MODEL VALIDATION

o MODEL CALIBRATION AND VERIFICATION

o LEVEL OF DISCRETIZATION

o SENSITiVITY ANALYSIS

o DATA PREPARATION

o OUTPUT INTERPRETATION

CJ DOCUMENTATION

F<EFEI::;;ENCES
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METHODS AND REQUIREMENTS
FOR
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HYDROLOGIC MODELING FOR FLOOD HAZARD PLANNING AND MANAGEMENT

TR-20
Wendell A. Styner~ P.E.~ \1

OVERVIEW:

The SCS coaputer prograa for Project Foraulation--Hydrology,
aore popularly known as the ses TR-20 prograa, assists the
engineer in hydrologic evaluation of flood events for use in
analysis of water resource projects by analyzing aore
alternatives. TR-20, one of a series of SCS Technical Releases,
Is the users aanual describing the Input and output of the
prograa (1). The prograa is a single event aodel which coaputes
direct runoff resulting froa any synthetic or natural rainstora.
It develops flood hydrographs froa runoff and routes the flow
through stre~a channels and reservoirs. It coabines the routed
hydrograph with those froa tributaries and coaputes the peak
discharges at points of Interest in the watershed.

The aodel uses standard SCS hydrologic techniques and procedures
as described in the SCS National Engineering Handbook~ Section 4
(NEH4)-Hydrology (2).

Background:
1. A ·Coaputer Prograa for Project Foraulation~ Hydrology· vas

prepared for SCS by C-E-I-R~ Inc.~ January 1964.
2. TR-20 User's Manual.

a. SCS developed a user's aanual, May 1965, ·Coaputer
Prograa for Project Foraulation, Hydrology.·

b. Sup~leaent to user's aanual, March 1969.
c. Coapletely rewritten as Draft User~s Manual, May 1982.
d. Pen and ink changes - 2nd Edition (May 1983).
e. Latest Draft User's Manual available through National

Technical Inforaation Service (NTIS) contains pen and
Ink changes. The NTIS Accession No. Is PB83-223768 with
a price of .25.00.

f. Errata sheets were distributed March/April 1984.
g. Final?User's Manual - incorporated coaaents waiting for

coapletion of prograaaing.
3. TR-20 Coaputer Prograa. .

a. First available May 1965.
b. Revisions aade periodically until last version 1974.
c. Latest prograa revision date Is 9/1/83.
d. Ava lIable at the USDA's coaputers at the Washington

Coaputer Center (WCC) and the Fort Collins Coaputer
Cent~r (FCCC).

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

•

•

•

•

•

•

•

••
•



•

-.•

•

•

•

•

•

•

••'-.;.;'
•

HYDROLOGIC MODELING FOR FLOOD HAZARDS '. TR-20/TR-55

e. Available through NTIS Accession No. PB83-223107 with a
price of $595.00.

f. Prograa written in Fortran IV for IBM series of
aainfraae coaputer, i.e. S360 or 5370, with a Fortran IV
G1 coap ller and 400K bytes of aa in storage. The prograa
has also been lapleaented on other .alnfraae co.puters
as the UNIVAC 1100 series,~

g. In 1976 the SCS began to 'exaalne advanced technology In
hydrology and hydraulics (H&H). In 1980, the SCS
initiated an H&H study that should lead to the
developaent of an unsteady-flow field aodel that w11l
co.bine the discharge and stage co.putatlon functions of
TR-20 and the SCS water surface profile prograa, WSP2.
This study indicated that the coefficient valley routing
procedure in TR-20 could be iaproved using the Att-Kin
procedure developed for a siaplified daa-breach
routing procedure (3). With need to update the TR-20
user's aanual, other i.prove.ents are also being aade.
A nev version of TR-20 user's'aanual and prograa viII be
released soon and given an appropriate version date
following final testing. '

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

1. Chapter 1 describes TR-20 In teras of purpose, coaputer
requireaents, and availability of prograa.

2. Chapter 2 describes the prograa organization, and
capabilities and liaitatlons.

3. Chapter 3 describes input data preparation.
4. Chapter 4 describes output presentation and description.
5. References, Glossary and Conversions.
6. Appendices A-E contain 5 sa.ple jobs showing different levels

of coaplexity.
7. AppendiX r contains blank inputforas.
8. Appendices G and H have a description of the Modified Att-Kln

(MAX) reach routing procedure and guidelines for rating curve
coefficients and reach lengths.

9. Appendix I describes the data check coaputer Prograa
(SCSCHJC20).

MODEL THEORY AND STRUCTURE:

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

The SCS Runoff Curve Nuaber (CN) s1stea is used to convert total
stora rainfall to total stora runoff. The aodel develops
subvatershed flood hydrographs froa the runoff and routes the

2
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flow througt strea. channels and reservoirs. It co.bines routed
hydrographs with those fro. lateral inflow and tributaries and
includes prccedures for adding baseflow. Hydrographs_.can be
separated bl branching or diveraion of flow. The .odel co.putes
peak discharges. their tiaes of occurence. and associated
water-surface elevations for any given cross section or
reservoir. It can also generate the coaplete discharge
hydrographs with associated durations and elevations.

The progra. was developed using the philosophy of being as
flexible as possible in the use of input data and ability to
aodel actua~ watersheds. The user can direct the aodel to
generate hycrographs and route thea through streaa reaches
and/or reservoirs. then coabine and/or divide the hydrographs in
virtually aty co.bination necessary to aodel and watershed or
river basin Fig 1 illustrates a siaple watershed with two
sub-watersh4l!d areas. a reservoir and 2 strea. reaches.

•

•
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Fig. 1

The .odel cen analyze in a continuous run up to nine different
rainfall di~tributions of a watershed under existing conditions
and various coablnations of structural and nonstructural
.easures. ~uch and analysis can include as .any as 200 cross
sections (VelIe, reaches) and 99 structures (reservoirs) within
up to 600 SEparate standard control operations. Ninety-nine
alternative~ with 10 storas each are possible. but only the
first 24.000 peaks froa these coablnatlons .ay be saved for the
sua.ary tab e of peaks (Su.aary Table 3).

3
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,.... .','
\

\.,- \

Input data required by the progra. consists of watershed
physical para.eters, rainfall data and additional Inforaation to
define the order of processing by the .odel. Basic lnput data

f
'V

incl udes: a-So ~\ 1. '. \,.... r ~~
a. Drainage areas, (sq.ai.)1,~. . ,.' <?--u~\o.
b. Runoff Curve Nu.ber vc::.\f' ''-'-0v'Jr') 00 ~U"~Q~()?
c. Tl.e of concentration, hrs.· ,<'\o('''J'Jt':l~","''\'-II'<' .('~ ~~o
d. Strea. reach lengths, ft.· . ~'\\;)J y-~~",\ / \\JoQ.vr"""~·",,,Q.J \rf~(/~I'''\.''\·
e. Rainfall data: Cl\I::l~ ","\' J..nl, -). A' ... \0 f..jJ, ~('.,t ,

1 .d t i b "\ .ls 1'\... ...·v ...r~~ A"· {\X
(1:" • ura on, rs." 71 v I\~~ r;.r ~v \ {:'

t ~ 2. a.ount, Inches." ( , -<,J.\' "J.~l(, . ~
'9v~~<"'iJ~.3. te.poral distributlon, a .ass curve of depth vs.
~ ~ ti.e. :'1-. .

"o~"- ,f. Structure data:.; .:,., I'

v\', " •. ' __ I,.. stage or ele~ ft.f /. \.
v" , __ ,.0 2.•_.aur-faee-aFea, acres.

. , . 3. storage, acre-feet; -:/
4 • discharge, c f s .f~---... I'

g. Channel cross section da'ta"';
1. stage or elevation, ft.
2. end area, sq. ft.
3. discharge, cfs.
4. acres flooded (opttonal)-'~-

•

•

•

•

••

•

•

Output lnforaation provided by the .odel which can be selected
by the user to be printed out include:

a. Hydrograph peak
1. Discharge
2. Ti.e of occurrence
3. Elevation (if applicable)

b. Hydrograph Ordinates
1. Discharge
2. Elevation

c. Runoff volu.es
1. Acre-ft
2. Watershed-inches
3. cfs-hrs

d. Additional data
1. List of input data
2. Basic data useful for deter.ining validity of

results.

•
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\.

A brief res~ae of the coaputatlonal portions 0(, the .odel
follows: t,.-;f'.<c \,>~''o ;.,01"

,,-\.\1.\ ." G'" Q ~tJ"
A"\'<., X'{),' .,.) ' . .....Q- \Y' _.

RUNOFF ,> 7><.<"'.....~ L \ ',l"' J/ v~.... .L-'; f- l-~ - G .
i U ~o

The first s~ep In th. RUNOFF process to generate a hydrograph Is
to estiaate the direit runoff froa the rainfall. The SCS
procedure u.e the re atlonship:

.'•
•

Eq. 1

where ~ :I: stora runoff
P • stora rainfall
S = aaziaua vater retention factor for the soil and

land use. •
The value S~ Is deteralned froa the relationship:

a=-(lOOO/CN)-lO

where ~N = the solI-cover runoff curve nuaber.

Eq. 2 •
A descriptlpn of the derivation of Eq. 1 ~ 2 is given In Chapter
10 NEH4. Tne aodel generates a runoff aass curve froa the
rainfall aa.s curve.

A unit hydrpgraph Iscoaputed froa a dlaenslonless unit
hydrograph ~nd the watershed tiae paraaeter. Tc. The unit
hydrograph Is then convoluted with the runoff aass curve to fora
the co.posi~e runoff hydrograph.

REACH

.'~I

•

•

•Eq. 4M-
or

The REACH p~ocess routes the hydrograph through a streaa reach
using the aodifiedAtt-Kin procedure. The procedure, described
in Appendiz G, draft TR-20 user's aanual, first deteraines the
attenuation of the hydrograph due to storage within the reach,
then coaputes the tlae lag due to klneaatlc routing. Storage in
the reach Is related to outflow fro. the reach by a single
valued relationship: ~~.'.' . t+ locJ

~ 5,\;or'''1l0J

LJog Q = Log k + a * Log S' . \( - 5lo(lJ. o1l-ot."'\<' I Eq. 3
r\. c .J rJ L f/V'o '"

Steady flow rating curve (Q vs. A) at a cross-section relects
atorage in reach at any particular ti.ae.

$ = L * A

SUbstl~ute into Eq. 4:

~ • k * (L*A)"a

Eq. 5

Eq. 6

••
•



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

Eq. 7

Eq. 8

This relationship Is seen In a log-log plot of Q vs A froa cross
• section rating curves.

The routing equation 1s -deri'ved froa the equation of
conservation of sass:

Let S = KO: where K approzlaates the slope of th~__Jt19r~
outflow curve at peak o~tf~v discharge.

•

•

I - 0 = dS 1 dt

assuae 11 Is the average tnflow over dt
and «02 +01)/2) Is the average outflow over dt

then 11 - «02+01)/2) • dS/dt

-- 11 - «02+01)/2) • K * «02-01)/dt)

Rearraigning:

02 • (1dt/(2K+dt»*1 + (1-(2dt/2K+dt»*OI

Eq. 9

Eq.l0

Eq.l1

Eq.12

•

•

•

Substituting the routing coefficient: Cr -= 2dt/(2K+dt)

Eq.13

RESVOR

The RESVOR routine routes the hydrograph through a storage
structure or reservoir using the Storage-Indication- aethod. The
bastc equation for routing is derived froa Eq. 1, i.e.:

I - 0 = dS 1 dt

Le t I -= (11 "+ 12) 12 , 0 = (01 + 02) 12 and dS • 52 -51
Then
(11 + 12) 1 2) * dt - «01 + 02> / 2) * dt = 52 - 51 Eq.14

After rearranging, this becoaes:

(11 + 12 - 01> * dt + 2S1 = 02 * dt + 2S2 Eq.15

•

The teras on the left hand side of Eq.15 are known and 02 and 52
solved iteratively using the storage-discharge rating table for

. the structure read froa the Tabular Data file.

6



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

Input data Is classified Into three types:
a. Tab\llar Data
b. Star.dard Control
c. Executive Control

The user bu 4 1ds a .odel of the watershed using appropriate
Tabular data and Standard Control instructions. The Executive
Control estcblishes the conditions to be used during the
co.puterruli.

. The Qser f 11 st enters the tabular data cons 1st ing of:

1. Ratnfall teaporal distribution (up to 9 tables
pel.itted). Entries are In the fora of lncreaents of a
aa~s curve in inches of rainfall or runoff at a
selected tiae interval.

2. Cress section data. (up to 199 tables). Data consists
of rating curves of Elevation va Discharge and End
Art a.

3. StJucture data (up to 99 tables). Data consists of
ra1 lng curves of Elevation vs Discharge and Storage.

The Standare Control prOVides the sequential operations
instruction for the aodelnetworlc. The five Standard Control
operations ire:

1. RUNOFF-A subarea runoff hydrograph is generated based on
the Drainage Area (DA), Tiae of Concentration (Tc),SCS
Runeff Curve Nuaber (RCM) for a rainfall depth and
rah fall teaporal distribution.

2. RES'OR-Routes a hydrograph through a reservoir using
givtn elevation-discharge and storage data at the site.

3. REACH-Routes a hydrograph through a streaa reach using
ele,ation-discharge and end area data at a cross section
repJesentativeof the reach. or .. given routing
coejficients.

4. ADOtYD-Adds tvo selected'hydrographs together. For

7
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HYDROLOGIC MODELING FOR FLOOD HAZARDS • TR-20/TR-55

ezaaple, the two hydrographs aay be at the junction of a
tributary atreaa, or adding local Inflow to a streaa
reach.

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

The Ezecuttve Control peralts the user to select the beginning
and ending standard control instruction, starting tlae of the
rainfall, depth of rainfall, antecedent aolsture condition,
which rain table to use and stor. and alternate label to
identify the output tn the auaaary tables. Additional Ezecutlve
Control instructions define the tiae iocreaent to be used in the
coaputations,deflnes BASFLO or the pre-stora flow conditions.

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

Output froa the prograa can vary froaa.coaplete printout of
every hydrograph coaputed, routed, added or divided for every
pass through the watershed to an abreviated listing of peak
flows and tlaes for selected cross sections or structures. A
coaplete output file should be used at least once for the user
to check for accuracy. Succeeding rQDS aay then use less output
to reduce the voluae of printed aaterial to review •

Suaaary

The TR20coaputer prograa provides the engineer with an easy to
use aethod of aodeling the hydrologic response froa rural and/or
urban watersheds. The aodel Is especially useful In vatersheds
where there Is a paucity of data such as infiltration paraaeters
and wbere coaparative results of land use andlor structural
aeasures are needed

APPENDIX I - REFERENCES

1. Soil Conservation Service, -Coaputer Prograa for Project
Foraulation Hydrology,· Soil Conservation Service Technical
Release 20 (TR20) Suppleaent No.1, Mar., 1969.

2. Soil Conservation Service, -National Engineering Handbook,
section 4, Hydrology, 1972.

3. Coaer, G.H., Theurer, P.O., and Richardson, H.H., ·the
Modified Attenuation-Kineaatic (Att-Kin) Routing Model,·
RAINFALL-RUNOFF RELATIONSHIP, Proceedings of the
International Syaposiua on Rainfall-Runoff Modeling, 1981,
pp. 553-564.

4. Soil Conservation Service, -Technical Release 20. Coaputer
Prograa for Project Foraulatlon - Hydrology,· Draft 1982,
Errata 1984.
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- _. e\******************80-80 liST Of INPUT DATA fOR TR-20 HYDROlOGY~*****************

JOB TR20 fUllPR1NT 00000010 •
TITLE 001 SAMP lE JOB 1 USING 24HR TYPE II STORM fROM STR 1 TO XSECT 1 00000020
TITLE INCl UOES GIVEN REACH COEfF'S. fUllPRINT/ALL OUTPUT OPTIONS ON 00000030

3 STRUCT 01 00000040
8 521.5 0.0 ·17 .0 00000050
8 521.6 3.0 18.0 00000060
8 521.8 15. 20.2 00000070
8 522.0 33. 22.5 00000080 •8 522.2 54. 25.0 00000090
8 522.4 79. 28.0 00000100
8 526.2 948. 70. 00000110
8 526.4 1009. 75. 00000120
8 526.6 1071. 80. 00000130
8 527.2 1265. 95. 00000140
9 ENOTBl 00000150
6 RUNOFF 1 01 6 1.20 75. 0.33 1 1 1 1 00000160 •6 RESVOR 2 01 6 7 521.5 1 1 1 1 1 00000170
6 REACH 3 OC 1 7 5 5400. 0.4 1.33 1 1 1 1 00000180

ENDATA 00000190
7 INCREM 6 0.1 00000200
7 COM PUT 7 01 001 5.2 1.0 2 2 01 01 00000210

ENDCMP 1 oon00220
ENDJOB 2 00000230

*************t *****************ENO OF 80-80 LIST******************************** •
Fig 2

.
~.

•
-

•
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******************60-60 LIST OF INPUT DATA FOR TR-20 HYDROLOGY******************

JOB TR20 FULLPRINT 00000010TITLE 001 SAMPLE JOB 1 USING 24HR TYPE II STORM FROM STR 1 TO XSECT 1 00000020
TITLE INCLUDES GIVEN REACH COEfF'S, FULLPRINT/ALL OUTPUT OPTIONS ON 00000030

3 STRUCT 01 .1hH. 0 •.3 ......".. ~-tp/.. 'J(. ~~J, 00000040
8 521.5 0.0 17.0 00000050
6 521.6 3.0 .16.0 000000608 521.6 15. 20.2 000000708 522.0 33. 22.5 000000608 522.2 54. 25.0 000000908 522.4 79. 26.0 000001008 526.2 946. 70. 000001108 526.4 1009. 75. 000001208 526.6 1071. 80. 000001308 527.2 1265. 95. 000001409 ENDTBL 000001506 RUNOFF 1 01 6 1.20 75. 0.33 1 1 1 1 000001606 RESVOR 2 01 6 7 521. 5 1 1 1 1 1 000001706 REACH 3 001 7 5 5400. 0.4 1. 33 1 1 1 1 00000160ENDATA 000001907 INCREM 6 0.1 000002007 COMPUT 7 01 001 5.2 1.0 2 2 01 01 00000210ENDCMP 1 00000220ENDJOB 2 00000230

*******************************END OF 80-80 LIST********************************

~
I

-.l
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PAGE
JOB

•
00000020
00000030

•••• i.,.,:J'
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SAMPLE JOB 1 USING 2ltHR TYPE ·11 STORM FROM STR 1 TO XSECT 1
INCLUDES GIVEN REACH COEFF'S, fULLPRINT/ALL OUTPUT OPTlG~IS ON

•(•.
TR20 XEQ OS/25/62

REV OS/2,./82

FILLNO. 1

COMPUTER PROGRAM FOR PROJECT FORMULATION - HYDROLOGY USER NOTES

THE USERS MANUAL fOR THIS PROGRAM IS THE MAY 1962 DRAFT OF TR-20. CHANGES FROM THE 2/14/7,. 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.

TilE PREfERRED TYPE OF DATA ENTRY IS CROSS SECTioN DATA REPRESENTATIVE Of A REACH. IT IS 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 nMn
VALUES USED IN TIlE ROUT ING 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 COMPARISON AND CHECKING:

HYDROGRAPH· GENERATION - THE PROCEDURE TO CALCULATE THE INTERNAL TIME INCREMENT AND PEAK TIME Of THE UNIT
HYDROGRAPH IIAVE BEEN IMPROVED. PEAK DISCHARGES AND TIMES MAY DiffER FROM THE PREVIOUS VERSION. OUTPUT
IWDROGRAPHS ARE STILL INTERPOLATED, PRINTED, AND ROUTED AT THE USER SELECTED MAIN TIME INCREMENT. .

INTERMEDIATE PEAKS - METHOD ADDEO TO PROVIDE DISCHARGES AT INTERMEDIATE POINTS WITHIN REACHES WITHOUT ROUTING.

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

PROGRAM QUESTIONS OR PROBLEMS SIIOULD BE DIRECTED TO HYDRAULIC ENGINEERS AT THE SCS NATIONAL TECHNICAL CENTERS:

BROOMALL. PA (NORTHEAST) -- 489-3229 (fTS), FORT WORTH, TX (SOUTH) -- 344-52"2 (FTS)
LINCOLN, NB (MIDWEST) -- 541-5316 (FTS), PORTLAND. OR (WEST) -- 1t23-2351 (FTS)
OR HYDROLOGY UNIT, NATIONAL ENGINEERING STAFf, LANHAM. MD -- 436-1383 (FTS).

PROGRAM CIIANGES SINCE MAY 1982:

).,
to

NONE

~
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TR20 XEQ'05/25/82

REV OS/24/82
SAMPLE JOB 1 USING 24liR TYPE II STORM fROM STR 1 TO XSECT 1 00000020
INCLUDES GIVEN REACH COEff'S, fULLPRINT/ALL OUTPUT OPTIONS ON 00000030

JOB 1 PASS 1
PAGE 2

EXECUTIVE CONTROL OPERATION INCREM MAIN TIME INCREMENT = 0.10 HOURS RECORD 10 00000200

EXECUTIVE CONTROL OPERATION COM PUT fROM STRUCTURE 1 TO XSECTION 1
STARTING TIME = 0.0 RAIN DEPTH = 5.20 RAIN OURATION= 1.00 RAIN TABLE NO.= 2
ALTERNATE NO.= 1 STORM NO.= 1 MAIN TIME INCREMENT = 0.10 HOURS

OPERATION RUNOff STRUCTURE 1
OUTPUT HYOROGRAPH= 6
AREA= 1.20 SQ MI INPUT RUNOff CURVE= 75. TIME Of CONCENTRATION= 0.33 HOURS
INTERNAL HYOROGRAPH TIME INCREMENT= 0.0440 HOURS

RECORD 10 00000210
ANT. MOIST. CONO= 2

PEAK TI ME ( HRS) PEAK OISCHARGE(CfS) PEAK ELEVATION(fEET)
12.10 2097.0ft (RUNOff)
16.46 76.40 (RUNOff )
17.66 64.19 (RUNOff)
19.66 51.94 (RUNOff)
23.66 39.57 ( RUNOff)

T1ME( HRS) FIRST HYOROCRAPH POINT = 0.0 HOURS TIME INCREMENT = 0.10 HOURS DRAINAGE AREA = 1.20 SQ. MI.
8.00 OISCIIG 0.0 0.0 0.0 0.0 0.01 0.16 0.60 1. 30 2.13 3.02
9.00 OISCliG 3.93 4.9ft 6.17 7.49 8.74 9.93 11.2ft 12.90 14.64 16.22

10.00 0lSCli6 17 .67 19.27 21.3ft 23.62 26.66 30.ft3 ·34.64 ftO.34 116.47 "53.ft2
11.00 OISCliG 61.32 69.36 78.90 88.90 101.41 118.21 175.19 333.20 556.83 1013.89
12.00 OISCHG 1699.99 2096.96 1719.05 114ft.40 766.99 553.56 1132.04 359.65 314.18 280.14 "13.00 OISCliG 250.11 228.85 210.77 196.10 183.96 172.76 163.48 153.15 144.06 137.02
14.00 01 seliG 130.97 126.07 120.78 116.01. 111.31 106.20 101.68 96.55 92.15 89.77
15.00 OISCliG 88.69 68.25 88.09 87.74 85.38 81. 35 78.42 77 .04 76.42 76.17
16.00 OISCliG 76.06 76.06 76.11 76.16 76.23 76.29 75.23 71.56 67.76 65.67
17.00 OISCHG 64.73 64.31 64.12 64.06 64.06 64.08 64.12 64.17 63.86 61.43
18.00 OISCHG 57.31 54.29 52.84 52.15 51.85 51.72 51.67 51.66 51.67 51.70
19.00 OISCliG 51.73 51. 75 51.78 51.81 51.84 51.86 51.89 51.92 51.67 49.16
20.00 OISCIIG 44.95 41.83 40.36 39.68 39.35 39.21 39.15 39.13 39.12 39.14
21.00 OISCHC 39.15 39.17 39.18 39.20 39.21 39.23 39.24 39.25 39.21 39.28
22.00 OISCIiG 39.30 39.31 39.33 39.34 39.36 39.37 39.39 39.40 39.41 39.43
23.00 OISCHG 39.44 39.46 39.47 39.48 39.50 39.51 39.53 39.54 39.26 36.73
24.00 OISCIiG 32.35 26.82 11.75 9.14 4.30 2.02 0.93 0.42 0.18 0.07
25.00 OISCHC 0.01

RUNOff VOLUME ABOVE BASE fLOW = 2.61 WATERSHED INCIiES, 2025.05 CfS-HRS, 167.35 ACRE-fEET; BASH LOW = 0.0 CFS

OPERATION RESVOR STRUCTURE 1
INPUT HYOROGRAPH= 6 OUTPUT HYOROGRAPH= 7
SURFACE ELEVATION= ~521.50

PEAK TI ME ( HRS )
12.36

PEAK OISCHARGE(CFS)
926.87

PEAK ELEVATION(fEET)
526.11

»,
...Q
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TR20 XEQ OS/25/82 SAMPLE JOB 1~ USING 24HR TYPE II S~M FROM STR 1 TO XSECT 1 00000020 JOB ~ PASS 1

REV OS/24/82 INCLUDES GIV~N REACH COEff'S. FULLPRINT/ALL OUTPUT OPTIONS ON 00000030 PAGE 3

~
TIME(HRS) FIRST HYDROGRAPH POINT = 0.0 HOURS TIME INCREMENT = 0.10 HOURS DRAINAGE AREA = 1.20 SQ.MI. I

8.00 DISCHG 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.03 0.08 0.14 ~
8.00 ELEV 521.50 521.50 521.50 521.50 521.50 521.50 521.50 521.50 521.50 521.50 ()
9.00 DISCHG 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 ELEV 521.58 521.60 521.61 521.62 521.64 521.66 521.67 521.70 521.72 521.75
11.00 DISCHG 14.08 16.90 20.49 24.46 28.89 34.03 41.59 55.84 85.50 195.75
11.00 ELEV 521.78 521.82 521.86 521.91 521.95 522.01 522.08 522.21 522.43 522.91
12.00 DISCHG 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 OISCHG 569.71 517.69 470.77 428.65 391.07 357.56 327.72 301.03 217.02 255.52
13.00 ELEV 524.55 524.32 52/•. 11 523.93 523.76 523.62 523.49 523.37 523.27 523.11
14.00 DISCHG 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 522.60 522.58 522.56 522.54 522.52 522.50 522.49 522.41 522.46 522.45
16.00 DISCHG 88.06 86.18 84.59 83.26 82.14 81.21 80.35 79.26 18.47 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 DISCHG 76.86 76.03 75.25 74.50 13.81 73.16 72:56 72.00 11.46 70.88
17.00 ELEV 522.38 522.38 522.37 522.36 522.36 522.35 522.35 522.34 522.34 522.33
18.00 DISCHG 70.11 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 522.26 522.25 522.25 522.24 522.21• 522.24522.23 522 ..23 522.23 522.22
20.00 OISCHG 56.13 55.28 54.34 53.38 52.45 51.56 50.73 49.95 49.23 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 47.33 46.78 46.27 45.80 45.36 44.95 44.56 44.21 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 DISCHG 43.57 43.28 43.02 42.17 42.54 42.33 42.13 41.95 41.17 41.62
22.00 ELEV 522.10 522.10 522.10 522.09 522.09 522.09 522.09 522.08 522.08 522.08
23.00 DISCHG 41.47 41.33 41.21 41.09 40.98 40.88' 40.79 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 ELEV 522.07 522.06 522.05 522.03 522.01 521.99 521.97 521.95 521.93 521.91
25.00 DISCHG 23.63 22.15 20.76 19.46 18.24 17.10 16.03 15.02 14.35 13.72
25.00 ELEV 521.90 521.88 521.86 521.85 521.84 521.82 521.81 521.80 521.79 521.18
26.00 DISCHG 13.12 12.54 11.98 11.46 10.95 10.47 10.01 9.57 9.14 8.14
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 DISCHG 5.32 5.09 4.86 4.65 4.44 4.25 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 DISCHG 3.39 3.24 3.10 2.98 2.91 2.83 2.17 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 OS/25/82
REV OS/24/82

SAMPLE JOB 1 USING 24HR TYPE II STORM FROM STR 1 TO XSECT 1 00000020
INCLUDES GIVEN REACH COEFF'S, FULLPRINT/ALL OUTPUT OPTIONS ON 00000030

JOB PASS 1
PAGE 4'

OPERATION REACH CROSS SECTION
INPUT HYDROGRAPH= 7
LENGTH = 5400.00 FEET

1
OUTPUT HYDROGRAPH= 5

INPUT = COEFFICIENTS RELATED TO CROSS SECTIONAL AREA, X= 0.40, M= 1. 33

MODIFIED ATT-KIN ROUTING COEFFICIENT = 0.22 PEAK TRAVEL TIME = 0.43

PEAK TI'olE ( HRS) PEAK DISCHARGE(CFS) PEAK ELEVATION(FEET)
12.84 700.68 (NULL)

TlME( HRS) FIRST HYDROGRAPH POINT = 0.0 HOURS TIME INCREMENT = 0.10 HOURS DRAINAGE AREA = 1.20 SQ.M I.8.00 o SCHG 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.029.00 o SCIIG 0.04 0.08 0.13 0.20 0.29 0.40 0.53 0.68 0.85 1.0610.00 D SCIiG 1.29 1. 55 1. 84 2.21 2.68 3.25 3.92 4.69 5.58 6.6111.00 o SCIIG 7.79 9.15 10.82 12.91 15.41 18.32 21.71 -26.01 32.45 43.9212.00 D SCHG 76.73 141. 98 2114.88 369.45 487.88 582.05 646.94 6811.54 699.55 697.1113.00 D SCIiG 681.88 657.64 627.39 593.54 557.91 521.85 486.34 452.06 419.42 388.6414.00 D SCIIG 359.87 333.18 308.59 286.04 265.44 246.67 229.58 214.02 199.83 186.87
15~00 D SCHG 175.04 lM.31 1511. 611 145.99 138.30 131.46 125.31 119.70 114.57 109.8916.00 o SCHG 105.65 101.85 98./16 95.46 92.82 90.52 88.50 86.74 85.13 83.69- 17 .00 D SCIIG 82.39 81.19 80.08 79.03 78.05 77.14 76.28 75.47 74.72 74.0218.00 D SCliG 73.34 72.64 71.89 71.07 70.21 69.31 68.1I1 67.50 66.62 65.7519.00 D SCIIG 611.91 64. 11 63.35 62.62 61.93 61.29 60.68 60.10 59.56 59.0620.00 DISCHG 58.57 58.04 57.44 56.77 56.0/' 55.26 54.46 53.65 52.85 ° ° 52.0721.00 DISCHG 51. 31 50.58 119.88 49.21 48.57 47.97 47.1I1 116.87 46.37 1I5.9022.00 DISCIiG /15.47 45.05 ,,/1. 67 /1 11. 31 /13.98 /13.67 . 113.38 /13. 11 42.85 42.6223.00 DISCIIG 42.40 /12.20 /12.01 41.84 41.68 41.53 /11.39 41.26 41.14 41.0324.00 DISCHG 40.90 40.71 40.42 39.911 39.20 38.19 36.96 35.57 34.07 32.5225.00 DISCIIG 30.911 29.36 27.80 26.28 24.80 23.38 22.02 20.73 19.49 18.3826.00 DISCIIG 17.37 16.115 15.61 14.82 14.09 13.41 12.78 12.18 11.61 11.0827.00 DISCIIG 10.57 10.09 9.64 9.20 8.79 8.40 8.02 7.67 7.33 7.0028.00 DISCIIG 6.69 6.40 6.11 5.84 5.58 5.34 5.10 4.88 4.66 4.4529.00 DISCHG 1I.26 4.07 3.89 3.72 3.56 3.112 3.29 3.18 3.07 2.98
RUNOFF VOLUME ABOVE BASEFLOW = 2.60 WATERSHED INCHES, 2011.60 CFS-HRS. 166.24 ACRE-FEET; BASE FLOW = 0.0 CFS

EXECUTIVE CONTROL OPERATION ENDCMP COMPUTATIONS COMPLETED fOR PASS 1 RECORD 10 00000220

EXECUTIVE CONTROL OPERATION ENDJOB RECORD ID 00000230

»,--
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TR20 XEQ OS/25/82
REV OS/24/82

SAMPLE JOB 1 USING 24HR TYPE II STORM fROM STR 1 TO XSECT 1 00000020
INCLUDES GIVEN REACH COEff'S, fULLPRINT/ALL OUrpUT OPTIONS ON 00000030

JOB 1 SUMMARY
PAGE 5

SUMMARY TABLE 1 - SELECTED RESULTS or STANDARD AND EXECUTIVE CONTROL INSTRUCTIONS IN THE ORDER PERfORMED
(A STAR(*) AfTER TItE PEAK .DISCHARGE TIME AND RATE (CfS) VALUES INDICATES A fLAT TOP HYDROGRAPH.)

PEAK"OISCItARGESECTION/
STRUCTURE

10

STANDARD
CONTROL

OPERATION

RAIN ANTEC
DRAINAGE TABLE MOIST

AREA H COND
(SQ MI)

MAIN PRECIPITATION
TIME ------------------------- RUNOff

INCREM BEGIN AMOUNT DURATION AMOUNT
( HR) ( HR) ( IN) ( HR) ( IN)

ELEVATION TIME
( fT) (HR)

RATE
(CfS)

~,-~
RATE
(CSM)

ALTERNATE
STRUCTURE 1
STRUCTURE 1
XSECTION 1

1 STORM 1
RUNOff 1.20
RESVOR 1.20
REACH 1.20

2
2
2

2
2
2

0.10
O. iO
0.10

0.0
0.0
0.0

5.20
5.20
5.20

24.00
24.00
24.00

2.61
2.60
2.60

526.11
12.10
12.36
12.84

2097.04
926.87
700.68

1747.5
772.4
583.9

SUMMARY TABLE 2 - SELECTED MODifiED ATT-KIN REACU ROUTINGS IN OROER OF STANDARD EXECUTIVE CONTROL INSTRUCTIONS
(A STAR(*) AFTER VOLUME ABOVE BASE( IN) INDICATES A HYDROGRAPH TRUNCATED AT A VALUE EXCEEDING BASE + 10% Of PEAK)

HYDROGRAPH INfORMATION ROUTING PARAMETERS PEAK
OUTFLOW+ VOLUME MAIN ITER- Q AND A PEAK S/Q ATT- TRAVEL TIME

XSEC REACH INfLOW OUTFLOW INTERV.AREA BASE- ABOVE TIME ATION· EQUATION LENGTH RATIO @PEAK KIN STOR- KINE-
10 LENGHI PEAK TIME PEAK TIME PEAK--TIME FLOW BASE INCR H COEff POWER FACTOR 0/1 ( 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 '- .. '

1 5"00 924 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/
STRUCTURE

10

STRUCTURE
ALTERNATE

XSECTION
ALTERNATE

DRAINAGE
AREA

(SQ MI)

1.20

1.20

STORM NUMBERS .
1

926.87

700.68

END OF 1 JOBS IN THIS RUN

Note: Each Summary Table would nr 'lly start on a separate sheet.
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HYDROLOGIC MODELING FOR FLOOD HAZARD PLANNING AND MANAGEMENT
\.l J \Qr ~ }o( 5 (f'Ic..\\

TR-!)5 V r-Qv.f"\ nt-t ro '" \ . J'
JJ r.,.tu.tJ vJ. :J

Wendell A. Styner, P.E. \1

OVERVIEW:

The Soil Conservation Service (SCS) Technical Release 55, ·URBAN
HYDROLOGY ,FOR SMALL WATERSHEDS· (TR-55) (1) presents si.plified
procedures for esti.ating hydraulic and hydrologic paraaeters
used in the developaent of runoff voluaes and peak rates of
discharge in urban and urbanizing areas. It was originally
issued in January t?75 for use by SCS field personnel in aeeting
the ever increasing requests for service in the urban areas.
·sea ~echDlclans and eDgineers were beiDg inundated with
requests froa soil ,and water conservation districts, cities,
counties, and others to verify and approve erosion and stora
water aanageaent plans prepared by developers and their
consultants. The SCS staff needed a direct approach with a
slaple set of procedures that gives reproducible results
acceptable to both developers and regulators·(2). The TR uses
procedures that follow standard SCS aethodology as auch as
possible, .t~h .odification where needed to fit the urban
prableas. . lo;:~\'S a- 1~

. S~J e., ../'1 )-0 I' \ \

Background: We,c.0 \ Y ~I..\... ('i't.oV\ ~tI

TR-55 was first issued In January 1975. In the intervening 10
years considerable research has been done In urban hydrology.
The SCS is revising TR-55 to incorporate soae of the results of
this research (3) as well as changes gained froa experience in
Qsing the original version. Tbe revised publication is intended
to enable the user to systeaatically exaalne and use the vario~s

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 1985.

The aajor revisions and additions include:

1. A systeaatic aethod for selection of the appropriate
procedures. 1'1"l.l..,J'Ari~ \vrwJ ~rQuJJ~""

2. Expansion of the chapter on Runoff Curve Nuahers (ReN).
3. Addition of three rainfall teaporal distributlons.~I~I~~~II'
4. A procedure for calculating overland flow travel tiae in

headwater watersheds. - ":Ci't'('T"""" o.JvlI1"J .y'9..v e",\<.':>.

5. Modification of tbe Graphical (Tc) Peak Dlschar~e Method
and the Tabular Method. _ I")1'(,ro ~C.l\.(',,\(. i ("\ ~c..~~(. w\\\ '0 ....

'i.LLt"'''lJ' WI·T"'\--.,.

\1 Hydraulic Engineer, Engineering Staff, West National
Technical Center, Soil Conservation Service, 511 NW
Broadway, Portland, Or. 97209
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6. Wor,sheets for each procedure.
7. A c)aputer prograa.
8. A n w storage routing procedure.

• TR-20/TR-55 •

e"•
OUTLINE OF PHE HODEL:

An edited ••rston of Chapter I Is Included here which briefly
describes t~e paraaeters that are used to develop a runoff
hydrograph ~r peak flow. A flow chart (Fig.l) is included that
leads the u~er through application of TR-55 procedures.

Effects of ~rban Develop.ent:
The convers on of rural land to urban land often increases the
voluae of s~ora runoff. runoff rates and soil erosion as well as
other problt~as that affect soil and water resources. An urban
or urbanizi~g watershed is an area in which all or part of the
watershed t. or will be covered by tapervious surfaces, such as
roads. 81de~alks. parking lots and bouses.' Streaa channels aay
be supple.. ~ted by soae fora of artificial drainage systea, such
as paved gu~ters and stara sewers.

Urbanlzatlol~ of a watershed changes its response to
precipitati)n. The aost coaaon effects are reduced infiltration
and decreastd travel tiae, which result in higher peak rates of
runoff. Tht~ voluae of runoff Is deteralned priaarlly by the
a.aunt of rcklnfall and by infiltration characteristics related
to soil ty~!, antecedent rainfall, type of vegetal cover,
lapervious turfaces, and surface retention. Travel tiae is
deterained i)riaarily by slope, flow length, depth of flow, and
roughness 0' flow surfaces. Peak rates of discharge are based
on the rela~ionship of the above paraaeters as well as the total
drainage arua of the watershed, the location of the developaent
in relation to the total drainage area and the effect of any
flood contr)l works or other aan-aade storage. Peak rates of
discharge a~e also influenced by the distribution of rainfall
within a gl 'en stora event. The SCS has developed and uses four
standard 24-hr ral~fa11 distributions--Types I, lA, II, and III.

Application of the basic aode1 begins with a rainfall aaount
that is unl'oraly iaposed on the watershed with a prescribed
tlae distri)utlon. The aass ralnfal1voluae is converted to
aass runoff vo1uae using a "retention paraaeter called Runoff
Curve Kuabe (ReN) or (CN) which Is based on soi.ls, vegetative
cover, aaou~t of iapervious areas, interception and surface
retention. The runoff vo1uae Is then transforaed into a
discharge h,drograph using unit hydrograph theory and routing
procedures ~hat are dependent upon the tiae it takes for runoff
to travel t~rough various segaents of the watershed. The
aodeling pr~cess, therefore, resolves into two areas -- runotf
va1uae and ~ iae •

2
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HYDROLOGIC MODELING FOR FLOOD HAZARDS • TR-20/TR-55

Rainfall:
The 1975 version of TR55 included only one synthetic 24-hour
rainfall distribution, ~he type II rainfall distribution. A
type II stora is representative of the doainant thunderstora
intensities that cover .ost of the country. Three other
synthetic 24-hour rainfall distributions were added to the
revision of TR-55. These distributions are for stora types I,
lA, and III. Type I and IA stora. are representative of the
Pacific aarine cllaate with wet winters and dry suaaers. Type
III represents the Gulf and Atlantic Coastal areas where
tropical storas bring large 24-hour rainfall aaounts. The four
regional rainfall tiae distributions are for a 24-hour tiae
period. The 24-hour duration ia used because of the general
availablity of daily rainfall data which can be used to estiaate
24-bour rainfall a.ounts and will span aost of the applications
covered by TR-~5. Because duration of rainfall Is usually
selected to be equal to the tiae of concentration. the rainfall
distribution was designed to contain.the tntensity of any
daration froa 1 ~o 24 hours for the frequency of the event
cbosen.

Runoff:
Chapter 2 describes ,how to estlaate the paraaeters that are
necessary for the deteraination of runoff voluaes. The aethod
used is the SCS Runoff Curve Nuaber (eN) aethod (4). Paraaeters
used to estiaate eN are soil, cover and initial losses. A
discussion follows of bow urban developaent affects each.

, .
Soils: No urban area is coapletely covered by iapervious
surfaces; therefore# the soil reaains an iaportant factor in
runoff estiaates. Infiltration rates of soils vary widely and
are affected by subsurface as well as surface conditi9ns. The
urbanization process has greater effect in watersheds with soils
baving high infiltration rates (sands and gravels) because the
of the large change caused by the iapervious cover. The; silts
and clays have lover infiltration rates and thus are iapacted
less. Urbanization can also aodify solis by alzing or reaoving
native soils or introducing new soils with fill aaterial. Any
altering of the soil profile can change infiltration
characteristics.

Cover: The cover paraaeter 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 iaportant because even in intensively
developed subdivisions auch of the area is pervious.
Consideration needs to be given to areas in transition where
pervious areas have ~o cover.
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Initial L4!ses~ In the ses eN .odel, losses ~h4~ occur before
runoff begins are teraed -Initial abstraction.- These losses
Include wa1er retained in ainor depressions, Intercepted by
vegetation, evaporation, and infiltration prior to runoff. This
la a hight, variable condition but generally correlates with the
aoil and cover paraaeters. This regression vas applied to aany
aaall watersheds and it was found that the initial abstraction
vas approzlaately twenty percent of the aaziaua potential
retention. Psing ~his approziaatlon reaoves ~he initial losses
as an indep~ndent paraaeter and allows a given CN and rainfall
coablnation to produce a unique runoff aaount. This
approxiaati~n can be especially iaportant in an urban
application because the coabination of iapervious areas with
pervlous'ar~as can laply a significant Initial loss that aa, not
take place. Th. user ahould understand the initlal abstraction
aasuaption .nd be satisfied that the assuaption applies to the
situation.

11ae Paraae~ers:

Chapter 3 d~scribes a aethod for estiaatlng the para.eters used
~o distrlbu~e the runoff Into hydrographso The aethodpresented
la eapirica ly derived froa actual runoff bydrographs and
watershed cl~racterlstica and Is baaed on the velocities that
water trave s through the various segaents of the delivery
aystea. Since tbe aethod for estiaation of Tia. of Concentration
(Tc) and Tr4~vel 11ae CTt> Is based on flow velocities, the
paraaeters nvolved are the saae as those contained in accepted
open channe hydraulic analysIs. These are surface roughness,
channel shase and slope.

In the upstleaa area of saall watersheds, the overland flow can
be considered as sheet flow over plane surfaces. With sheet
flow, the flic~ion factor is an effective roughness coefficient
that includes the effect of raindrop iapact; drag over the plane
surface; ob~tacles such a litter and crop ridges; erosion; and
transport o~ sediaent. For flow lengths of less than 300 feet,
a siaplifiec fora of the Manning-JClneaatic wave equation CEq.l)
was added tc the revision to coapute travel tiae of overland
flow.

•

•

•

•

•

•

A table listing Hannings -n- values for v~rlous surfaces has
been added tp the revised technical release.

where:

Eq.l

Tt = travel tiae (hours)
n = Hanning's -n- value
L a flow length (feet)
P2 = 2-year 24-hour rainfall depth (inches)
S = slope (feet/foot)

•

•••)
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HYDROLOGIC MODELING FOR FLOOD HAZARDS • TR-20/TR-55

Surface Roughness: One of the .ost significant effects of urban
developaeat on flow velocity is the reduction of the retardance
of flow. Areas that naturally have very alow overland flow
through vegetation at shallow depths are aodified to deliver the

. flow to streets# gutters and stor. sewers# which transport
runoff downstreaa as rapidly as possible; thus# the travel tiae
through tbe watershed is decreased.

Channel Shape and Flow Patterns: The channel shape and flow
patterns are aodified in urban developaent auch the saae as
surface roughness. In saal1 natural watersheds a significant
portion of the travel tiae results fro. overland flow In
upstreaa areas. Urbanization tends to reduce overland flow
lengths by conveying stora runoff into a channel as soon as
possible. Channel designs have efficient hydraulic
characterls~ics to increase runoff flow velocity and decrease
tbe travel tl,e.

Slope: Slopes can be Increased or decreased by urbanization
depending on hov significantly stor. severs and street ditches
are used In the design of the water aanageaent systea# or the
extent of site grading. Since it is unlikely that aaxiaua and
ainiaua elevations viii be changed# the slope viii be deter.ined
by the flow length. Slopes viii ~end to increase when channels
are straightened and tend to decrease when natural overland
flovs are diverted through stor. severs# street gutters and
diversions.

PEAK OtSCHARGE AND HYDROGRAPHS

Chapter 4 contains an approxiaate aethod to aake estiaates of
peak rates of discharge and Chapter 5 has an approxi.ate aethod
for obtaining and/or routing hydrographa. Both of these aethods
vere derived froa hydrographs prepared by procedures outlined in
Chapter 16 of the National Engineering Handbook# Section 4#
Hydrology (NEH-4) and Technical Release 20.

The two aethods described in Chapters 4 and 5 are intended to be
used in specific ways with specific basic data. If i.proper
basic data or adjustaents are used they viii exceed those
expected. The flov chart in Figure 1 outlines a systeaatic
approach for selection of the appropriate aethods.

The first decision is to deteraine if data are available to
esti~ate the Tc. If the data are not available TR-55 should not
be used. If the data are available then the next decision is to
deteraine If a discharge hydrograph is needed. A hydrograph
will be needed if a routing (other than an approziaate aethod)
will be perforaed or if subvatersheds are going to be coabined
to account for dissiallar hydrologic or hydraulic conditions:
The Tabular aethod is the only procedure in TR-55 that yields a
hydrograph. .

5



HYDROLOG C MODELING FOR FLOOD HAZARDS • TR-20/TR-55

lft6r deciding to use either the Tabular or Graphical aethods
the user es11.ates the runoff volu.e fro. Chapter 2. The tl.e
of concentration (Tc) Is then estlaated and, If the Tabular
aethod is uled, the travel tia. (Tt) is also estiaated froa
Chapter 3. 1hen the peak discharge using the Graphical aethad of
Chapter 4 or the runoff hydrograph using the Tabular Hydrograph
Hthod i5 cel.puted.

The flow chart converges for the "user to deter.lne If the effect
of a storage basin at the outlet Is to be analyzed.

6
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Yes

No

I'R-55
NOT

APPLICABLE

•

•

TABULAR
METHOD

ESTIMA!E
RUNOFF

Chapter 2

COMPUTE T 's
AND C

T 's
t

Chapter 3

COMI=UTE
_ . ~ULAR

HYDROGRAPH
Chapter S

GRAPHIC.AL
METHOD

ESTIMA!E
RUNOFF

Chapter 2

COMPU!E Tc
Chapter 3

COMRJ!E PEAK
DISa!ARGE
Chapter 4

Fig. t -- Selecting the Appropriate Procedure In sea TR-55.

•

•,
•

Yes
COMPU!E

EFFECT OF
STORAGE
Chapter '6
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The revision of ~R-55 Introduces a new paraaeter, la/P, to the
aethods for estlaatlng peak discharge to dlscrialnate a.ong
ai.llar shaped hydrographs and their resulting peak discharges.
Ia is initial abstraction and P is 24-hour rainfall. ses
procedures tor hydrograph generation are based on unit
hydrograph theory. therefore. classifying hydrographs by unit
runoff response is desirable. The Ia/P value is a diaenslonless
ratio that ~eraits grouping of peak flow response froa
watersheds under a wide range of rainfall aaounts.

For a g.1ven 24-hour rainfall distribution. Ia/p represents· the
fraction of rainfall that auat occur before runoff begins. Vary
the Ia/P anc the runoff response tlae changes. Hold Ia/p
constant anc the unit runoff response is identical no aatter
what coabination of CN and P is used to fora the Ia/P ratio.

STORAGE EFFECTS

Chapter 6 outlines procedures to 'account for the effect of
storage and provides a shortcut .ethod to estiaate teaporary
flood storage based on hydrologic data developed froa the
Graphical or Tabular aethods. A new procedure for storage
routing through single-stage structures and a technique for
routing through a two-stage structure is described.

Since urbanization can be expected to increase runoff voluae and
peak discharge. one o,f the priaary uses of TR-55 is 'to flond ways
to offset the efect. Chapter 6 also discusses how floodwater
detention can be used to aodify hydrographs with storage to
reduce the cownstreaa i.pact of urbanization. The aost credible
course of action is to use storage to reduce the peak discharge
to approxlaate the predevelopaent condition. The shortcuts in
Chapter 6 can be helpful in sizing detention basins even if the
.£inal deslga requires aore detailed analysis.

8
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LIMITATIONS

Decisions on which procedure to use will depend prlaarl1y on the
type of output desired and the basic input data available. All
of the procedures described In TR-55 are siaplified procedures

. with paraaeter assuaptions that lead to reduced tiae of
application. These siaplifications also introduce liaitations
and potentially decrease the accuracy when coapared with aore
detailed aethods.

The user should' be aware of the Inherent siapl1f1catlon In the
procedures and should not ignore the effects of ~he resulting
error. It Is desirable to exaaine the sensitivity to a
variation of the peak d1sharge or hydrograph on the analysis
being conducted to ensure that the siapllflcatlons will not lead
to intolerable results. It is expected that the variations due
to the para.eter assu.ptions will not significantly affect .ost
designs or conclusions. If the evaluation of the a.thods
indicated that the errors are unacceptable, the user should
either allow for the error or choose a aore detailed procedure.

The aethods 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 deteralned by
Tc are no longer valid •. TR-55 should, therefore, be used only
to coapute discharge at Inlets to closed systeas.

'The Graphical aethod and the Tabular aethod are derived froa
TR-20 output and differ only In the product. Their accuracy Is,
therefore, co.parable. The use of the Tc peraits these two
aethods to be used for any size watershed within the scope of
the curves or tables. The Graphical aethod is used only for
hydrologically ho.ogeneous watersheds because the procedure Is
liaited to a single watershed subarea.

Tbe Tabular .ethod can be used for a non-hoaogeneous watershed
divided Into any nuaber of hoaogeneous subwatersheds because
hydrographs can be routed and added. This fleXibility greatly
increases the potential applications.

The approxiaate storage-routing curves of Chapter 6 ~hould not
be used If the adjustaent of ponding is used. These
storage-routing curves, like the peak discharge and hydrograph
procedures, are approxiaations derived froa TR-20 data and
should be used with a coaplete understanding of the expected
error.

9
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o OVERVIEW

Publications

:FLOOD :a:YDROGRAPH PACKAGE

•HEC-1, F ood Hydrograph Package, Users Manual,
Sept. 1981, 192 pp.

HEC-1, F ood Hydrograph Package, Programmers
Man~, OCt. 1981, 136 pp.

Flood trol System CcJDponent Optimization -
HEC-1 ;ability, Training Document 9,
sept. 1971, 208 pp.

Introduc ion and Application of Kinematic wave
Rout Techniques Using HEC-1, Tra~
Doc:t.mll:~t 10, May 1979, 100 pp.

Analysis of Ongaged Natersheds with
Training Document 15, Apr. 1981, 172 pp.

of Spatial Data Management Techniques
1 Rainfall-Runoff Studies, Tra1ning

Doc~$1t 19, OCt. 1983, 72 pp.

Dete Peak-Discharge Frequencies in an
Urbani Watershed: A case Study, Technical

4, July 1979, 15 pp.

Corps of .ineers Experience with Autcmatic
Calib tion of a Precipitation-Runoff M:rlel,
Technical Paper 10 ~ May 1980, 12 pp.

Flood- ff Forecasting with HEC1F, Technical
Paper 106, Feb. 1985, 7 pp.

$12.00

$6.50

$8.50

$5.00

$8.00

$4.00

$2.00

$2.00

$2.00

•

•

•

•
All of the aI:X:we publications ~ available fran the Hydrologic
Eng~ring ter. To order, send your request, together with
payment made yable to "FAO-USAED, SACRAMENTO" to:

The Hydrologic Engineering Center
US Arrtr¥ Corps of Engineers
609 Second Street
Davis, California 95616

A Publicati catalog, Computer Program catalog and Video Tape Loan
Library catal are available, free of charge. The latter lists video tapes
made during , ectures presented in training courses (including courses on
HEC-l) given t the Center. The tapes are in a 3/4 in. cassette format
and may be rrowed free of charge. The Video Tape Loan Library
catalog cont ins an order form.
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Prayzam Acguisition

• HEC-1

•
•

•

•

.,.
" -'.-,....

•

•

•

••
•

HEC-1, and other canputer PI'OQI'aDlS, may be obtained fran HEC
at the address given above. The handling fee is $200. for the
first progzuam 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 t~t data, and one copy each
of a users manual and a programmers manual {if available) for
each program ordered.

A microcanputer version of HEC-1 is available. It requires a 10
megabyte hard disc, at least 512 k1lobytes of random access
memory (RAM). and the MS-DOS 2.0 or newer operating system.
The microcanputer must also have at least one disc drive for
5 1/4 inch double density discs. Another accessory which 1s
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 output, a printer capable of printing 132 columns is
necessary. The harxiling fee for obtaining microcanputer
versions of programs is $200. for the first program. and $100. for
each additional prt:9zam on the same order.

several universities periodically offer extension courses in
hydrologic engineering which focus on the use of HEC canputer
proJrams, including HEC-1. These courses are generally
canparable 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 fran the follaoJing:

Mr. .James Lapsley
University Extension
University of california, Davis
Davis, CA 95616
phone: (916) 752-0880

Mt-. W, E. Kinnebrew
Continuing Engineering Education
1700 Asp Avenue
omversity of Oklahoma
Norman, Oklahoma 73019

Ms. Pam Frakes
Pennsylvania state university
212 sachett Building
University Park, PA 16802
phone: (814) 865-9173
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....0... TypicalllEC-1 walershcd model companenls.

•
III. Thc III~C·I 1;lood 1I)'drocraph Package

A. PllkI'OSJ:

The main purpose of Ihe "IfEC-1 Flood Ifydrograph Package" (HEC,
191(0..) is to simulate the hydrologic processes during nood c:vents. The pre
cipitalion (rainfall, snowfall/melt) 10 runoff process can be simulaled for large
cumplex walcrsheds such as depictcd in Fig. 4. Flood event analysis was Ihe
mOlivlllion for dcveloping the I lEe-I program. The Corps of Engineers uses
this model as a basic 1001 for delermining runoff from various historical and
:oynthelic (or dcsign) storms in plilllning nood control measures. The HEC-I
has several major capabililies which arc used in the developmenl of a waler
shed simulalion model and the analysis of nood control measures. Those
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capabililies are Ihe following:

Aulomalic eSlimalion of unil graph, inlerception/infiltration and slrCIIIIl-
now rouling parameters.

Simulalion of complex river basin runoff and slreamnow.
Itiver basin simulation using a precipilalion deplh versns lIrea funclion.
Compulalion of modified frequency curves and expecled lInnmll damages

for any local ion in Ihe slream syslem and aUlomalically for several Ilood
control plims Ihroughoullhe walershed.

Simulalion ofllow Ihrough a reservoir and spillway for dam safely analysis.
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Simulation of dam breach hydrogrllphs.
Optimization of Oood control systcm components.

The automatic paramcter estimation capability relates to the determina
tion of suhhasin runoff parameters by a univariate search procedure. The
unit hydmgmph, precipitation intcrception/infiltmtion rates (hcreafter
refcrred to as prccipitation loss rates), and strcamOow routing pammeters
may hc optimized for individual storm cvents based on observed precipitation
and streamllow data for a single subhasin. StrcamJ10w routing parameters
may also bc optimizcd from known inllo\\' and outllow in a river reach.

Watershed precipitalion-nmoff simulation is thc main function of the
program and thc basis for the other capahilities. The watershed modcl liS

rcferrcd to in this discussion includes illl aspccts of the precipitation and
fIInolT computalions necessary to simulale strcllmllow in a complcx river
hllsin. The model may be used to simulatc runoff in a simple, single-basin
watcrshed or in highly complex hasins with II virtually unlimited numhcr of
subhasins and routing rellches in which interconnections may exist. Water
shed runoff simulation is the basic mcchanism upon which II number of
SpeCiillized capabilities arc bascd.

The "!I EC-I Flood J-1ydrograph Packagc" progrllm is so labeled because
the original version of the progmm was developed by linking together
sevcrnl smOlller, spccial-purpose wntcrshed simulation progmms. The
watershed runoll component programs were developed by Leo R. Ucard,
who was director of the I-IEC at that time. Section VI brielly dcscribes these
componcnt programs.

n. OliSClUl'f10N OF Tilli PII\'SICAI. SVSTIiM

Thc II [C-I watershed modcl uses spatially IIml temporally lumped (or
IIveragedl paramelers to simulate the prccipitation and runolf process. The
time and/or space discretization may be changcd by modifying thc sizc of
subbasins, routing reaches, and/or thc compulation interval. There arc
virtually no limitations on the sizcs of the components or the computation
intcrval. Thc user selects thc sizes of Ihese variahles that arc consistent with
thc degree of dctail dcsired in the computational results, the allowablc
modeling clTorts, project budgd, anllthc availahle data.

The II EC-I is a "single evcnt" mudd inh:nlled to simulate discrete storm
events. This is in contrast to a "conlinuous" walershed model which simulates
multiple years of hydrologic rccord, e.g., the Stanford Watcrshed Model
(Crawford and Linsley, 1966).

A typic;.1 watershed with suhhasins and routing reach c()mponenls is
shoWII in Fig. 4. The IIEC-I simulales the prccipitation, precipitation loss,

and runoff processes in ench subbasin, routcs streamflow downstrC;lI11, and
combincs tributary inflows.

I. 1°/,co"L" iml Bu.~e.~

a. t'RliCII'ITATlON. I)recipitation is computed (or directly input) liep
ilfiltely for each subbilsin shown in Fig. 4. There lire three ways in which
historiclli storm dllta may be input:

(i) lIistoriclll subbasin average cumuliltive or incremental precipitation.
(ii) Historical subbllsin avernge storm totnl precipitlltion together with

ilO incrementlll or cumulative time pattern for distribution. "
(iii) Historical gage data (recording and nonrecording) together with

Thiessen (Chow, 1964) or other weightings with which to compute subhasin
average precipitation.

And there are three types ofstandardized synthetic storms that may bc uscd:

(i) Synthetic storm depth versus duration data.
(ii) Synthetic Probable Maximum Precipitation (National Weather

Service, 1956).
(iii) Synthetic Standard Project Precipitation (Corps of Engineers, 1952).

All time series precipitation data are input as end-of-interval values.
The date, time, and interval length of the input precipitation series must he
specified, a~ must the desired beginning of the simulation and the simulation
time interval. If the de~ired computation time intcrval is different from the
input data time interval, the progrnm will interpolate (using a three-point
spline function) the input precipitation serics in ordcr to determillethe
precipitation 1'01' thc required computation intervllis. The simulation is
performed at il constant time interval but the data may be at any time intcrval.

b. SNOWfAll. ANO SNOWMI:LT. The foregoing discussion of precipitation
applies to both snowfall and rilinfall simulation. For snow simulation,
each subbasin is discretized into elevlltion zones. The same amount of
precipitation is assumed to fall in each elevation lone, as depictcd ill Fig. 5.
An average air tempcrllture time series is input for the subbasin outlet and
a lapse rate is used to compute the average temperature of each elevation
zone. If the average elevation zone temperature is less than or equal to il
specified snowfall temperature threshold, the precipitation is treatcd as
/inow and is accumulated in that zone's snowpack. The water contcnt of
the initial snowpilck (if any) is specified. All snowpack computations arc in
terms of the water equivalent (nUll or inches) of the snow.
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FIG. 5. Tlte !IEC·I 5ubha5in ctevalionlones 'or .now 5imulalion.
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where A represents the combined effect of inlerceplion and inlillratilln
rates as a function ofaccumulated losses (soil moisture). P is the precipilation
illiensity, and E is an exponent regulating the effect of Ihe precipilalioll
inlensily term. The precipitation intensity faclor is used 10 repn:scnt non
linearity in the loss fille process for heterogeneous watersheLls.

where I is an initial loss, in millimeters (inches), representing anteceLlent
soil moisture conditions and interception losses; C is a constant loss nlte.
in millimtters per hour (inches per hour). which is representalive of soil
moisture infillration; and P is the rainfall/snowmelt in millimeters (inches).
If I is satisfied during a time interval. C applies only to the renlilinder of
that tinl~ inlerval afler I is salisfied. The C is also referred to as Ihe ,p index
(I = 0) and rcpresenls the average infiltration rate. throughout Ihe enlire
storm evcnl, which produces the observed precipitation excess for 111iI1
storm. Precipitalion excess is that pari of Ihe precipilalion which results in
runoff during that period and is nor 1051 to interception/infiltmlion. The
inilial loss and constanl loss rate are oflcn used in synthelic (design) shInn
runoff simulation and where inadequale dala are available to jllslify usc of
the more complex melhods. .

The BEC exponential loss rate funclion simulates the interceplion/
infillration process as a function of accumulated soil moisture (losses nor
aViliiable for runoff) as shown in Fig. 6. The equation for cOlllpulalion uf
loss rate L is

•

(I)

subbasin
bounda,y
Ie Q. subbosln
.02 a' flQur. 4)

",;,,"'~;-"''''

if [,. ~ "

if D. > "

Moxlmum 0'
10 ele vahoo lonn
'0' ~now accumulation
and mell simulation

{"L= C,

subbosin
aullel

ele·volion lone
boundo,y

c. IN1HlCl;I'lION/INI'II.TRATION (I.OSS RATJ, ANAI.YSIS). The inlerceplion/
infiltralion pari of Ihe rainfall/snowmelt runoff process may bc simulaleLl
by four difTerenl mClhOlls using IIEC-I. as shown in Table II. These mClhoLls
simlliale the interception of precipitation by vegetation, depressions, etc.
and Ihe acclIlIIlllalion of moislUre in Ihe soil.

The inilial and C1)nslant loss rale fnnclion (Linsley et al., 1975), is the
simplesl form of all loss rale funclions. The loss L. in millimclers (inches),
for .. lime inlerval t. in hours. is

Snowmcll ma'y bc compulcd by eilher Ihe simple degree-day (Chow,
19M) or lhe complex energy budget (Corps of Engineers, 1960b) melhod.
Wilh eilher mel hod, lhe snowmeh and pack waler balance is computed
separalely for each c1evalion zone. A subbasin may be voiLl of snow or
pallially or lolally covered wilh snow.
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ACCllmllloled loss. C. lnche 5 (mm)

FIG, 6, TIle IIEC exponential loss rate function, S is the loss rale for averaae soil moisture
conditions; D. inilial amount of loss for which Ihe luss rate coellicient is increased to represent
anlecedent soil moislure conditions; R. rale of chanlle of 10£5 rale coeOieienl as soil moislure
incrcuscs.

The BEC exponential loss rate equation is a logical function of the soil
moislure accumulation; however. it is an analytical function whose paramo
eters arc not readily determined from measumble watershed characteristics.
Thus, the function is diOicult to apply in ungaged afeas where the loss rate
paramcters must he related to Ihe variahlc soil type and land cover gco·
graphic characteristics in a watershed. Thc parameters are generally obtained
using thc automaled paramcter estimation capability of II Ee-1. A regional
relationship may be developed between the dcrivcd parameters and water
shed characIcrislics, Deriviltion of the loss ralc and othcr watershed param
clers is discussed on page 332.

The IwO olher loss rate options in IIEC-I were developed by thc U.S.
Department of Agriculturc's Soil Conservation Service (SCS) and the
Scicncc and Education Servicc (5[S). One oplion employs Ihc SCS "Curve
Number" (5CS, 1965) and an additional pa ....metcr. a wetness multiplier,
which is uscd to modify the given curve number for antecedent moisture
conditions. The most allractive feature of the SCS curve number technique
is its direct relation to the land use and soil properties of a watershed. That
feature makes it easily applicable 10 ungaged areas. The curve number·
tcchnique has been applied in urban arcas (SCS, 1975).

II, Hollan of Ihe SES (formerly Ihe Agricultural Research Service) de
veloped a loss rate function (lloltan el aI., 1975) which is relatcd 10 walcrshed
characteristics :lOd also a morc sophisticaled function of aCClfmulated soil
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(3)L = tiS- + J.
where L is the loss rale in inches per hour; a. is the infiltfillion capacity in
inches per hour per (inch)- of available storage; S is the availahle storage
in inches water equivalent; e. is the exponent of the storage S; and .I: is
the constant rate of infiltration afler prolonged welling in inches per hour.

An impep'ious area parameter may be used with any of the loss rate
(unctions. Imperviousness is specified as a percent of the subbasin area.
The amount of loss (millimeters or inches) computed in any compulation
time itlterval is reduced by the impervious area factor. Thus. IOO:%" flInolT
occurs from thilt portion of Ihe subbasin that is impervious.

The portion of the rainfall/snowmelt not lost to soil moisture etc. is
referred to as precipitation excess. The next step in the HEC-) simulation is
to convert a hyetograph of rainfall/snowmelt excess into a runolThydrogmph
from the subbasin.

moisture. The Holtan loss rate function Ims the same general form as Ihe
IIEC exponential loss rate function but does not consider precipilalion
intensity; however, the /Jolta" parametcrs are derived directly from Ihe soil"
water inliltration characteristics of the watershed. Although thc Iiollan
loss rate parameters are closely related to watershed interception anti
infillration characteristics, the parameters must still be calibrated hecause
of the nonhomogencity of the soils. vegetation. etc. throughout a suhhasin. •

The Holtan infiltration funclion as implcmented in /-IEC-.1 is given by
the equation

d. SURFAC'.! RUNOFF. The HEC-I program simuhltes direct surface run
01T by convoluting the rainfall/snowmelt excesses through a unit hydrograph
function or by the kinematic wave transformation. Rainfall/snowmelt
excesscs are computed (or each lime interval by subtracting the intcrception/

. infiltration loss (rom the inc~lnjng rainfall and/or snowmelt. Several alter
native approilches for specifying unit hydrographs may be used in the
watershed simulation. If unit graph ordinates are known, they may be input
directly. The three unit graph functions in the program are based on mcthods
developed by Clark (1945), Snyder (1938), and SCS (1965). A timc-area
curve representing the shape o( the basin and related travel timcs to ,the
basin outlet may be used with the Clark or Snyder methods.

Bccause the Snyder coefficients used in HEC-I define the coordinates of
only the peak of the unit hydrograph, the Clark method is used as a curve
filling mechanism to produce a complete unit hydrograph that has peak
coordinates that are consistent with the user·specified Snyder coellicicnts.
The Clark method is used to compute a unit grnph and then the correspond
ing Snyder pammeters Tp (time to peak) and Cp (peaking coeflicicnl) are

S
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•.kICrtllllle.1. The derive,1 '1'•• allli C.' arc Ihell cOlllpi\l"c,1 10 Ihc ilipUI Snyder
. dill,. i1l1d illl.iusimenis arc made 1<1 Ihe Clark paramclCrs until Ihc desire,1

Snyder codlicienls arc ohlailled. After the nnit graph onlinates arc
,lelennine,I, direcl HUlOO' al thc hasiu (lUllel is cakulaled.

The "illematic wavc(Woolhiscr, 1975) runolftransformalion in 111:('-1 has
heen especially developed for simulalion ,If mnon- in urban arCilS. The kinc
mati..: wave Inelhod produces ilnunlinear runolf response to rainfall excesses
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where Q is Ihe discharge; II and 1/1 arc kinematic wave routing paramelers;
amI .\' is lhe deplh of lIow.

After ilclermining the llvcrlallli Oow from thc Iypical dnainage arca, the
ovcrland nuw may he rouled Ihrough one or Iwo levels of colleclor c1iail'nels
heli,re enlering Ihe main channcl. The c<llIeclor channels may be of virtuillly
any slilllllanl shape fllullli in urban areas: circular, trapezoidal. tdangular.
elc, The iullow 10 the colh:Clor ch'lIlnels is lalemlly dislrihute.l. hOlh for Ihe
land ~UI face rlllioll' and ffllm onc colleclor III Ihe neXI. as shown in Fig. K.

The Iypical drainage area may he ilny sile wilh resJlcct 10 Ihe II EC-I
suhhasin, 'I he sllhhasin's lolal cllnlrihlllillnlo Ihe main ehanucl is delermine,1
hy IIllllliplyin~ Ihe runoll' from Ihe lypical.ll'ilinage syslem hy Ihe numher of
Iypit:al .trainage systems lindllding fraClional Jlarlsl in Ihe III::C-I suhhasin
arca, The folhlwillg e'lllatioll tlescrihes Ihis t:ompulalion,

the kinemalic wave process was illlilpled fmm Ihe MIT Catchmenl Model
1Ililrky, 19751, and is descrihed in detail in Training Documenl No. 10, HEe
(I 'n·)ll). Thc flillowing is a hrief summary of thai melhodology.

The ohjectivc Ilf II ECs ulilizalion of Ihe kincmalic wave lechnique was 10

assot:iale paramelers as closely ilS possihle wilh mcasurahle watershed Chilr
acterbtit:s such as slopes, land usc, and slurm .Irains. Such an approach is
desired 10 rc,hll:e amhiguilics in Ihe ealihralion process and 10 enable
panllncter eSlimalion for fulure lan,luse cOllllilions.

Figure 7 shows the Ihree hasic componenls tllillmay be used in applicalion
of Ihe "inemalic WOlve transf.lfInOllinn. Firsl, atypicOII drainage area is identi
lic.1 wilhin Ihe II E('-I subhasin. The suhhasin size may be increased or dc
l:feased as ne..:essary 10 include arcas of common drainage chOlractcristics.
The lypicOII drainage ilrea is one which has similar lot sizes, overland Oow
lenglhs, 01 lid slrcct illld gUller connectivily Ihroullhoullhe area. The overland
IImv kinemalic wave compulalions arc madc for Ihe typicill drainage area on
a unit widlh basis ilccording 10
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1'10. II. Th.: III'C-I kjll':lIlillic wilve s"hh",ill ","ufT an" cull,:clor channels.

101<0. 9. The IIEC-l basc/low illld 1111011 hydrocraph silllllialion. Q. is Ihe rcccs,iulIlhrc,h"I.I:
It It. rcc.:ssiun "uc. RR = (Q.IQ.l"·\'. Q. = Qo/R R' + ,urC"c.: IIInolf iC , < ,.: Q, = Q•. It ((' • ,C
Q < Q. Oil C"lIing limb.
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Iexcesseslllli............t.l.LL j
I.,

Time pe,lod, ",
o

00

Streomflow
o

U3(m3)
sec

where QSIl is the IIEC·I subbasin outflow during period i. and QUA is Ih.:
Iypiclli drainage systeln oUlflow during period i. This proportioning for th.:
laleral distrib.ltion is' performed for each level of the collector syslem. The
tolal suhbasin outllow QSU may be lumped at either end of the main channel
readl or !;Itemlly distributed.

e. RASI'I'l.OW ANt> TOTAL SllllRASIN RUNOI'r. The haseflow simulalioll in
II EC·I employs a logarithmic deeny funeliol); There are two hilsdlo\\'
components• .:ach of which use the same decay constant. First, the initial
flow (basellow from some previous storm) is recessed· at the decay mte as
shown in Fig. 9.

The surface runoff. computed from the precipitation excess and unit gmph/
kinematic wllve. in each time period, is added to the recessed starting llow.
This process is continued until a recession llow threshold (QR in Fig. 1)1 is
reached. At that time. the flow is under basellow recession control and the
logarithmic decay constant is used to compute subsequentllows. Suhsequent
nlinfall excesses do not influence the computed hydrograph until they are
large enough to cause the hydrograph to rise above the recession·controlled
discharges. Threshold QR may be zero. in which case the only basellow is I hat
ohtained by recessing the initial flow. Any multipeaked. complex hydrograph
may be simulated in this ma"nner. It should be emphasized that !IEe·1 was
developed for usc in 1100d hydrograph studies in which baseflow is relatively
unimportant.
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this method in I IEC-I re(luires the input of coordinates for il typical cross
scction. a slopc nnd Icngth for thc mllin c1Ulnnel. ami roughnesses rill' the
channel lUld overbllnks. Thc progrilm computes II series of norlllni depths
for the reach and dctermines the ston,ge associlltcd with eilch discharge. The
resulting storage-dischllrge relationship is used in the modified Puis wuting.

Thekincmatic wave (Woolhiser. 1975) channel routing method mny also
bc used. but on an independent reach basis. This method docs not lIUO\\,
Rood pcilk llllCl\lllltion due to overbilnk storage as Ihc modified I'uls methud
docs. but it docs illlow for Intertllly distributed 10Clii inRow if desired. 1\
dctailed description of the kinematic Wllve routing method is found in II E<"s
Training Document No. 10. 1919.

g. IUva:R NETWORK. The watershed simuhltion in II EC-I is accomplished
in n converginq tree network as shown in Fig. 4. The simulation must hegin •.
at the uppermost subbasin of II strellm branch. 'file Ctlll/leclit';1... III 1111'

lI'tlter.dletl slt/JI'a.~;/ls tllltl rol/ti/lg rCI,eI,es b illl/l/ietl bj' IIle o,.rlL'1' III Ilu'sl'
eh'lm''''.~ ill IIII.' Iltlla r/eck. For exumple. in thc wiltershell shown in Fig. 4. thc
out Rows from subbusins 101 and 102 must bc combined before heing muted
through the river relleh 1030. That routing must also be accomplishell heforc
computing the runoff from subbasin 103. When a routing operoltion IS
specificd. the I'rognam illllomatically routes the last hydrograph computet!
(which also rcmllins in the computer storilge). After the rouling is pcrfurllle,I,
thc IOClll runoll' from subbusin IOJ is computed and the rouled lU1l1 Illcal
flows arc comhincll.

S"'I'rJJl,/11l1I' r;;"(',·sirJII.~ may be performed utlllly point in the stream u~lwork.

The divcrted Ilows may be trcllted llS a normul hydrograph and roulet! anll
combincd through II new brunch of the strellm network. The divcrted 1I1l1vs
muy be returneel· to virtuully any point of the c1mnncl network. figure 10
excmplilies a river nctwork schematic with diversions and return Ilows. The
diversion and return Row capability allows simullllion of extremely complcx
strellm networks. The diversion is accomplishcd hy inpulling II total channel
flow versus diverted Row relationship. The lilgorithm does not allow dive"~"'11

to be computed liS II function of wuter surface elcvution at this tillle. ()nc

SIOrila:C dischilrge rclillionshiJl computcd from stcally-Ilow water sll.-ran~

proilles, thc olltRow fmm a reach mllY he computcd directly. The slt,ral~C

tlischargc curvc mllY bc computcd with II water surfacc profile progmm. SIu-h
llS II EC-2. which cOIllJlutes II continuous wllter surfllcc profile throughout
Ihe rivcr nctwork. or by a simplificd indcpendcnt rellch method. The inde
pcndcnl rellch melhod utilizcs normlll dcplh wllter surface profile computa
tions for ellch routing rellch indcpendenlly, i.e.,therc is no continuity hCI\wCn

, rt•• roA " •• ,inn nor laT.-rp ' r..-!u·ltplC:: f.\r • It,. c:~lln.·,li(;f·":tI·I••~ I t in.'

• •

(6)

1)..::r.t:I.'ll .....

tiS fmu:liun uf inn••w phi" oll,nnw

coulimu.)' .nu" cune"t ~turi'UC:

(n..nlinearl·
OnUlow (rom rivcr reach computed

"s. fuuction of dcplh of Ilow
("ulllinciUl.

()ull"n\' rrnm .c;,u:h is .:umpuled in
a runcltnn ol severt" lllc\ious
illllnw. Io. rCilclollillcarl.
.n ..... I •..••• ....................1.

'-;,uiunch:hi

Sl 0l S, O. (/1 + 'll- +- = -- ....- + ...-.---.-- - 0
At 2 IJ.t 2 2 I

~ ....·Ih,ltt

where 0 is the outlluw from the reach, I is thc inRow to the reach. and S
is Ihe ~Iulilge in Ihe reilch. The subscripts I iUlll 2 refer 10 the heginning and
end of period values. Using this rclatiunship, Ihe avcwgc inllow, and thc

f. SnU:AIIIl'1.0W ROUIING. Thcre lire several types of Rood routing
fUlll:tiuns which may hc used in thc II EC-I watershed simulation model.
Table III summariles these methods.

The MuskingulIl method, also dcscribed in the Corps of Engineers'
EM 11102-140M (l960a) and thc work of Chow (1964). describes outRow
from II reach in one time interval as a linear function of weighted discharges
of the previous time periods. The coellicienls arc determined from prism and
wellg.e storllge of the valley ofthe routing reach. The Muskingum panuneters
(a timc constanl 1\. a wcdge silc x, llllli numher of suhreaches) mllY he
derived dire':lly from hislorical strelllnllmvs. Good results have been ohlained
with Ihis method for streams wilh small or no Iloodplains (vallo:y storage)
wherc there is a linear relationship helween storage and \Yeigillcd discharge.
Typical llpplications use the Muskingum method 10 rouleRows in upstream'
areas where Iloodplains arc le~s deyduped. i1nd il storagc rouling mcthod
(such i1S modified Puis) in the downslream. larger-Roodplain rcaches.

The mOllilietl Puis techni(IUe (Chow, 19M) employs II slorage-discllllrge
rclaliunship as shown in the following C(luation of continuity:

I\lthllllullllh I.IUIl; III ~IU'"'l'~

fl" '-"ih:h ri"cr rc.u.:h

K'flCllIiI.ic W;I\'C ell,lIl11e! ,Ioil!",. Icll~'Io. ,Ill!"'. "lid
fuughncss

~lu~lIllSum \Ve,II!': ~lnril~C l·..\cUlctc,,1 iIU... u;I\"&:1

limc .lorollSIo rCilclo

------- ----
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• LEGENDo Subbasin runa"

o OI.enlon

C=::J Routing

oCombining

o Divenlon

riU. to. Schemalic illuslralion of .lrcamRow diversions and rei urn Row.

must first analyze the hydraulics of the diversion location and precompute
the main channel versus diverted flow tahle for use by I-fEC-1.

A pumping simulation algorithm is lIlso incorporated in II EC-I. Its usage
has been primarily for interior drainllge (removing water from behind
levecs ctc.) simulation but it can lIlso be used to simuilite a diversion which is
a function of storage or e1evlltion in the routing reach. A pumping rate versus
water surface elevation lit the site is input to II EC-I. The water removed by
pumping can also be handled liS a new hydrograph, whicil can be routed
through II new runoff network in the same manner as the diversion hydro
graph.

2. :hSll"'I'/iOl'.~ 111/11 U",i/lI/iollS

a. liME INTI:RVAI. ANI> SIZE OF WATERSIIU) ('OMI'ONENTS. As discussed at
the beginning of the previous section, the IIEC-I model assumes spatially

•

and temporul1y averaged inputs and parameters (precipitation, infiltration.
etc.) within ea~h subunit (subbasin or routing reach) of the watershed. Thcse
assumptions'limit the size of these subunits. The hydrologist must decide
what size of each component is sufficient to model the wlltershed with the
degree of definition required in the study.

b. SUnllASlj~ RUNOFF. The runoff from a subbasin (from nlinfall and,tIl'
snowmelt) is assumed to be primllrily the resull of direct surface fIInol)';
i.e., the infiltration losses cannot be directly included in the runoff hydro
graph. The infillrated water is not used in any further computations. A
logarithmic ~:cay assumption is made about the shape of the falling limh
of the hydrograph which usually represents the delayed contributions of soil
moisture/groundwater contributions to the hydrograph.

Another limitation of the infiltration simuilition is that there is no pro
vision for drying out of the soils (recovery of the infiltration n;te) betwccn
storms; i.e., the loss rates remain constant or monotonically decrease. The
Hollan loss rate function includes a percolation out of the boltom of the
limiting soil hlyer but BEC-I docs not include the evapotranspiralioll term.

C. CIIANNF.1. ROUTING. The channel routing is accomplished on a rcach
to-reach basis without considering a direct continuous water surface profile.
The storage routing methods, such as modified Puis, may utilize sto....ge
versus outflow relationships developed from continuous water surface pro
files for steady flow. Such profiles do not consider the dynamic wave travel
through the reach and may incorrectly estimate the storage in the rcadl hy
using a single-valued function in lieu of the actual looped rating curve. Such
steady-state analysis will tend to underestimate the storage used ,)n lhe
rising limb of the flood hydrograph and overestimate the actual storage used
on the falling limb of thehydrograph. These limitations can be partially
overcome by using shorter r~uting reaches and more detailed calihralion.
Only the kinematic wave method uses water surface elevation (depth) dircclly
in the routing computation. The olher computalions arc carried out wilh
discharges and-storages. Ifa water surface elevation is desired at a pal'\icular
river location, a rating curve must be input for that location and the program
will look up the elevations from the Ilrovided rating curve. Likewise. a stage
hydrograph may be input to the program but a rating curve must also he
supplied for conversion to flows before the simulation can proceed. The
routing should be performed by an unsteady-flow simulation if 1100d wave
dynamics lire important, such as in routing large, dynamic dam-breach 1100d
waves.

Time-dependent tributary backwater elTects cannot be accoullied for in
IIEC-1. The generalized backwater effects of a channel network can he
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. ;u:l:ollnted fllr in Ihe sleadY-Siale II I'C-2 wOller surface Jlh1lile~ but not on il

tlynilmil: l);Isis ill river l:OnnllelKCS. A IMge mainslream or trihulary nllw may
impetle Ihe now in Ihe olher channel; Ihi~ elfecl cannol he simulaled in
III'C-I. Again, an Imsleatly now tel:hllitlUC wuuld be retluiretl or possihly a
Ihrec-ptlint ralillg cllrve III relalc Ihc IIt)w in one channel to Ihal in anolher
.:hanllcl.

tl. Ill;SI,IlVOIll IWIIIING. The wilting Ihrough reservoir oUllels and spill-
way ftl[ llam saklY studies assumes a Illlriwlltal wllter surfllce throughout
the rt:scrvllir poul, The hnrizonlill w,ller surface is illso lIssumeti during 1I
dam hreach simulation. These limililtions can only be overcome hy u~ing a
dyllalllic routing mudel such as Ihe "(imdually Vilried Unsteady Flow
I'wlilcs" pr0l!-ram descrihed in Section VI. Also the reservoir 0111 flow cannot
he a function of tlownslreilln now condilions. Reservoirs arc unconlrollt:d a 1111
simpl)' follow 1I stllrage (c1evation).vcrsus t)utnmv rehllionshil). The IIEC-S
model should he used to operllte reservoirs for tltlwnstrellm now cOlltlitions.

e. IllVI;11 NI'lWOIIl' Sl"1l lJcn JIll:. Slream systems lIrc treiltell as con
VCl't;illg Iree netwMks. No explicit tleclamlion of the suhhasin lind rouling
reach t:Onnectivity is made. This requiremenl mjly limit somewhal the
nexihililY in building the dala model. lis i1dvanlage is in reducing the need

. 10 slorc 1I11 hytlrographs in the computcr. Only the hydrographs neetIed for
subset\uenl computations arc slored,

f. IWIIMIZA'IION AI.OOlIlI'IIM. The oplimizalion illgtlrithm is a univariale
gradient search (Beard, 19M) procedure whidl does not guaranlec arrival
al a glohal oplimum; Ihe procedure may SIOI) at a local oplimum. The user
must slarl the oplimil.alion pwcess with reasonahle first approximations of
the hest values in order Itl insure thaI the procedure docs not wander oil
inlU a local optimum,

J. /)/1/,/ Ut'/II/i""I/II'/IH

I'recipililliun . wnon simulalion wilh II E('-I rClluires dilta describing
precipilali'ln. interceplion/inliltraliun, surface runofl', hasentlW, 1I11tl channel
wUling. The specific data rClluiremcnts ilre dcscrihed in detllil in the uscrs
mallual. The general slructure of Ihe input data is a series of input blocks
whidl prnccetl fHlm upslream Itl downsucam. The input blocks specify
parameters Ihal control suhhasin I'unon, Wilting, combining, diversions,
dt:. as shuwn in Fig. HI. t-,'Iclric or English unils llIay hc usetl.

The input dilla lIIay he prn\'idell in il free tlr .ixell format. In the free formal,
the input is sepilfaletl by a conlllla ur hlank. The lilted fmlllal is \I EC's

•slandardiled len fields of eight columns cadi. The lirst field is ctlInp'lst~tl tlf
a ciud/recortl identifier in columns I amI 2 lind thc remllilling six ctlillmm.

~arc aVllilllhlc for dala. The rccortl identifier is a two-c1li1fl1CICr code IInllllldy
identifying the dilta on that record. To build the datll model, the user simpl~'

inputs the card for the desired function. For example, all loss mte funl:lilln
cilfds begin with an ...... ill collimn I illld 1I se.cond chantcter in ctllunlll .!
which is unitlue to a particular loss flIte. Thc loss flI'e codes arc liS ftillows:
I II init.!.t :,n,.1 ..nifl'·u·n • I ~ 111~r "'"vnl up.".&!ll· I c;:. ~r..<:. ,... ..,'" Il ••·

and L1I, Ihe Holtan function.

4. ApJllicalil1ll Procell"re

The development of an UEC-I watershed model begins with suhtlivit'inl:
the walershed into in.erconnected subbllsin and rouling reaches as pre\'itlusly
shown in Fig. 4. There arc two phases in this process: one for cillihration tlf
.he model's pammelers lind the other for the project study. For the calihra
tion process,the stream gage locations lire tllken 10 be Ihe outlets ofsuhhasius
and beginning itnd ending of rouling rellches. Using the gage dil'lI for illtli
viduill elements, the parameters describing Ihe runoff or routing prtlt:css 11\

Ihal elemenl may be idenlified for individual slorm events. Several (S·· Ill)
illllividual slorm events are usually desimble. The lIctual number of evenIS
which may be used will vary considerably. In ungaged arells. Ihere are no
recordcd events. In other areas, long-record gages mllY be availahle su that
there arc many potentially good events. In Ihose lIreilS where long-n.:wnl
gilges cxist, one must be cllreful to select calihrlllil~n periods in whidl Ihe
watershcd res~)onse mechanisms lire constillll. UrbilllizlIlion is usually a
major ciluse of change of the wiltershed runoff response. An mhanizing
walershed may require calibration at several stages of urbanization ill Imler
10 determine a predictive relalionship to explain Ihe chilnge in the nhldel's
parameters with urbaniZlltion:.

a. NIiEO /'OR A CAunRA'nON PROCESS. A parameter optimizalion algo
rithm is lIvaihlhle in Ihe II EC-I progmm for usc in delcrmining estimales uf
wlltershed runoff and routin'g pitrilmeters. The following discussiun is
summarized from an IIEe technical paper (Ford eI al., 19KO). ThaI paper
also described the use of optimizlItion for streamnow forecasting ilntl cuin
pares I lEe's unit gradient method with other sellrch mel hods.

If IIEC-1 were a perfect model of watershed hydrology, lind if total precl
pitlllion lind total direct runoff could he measured ilccuratcly.the paramelers
for 1I storm event could be dctcrmined dircclly by Ihc inverse solution of Ihe
trilnsformiltion equiltions. Ilowever, these conditions arc not salislietl In
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STDER = L [(QOllSj - QCOMPj)l x WT]/N (7)
1= I

where QAVE is the average l:omputed dischilrge. This weighting function
cmphasizes al:cumte reprodul:tion of peak Ilows rather than low /lows by
hiasing the objective function. Any errors for discharge ordinates that

where STDER is the error index; Qons j is the observed runoff hydrograph
ordinate for time pcriod i; QCOM Pj is the runoff hydrograph ordinate for
time period i computed by IIEC-I with the current panuueter estimales;
N is total number of hydrograph ordinates; and WT is a weight for the
hydrograph ordinate. Thc weight WT is ddined as follows:

reality, ,1Ild inverse solution of the equations is difficult, so the parameters
arc f<lumJ instead by selection of those values that yield the "best'; repro
dUl:tion of a measured runoff event with the available measured precipitation
llata and the available model. This p,lI'ameter selection has orten been
al:complished by iI systemiltic trial-and-error procedure: pammeter values
arc selected, the model is execute,d with these villues, ilnd the resulting runoff
hYllrograph is compared with the observed hydrograph. If the "fit" is less
than satisfactory, different parameter values are adjusted and the entire
proccss is repeated.

An alternative to the trial-and-error approach to parameter selection 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 ilcceptability of alternative parameter estimiltes, definition of
the range of feasible values of the parumeters, ilnd development of some
tedlllique for correction of the parameter estimates until the "best" estimates
arc 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 parumeters). The BEC-I program includes the capability to
solve this optimization problem, thereby automatically determining optimal
estimates of the parameters.

The objective function of the parameter estimation optimization problem
must deline the dilference between the computed runoff hydrograph (with
any'pafilmeter estimates) and the recorded runoff hydrograph. Presumably,
this difference will be at a minimum for the optimal pammeter estimates.
In IIEC-I, the following objective function is employed as an index of the
errors:
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exceed the average discharge will be weighted more heavily, lind hence the
optimization scheJne should focus on the reduction of these errors.

The range of feasible values of the parameters is bounded because of
physicallimi.ations on the values that the various unit hydrograph, loss ..ate,
and snowmelt parameters may have, and also because of numericallimila
tions imposed by the mathematical functions employed to model watershed
behavior. In addition to bounds on the maximum and minimum values of
certain parameters, the interaction of some parameters is also restricled
because of physical or numerical limitations.

b. I-IEC OrTtMIZATION TECHNIQUE. Theconstrainedoptimizationscheme
cmployed in IIEC-I is a univariate search technique that uses NeWlon's
method. Application of such a technique permits use of the simulation
capabilities of IIEC-1 in a traditional manner and does,not require develop
ment of analytical derivatives. Steps in application of this technique, as
implemented in (-IEC-I, are us follows:

(I) Initial values are assigned for all parameters. These values Illay be
assigned by the program user, or program-assigned default values may be

. used. '
(2) The response of the watershed is simulated with the initial parameter

estimates, and the value of the objective 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 is decreased by 1% amI then hy
2'/0, the system response is evaluated, and the objective function calculated
for each change. This gives three separate system evaluations lit equally
spaced values of the parameter with all other parameters held constant. The
"best" villue of the pammeter is then estimated using Newton's method.
. (4) Step 3 is repeated for each parameter, using the "best" estimale of the
previous parameters ilS fixed ,values.

(5) All parameters are cycled through four times.
(6) Step 3 IS repeated for the parameter that most improved the value of

the objeclive function in its last change. This process is repeated unlil no
single change in any parameter yields a reduction of the objective function
of more than 1%.

The scheme employed for estimating the "best" vlllue of each parallleter
in Step 3 is based on the concept that theopthnum of th!= objective function
occurs at the value of tile parameter which causcd the second derivative to
go to zero. These derivatives cannot easily be evailliited analytically hecause
the objectivl' function indirectly includes all the functions and cquations

(8)WT = (Qons + QAVEI/(2 x QAVE)

• • •



- -_.._.-.. I •·-·"... _.A..._ ..·....••_.· -----•(1I1l1,lIl1ell in Ihe II EC-I walershed respllllse. Thercfofe, numerical approxi
IIMlions of thc Ilcrivalives ilre used.

C.•\I'I'IICAlION 01' llll: CAl 1111I AliON lI'OINIQIII;. Due to the varying
'itlillllit)' and fonn of dal:l 'Ivailable for precipitation - runolT anal}'sis, till:
cxacl sequellcc of sleps ill applicalion of thc automatic calihration capahility
of IIEe-1 varics from sllllly to study. All oficil-lised slralegy employs Ihc
follllwinJ!. slens when usine Ihe Clark unil J!.ranh illllilhe /lEe exn
IllSI' rale elJualioll:

(I) For each slorm seleCled for use ill calibfiltion delermine the hasellow
illlli recessioll pilralllelers Ihal arc event dependent alld arc not inchuled in the
scI of parillllclers Ilwl can be eslimilled aUltlmatieally. These pafillnclers are
Ihe recessionllow for 1I11lecedent runo(f(Ql\I, the discharge at which recession
n'lW hegins IQkl••1Ild Ihe recession coellicielll (n R), as were illuSlrilled in
Fig. I). The /I EC·I users manual suggesls ledlllitlues for eSlim'lling these
pa ra Ille":rs.

(21 For cach slonn tin each gaged subhasin, dclermine Ihe oplimal cst i
males Ilf all unknown unit hydwgraph and loss rale paramelers using the
.Iulolllalic clllibwtilln fealure of /I EC·I.

131 If loss rale precipitalion rate exponent E [Eq. (21] is to be eSlimated,
sclecl a regional value based on analysis of the resulls of Step 2 for all storms
lind subbasins.

(4) Using the optimization scheme, eSlimate the unknllwn parameters with
E now fixed al the selected value. Seleci all appropriate regional value for the
~I'lpe of the I.lsS rille funclion R (Fig. 6). If the lempoml and spatial dislribu
tion of precipitalion is not well defined, an inilialloss followed by a uniform
loss mte may he appropriate. In this case, E = 0 and R = I. If these vlllues
lire used, as lhey ohen lire in S1udies lIccomplished ... IIEC, Steps 2, 3, anti ..
lire omilled. .

(51 Wilh E .11I" R fixed, eSlimllle the remaining unknown pammelers using
the optimiz,lIion scheme. Select a value of S for each storm heing used for
calibralion. If parameier values .for atljacenl basins h.IVe been determined,
ched the selectell value for regional consistency.

(,) With 1:, R, and S fixed, use the pammeter estimation illgorilhm to com
pule all remaining unk nown paramelers. The I> can he generalized and lixed
if tlcsircd at this point, all hough Ihis parameter is considered to he relalively
evenl dependent.

(71 Using the calihralion capahilily of IIEe-I, determine values of the
CI.ul IInil graph parameters. Select appropdllte values for each gaged
slIhhasin.

•(H) Once all paramelers have been sciecled,lhe valucs should he vCI'iliell hy
simul'aling the response of the gaged basins 10 olher evenls for wluch pre
cipitation ami runoll records are availahle.

The IIEC-I oplimizlIlion scheme has heenuse,1 by the /lEC in numC...lIlS

studies for nearly 10 years. The applications have focused on develllpinit
fretluency curves for ungaged localions .lIId on modeling the impacl of haMn
modifications, tlf chilllnel improvemellls, or of additiollal conlrol measures
at selected 10(allons.

Many of till. recentllpplications of II EC-I accomplished al the Ilytlmloltic
Engineering Center have employed the automalic calibration scheme in the
development of data for ungagetl areas. Typically, in these sludies dilta •• re
iIVailahle from strenm and precipitntion mensuremenl stlltions in the pmximi.
ty of 1I loclltion for which delailed sillge and dischllrge datn arc unavailahle
hut are desired. The automntic cnlibration technique is used to estimate unit
hydrograph, loss rnte, nntl rouling parameters for the gnged locations, and
this data is "transferred" to the ungnged locations using regression lech
niques. The particular slralcgy for estimating parameters and the methods
for transferring the parameters to ungngelilocntions is a function of the hasin
characterislics, the availilble dlltll, the p"mmeter:; thllillre found vin calihm
tion, nntl the time and money nvailnble for the sllldy.

While the sequence ofsteps for eSlimation ofall parameters oflhis rllinfall
runoO' model has been employed in at least one major sludy, the l1exihility
gainetl by use of Ihe four paramelers in the exponenti!llioss rale equation is
not always necessary. Often E is set equal to zero, R"ls set eqlmllO Olle, and
cnlibration proceeds with Step 5 of this sequence. This approach has heen
employetl in several studies, e.g., the Lehigh River (IIEC, 197Hd).

The optimizlIlion methodology may be used for the SCS curve numher anll
lag or Iiollan's infillration function parameters. Likewise the methodology
may be used for the rouling function parameters. The same philosophy is
followed for lilly function wilh'two or more parameters: select the besl vaillc
for the least variable pllfameters and optimize Ihe remaining paramelers.
This process is c'\Hied ollt.until only one parameter remains and ils hesl
estimate is obtained. That last parameter may he highly slorm dependent as
in the case of the loss rate funelion, where it represents antecedent moisillre
conditions. .

d. lI:CIINIQtJl~~ FOR UNGAGr:O AREAS. The foregoing calibration process
is lIsed to determine wlltershed model parameters at gage localions. Rarely
will gages be located at all poinls in a watershed where hydrologic infoulliI
tion is required. In order 10 simulate hydrographs with the desired t1elillJlillll
allli at proposetl project locations, the watershed must be suhdivillctl mill
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addilional subbasins and routing reaches. The hydrologic engineer is then
faced with the problem ofdetermining pilmmeters for those ungaged areils.
"lIydrologie Analysis of Ungaged Watersheds with 1·IEC-I" (IIEC, 1980b)
describes Ihe ungaged area modding process. As stated in the prefilce of that
report: "General approaches to frequency analyses for ungaged watersheds,
effecls of extent of data availability on choice of approach, and regionaliza
tion of hydrologic parameters ilre discussed is this report." lIypotheticill
rainfall data arc often the only rainfilll data available for a study, and there
fore, methods for use of this type of data ilre presented. The use of II EC-I
fo( watershed motlding is described and techniques for the estimation ilnd
calihration of II EC-I modcl paramelcrs arc givcn in delilil.

The mcthod used for hydrologic analysis of an ungaged area depends upon
many factors including the following: purpose of the study and the type of
information required, data avaihlble, watershed characteristics, experience
of thc hydrologist, and available time and personnel resources. The types of
information which may be required are peak llow and volume frequency and
duration relationships, and/or a long-term runoffhydrograph. The following
data might be available: precipitation, tempcrature a1ld othl.'r meteorologic
measurements, discharge hydrogrilphs, high-watcr marks, lllld basin char
acteristics. Somc of lhc following mClhods lIlily be uscd: regional frcquency
analysis of observed streamllows, watershed modcling of individual storm
events, continuous watershed simnlation for the period of record of observed
precipitalion llIld streamllow dala, alid watershed modeling of design storms
h;Iving various frequcncies. The selection of the melhod of analysis is depen
dcnt primarily upon Ihe expcricnce of Ihe analyst and secondarily upon thc
data available. The experience of the analyst is extrcmely important in the
appliciltion of a model in 1111 ungaged area. The analyst must be able to relale
his expericnce wilh the model's paramcters in other areas to the hasin char
aClerislics and subjeclive assessments of Ihe ungaged' watcrshed and ilS
ex pected runoff response.

The II EC ungaged area modeling report (1980b)discusses seven. Imodeling
approaches and lhe impact ofdata availability on each approach. Procedures
for calibraling modd paramelers and the regionalization ofthose parameters
arc trealed in detail. Unil hydrograph paramelers arc typieally relaled to
basin chmacteristics such as drainage area, slope, and percent impervious
ness. Thomas and Benson (1970) describe many watershed characlerislics
and Iheir relation to runoff. The II EC's report describes lhrec studies which
have vilrying amounls of data and usc dilferenl mcthods of analysis. The
first case addresses thc problem when some discharge frequency data arc
available. The second case has streamllow and precipilation dala bUI records
arc insumcicnt to estimale frequencies with nllu:h conlldencc. The third case
n:prcscnts an approach when no dala arc available for lhe walershed in

e

question. Because of the importance of synthetic storm analysis in ungaged
watershed analysis, one c1ll1pter and an appendix are dcvoted to that suhjccl
llnd their usc in the hydrologic analysis.

e. WATERSIIED MODEL CAUDRATION. lIaving determ1ned the parame!ers
of the subbasins and routing reaches through optimization and ungaged
area analyses, the entire river basin model may now be formulated. Afler
developing the watcrshed data model, further calibration should be under
taken with the same historical storms used in the individual component
calibration. The historical storms runoff is simulated throughout the waler
shed and compared with gaged flows. Further adjustment to subbasin and
routing reach parameters are made as necessary to best reproduce ohserved
llows. These adjustments cannot be made, however, without mainlaining a
relative consistency between parameters in similar geographic areas. Storm
events which are critical to the water control projects under study should he
cmphasized in this process.

C. USE OF (-IEGI tN TIlE EVALUATION

OF FLOOD CONTIIOI. MEASURES

I. Si/llulalioll of a De/JIII-Area-Duralioll Rell/liolls/lip for a River Sysll'/II

Flood control studies require the determination of discharge fre(IUency
curves at sevcral points of interest in a river network. If a watershed model
lind the design storm approach arc used to est,matc that frequency relalion
ship, then it is necessary to make several runoff simulations for a storm of a
given frequency at different locat ions in the bashi. This is because a slorm
which pro(luccs the X% llood lit one location in a river hasin willnol usu;lIly
produce llIl X% llood at other locutions in the riv~r basin.

[)csign StOr-TIS are computed on thc basis of precipitation observed ovcr a
given area. For a given frequency anti duration (e.g., IO~{,. I day), a precipita
tion depth-area relationship may be computed from observed prccipilalion
in a region. Such relationships are computcd in the U.S.A. by the National
Weather Service (l96tand 1977). Simulation ofthc runolHrom such a storm
rC1luires a scparale application for each IIrca. Thus, many exccutions of the
model may be required in ordcr to computc the llood ofa specified frequency
and duration throughout a large river basin.

The BEC-l has a depth-areu precipitation-runoff simulalion mode in
which the depth-area relationship is preserved throughout a river hasin in a
single simnlation. This capability eliminates the need to make a separate
simulation for each 1100d frequency computation point. The II EC-I accolll·
plishes this by simultancously simulating the runolf from several storms COli-
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suhhasin is compuled hy inlerpolalion using a linear discharge. log dfllinage
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area funclion AI a conl1ucnt:e (e.g.• sum of suhbasins A·and IJ in Fig. III. Ihe
index hy~lrog~aphs are atltled together illld Ihe hydrograph is Inleqlllialetl
using Ihe sum of Ihe dfllinage areas of A and IJ. The intlex hydrogl"llphs iIIC
ronted 10 Ihe nexl conl1uence t.!ownslream. where a similar comhilllnt: of
index hydrogfllphs takes place.

A pOlentiill problem wilh this analysis is that Ihe watershed model may
produce a SlTlllllcr volume of runoff for Ihl: lilrge·are~ slorm than it docs for

orm us lIle conlnbullng area Increases. IluS may ocqlr
through the action of nonlinear loss'rates on the lower-intensily large-areil
slorm. Uecause a monotonically increasing volume of runoff is re(luin:d as the
conlribuling 1reil increases, IIEC·I has included II method wilh whidl to
preserve the increase in precipitution excess for each successive larger-llrea
storm. Thilt methodology. described in the II EC-I users milllual (I9Hllal.
gnilranlees that the runolT volume increases with increased index ilrea.

2. Sill/lIll/tioll of Mllltil,le Storms or Floods fiJI" a Riller Network

Flood control analysis usually requires the investigation of seveflll simms
and/or 1100ds of varying magnitude. The objective of suchan anulysis is In
evaluate the impact of runoff for different-sized storms on proposcd 1100d
conlrol projecls. Any model can accomplish this by simply changing Ihe
precipilalion input data and rerunning the job. Such a procedure Clm rC(luirc
substanlial dala manipulation and computer execution time.

The llEC-1 model can automatically and simultaneously simulate Ihe
runoll from several ralios of Ihe same storm. The user simply inputs the hase
storm and the ratios desired for investiglltion. Every subbasin runoff calcula
tion is mllde for each ratio lind eilch resultant 1100d runoff is rouled Ihmugh
the river basin network. The complete hydrograph for lIny ratio is ilvailahlc
al any locillion il1lhe basin. An output summary shows the peak discharge ttlr
each hYllrograph computation point for each rlltio.

If the flood invesligation docs not involve a change in watershed rainfall
runoff response characleristics. then it is expedient to take rlltios of ....nnlr
rather than precipitillion. This would be the case for a reservoir or channel
modification 1100d conlrol projeci. In the ratio-or-runoff mode of opcrillion.
II EC-I first computes the runoff from precipitation on a subhasin and 1I1Cl1
cOlllpules Ihe required flllios. The snbhasin runoff milY also be direclly inpul
if it has been precomputed or is from some gaged event.

1 Sill/lllmiml of Alterlldtille Floo,1 COlltrol PllI/l.t

A l100d control investigation must anillyze several different prnicels to
delcfllline the best control slrlltegy. Thllt analysis can involve both diJlcrcnl
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1I.:1\\'ork. This prot'cdure is desaihed in tlclail in Ihe IIEC-I users manual
(I ')1\0.11 and sUlIlIlIari/cd here.

Figurc II shows a schemalic represenlalion of Ihe IIEe-1 deplh-area
slurm runolf simulalion mClhodology. A separale slnrll\ is simulaled for
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FlO. 12. Muhil'tc Iloods and lloO<! conI rot projcels llnalysis.

•

a. SIMULATtON or POSTI'ROJt:CT fLOW FREQUENCY CUIlVE. The compu
tation of /low frequencies mak~s use of the "multiple-ratio" and "multiple
plan" features or IfEC-t discussed in the previous two sections. The" EC-I
must be provided with a l1olV- or stage-frequency relationship for existing
conditions nt all locations of interest. The analyst selccts a mnjor Hood
event and several ratios of which to span the range of the 1100d frequency
curve. Additional criteria for selection of the ratios will be given in the nellt
scction.

The existing (Plan I) river basin is simulated and the frequency of the
peak discharge/stage Jor each ratio is computed from the given lIow·
freqnency curve as shown in Fig. 13. Tile mell'OlI a.UlIllles Il,e freql/l:lIC\' (If
Ihes/Orm/jlood ralio will remail/ rile same /IIlder fI(}SI/Jrojecl cOllllilimlS nnd
only thc llow nnd possibly the stage-damage relntionship will change. Thus,
the peak now under post project conditions for a ratio will havc the same
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4. 1/£('-1 Comflll/ldimi of EX/leclell AI/"'Ull Plootl Damaye

projects and different-sized pro.iects at the same location. There will also be
projects at dilferent locations, such as an upstream reservoir and/or a down
stream levee. As in the case orthe multiple ratios, multiple project analysis
wllTd hC'accomplishcd hy several executions of the data ,Ieck with and with
out the projects. Such a method is time consuming, requires ildditional
com puter tillie, and docs not facilitatc comparative analysis of the projects.

The II EC-I multiple plun mode of opemtion allows the analyst to com
pute the hydrologic impact of several 1100d control projects in a single
computer run. In this usage a "plan" refers to a single 1100d control scheme
which llIay inv'llve several projects. The lirst plan in such an analysis is
always lhe existing comJitiOl's. Each successive 1100d control plan may then
be compared with each other and with existing conditions. The simplest
case would be a single project such as a reservoir. "Plan '1" would be the
runoff simulation for the existing river nctwork, and "Plan 2" would be the
same simulation exccpt that thc reservoir would be includcd. All /lows
downstream of the reservoir would be affected by the reservoir in "Plan 2."

The multiple-mtio option is usually used in conjunction with the multiple
plan option. Thus, the impact of different 1100d control projects on different
sized /lood events can be invcstigated simultaneously. Such it combination
of ratios and plans is especially convenient in computing expected annual
1100d damages as discussed in the next section. Figure 12 depicts the mul
tiplc-mtio plan capahility for a simple systcm. It is important to emphasize
again the computational elliciency of this mode of analysi: and its utility
in thc invcstigiltion of alternatives.

Economic elficiency is one of the main measures of the value of a1100d
control project. The benefits of the project are measured in terms of a
reduction in 1100d damages. In order to cvahlilte 1100d damages over the
life of a project, the concept of expected annual 1100d damage is used. The
expected annual ,Iamage measure results from integrilting the probabil.ity
distribution of future streaml10w (frequcncy curve) knowing the damage to
occur at each magnilllde of streamllow (or water surface elevation). The
IIEC-I model has Ihe capabilily to compute expected annual nood damage
for any point of interest in a river basin. This capability is valuable during
project formulalion for comparing alternative 1100d control plans. The pro
ccss includes simulation of basin hydrology, input of the 110w-frequcncy
relationship for existing conditions, frequcncy curve adjustment to post
project condilions, input of Ilow/stage-damage' relalionships for existing
and post project conditions, and inlegration of the resulting damage
frequency relationships for exi'sting and postprojcct conditions.



bu. 13. Coml'..':alioll of modilicd n"od f'e....cncy curve. Q. is Ihe exi~lin8 condition com·
pUlc.1 ",,:ak lIow f,or RAno i ; I, II; I., frequency of Q. frolll inpul now fleqnency curve; Qj.
c.,lIlp..tcd I'0Sll'rojccl (plan 2) ,,"ilk lIow for RATtO j ; I, II.

•

f..equcncy as Ihe prcproject peak flow for the same ratio. By using several
ralios as shown in Fig. 13, the postproject modified fre1luency curve is
complited.

h. COMl'lHAlION III' 1:)(I'l:cn:1) ANNUAl. 1;1.0(1) UAMA<il:. Expectcd IIn
nllal \luod damage is computell for each "plan" illld benefits Me delennincd
liS lhe rcductinn iu 1I00d dalllllge·from pre- to post project conditions. Dam
IIge reaches ilfe eSl;lblished for all potcntial Ilood damllge locations in the
river hasin. A dalllage reach is dcfined liS a length of river channel which is
IIl1de.. esscntially thc same hyd ..aulic conuol for thc range of thc frelJucncy
curvc, at least that range of 1I,IWS whidl contriblltes the most tu expected
annual damages; i.e., the damage rcach is the longest Icngth of ..iver which
can adelillaidy he represented hy discharge and stage lit a representative
"illlkx" localion on the river. Several damage reachcs Illay he requirell to
calculale damages in a large Illclropolitan area.

A \low (If slage ·f..eqllcncy lind II Ilnw· or stage-llalllage function is
requirell for cadi Ilamage reach. A llalllagefrellucncy rcl::lilll\ship IS then
derived comhining Ihesc two funclions usiilg the peak Ilow for each 110011
ratio as shown in Fig. I·J. Then the damage -fre11llency function is inh:gmted
IIsing a (iallssian quad..ahtre pftlccdu..e The magnitude of the "..a I10" peak
Il"ws is very imjlnrlant in dclining these fUlIclions. Thus, anuther crileria
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FlO. 14. Expecled annual Rood damage computation.
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for selection of the flood ratios is that the expected annual damagc int·e'. '
grilted between ratios be about equal; i.e., it is not desirable to have 1I ma
jority of the expected annual damage contribuled by one or two mtios.

The economic impact of a flood control project is prcsentcd Ihrough Ihe
modified flow- or stage-frequency function or in the flow- or slagc' damage
function. Rcservoirs and channel improvcment projecls will 1I11cr the now
frcquency functions whereas a levee may only affect the slagedamage
function. A discussion of the relative impacts of flood control ,1I1l1 noo!1
damage reduction projects bn these various functions is given in Exhihit 2
of the "Expected Annual Flood Damage Computation" (EAD) users maullal
(I IEC, 1979b). The II EC-I flood dillnage analysis docs not.take inlo accounl
Ihe time value of money. The II EC·I results would typically be input hI Ihe
EA D program, which cumputes the present value of future costs aud heudils
of nOOl.I conlrol projects.

There lire some limitations to this method of cOlllpuling cxpecled allUllal
flood tlamagr., but Ihey have generally been far oUlweighed by lhe CIlmpu
tatiollal efllci..ncy and utility of the mcthod. Also, considcring the lI('mracy
of thc basic data (Ilood frequencies and damagc over a river reach) Ihe
melhod has been provcn very lIcccptablc. A truer piclure of IhC' hydmlogic
impacl of proposcd flood control projccts on the frequency curve wull!
probahly be ohtained using a continuous watcrshed simulation model. Tha.
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smaller downstream projects. and vice versa. Both of the two damage centers
can be helped by the reservoir project. The upstream damage center can
also be helped by the levee project. The levee project is represented by bolh
a cost function and a modification in the stage-damage function for Ihat
reach. BEC-I 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 eenler can be protected by a pump systcm
which evacuates the water pone/ing behind the existing main river levee..

Output information is provided during each step of thc optimi/ation
process. This informillion is especially important because the method may
SlOp at a local oplimum. The results should be checked by starting the.
optimization process at different initial component sizes.

FIG. '1 S. Optimization of /load conlrol projcci sizes.
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5. Si::il/ul-"lom/ COl/lml Syslem C(//I/pol/ell/.~

model could cvaluate the impact on every significant "ood mther than a
few selecled "ratios." The use of continullus watershed simulation models
to determine a now-frequency relationship is not without its own dmw
backs. The primary drawback is that of not being able to determine the
spatial illld temporal distribution of precipitation over long periods of time.
As one goes hack in lime,the number of gages becomes smaller and they have
Icss consistcnt operation. Thus, a major elrort is required to lill in (simulatc)
missing datil.

The IIEC-I "multiplc-ratio" analysis assumes the same time pallcrn of
precipitation is applicable to all filtios. only the magnitude of the storm
changes. The depth-dmation rclationship for the base case (from which
ratios are taken) must be representative of storms at several magnitudes.
The relative areal distribution of the storm is also considered to be the same
for each "fiItio." The runoff from each part of the basin is assumed to be
represenlative of that portion of the basin. The same is true ')f the loss rate
distrihution over the basin. Detailed output information concerning the
hydrologic and economic computations and summary results is printed by
II EC-1.

The 1-1 EC-I has a very powerful feature to automatically determine the
"hest" si1.e of each of several components (levee, reservoir, pump, diversion.
etc.) of 1100d control systems (Davis, 1974). This feature makes usc of the
expccted annual dumage computation algorithm just discussed togcther
with the univariate gradient optimization capability used for the watershed
model parameler eSlimation. That same oplimization algorithm is used to
search for the "best" combination of sizes of llood control components. The
Ilood control component size optimization process is described in BEC
Training Document No.9 (I 9711a).

Cost versus size data arc relJuired for each component to be included in
the optimization. The objective function to he optimized (minimizcd) is the
sum of the expected lInnual 1100d damages lind the project cost. Costs in
clude both the initial capital investment and the annual opcration and
maintenance costs. The objective functions may also be weighted by IIOW

well desired discharge targets arc mel at various slream sIal ions. The uni
variate gradient search procedure determines the best size of one component
while holding all olhers OIl a constant size. The method iteri\lCS through all
components several times, searching for thc hest combination of sizes. The
si/cs of the projects may be constrained to specific ranges.

In lhe simple system shown ill Fig. 15, the optimization process would
automatically investigate the many trade-oils bctween a IMger reservoir amI
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IV. The IIIo:C-2 Water Surface Profile Program

IIEe-1 is wrillcn in fOltTRAN IV anll re1luires 115,000 words of core
slorage Oil Ihe CDC 7(100 compulcr. Inpul Illay be in free or fixed formal.
The program code is Illachine independenl excepl in limilell areas where
special inslruclions arc provided for implcmenlalion on some com pulers.

The original version of Ihe presenl III::C-2 program was developed by
Bill S. Eicherl while employed in Ihe Tulsa, Oklahoma Dislricl OOice of
Ihe U.S. Army Corps of Engineers. Eicherl is presenlly Ihe direClor of I-IEC.
whcre he and olhers conlinue 10 improve and expand Ihe capabililies of
III.:C-2. III:C·2 (IIEC, 1979dl is now considered (0 be Ihe musl widely used
program in Ihe worlll for compuling wOller surface profiles.

The II EC-2 was dcveloped 10 delermine wOller surface e1evalions for spe
cified discharges in nalural channels 10 aid Ihc Corps l100dplain manilgemenl
lu.)gram. rhe program compulcs WOller surface proliles for given discllilrges
in river channels of any cross seclion for subcrilical or supercrilical sleady
slale l1ow. The effecls of IIlllural obslruclions 10 110w, l100dplain encroach
mcnl, and hy.lraulic slruclures may be simuhlled by Ihe program. Bridges
arc given sJlccial consideralion for lheir impaci on lhe l10w hydraulics. CIII
vcrls, wcirs. challnc! illlprnvcmenls, emhankmcnls, and levces may also he
consi.lcred in Ihe now/profile t:Ompulalion.

The principal usc of Ihe IIEC-2 program has been in determining inun
dalcd areas ass.lcialcd wilh various nood llischarges. Thc simulaled urCll and
deplh informalion is uscd by Ihc Corps It) c\'aluale 1101).1 damages and by
federal and local llgencics III aill in Ihe managcmenl of Ihe nalion's lIood·
plains. Ahhough Ihe II EC-2 analysis docs tlot considcr lhe dynami.:s of Ihe
nood hYllrograph propagalion, Ihe melholh,logy is wdl foun(kd in hydraulic
Ihcory for slcatly I1.Hv condilions, clJicienl 10 usc, and commensuralc wilh
Ihe lechnical reliahililY of Ihc III her aspecis of Ihe sludies such as Ilow
frcllucncy and slage-damage relalionships. In cascs where Iloollplain geom
elry. hyllr'lulic slruclIIres, or II.H,d wavc shape produce sil\ni'icanl ralcs of
change in Ihe WOller surface. a dynamit: simulalion should be madc using an
llllsieally-llow model.
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9.1. Shellpot Creek Study Area
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Shellpot Creek is located In the northeastern corner of the state of

lJelaware. Figure Y.I is a general map of the 5tudy area. Shellpot Creel<

enters the Delaware River at WilmIngton, Delaware. It draIns an area of 9.43

sQ.Jare miles, all withIn New castle Couoty, Delaware. The ba5In 15 nearly

coovletely urbanized, and the predominant type of land use Is sIngle-family

resloentlal, with Industrial and cOfllllllrcial development concentrated

primdrlly In Ule lower portions of the basin near the Delaware River.

Dlannel slopes vary from less than 25 It per All In the lower reaches of

troe stream to over 200 ft per mi In the steeper slopes near the watershed

bounlJary. Jhe main channel slope of Shellpot (reek (between points 10 and 85

percent of the distance along the longest watercourse) Is 40 ft per mi. land

surface slopes average about } to 5 percent, and soils are predominantly of

the l1lOllerate-lnflltraUon soils group. Mean annual precipitation is about 4}

In, and average alVUli runoff for Shellpot Creek during the ~9-year period

lY40-74 was 17.5 In. Streamflow data are available at one location on

~I~llput Creek (at Wilmi~Jton, Delaware). The drainage area at this point is

7.46 sq ml. Continuous records are available from December 1945 to the

Y.! tiasin DescrIption

Some data (such as flow data from a single stream gage) are' available

for tnt: watershed In many cases. Usually, however, the g8ge is not at the

location at wn1en the dischal1Je-frequency relatlonsnip is needed. An eKan{lle
n is 5hellpot Creek, a 9.0-sq .1 basin near WilAiington,

lJelaware. Too study on which this eKan{lle is based is described In a SpecIal

Projects HemOrandum by the HydrologIc EngIneerIng center (1976b). The

hydrol~ical data were developed for use In SpecIal flood Hazard Infonnation

reports. tlasic raInfall and runoff data were analyzed, and the HEC-I model

~as ca1ibrated on several observed events and applied to specifIc

hypouoetical events. Jhe following paragral1ls describe the procedures and

assUlJ4ltions wn1en were used to develop recoomended dIscharges at selected

eKceedance freq.Jencles for this basIn.
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9.2. Discharge-Frequency Curve for S~ellpot Creek
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The si!! hi!tlest recoroed events at the Shellpot Creek gage have peak

discharges that are all greater than the >-year event (20 percent ch8rce of

amual exceedarce). Data for these events are given in Table 9.1. Because

of the small size and nearly complete urbanization of this basin, it is

reasonaLJle to expect less variability in initial rainfall loss by

infiltration at various times of the yearj therefore, no additional search of

rainfall records was made to find storms that were more severe than those

resuitlr~ in these peak discharges.

9.2 Observed frequency (Observed Data)

A discharye-freQ.Jercy anaiysis was made on the 3G-year period 1946-75

based on anrual maxima. Water Resources Courcll QJidellnes proceckJ.res (WRC,

i976) were applied usi~ a wei!tlted skew value of 0.5. flg.Jre 9.2 shows a

piot of these oata based on the weibu11 plotU~ position equation. The

ClJllllUted mean, based on the log transfo[lllation of the data, is 3.151 (or

i,400 cfs), ano the stanaaro deviation is 0.267. Nearby basins having

streamflow recordS with l~er periods of recoro are almost nonexistent.

Chester. Creek, about 10 miles northeast, has contiN..lOUS records ftom 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 Courcil QJioeUnes are followed, the correlation coefficient would

neeo to be eQ.Jal to or greater then 0.93 in order to justify adjustment of

the gageo annual-sertes discharge statistics of Shellpot Creek.

The only other nearby station with a longer term of record is Branaywine

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 sQ.Jare

miles, and there is essentially no urbanization. Because of the great

differerce in basin size, no correlation studies were made. The curve in

figure 9.2 is considered to be the best estimate of the discharge-frequercy

characteristics for Shellpot Creek ana the best guide for developing

reasonable estimates at other locations within the basin.
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Sto.. of 5eptaober n. 1911

~--- ---.,

•
RRY

(ft/hr)
TP.!I

(hrs)
3 Oay
(efs)

I Oay
(efs)

TAlJlE 9.1

AVERAGE FWW

DATA FOR HISTORICAL EVENTS

Peak
(ets)

•
LUte of Peak

9. J lrlit Hydrograph Studies

6650 1300 ~36 2 4.~ ! I

27 Aug 19b7 4650 ~71 263 2 ~.4 nJ
9 .lJl 19~2 4060 643 22~ 3.~ 2.~ JI!

:0 Aug 1974 3JOO 366 136 4.~ 2.0 1,1
eo ..Ib Aug 195~ 2260 219 110 2 3.7

;U .lJn 1972 2240 501 183 3 2.8

E Time from start of rIse to peak dIscharge
I ~Maximum rate of rise

five of the six events listed above were analyzed In detaIl with HEC-l.

l~hydal maps were prepared for each stom analyZed. Recording and

nmrecorailYJ gage locations are shown on a typical Isohyetal map In f1l}Jre

9.3. 1\ great deal of jud!1OOnt was requIred in developIng Isohyetal patterns

for each storm because there is a sltlstantial varIation In the total storm

rainfall amounts observed at the varIous gages surroundIng the basin. The

uistribution of storm rainfall in tIme is Subject to considerable error when

baS!':!] on stal10ns several basin widths away. Total basin-average

vrecipitation was estimateu for each storm event. The HEC-l unit hydrograph

alld loss-rate opl1mlzation option was used to determine 15-l1linute unit

hydroyraph ana loss rate parameters based on observed discharge hydrographs.

Bai"faU and runoff data for the .f1ve storms are presented in Table 9.2.

Unit hydrograph data and basin characteristics are presented in

TaMt: 9.3. For the full basin at the gage the average Snyder t
p

is 2.1

110UI s. amI Cp is 0.77. figure 9.4 represent 5 a t yplca I reconsti tuted

87

. 9.J. Typic" Isohyet.' Map
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TABLE 9.2

RAIN'"All AN) RlJt()ff foo STOOH E~TS

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

Event Rainfall Runoff
(inches) (inches)

16-19 August 1955 2.44 1.52

27 August 1967 2.24 2.07

13 September 1971 6.36 6.24

22 .lJne 1972 3.74 2.43

22-23 August 1974 3.85 1.87

HlllE 9.3 i
t

s.£LlPOT CREEK BASIN iPHYSiCAl OiARACTERIST ICS AN) !UNIT HYlJRlXiRAPH DATA roo SWBASINS r
i ;

~ Igape Percent
5ubbasin DA l lea 10-85 Iqlervlous t p
tuJtler (sq mi) (miles) (miles) (ft/ml) I (hoUrs) I

1 0.64 1.00 0.40 n 23 0.66 f.
2 0.71 1.70 0.80 48 30 0.96 I3 0.66 1.80 1.00 61 42 1.04
4 0.94 2.20 1.10 50 35 1.1)
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 III 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 0.41 1.25 0.50 186 30 0.15
11 1.56 2.40 1.40 25 35 1.26

81
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-.-.- Observed hydrograph "

HEC-l Optimization hydrograph

-- HEC"1 Subbasin routing and
combining hydrograph

13 SEPTEMBER 1911
SHELLPOT CR. AT WILMINGTON. DEL.

9.4. Simulated and Observed Hydrographs
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9.5. B.sln Subdivision
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To oevelop approprIate unit hydrographs for each sub-basln, a

relatIonship between the basIn physical characteristics of stream length (L)

aou length to center of basIn (Lea) versus unit hvdrograph lag (tp) was

develoved from a comparIson of Shellpot Creek parameters with those for gaged

uruan basins In PhUadelphla, Pennsylvania. Also given consideration was the

t p versus L Lea relation aoopted In the Red Lion Creel<" Study described in

Ulapter 10. Initial estimates for t p were based on a Hne drawn thI'OU\tl

tl~ Shellpot Creek five-storm average value whiCh was drawn parallel to lines

oescrlbing relations aoopted In other Delaware aoo southeastern Pemsylvania
stream studies. Thls lloe (flg. 9.6) has the equation t p " 0.81 (L Lca)O.Jo.

A Snyder peaking parameter Cp of 0.11 was adopted for all subbasins. It Is

the average value determined In the optimization studIes discussed above.

~tarl1ng discharge (STRTQ) varied from o.n to JO cfs per sQ mi for the

varifJUs events and was baseO on gage data. for the final loss-rate

In order to determine probable flood discharges at other locations

within Shellpot Creek, the basin was subdivided as shown in figure 9.5.

100011 points were selected to coincide with IlBjor" tributaries and spaced

alorlj the maJnwatercourse In such a way as to result In only Illoor changes

In dIscharges between malnstem loOOx points. The percent IqJervlousness was

estimated from areal photograltls and publlshed intofllllltion.

9.4 Basin Subdivision aoo ~del Callbration

moisture condItions and the sensitivity of the parameters to errors In

estimating total rainfall aoo the rainfall distribution. The overall

hVdrograph reconstitutions are acceptable, and differences between observed

aoo reconstituted hyorographs can be eIlplalned as randoRl errors, resulting

primarily from non~lformlty of rainfall distribution.

----.~~v<Jroyraph.09 with the observed':v~:raph. Rainfall distribution was --~--'~~"'-' .c .. ">.. ....... •

uased on mass curve plots of available recorder data and an adjusted average

curve. f1 fteen-lllinute values were then Interpolated f£Olll the curves. The

rainfall ellponent parameter ERAIN was set to zero and the loss rate parame[er

IH IOL WlIS set equal to 1.0. This forced the progrWII to opt1niize losses using

essentially an Initial loss plus a constant loss. The values of t p aoo Cp
were reasonably stable for the five events studIed, but the loss parameters

disolaved more variabllltv due to an lnabllltv to lIlatch antecedent soU

91 92
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9.5 Channel Routing Criteria

9.6 Hypothetical Stom Runoff I:.stimates

Hypothetical storm data were developed by the procedures described in

Chapter 4 and the Appendix of this report. Twenty-four-hour stoms were

developed for return periods of 2-years, lo-years, lOG-years, and for the

Standard Project Stom (SPS). The c~ted 24-hour point rainfall values

were assumed to be applicable to areas of ~ to 1 sQ flI1. Adjustments were

made to all durations (l5-minute to 24-hour) for areas of 5, 10, and 15 SQ

mi, and the storms were distributed into successive 15-rninute periods. These

adjusted and distributed data were used in the stream-system option of the

HEC-l c~ter program to generate consistent hydrographs for each subbasin

and cootJining point.

Channel routing is relJ.lired in the model to provide the correct

translation or the flood hydrograph along the stream from indell 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 detailed stream cross-section and bridge data were unavailable,
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 chamel reach

based on Haming's equation and assuming steady -;flow with an average slope

equal to the channel slope. The tuskingum routing method was used wi th a

dischaIge weighting coefficient of X .. 0.'. 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 coobined hydrographs for the nine

contributing· Slbbasins agree with the observed runoff events at the stream

gage.

par_ters, the initial-loss volune ranged from 0.4 to 2.0 in. and constant

loss-rates frOlll 0.06 to O.6~ in. per hr for the five stom events. A

constant ratio of the peak (16 percent of the peak dischaIge) was selected

for the start of recession dischaIge (~CSN), and a rate-of-recession

parameter (RUffi) equal to '.0 was used for each subbasin based on a

15-minute time interval.
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where

log 0.0 '" COl • 0.87 log (IJA) ••••••••••••••••(9.1)

~ '" geometric mean of the annual flOOd peal<S In cfs,

Col '" Hm~ing coeffIcient" for a particular basin in the region, and

lJA '" drainage area in SQ mi

Regional dlscharge-frequercy characteristics were detel1llined using data

from, studies of other basins In the area (Hydrologic ElYJineerlng Center,

1~74). lhe followIng correlation relationship for these regional data was

developed:
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where Cs is a Il8PPing coefficlent. for the st.andard deviation. The C
s

value was det.erllined t.o be 0.311. This value is consist.ent with data from
adjacent basins.

The equation developed in the regional studies for estimating S the

standard deviation of the logarlthlls of annual maxl_ discharges is:

s .. Cs - O.O~ log (OA) ••••••••••••••••••••• (9.2)

The Ilapping coefficient C
II

is the differerce between the observed and

cORpJted mean logarlthlll of the flow. for the Shellpot Creek data the
...o.r • .a.lt'l1t.tlu.o.l ... hi ...... 'I'" _ #') ...a~\ n

-~ . ...-.
high percentage of urbanized area within the basin in comparison to the other
basins in the region.

CoqlUt.ed values of log 0. and S for each index point were used as

if1)Ut. t.o a regional discharge-frequerey progralil, using an assumed eQUivalent

length of record of 20 years and • regional skew of o.~. Results were

plotted and used t.o evaluate results of t.he hypotheUcai-stofll approach

discussed above. Sirce the regression eQUation does not. account. for

differerces in land use, channel slopes, or basin shape, it was felt that t.he

answers det.ermined fraa t.he HEC-l model were bett.er. conseQUent.ly, the flows

comput.ed from the HEC-l model runs were given IlOre weight in the preparation

of recommended curves. Discharges based on the recommended curves are given

in Table 9.4 for all index points. The relat.ively wide scatter displayed on

plots of peak discharges versus drainage area in figure 9.7 are attributable

t.o the sensitivity of peak discharges to dlffererces in land use, basin
shape, and Channel slopes.

.pressed by equation 9.1) The equation with the s.lope was not "
however, because it was felt that the great deal of effort needed to

detel1ll1ne S for all the ungaged streams was not justifIed for such a small
Increase in R2•

O.~

O.O~

~

O.~

0.1

!!!!!:Y£

l.~

0.8

.!!!=h

2.0

1.0

l=!!.

Initial lOSS (5TRTl) in in.

Constant Hate (CN51L) in in./hr

~. 7 Regional Oischarge-freqJercy Comparisons

(nat values.. 01 Lp 101 (liC IOU-real diU 'lie ~lLa'lLIa&U .. aUJIIW'

could reasonably be adjusted by a factor of 0.8. An adjustment factor of 0.8

was also applied to the channei-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 maxllllJOl

discharyes and Sff" shown in flgJre 9.2. final loss par_ters (5TRTL and

CN61l) used for all subbasins were:

•'he mOtlel results at the gage were compared with the adopted

(lischary~-ffl:quercy curve shown in fi9Jre !J.2, and adjustments were made to

lo~s rate parameters untIl reasonable agreement was obtaIned. However, even

with lero loss, the lOG-year and ~tandard Project 5torms could not be made to

give veal< discharges as high as those given by the curve. It is generally

accejJted that unit hydrographs have a shorter t p when intense storms occur

over basins having confined flood plains. Therefore, it was rationallled
~__ J~_~ ~. __ ~ I~~

A regression equation which contained the main channel siope in addition to

lJA prowced a slight1y better correlation (the regression coefficient R2

wa~ 0.8517 when the slope was lrcluded, versus 0 •.871 for the relationship

I
m
o

I
~
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• HYDROLOGIC MODELING FOR FLOOD HAZARDS • HEC-1

.- TA8LE 9.4

RECOMMENDED PEAK DISCHARGES AT SELECTED INDEX POINTS -(SHELLPOT CREEK BASIN)

Index D.A. Peak Discharges (in C.F.S.) for Selected Exceedance Intervals
Point Location Description (s9 mil 2-Year la-Year 25-Year lOa-Year SPF SaO-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

• ~
c:a 104 Subbasins 1 thru 4 2.95 SOO 1900 2700 4400 5500 7600

5 Subbasin No. 5 0.75 250 600 860 1350 1600 2200

105 Subbasins 1 thru 5 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 locations. -;..;: .....
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HYDROLOGlCt MODELING FOR FLOOD HAZARDS

• 9. Conclusions

• HEC-1
•

•.,

•
Discharges for primary index points on Shellpot Creek are surrnarized in

Tal le 9.4 for selected exceedance intervals. Discharges at other exceedance
in ervals can be estimatecl from plots of the data. If discharge estimates

srI needed for additional index points along the stream, discharges can be

ae ermined by interpolation based on respective drainage areas and the
ne rest upstream and downstream index point. The lOo-year peal< discharge

es imate for this basin appears hicjl (approximately 1,200 cfs per sq mil when

CD~red wittl other strelRS in Delaware and southeastern Pemsylvania, bJt
wi ~ 30 years of observecl data on Shellpot Creel< it is reasonable to use the

di ~narge-frequency curve frail these data as the best indication of wnat

CD 10 occur on the urbanized suooasins.

•

•

•

• .'.
o ASSF.S$!:NT

Pitfalls In Aoclication

•

•

The D21Pst ccmnon pitfall in application of HEC-l is to apply
the P '. as though it were a black box without
underst the theoretical bases and limitatiens of the
program. Effective use of HEC-l requires a clear understanding
of the problem to be solved, and recognition of the extent and
reliabili I=Y of available data.

Possible

HEC-l like art'i other well-used, prcyJ:'atn, is undergoing
continuou:j; developnent. At the present time, work is undetway
to imprOViI! the program's capability to model base flow.
Considera ~ion is being given to provide capability to use a
variable t-ime step size, such that the program itself would
determine the appropriate time step for each element of the
canputati Pns, and would interpolate as necessary at the interface
between e ements. This capability would be especially valuable
in situat iLens where runoff fran both small and large subbasins is
being det~rmined as part of the same analysis.

•

•

••
•
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•

•

•

••
•

•

•

••'\..'
•

Commission, Lincoln, Nebraska (NNRC).

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

2. Desired to simplify data input into progran.

Restructure data input and use more alphabetic control rather than.

numeric number.

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

1. Traced Program logic and removed some routines.

a. Removed all hydrograph optimization.

b. Removed balanced .hydrograph procedure.

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

Nebraska. )

d. Removed storm sYl;ltem computations.

e. All other routipes were preserved.

2
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•

2. Restructured and segmented program into modular subroutines.
\
\

a. Removed and change program control.

b. Program easier to modify and ins=rt new procedures.

•

•

•

•

•

•

C. Restructured input data.

1. Reads in sequential modules of data.

2. Uses control words to control execution.

3. AllCMsmore comments to be placed in data.

4. Maj or control card words (two words 1st 8 digits of the first card

(line) of each data module).

5. Mul tiplan/mul tistcrm procedures retained & simplified.

a. "STM MOLT" control card

b. "RTE MOLT" control card

D. Routines and Procedures ins=rted into the FER program.

1. User can change comj)utation time period during execution.

3
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•

•
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•

•

•
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•

a. can either increase or decrease time r:eriod•

b. ~st subroutines automatically consider changes of computation

time.

2. Printed output control.

a. can be selective.

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

c. Maj or co ntrol cards echoed in Ir intout •

d. Prints out only necessary ordinates, tZ'uncates trailing zeros•

e. can control number of or dina tes 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 helQs locate where progrcm has stopr:ed during an

execution due to a progrcm or data problem.

4



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

•• each trace printed line.

3. New variable and more versatile read-in of stcrm runoff b:ydrographs.

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

computa tion time period.

• b. Do not have to read in a sI:ecified number of or dina tes.

c. Can read in or dina te of time v s~ discharge to def ine hydrograph.

• Program interpolates or dina tes in the runs comput a tion time

••~,
•

•

••'-...
•

period•

d. First or dina te read in need not be the same time as the 1st time

period of the run computation.

4. Reading in mass curves or Precipitation data.

a. Can read in Irecipitation data with different time periods than

the run computa tion time period.

b. Can read in Irecipitation data accumulated as mass rainfall

amounts (or percent of total rainfall).

c. Can use SCS rainfall distribution curve or read in any other

desired distribution.

5



•
d. Recoding of old data to change time ~riods is not necessary.

• • Program recognized change of time ~riods that mayor may not

be different than the run comput a tion time ~riod.

•

•

•

••~.- __•• J

•

e. Job input precipitation was made variable mass curve ty~.

5. SCS TR20 computation.

a. Whenever possible FER program uses exact coding of TR20

programming.

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

dimensionless hydrograph•

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

• w'as required).

e. Initial SCS loss (Ia) was made a variable.

•
6. Combining &: storage of hydrographs.

••"-"
•

a. User control st~age, retrieval, adding (or subtraction) of

hydrograph storage areas.

6
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•

b•

c.

Possible 1 to 8 areas can be used depending ut:On number of

mul ti plan/storms.

Greater user control over storage areas.

•

7. Dynamic reach routing of hydrographs.

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

•
b.

c.

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

state condition by using KCD Backwater progrClll.

Solution use full dyramic equation solved by implicit method.

•

•

d. Routine is not critical of reach lengths or small del ta time

increments.

e. Small amount of time required for execution.

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

a. COmputed rainfall precipitation amounts saved from BEC Computer

• program.

b. FER program attaches rainfall data flle and searches data for

• comparable area,labels then reads in rainfall amounts •

•
7
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F. Future Needs and Developments •

1. Continue to locate and remove any unused coding that mayor 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 hydrograptls to be read in and converted to a unit

hydrograph equal to the execution consultation time period.

•
5. Develop a loose leaf tYI:2 users handbook to explain in'detail methods

and procedures used in the FER progran (this is being req~sted by

the state of Nebraska).

•

•

••~
•

G. Discussion (if any) (IF THE)
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FLOOD ESTIMATES AND ROOTING (FER)

SUMMAR Y OF MAJOR CONTRa.. CARDS

The FER computer progran sequentially reads data modules of one or more lines

(cards) of data to perform a s~cific procedure, computation or function.

Computations are made in sequential order as encountered in the input data

file. Each data module must have at least one or more lines (or cards) of

da tao 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

control card. Its purpose is to direct the progran o~ration and

computations. If only OIE card is needed to perform the desired operation,

then the data module would consist of only one line of data. If the procedure

requires additiom.l data to perform the desired computations, then the

supporting data must be stacked directly after the first card of the data

module. The FER progran executes the computations or procedure requested by

the data module then returns to read a new' module of data. The procedure is

rei terated until instructed to terminate execution.

The first card of each data module directs the progran to perform one of the

following computations and/or procedures.

(1) Run control of progran input/output, etc.

(2) Storm runoff bydrographs (input or computations).

(3) Routing of bydrograph thru lakes, Valleys, etc.

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

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

the progran to perform one of the above four procedures. The progran will

2
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•
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•

accept only o~ of the foll~ing four se ts of 3 characters •

(1) "RUN", (2) "STH", (3) "RTE" and (4) "STO"

The fourth field of the major control card must always be blank. If the first

three characters of the major control card is not verified to be "RUN", "STH",

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

After the program has verified o~ of the procedures aoove, then the second

co·ntrol wa-d in columns 4 thru 8 of the major control word are used to

determine the tYI:2 of computation desired. .As an example, if the first 8

columns of the major control card were "RTE TA'IM", then the progran would do a

reach routing of a storm run off hydrograph by using Tatum's method of

successive averages. The remaining data fields of the major control cards may

or may not be used to perform computations.

Foll~ing is a listing of control words used on the major control cards and a

brief description of the computation methods, procedure. or usage of the

co ntrol cards. The 1 isti ng show s the first 8 col umns of e·ach maj or co ntrol

card.

3
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.- TABLE I. Major control cards for controlling progran input, output, etc •

•

•

•

•

•

•

••~.
•

Columns 1-8

"RUN Bm"

"RUN END"

"RUN TRON"

"RUN TROF"

"RUN PLON"

"RUN PLOF"

"RU N PRNT"

"RUN TERM"

Remarks and Usage

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

read.

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

"RU N B&i" card.

"RU N Bm" and "RU N END" cards are used for co ntrolling job

stack.

Turns.Q.D progran trace routines.

Turns QU progran trace routines.

Turns.Q.D Hydrograph on-line' plottings.

Turns off Hydrograph on-line plottings.

Controls level of printed output.

Term ina tes execution of comput a tions. Al so "RU N FIN" and

"RUN STOP".

4
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•
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•

TABLE Ie con't

"RUN THE"

"RUN ECON"

"RUN CMER"

"RUN NQ"

"RU N TAPE"

Allows changing computation time increment at any time during

execution.

Runs econcmic analysis of Hydrograph( IS).

Com~res computed Hydrograph with a hydrograph read into

program.

Changes the number of computation ordinates (Max 300).

Stores computed Hydrographs or other data on a fUe that can

be read in during another execution.

5



•

.- TABLE II. Maj or Control cards for sta-m twdrograph inpt:t and computations.

•

•

•

••~.,
•

•

•

•-\;...
•

Columns 1-8

"STM t-IJ LT"

"STM CMFfl"

"STM TAPE"

"STM READ"

"STM HID"

"STM SPFlt

"STM PMP"

I

I

"Remarks & Usage"

Initiates reading in multi "STM" control cards and data when

doing a multiple sta-m computation. When used progran looks

for a storm computation "STM" for each sta-m in a multistcrm

run.

Compa.res computed sta-m with an input bydrograph. Same as

"RU N CMFfl" co ntrol 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 sta-ed by the major control card "RUN TAPE".

(HEC) Read in Hydrograph. Hydrograph or dina tes must be coded

in the same time ~riod as the computation time ~riod and

must read in the numbers of ordinates set by "NQ".

(KCD) Variable input routine of reading in hydrographs.

Allows several ways of reading in Hydrograph data.

Computation of Standard project flood rainfall (older method

that was progranmed in the HEC-1DD Computer MJdel).

computes lI'0bable maximum precipitation computed by older

version of HEC-1DD Computer Progran.

6



TABLE II. con't

•

.-
•

•

•

•

•

"STM HM52"

"STM PRCP"

"STM MASS"

"STM PRWT"

"STM RATO"

•

•

*

•

Reads in 72 hour rainfalls saved from computation made using

the HEC computer program HMR52.

HEC reading in of precipi tation da tao Requires "HQ" or dina tes

to be read in.

KeD Reading in o£ precipitation data. Input ty~, periods,

vol ume, etc. are variable and wide variety of inptt data can

be read. TR20 rainfall distritution Tables I & II are inter-

Dally progranmed for direct application.

HEC - Storm precipitation weighting routines using job pre-

cipitation data. Input of the job precipitation data can be in

any time J:eriod because the progran uses mass curve routines to

determine del ta rainfall amounts. This modifica tion all~s the

method to be used with the FER progran "RU N TnE" control card.

Mul tiplies' or dina tes of the computed hydrograph( 's) by a

const'ant.

•

•-1&, ..'
~_.

•

• Whenever precipitation amounts are read in, computed, or used then the

progran requires loss control cards and unit hydrograph control cards to foll~.

These control cards, "LOS" and "UlD" cards, are secon:iary oontrol cards that are

required to compute a runoff hydrograph.

7
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.- TABLE IIa. Secondary oontrol cards for loss computations.

•

•

•

•••~/:)-"

Columns 1-8

"LOS HEC"

"LOS HOLT"

"L 0"3 eN S1' "

"LOS SCS"

"LOS SA}ti"

Remarks and Usage

HEC General loss rate function for snow free ground.

Loss computation by "HOLT" function.

In.1t;ial. ~oas and constant; inf'lltrat:i.on rate.

Uses SCS curve number and equation to com put e rainfall

los'ses •

Uses last loss routine that was read in and used for prE!'lious

computation.

•

•

NO'TE: Loss control cards are used only when precipitation is used to compute

rainfall excess. When an "STM" Maj or Control card in used that req uires

rainfall amounts to be input or computed then the "LOS" co ntrol card is

required to follc:w.

•

••
•

"LOS NONE". No rainfall losses.

8
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.- TABLE IIb. Secondary oontrol cards to input or compute unit hydrographs •

•

•

•

•

•

•

••'~.
•

Columns 1-8

"UID READ"

"UID CLRK"

"UID SNYD"

"UID SCS"

,Remarks and Usage

HEC unit hydrograph read in routine. (Input ordinates must

be in same time I:2riod of computation time I:2riod.)

Compute unit hydrograph by Clark's Method with a unit

<1uration equaJ. to the computation time ~r:i.od.

HEC method uses Snyder coefficients to computeI:2ak Q and

time of peak then uses the Clark's method to ap~oximate the

Snyders paraneters.

Computes an SCS unit hydrograph using the progranmed diID3n-

sionless unit graph (or read in) converts rainfall excess to a

mass curve then computes del ta rainfall excess amounts equal

to unit hydrograph duration, then computes a stcrm 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 progran.

9
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•

TABLE IIb. con't

"Ull SCRV" Not available at this time. Progranming 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 "FER" computation time p;riod.

•

•

.-
•

•

•

•-"'-..
•

NOTE: Similiar as with the loss control card "LOS", a "Ull" control card must

be read in whenever precipitation is used to com put e a sterm runoff

bydrograph. The program will require a "Ull" control card after a "LOS"

control card has been read in•

1 0
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.- TABLE III•. Major control card for routing of input or computed runoff

hydrographs.

•

•

•

•

•

•

•-'L
•

Columns 1-8

"RTE MULT"

"RTE PULS"

"RTE MPUL"

"RTE TATM"

"RTE MUSK"

"RTE MSKM"

Use and Description

Uood in mUl tiplan runs. Control card will initiate reading

of routing control cards and data for each plan. Routing

control cards and data must follc:w for each plan.

Routes hydrographs thru lakes or valleys using Pul' s method

of storage discharge.

Same as "RTE PULS" eiCCeptlX'ogran reads in a cross section

and develops a reach storage discharge relationmip of the

reach.

Reach routing of hydrographs using Tatum's method of

successive averages.

Routes hydrographs by Muskinghum's method using coefficients K

and X.

MUltiple layer discharge as Muskinghum routing coefficients.

Muskinghum coefficients used depend on the discharge

or dina tes of the hydrographs.

1 1



•

.- TABLE III. con't

"RTE STST"

\

KeD method of Straddle-Stagger is ured to reach route

hydrographs. A specified number of inflow s are averaged and

•

•

•

•

•

•

••~,
•

"RTE RADn

nRTE MRADn

nRTE DYAM"

nRTE TMST"

logged a sp3cified number of time p3riods.

Uses the method of werking Rand D is used to reach route

hydrographs. Uses storage versus discharge relatiombip of

the val~ey reach.

Same as nRTE.HAIl!!. except a valley cross section, valley

slop3, and reach length are used to compute the reach sterage

versus discharge relation:ilip.

Reach routing of hydrographs using full dyIiUl1ic routing

(including the aCG9leration term of the dynamic equation).

Procedures used provide fast execution of hydrograph routing

even with very snall del ta time p3riods. Solutions are not

sensitive to reach lengths between cross section data.

Multiple storage routing using time..of.. sterage coefficients.

Method was develop3d and tested by BEC for use in Columbia

River in Washington and Oregon. The HEC progr'an fixed the

power coefficient to ... 2 but has been made a variable in

FER.

1 2
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•

•

•

•

•
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•

TABLE III. con't

"RTE SCS"

"RTE LAG"

The Soils Conservation Service (SCS) program uses the Convex

Method of routing and the same TR20 progran routing subroutine

was inserted into the FER Com put er progran. Only slight

modifica tion was made to' the subroutine to 8J.low the FER

inflow hydrograph variable rames be used instead of the TR-20

variable rames. The FER progran allow s SCS reach routing da ta

to be read in directly or a f'ued coef'f'ici.ent can be used to

reach route the hydrographs. The FER progran also can read in

a valley cross section, reach length and slop:! to develop the

storage discharge relationmip needed to perform the SCS

co nvex me thod of routing.

.Reach route hydrograph by averaging successive crdinates of

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

log the hydrograph a given number of or dina tes. Same

procedures as used by Tatum's Method "RTE TA'lM",

1 3
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.- TABLE III. cont t

"RTE NULL" Control card for null/or no routing/~drograph. Used with

•

•

•

••,:\, ..
"'--

•

•

•

•

"RTE NONE"

"RTE LOS"

"RTE SA!£"

mul ti plans and "RTE MULT" control card. For example, assume

that two plans are being considered and the hydrograph for

plan 1 was with a reservoir, and plan 2 was without a

reservoir. Then, the "RTE MULT" card would be required to

inform the progrClll that more than 003 routing would be

required. Following the "RTE MULT" card would be a "HTE

PULS" control card and supp:>rting 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 progran to not

route the hydrograph for plan 2 •

Same control card as "RTE NULL".

HEC method of chan031 loss. Method subtracts a constant loss

from each ordinate and then multiplies each crdinate of the

ranaining hydrograph or dina tes by a constant val te.

. Route hydrograph using lasts input routing procedure and

data.

1 4
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.- TABLE IV. Major control cards for stering, adding and subtraction of

hydrographs.

•

•

•

•

•

•

•-,-.
•

Columns 1-8

"STO HYD"

"STO ADD"

"STO SUB"

"STO GET"

"STO TOT"

Remarks

Store computed hydrograph( 's) in a de signa ted sterage area.

Number of sterage areas are dependent on number of mul ti-

storm/multi-plans used. Progran determines available number

of storage areas for single-sterm/single plan computations

maximum number of 8 storage areas is allowed.

Qs = Qw where; Qs represents ordinates in sterage area and

Qw = ordinates in computation working areas. Add computed

hydrograph( IS) to hydrograph in a designated sterage area.

The Qs = Qs + Qw.

Subtract computed hydrograph( 's) from or dina tes stered in a

de si gna ted storage area. Qs = Qs - Qw

Copy to the computation working area a hydrograph stered in a

designa ted stor age area Qw = Qs.

Sum one or more hydrographs stered in .sterage areas with a

hydrograph in the computation working area. Zero out

storage areas after computations are completed. Example let:

Q1 = ordiIUl-tes stered in Area 1, Q3 = ordinates stered in area

3, Q5 = ordinates stered in area 5, and Qw = the or dina tes in

the computation working area, then:

1 5
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TABLE TI. conI t

"STO ADDR"

"STO SUBR"

"STO ZAPI!

"STO ZERO"

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

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 storage area. Qw = Qs + Qw

then Qs = 0.0.

Same as "STO AD DR " except subtract working area from st<rage

area. Qw = Qs - Qw then Qs = 0.0

Set all hydrograph storage array to zero.

Selective setting one or more storage area to zero.

1 6
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OVERVIEW OF FER PROGRAl-i

A. Original Source, HEC-IDD Version

B. IBWCDC FORTRAN Language

C. HEC Routines Removed

(1) Optimization of unit hydrograph and rainf~11 loss coefficients

(2J Optimization 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 delcte subroutines

E. New or Modified Subroutines

(1) Use of channel cross-sections as input data

(2) Full dynamic routing

(3) Reservoir stor3ge tables expanded

(4) Computation of storage-dischargc rC'1ationshi1) £l'om cross-section
data (~1PUL and ~.lRL\D)

(5) "SCS" convex routing - with or without cross-section data

(6) "SCS" TR-20 rainfall-runoff relo.tionships

(7) Use of mass curves for rainfall distribution

(8) Input of hydrographs, chanOge from fixed to va.riable time intervals

(a) Variable intcrvals

(b) Fixed time intervals but different beginning time intervals

(9) Change of computation time interval during execution of data

••L,i

•
I

(a)

(b)

Progra!l1 handles variable precipi tation int~rvals

computation
Interpolates ordin~tcs to nc~/timc interval
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(c) Adding and subtracting of hydro graph is checked

(1)) Simplification, consolidation and modi fication of required
input data

(a) Input data easier to interpret

(b) Use of header cards expanded

(c) Control cards with supporting data (modular data)

(d) Control words

(1) Improved multi-plan and multi-storm computations

(a) ~fulti-storms - single plan

(b) Single storm - multi plans

.c~) Multi-storms - multi plans

(lb) User's control of adding, subtraction anu storing computed
hydrogr~phs

(a) One to eight possible sto1'age scgmcnts

(b) Time increment safety factor

F. Use"s ~lanual - Introduction

•

•

•

•

•

•

•

•.';~./
•
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,OUTLINE

FER Computer Program

A. 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 input into program.

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

numeric· number.

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

1. Traced program logic and removed some routines.

a. Removed all hydro graph optimization.

b. Removed balanced hydro graph 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.

b. Program easier to modify and insert new procedures.
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\
c. Restr~ctured input data.

1. R~ads in sequential modules of data.

2•.Uses control words to control execution.

3. A lows more comments to be placed in data.

4. ~ aj or control card words (two words 1st 8 digits of the first card

(line) of each data module).

5. ~~l tiplan/mul tistorm procedures retained & simplified.

a. "STM...MULT" control card

t. "RTE_MULT" control card

D. Routines and Procedures inserted into the FER program.

1. User can change computation time period during execution.

~. Can either increase or decrease time period.

~. Most subroutines automatically consider changes of computation

time.

2. Printed output control.

a. Can be selective.

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

~. Major control cards echoed in printout.

•

-.
•

•

••

•

•

•

•



d. Prints out only necessary ordinates, truncates trailing zeros.

•
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e·

•

e

••
•

•

•

•-
•

e. Can control number of ordinates to be used (max =300).

f. Inserted crea?er1s 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•

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

each trace. printed line.

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

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

computation time period.

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

c. Can read in ordinate of time vs. discharge to define hydrograph.
o 14\tc.S

Program interp~ ordinates in the runs computation time period.

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

period of the run computation.
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4.
f.

Reacing 1n mass curves Or{reC1 P1tation data.

a. Can read in precipitation data with different time periods than

the run com~utation time period.

b. Can read in precipitation data accumulated as ~ mass rainfall

amounts· (or percent of total rainfall).

c. Can use SCS rainfall distribution curve or read in any other

desired distribution.

d. ~ecoding of old data to change time periods is not necessary.

Program reco~nized change of time periods that mayor may not be different

than the run computation time period.

e. ~ob input precipitation was made variable mass curve type.

5. SCS ~R20 computation.

a. ~henever possible FER program uses exact coding of TR20

programming.

b. ~FERn programs computer SCS unit hydrographs using the SCS

dimensionles~ hydrograph.

c. ~pplication of rainfall excess to unit hydrograph same as SCS

routines.

d. ~CS TR20 convex method of routing subroutine is a direct copy of

the SCS prog~am (slight modification of inputing hydrograph was required).

e. nit1al SCS loss (Ia) was made a variable.

•

•

•

..,
•

•

•

••
•
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6. Combining & storage of hydrographs.

• TR-20/HEC-1

•

•

-,
•

•

•

••
•

a. User oontrol storage, retrieval, adding (or sUbtraotion) of

hydrograph storage areas.

b. Possible 1 to 8 areas oan be used depending upon number of

multiplan/storms •

c. Greater user oontrol over storage areas.

7. Dynamio reaoh routing of hydrographs •

a. Uses oross section data to determine reaoh hydraulio elements.

b. Same seotion data oan be used to oompute a trial initial steady-

state oondition by using KCD Baokwater program.

c. Solution use full dynamio equation solved by implioit method.

d. Routine is not oritioal of reaoh lengths or small delta time'

increments.

e. Small amount of time required for exeoution.

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

a. Computed rainfall preoipitation acounts saved from HEC Computer

program.

b. FER program attaohes rainfall data file and searohes data for

oomparable area labels then reads in rainfall amounts.



HYDROLO(SIC MODELING FOR FLOOD HAZARDS • TR-20/HEC-1

F. F~tur Needs and Developments •

•

1. C ntinue to locate and remove' any unused coding that mayor may not

remain.

2. C ntinue changing program logic to operate with alphabetic control

words (SOl e numeric· control remains).

3. A opt and place more emphasis on new variable routines of hydro graph

and precibitation data input and then remove fixed methods.

4. C mplete and insert a new "S-curve" method (now being developed) to

allow uni hydro graphs to be read in and converted to a unit hydro graph equal

to the ex cution consultation time period.

5. D velop a loose lea! type users handbook to explain in detail methods

and proce urea used in the FER program (this is being requested by the state,

of Nebraa a).

•

••

•

•

•

•

•

•
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~G '2 _ Diagram showing new nFERn program subroutine linkage. e.

.-DATE.
I-TltrE-
I-IOPAHT
I-XDATE
I-RAINlJA
I-OUTSUM----SUMRV
I-ECONO
I-RUNTl'f
I-Ql'fOVE
I-SU/'lRY
I
I +-SU/'lRY
I-cot'PAR--I
I +-GRAPH
I
I -SU/'lRY
I-tffSTOR-I
I .-OI'lAPH
I
I +-TIMEX2
I-+f'IREAo--1
I +-SU/'lRY
I
I-"""'O$T

FERKC--I
I-REAOPR
I-QCMIlS
I-RNMASS
I-RAINLS----$CSCN
I-IJGORTS
I-TI'IAR£A
I-VDIlATA
I-RAINFL----INTRN
I
I +-uoscs
I I-IJOCUlK
I I-LOSseS
I-RUNOF-I
I I-LOSCOH
I I-LOSHl.T
I +-LOSH£C
I
I-ORAPH
I-MAJID

:....MRS'2. .-uuscs
I I-UGCLRK
I 1-~OSseS

I +-RUIlOF--- I
I I I-LOSCON
I I I-LO:;IlL T
I I .-LUSI1E':;
I I-SUI'lRY
1-flUL.TPI-I
I I-DRAPH
I +-Ql'fOVE
I
I-RTECRD----KCllxS
I
I +-RTELAO
I I-RTERAO--- PTFPUL----RTELAO
I I-RT£111S
I I-RT£l'f~

_ROUTE---I-RTETAr
I-ATESTS----RTELAO
I-RTEPUL----f<THA.:.
I
I .-HLOC.IC
I I-~CO.S

I I
I I .-TRIIl
I I-RCOATi\--I-O.
I .. I I
I I I +-INTER
I I +-BACWTR--I
I I .-TERP
I I
I I
l-RTEIlYI1--I-TERP
I I-TII1E.2
I I-INfER
I .-TRI
I
.-RTESCS----.r~ys· "~f4"'~',

I
o
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•

•

•

••
•

•

•

••/

v.~. 1F 2 •



•

•

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

va #3 - Flow diagram of input data.
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rVG 14 tor' "HEC" test No. 5 from "HEC" Manual.- Data •
a TtST 110. S, TCST 0' SPFt. ~a, lmD ~CUT%NG ANO CO~t"lN3 lloUT%r~D •• " • 1 1 0

1 3

" (\ 1 • • 0 •
" 1 • ~', toO - 0 toO o.a61 ._-- 0__ ,. .' 0 -
~ ".11 ' ".0 100.0 117.1 n8.0, 0.50 .15 - 0

'I 7." I.tt
..

I 0 • l.eI ..
• 1 a • 0 •, - 1 ... . . - ' . •1 I ·1.

....

: • lOOOO "5000 110000 55000 10000 85000 100000 250000
I 0 101 1000 5000 10000 20000 soooo 110000 50000

• 0 a 0 0 0

" 0 0 111 0 0 a 0.8 0
0 '9 1'.'5 ,.. .. ..- ..
1 0 .001 .002 • 001 .001 .001 .0" .0115 .006 .012
1 .en .031 .0" .055 .0115 .0116 .0110 .. .01" .0110 .0'"
1 .056 .0~4 .OT' .013' .0'" .022 .009 .00' .01" .013
1 .002 .Oos .0111 .ooe .001 .000 .00' .OOT .013 .021 •1 .010 .005 .0011 .003 .002, 1.U I.U .'.0 .. 0.7 ...
'f 1.60 a." 11

. - ... ..... - ._- .

1 3 I • 17 II 13 ao " 7' ,-
I 1110
I 181$0 1111 t."
IC , • 0 0 0
lC 1 , 0 0 0, 10' •1

.. - ..- . . ..

1 a • 0 .,.. 0 I 0 0 0 0

" 1 -I 100 0 100 0.161 0 0

" 111.0, .. 1.00 .2 2.1 _.~ .

" 11
.. .. .

1 I'''' 1135 IOU 1115 ""0 : ...... 1191 586 21lT 1'+1
I -1.0 0 1."

• 1 II 0 0 • •, II • 1
1 1 ., 1.1 0.1

• I II - ..... . ..- ... .._._- . •• 1 I 0 0 0, 1
1 I •
/I • 0 • 0 • 0

" -I 0 '00 0 .01 0 0

• • - -_ ... ... - . - .~- ......

.. 0 170

• 1101 l!1" 1S70 1'50 110 .'0 no "5 20110 , ..ao

• ~.. 10581 19900 'Uoo 1144U ".00 UIIO. U6n 19'0 11000

• "". a,. U5 " • •• e
I • a • • • •. • t •,

1 I
II 0 ,
II '00 1

II 1061 leU 1063 1063 lC'3 1061 ~, \ll~" "".. ,,~

" "'50 &7'-0 ~3tf .lO~O 1".10 72~" 7:2'lO S'-la 1'1.370 "2,""':-0

II eo" 7712 104 13102 1~~61' 11~h 20~16 '4000 30·U.1 !n~ •II 1I..~i)4 ,0211 535'-'3 55G15 65316 a!'tao 1032111 10060a "'96 a7362

" 7UT? 62'13 1I1~5:1 3111111 260'J1 lion, 10 1011 1616' 1"062 11'>4111

" 101311 &1113 7'11' 7313 "n '6611 6211 5"a 56~3 535~

• 1 1, 1
1 0.2 -I
1 • 100. 10000 50000 "OliO 12501111 3000no
3 0 1000 ,.,00 soao S:lOOO TUOO 100000
I( " 1
II un !Ou 1063 lOU 1063 1061 1052 1030 ,,, ", •• '1l) 81'6 Illl' a03 '" no 72' 862 11131 2'1'J~

• !OU 1712 1lll!77 13102 1"75 179611 20516 2..4110 SU61 370'6

: '1115~' 50211 ~u,n 1\:;1115 (,!S1' 831110 10321' 1006011 9'l'fl 81362 e14371 62573 lI7':!~ S"'1I1 260'11 20'" 1813. 1616' 111062 11'114

: tela- G3U n!l2 7373 ",' UU 6211 ,,"a 56113 '3'"
\19

•
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va #5 - Same data recoded to "FER" INPUT DATA.

•

I~GJ Il'E>3 :~f.l 1"~.2 11/13" 'j'J£' ';~~

84013 7(,9 7.3£i 7",') &6~~ 1 /.37 c7«;~

IJI~2 1:675 17'3';" ~":176 ., .. Olhl 3\'t'JbL 378'3;;
~~al~ 63316 831,," 1"'3~1" 1"8"",,; '.F;t ';G &7:;o;?
J~7':'7 .=6<191 ~~"J79 18104 1t>lE..': l""€lO: 1194"

131& 696'3 6611 6.271 :59..a :;C..3 ~J::

141

• ela
• 04~
.01J
" O,1

9SS
2795

3789"
8736a
11 '3""
~3~'

0.0
e.0

0.'" .. '. ,. "

.~.",.."
S')CIil

• ~"'eh

."'''0

.Ctt ..

.-'1.3

9'JC
1<,37

:~ ...,'1(' 1
')')'96
\4\.:ffh:Z
~&,,;:"

0.0

• "l",~5

•14':'''.
• ~~'9
• ..,,., 1

1160"

1""3,,'
8f,2

;·<, ..a",
1..86..."

lGl(..?
~,,<,,;

".J

olI. 1

0."
.~~':1

."'.. '"•,"""9
• ~~5

le0.0

0.i'
1770.

3J

0.~ 0.0 0.0 0.~
~.~ 0.0 ~.0 1.0
"'.0 0.0' 0.0 i.III

7~~~~ 8~~~0 1~~~~0 :~~~~~

~~~~~ ~~~~~ ~c~~~ ~~~~~

14.'" 1/1."
0.0 0.0
-1.3 0.1j)

..991l i ...." 1197

2"'."

TI:ST Jl,0. ~

SA~~ AS H£~I-TEST ~ THRU STEP 16
10."0 RQUTINb HNO COM&lNING ROUTI,."S

'" "'.. ~ 0.u

l063 l~ot L~~2

76J 7:;8 729
t~bi~ 173b~ ~C~7b

6~~lG 831~O 1~JZ14

~S"'11 .?"J7~ 181«4
1:.969 b611 6-=71

7.~ 0.. ~." C.0
7~~~~ 12~~~~ 3~~e~~

~~0~~ 1~~~~ 1~~0~0

iIl.So7
0.'"
0.,)

777~

1.0

G.. ~..:.
lJi. ..."..:'
~:;lj~~

~ .. 747
'1:;19

1::;";'"
~An.','

1063
639

10",11
:535'33
"74:5~

79402

IP1
le63
676

771a
:0211
6e::51J

8a13

1.0
II'&. J.e

1.0
AREAS 700.0

1063 1063
876 839

7712 10;;:77
~e~ 11 ~~:CjJ _
6:?~73 4t7"='::

S81J 79"~

IP1 -1.0 'J • .?
10~0 l~~C~ ~~~~~

1~~~ ~~~0 3~J~J

I.e

~~-"

"'if:i:.;:':" "HIS TEST IS rl-!!
, '.. tEST OF SPFE. ""'G

S~- : .: ~\l"3;:
iTlt.PIlIP AREAl 100.0 101il.'" "'.867

,la,.. 1011•• 0 le7.'" 118.0
LOI;~TQ.~" 0. 1~ 0.~ ~.0
UMG ~~K7.67 ~.~~ c.~ ~.~

"TI~S 1;)2 0.'" -1.0 9. '"
4· .• · .. 100.,,, ~:.~~~ itC"....:.J =S\l~~'

... 1011 101/1.., ::;\.','1/1 :00.'"
5TO ~YO 1.0
5T" PReP AREA~ 177.~ 4~.0 19.;~ 0.'"

., • .i\~1 .~~-: .~c~ .~~1

~Nl .1l'31 .0~1 • ~~~ • ""'J
......~6 .066 " ~7":t • 01 J~ , ~/.5
.... 0.c . "'''': . 01" • ~,,:-,) • "'''' I.•1. .00::0 • 01ll" • ~III:; • Ill/l~

~OB,~ 1.0~ 1.0~ 4.'" C.7 0.0
~MG CL~ 3.6& ~.~ II.'" "'.11 IS61/1.

• 3 a 17 ::3
tee

STO ADDR IP~ 1.0
IITe'TATM IP4 J••
&TO' "'to I ••
STM i~ AREA3 I"".'" 100.0
LOBCl-6TI.Oole.· 0.a ::.1
uws IlEAD I~.e e.0 ..,• ..,

,1~~9 :113~ 6ol111
4TC'~&~ IP" J.e 0.~

5TO TOT IP" 1.0
IIrl IT'T IP' J.'"
STO jjyD I."
5T~:~AD AREA' aC0•• ~0ol1.'"... .'. use

· ......e
". H'3e

. .
GTO·AI)DR
IITI LSl8
6TO HYO
5TII !lEAD

, 1M3
',H,

'~:5e'"....,,.
TU77
1013..

lin MO
l!'

..- .
5TO "YO
.1UlII ""ON
STM""';>II

11163
". '15
.~~:l

....'::6
.16377

11113..
~ llI..CF
';UN TiAl'l
::OT........

••

•

•

•

•

•

•



•HYDROLOC TR-20/HEC-1~IC MODELING FOR FLOOD HAZARDS •

".'•
~G #6 - Listing of primary and secondary control words.

•
FER PROGlWf

CONTROL WOltDS •.
MA:O?. co~-no~· CAlmS

c.AlO COL~S 1 !R?t! 3

•~t "snr' "an" "51'0"

.. .~

CJJU) COLm-1!'1S s nmu 13

-n= " .'''MULT'' l'rtpell '"'tro'L'X"' ~rt . ..,
~ " "READ" n~MS2) "i:m'i%" Itczt " . .
"'==:f' '"BYD " It~A,.d' "SA.'£II "I..DD " ~ -,.'

~ 'OPUCP" "TA~ '-ADDU"
"'J'UJ't'lt -OPil!tI"-, '~:x:" "atm "
'Tf'tU:i" "sp.,.... "STST" "'tOT "
~ ~H. '-U.c II "z~ .
~. "CQ?2" "LOS II "!AS' It •-,.RoFo ~SS" "'n'.5T"
" PLoF' Soc CO~~~el <Aic~ "?ULS"
"eM~ , To to~ \;1 th "S"I'M"' "11"P'LTL."
,cN~ •• " r.ltRn r-J'!'.~~ 1 ~TT 1 "UA!) "
"TA?C ' '~~

.,,~.. '~" "so ..
"DT~ •etml COLUMNS 5~8 It MstM'\ .. --- _.-...... r-Wi!" "lU.'12t1
II NUu..1I

'~ to~" ,
llHuL:T'~ .. "Cl.l::t" . I

"c=n- "SiT.'P"
.t:~ • "'!to II

J •,I'!:;"crzy"

tF~
.

•. •.J

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

va #7 - Flow diagram showing use of multistorm/multiplan control cards.

•

, , ..
MtJl..TI-STOR.'1S, MUtTI-PLA1;S, OR :-njLTI-STO~!S/PLANS,

(REnTR.'i )r--~e-""r!-l-II-------------'!

,',..,
.'.'.

+
DATA il'----r------'

RUN
CONTROL

C.\RD

STORE
CONTROL

CARD

CO~Pt:TE

STC'R.'1

YES

YES

YES

u.s:: ?-A:'rOS
E'OR

~rr;LTI-S7CRYS

}!A.JOR
COKTROL

CJ..P.D

NO

YES

S.1::::
ROt:TnG

·RE..\CH
ROUTE

ALL .
S:OP~!S

•

•

•

•

•

•-
•



HYDROLOCSIC MODELING FOR FLOOD HAZARDS • TR-20/HEC-1 •
VG 68 - FER program storage areas.

F~ ?ROGRAN
INTERl;.:;L STORACE Al~R.AY

•

•

•

•

•

r:.:. 2

Plan No. 1

~
r f"\

Plan No. 1
Storm No. 1

......_- .-....

Plan No. 1
Storm No. 2

.._--------

Plan No. 1
Stor::n No. 3

i'---~--K
Plan No. 2
Store No. 1

t--------
Plan rIo, 2
Storm 1{0. 2

..-----------
?!.an (;0. 2
31:0:"::'. ~r0 . -'

~"'c:"king

Seg:::ent

St~rage

!r~" 1

Storage
Xlo. 2

Storage
:;~. 3

S:Jrag~

::,. 6

Storage
:;0. 4

Stora~e

::0. 5

I-=!.-.....
"-----10--......
,

..
Q( 50)

NQ. = number c f ordnates

N? =number c f plans

NS .. number c f stor!!lS'

ftu:ber of store ge
·.~ords (ordllate~) in
each. s"Cors.ge a.l rays
is variable fOl ea.ch.
cOI:lputation ane is
c~pend.ent on tr. e
tollo-..ring:

to = ~T?( NSx( NQi 5) )
....:.e:'e:

S'":J~2.ee

::0. 7

•
S:J:"a~e

::;. 8

•
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BASIN RUNOFF MODEL

STRAJ.'lGER CREEK

INPUT DATA LISTING

DEVELOP}ffiNT OF UNIT HYDROGRAPHS

REACH ROUTING AND ACCUMULATIONS



HYDROLOCIC MODELING FOR FLOOD HAZARDS • TR-20/HEC-1 •
\

.' ...

food p13ill illfon;:ation
w2ter res0urf=~$ pl::nning
d(sign of \,:atern:soul'\.'.\,' projc'ct~

oferation of water rc,snu:'\:v projvcts
m tion~!l d:m safety proi:nul

,...
ex is t ing \-/:1 t ~rshed ","d:hl.i t i on~~,
proj ect.:d land ll~;\'! ch:mgt's
a1 tern:lte pl~ll1s (It ck">l'lui1!:\(llt

2

top of CH\!J:ll1kj,I\,'!lt Jl'tVl'Ia; ;;;It i<ln

C)'PC :l1~,1 <;i :-,e ,.If l'!:Il.:q".:lh.Y "pi 1I',":IY
t\'l)(~ ;lllll si.;:::' <)t' \Jut [,:t ;",ri.,.

•

•

•

•••
'/

4 •
s re~ll!\ ~~·l~.:in~l. rt.'I.· ...)t·d~
p ecip i t.~~:";ij ~Ll t.~ t"0r ~;: .'rla.";'
t pogr:,pi: i \,' I;;;li'~;

Cilannel :J:hl \,.111'.'1' cr<l~:;-;;\"ctitllh

p ecipit:lti,\)ll ,.;.:It;1 fC.l· h~:h)tlwti<;d ttlr:!I: •

. O. \\:1 ershed ikltlll.';It' ion

pertiTlI.'nt index 1,1c:.tt i,!lb

s uba ,e.1, l'(hl!l\,l:! r l l':;

S rca:r: rout i n~~ r"..:-a.,;hc·-\

•

•

•.J...

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

-,......

1.

1.

-2.0 0.5

I.

-2.0 0.5

-3.5 1.0

1.

-2.5 1.0

30.
L

1.

-2.5 1.0

0.0

4.5

2.0
1.0

ACtt1AB1.0
FiCHel?•
ABRCI 1.0
AREAC126.2

STRANC;~R CREEl: SnJD'i - CAt.! BRAT ION RUt. Wj. 1t
ATTEtf'T TO F:ECON~,TlTUTE CO/1fUTE(1 Utili HT[IR(I(,R';Pr'':. r:~ ';::!.I~:·_t~TiC':; (:;: ~.UB';~:~;'~.

CWfARE AClIMG ANti ACUI'1tiR (F:OUTED ~;IX F-E;;IO(ISI \.liTH U,::,T::':; Alle, TOUC,AI,:)XIE
150. 1.0
(I . 1

RLiNPPHr @~
ST!1 MA~;S lAI::E 1 21. S 1.
f). (l 1.1)
un /l(~jE

l!1"~ CLRr::::.4 5.1
ST(i yyel l~~:E! 3.1l
F:!Jj PR1, T 25.
RTE TATM CONvr:T~.

FU~ PRIJT
';;TO ':E:T l~~E:l '3.0
R~E r~TM R~CP~ 12.
STO HY~ IRA 1.0
STII MASS AREAA 84. 6

.lOS t::JIIE
l~ CLRKI2.2 9.0

-STD ADD lARA 1.0
ST/'t ~tASS LAI<.E2 59. 7
lOS NUtIE
llliG elFIn. 4 3.7
STO ffYD LAI:E2 3. i)

F.'lJN F~T 25•
RTE TATI1 CONVRT6.
RliN PIlIH -25.
STO GET' lAKE2 3.0

---,..>RlJN TIME 0.0
RIT TArn RECHB 8.
STO HYD 2RB 2.0
5TH MASS AREAS 5.4
LOS NONE
UHG ClRK3•.
STO ADffi 2BRB

--~;. RUN TI/'£
STO ADOR
RIT TATM
STO HYD
STH MASS
lOS IJ(~IE

lll-(; ClRKo. 5. 0
STO AD:~ ACUMCll.0
RTE TATH RCHC2GS.
STO HYD lClRG 1.0

---)RLIN TIH: 0.0
5TH 11A:.'S AAEAC:~. 5
lOS ~NE

lIHG CLRK2.0 3.(1

STO HYD C2 2.0
STM M~SS LALE4 U.
lOS 11(,,'1:
t!\{i Ct.RI':3.

••
•

•

•

••
•

•

•

••'"~~..

•



•HYDROLOC~IC MODELING FOR FLOOD HAZARDS • TR-20/HEC-1

.~

STO HYD LA}:E4 3.0 :..O~ ~lt,~I:: •".,1..
f::L~ PRNT ,~ I.lf;':· CLR~·t.5 -3.5 1.0.....1.

RTE TATl1 CC~NRT12. ;,iO ADD A!)JMH 1.0
1\1.1Nmrr -:'5. ~lM MA~.-: LArI6 35.1 1.
STO GET LAK~4 3.0 L(i;, t l .•... IC,.....,-
HE TArM F:EGE 4. U~·:· CLFfS.5 -2.5 1.0
STO ADD 4RE 2.0 sro HIT, L~~Eb 3.0 •Sl/IMASS AREAE 1.5 1. FI.I~~ PRIIT ',r:_.J. ,
LOS NOtl: ;;:TE TATI" CC!iNFTb.
llHO CLRK1.S " ~ -2.5 1.0 :;: .:~. F'~:~:i -25..... 4.)

STO ADD AO,JM4E:Z.0 ," (·fT ~~\.Ec 3.0
STM MASS LAKES 3.9 1.0 .'C' TAT1- FECiil ~"'-
LC~ l{rNE ';T;) H'fi bRH 2.0
lIHl1 CU:f:Z.5 :U5 " r: 1.0 ~ Tr ",11-:'': AF:Ehl 1l.3 1. •- ... ..J 1''''\..'.

~·TO HYD L';fE5 3.') I Lt',·:, 'I')N~

F:t1N PRNT .-,,=, !
~I·~·~· C..F:'~.(J -', " 1. (I...'. I ....-

RTE TATM C'DN'.'RTl2. ':TO ,:,:~~;.: ,~.!P.H :.0
RI.IN.PRNT -:':5. m i..:IDF A~'LI~! 1.0
'~m I~n I Af:."i ? .0 F:TE. TATI'! RECH.J 5.0
RTE TATM RECHD 1. ~:TO ",'0 !HF\I 1.0
STO ADD ~:M4E52.0 ;,T~ M:'~:': ~~:':'.J 8.0 1. •. ST,., roASS MEAD 0.5 1. VI':. NOIE
LOS N(ltJE '.r·fi C~Rt 4.5 -3.0 1.0
llH3 CLRt:l.2 1.3 -3.5 1.0 ';TO ADD A(.UMJ 1. (I

STO ADDR ACl1l14S2.0 --t-RIYi TIME 0.0 30.
RiE TATM RECHG r:

q~ ~~S;· LAID 4.6 1.,J.

~;T(I HY(l 45l\'G 2.0 L(!';, "ONE e1STI1 /'lASS AREAG 1.9 I. ,I~: ,::..R. t. 6.0 -2.7 1.0
LOS NOlIE

...- II '3TO HY(I LAI:E7 3.0
LIH3 CLRKI.5 2.2'5 -3.0 1.0 i F:I.~~ pm:, "lr:

....I.

STO ADDR AC1C:G2.0 l~; TAT~ CON,,'RTI2.
RlIN TIME 1. 0 0.0 t1=/Ji . 'c

1"";)····__··• -. // \
- ...J.

STO ACID ACll~G 0" . . ':.• 1.. C·:T LAVEi :<. (i

STO GET AOJ/IG L(I. EASTON _.- fliE : ;,rl' FiECHI' 8.0 •RTE TAn, COtNRTf:. ':·;0 HI(I iRJ 2.0.-- F:\JlI T!I".E: 0;0 30. '~n~ rt~2~, AHEhK 3.3 1.
STl1 MASS LAKE3 7.4 1. L"" NO~~E'.l~

LOS NONE llH(· CLRt:2. 3.0 -3.0 1.0
lIHG ClRK4. 6.0 -2.5 1.0 STO AD[' 7K 2.0
STO HYD LAI<E3 3.0 ~.TM M~S'; LALE8 20.8 1.
RUN PRNT 25. w; rHIE •RTE TATM COtJI,'RTl2. uri:' c..V:.S _" 7 1.0... "
F:l~ PRNT -25. -

'~T ~:: ~Y[l LAfH 3. 'J
STO G~T LA~:E3 3.0 \ '1-' FL;~, PRrH

,.,1:'
I .....1.

RTE TATH "RE(}f'i ~ ...----' ~rE TATM C(iINRT12.
STO HYD ACLn1G32. \) -:dl, F~IH -2~.

STI1 I"ASS AAEAF 2.0 1. ·;"n f,=r I AVF.'3 3.0
lOS NCtjE RiE TAir. F:ECHL 3.0 •
LIHG ClRl<2.0 3.0 -3.0 1.0 ~;TO ADD 7~:SRJ 2.0
STO AOriR ACUI1F 2.0 ·;·TM /'l ..." AREAL 1.4 1.I-i~:'

~UN T1~.E 1.0 0.0 L(t';· N':il;~

STO ADOR AC1J~FGI. 0 '-'ro(; (1 ~';"", 1: ;;.75 -3.0 1.('~,-. , _ ...1

RTE fATM RECh.'Y 5. ~:i(, A(,:';: 7K:::L :-.0
STO HYD lGRH 1.0 -~_~:l)!; TIM: 1.(: 0.0 •STI1 MA~::: AREAH lS.5 1. :,:0 ';[1[';: A(lJMf.L 1. (I

DSC'(/I-t~ I fJZ .~ -,'" "/' . -'j :fJ3 •1--'::;,-_t7~
.

•
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/

RTE
I:;,:, H,r· L;:'; Ell::. (,

I
T~TN RECHM 15.

I ••:

STO HYD lLRM 1.0
I ~'U, ,'-',":lH 25.,

C::~;\'n.~..
5TI1

I ~:it r;:; i.~
,'lASS A.'fAM 35.6 1. I

''LC::: NONE I
~':J~~ FRtH -25.

lfHG CtF:~:S. 0 -3.2 1.0
'::TC: ':,ET LAfE113.0..~ TAiM F'::" c:::' I.STO AriD ACU11!'1 1.(1 r; :~ ._~, h.

Si~ MriSS LAlE1014.2 I.
~: 7(1 M'l':: IIF:R 2.0

L(~, N!""::' ~T~ r:'::':-S A.t;'fAR 0.4 I.
'..'1'''-

1)"-:: (tRn. (. -2.5 (lIS
LC": ~~,:.. :~

i STO HYD LAKE 1(':. ,) I."::' :~FiO. 5 t).75 ·'il: I.(J
! EL'II F'RlIT ',f: : ·CI ......';..-. lIP. 2.0.....,

RTE TATN CONVR7:.•
': r~~. ~[,r, I.;(:IJ~';'RI. 0

IH:II .c'RNT -:15. I ':'1': C,:i I.;GlIHC,r:i. (J J 7':///6
I c.k·Cl'\~

F'- 1~7r" (1I'Ji/~E.
~rfl !;!:'T {)

, t :.,J.'1;-I

;;'.
-''-7

:'::l..~~;;:1 .. 0
---~F\~":N TIME O. '~I 30.

.:: '

RTE TATM F:~CHN
.~

:·~·c 7;.T~ F:ECH: 4.

:'70 HiD i('!itJ :.?O
~T(l-~~'r! G?F": 1.0

ST!'I MASS ARE~~~
• r'i;~i TT~= (1.0 ~:(I •.. 1.

1 .. '._

'J. ...

LO'~ NONE ~,TM 1'1';:;,$ A.iEhS 4. :?, 1.

llTi.' CLRKl.O 1.5 -3.2 I. (,
Ul:: 1IOIIE

~:TO ADD ION 2.0
l.ii'{. l:lEi.1. _"=' "i I.(J..'."

STH MASS LAKIOA5.5 I.
.. RUN TI~E IJI 0.0

L~ NONE STC! ADD ACllM'3 I. (I

lIHG CU<l<2.5 3.75 -2.5 1.(1 • RUN TIME 0.0 3(: •

STO HYD LAKJOA3.0 STI'1 ~11·.'" LAI,:E9 o .. I.I ~,:' .... ..J

RUN PRtlT ~,I; LO'3 ~40tJ::
......1.

RTE TATH COINRiI2. 1.l1-{, CLF:I:S. ., f: _"i r l.0...' .....1

~'VN PFo'NT -25.
':,TO HiD U,f:E9 3.0

fTO GET LAKJOA3.0 RUN F'Rtii '.J:
...1 ..

RTE TATH REC'HP ., RTE iATM COIJl.'RT1::.

STO Arl(JR ION lOA':. 0 i ;;:l.It; F'F:~Jr -25.

~,TO HYD 1(IN! ,)A':. (I
qll (oET LAIT" ::.0

STM I1AS~, AREAP 7.5 I.
F::E TA7~ RECHT110.

LOS NONE :;TO hi[1 9RTl 2.0

UHG CLRK2.5 3.75 -:<.5 I'; :TH ~,iS':: ARE~Tl~:. 9 I.

STO ADDR il(,.IJl1tiP2. (J LO::: N01~:

RTE TATN RECHO S. l.lt(i (IF:V}. (I 1.7 -2.5 1.(1

STO HYD If'RO 2.0 STO ':'DDR ACUMT12.0
STH MASS AREAO 4.5 I. RTE TATM RECHT22.
LOS NONE ~,TO ADD TIRT2 ::.0
llHG CLRK2.5 3.75 -3.2 1.0 :,Hl ~c,;· AAEAT22.5 1.. ,,-,

STO A[!DR ACUMO 2.0 li'r;: ~::)~IE

~ FtlN tiME 1.0 (>,0 U~Cl ::'..F:t!. '5 1.0 -::.~ :.0
:3TO ClDDR ACUMM01. ,~ '3T') ;'~I~IF. AC'JHT2::.0
RTE TATH RECHt)

,., PTE r:'Tr. RECHT37.
STO HYO I'"DRD 1.0 '~T'j ;'·[~D T2RT3 2.0

... F:1'!~j TIME 0.0 30. ~,TM r.:;~;s AREA T:.~:. J I.

STN MASS AF:EACi 1. :3 I. LOS IflNE

LOS NC'IlE '-'HG ClRK:'. _,:- " 1.0...'..:.

I.J!-W CLRKI. 0 1.5 -3.0 !. (I STO hDDR ACUMT3::.!)
"l"F.i.~ TIM: 1.0 0.0

) PUN n:-E 1.0 0. (\

STO ADD (,(,tiMe' I. c' '"T(: ~l:[IP hCU~i':;T 1. 1)

ST~ 1',:(:$ LAVE! Il :. ~: I. t
;;'TE T':'iN RECHI. I~:.

LOS IK:~;E ': T0 ;'l~[t ~'rt'Z 1.0

lI"!(i CLFoK4. :' , .,-e -1.7 ~ .()
~, T/1 t-:~:S ;;~:EAZ 24,:, 1.

'........'
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e>
LOS /JONE

.. , •
LIliG CLRKS. -3.2 1.0
STO ADD ACLlHZ 1.0
RllN TIME 0.(' =.«).
STH t'.ASS LAKELI 3.:3 1.
LOS NONE.
liHG CLRU. LS -2.S :,0 •fiTE F'l1lS LAl:ElI 8'?30. I·:.
o. 40. 200. fiX)' 1:.(1':. :-~U~),:I. :'-::..", ~.~t':": I ~2n. 44:.~ •.. ,

4646. A~:44 • 5(l5('. 54(}~:. ::'·~I. .:·!\Y'.
0.• (I, (I. I), I.. , 0, '.'.

.... -
1::~4. :2::44.

3453. 4:334. ~.34~. i'?93. ! . :..:.; --'I"J'" •-- ." .. ........: "-

fHE TArM F.ECH\' 4.
STO HY[t URI,' 2.0 •sm I1A'::S f1r..E~..v 1.5 I.
Lel$ I\~:'NE

1I~n:; CLF:f:l. 5 '-,C' -;'.2 1. ,>....,.'

STO AOD.'l ACl'.''!V 2. I)

RUN me 1.0 0.0
510 HYD ACUMV 2.1)
STH I'!AS~, LA!'£1216.9 1. •LOS NONE
tfHt3 CL~1(5. -3.0 1.0
STO HYD LAKEl23. (I

RllN F'RNT -,0:..'.
RTE TATH CONVRTb.
fi'l~ F'R~1l -25. .,C:TO GET LAV;:l 2'3. 0
~TO ADr:F: AClI11122.0
RTE TATH RECHW 6.
STO liYO 12RloI 2.0
STH HA;:S AREAloi 10.8 I.
L(}~ NONE
tlH3 CLRr.4•5 -3.0 I.[) •STO AOD ACUttw 2.0
RlN TIME 0.0 30.
SiM MASS LAKE135. 2 1.
lOS NCWE
Lffi ClRK3. 5 5.3 -2.~ 1. 0.
STO HYD lAK:133.0 L"i.; elEU.S -3.5 1.0
fi'llN PRNT 25. S10 A[i[11 ACLIMY 2. (I •RTE TATM CON'v'RT12. : TO Ari(!R AC1."':lZl. (>

RUN PRIll ',r PE 'l'AT'1 ~:EliA;'2.-.,).
3TO GET LAKE133.0 : ~(I ~'. rl Y;~'AA 1.(>

RTE TATN RECHX 5. -----:".1'4 T!/'!€ 0.0 30.
~Ul TII'!E 1.(> :TM '1~':,:; AF:E~~A:2.'t 1.
STO ADO l~:l~ 2.0 Lei';: I;::~I::

STI1I1ASS AREAX 3.5 1. I.i'<i:. CL.~:r,2. _" C' 1. (: ~ •<oJ ....1

LOS NONE ~ ~<.IN TiME 1.1) 0.0 ,. ,l.l

UHG CLRK2.5 3.75 -2.7 1. t) .:. TO Ii[·CJP. ~~:.Itl l.(i
.~ ~ , ,

,iO ., ~

STO AOr'.R ACf.lHX\,'2.0 I ;:TE T;'111 (,)·f.'RT,., I ';,( .
~c- .

RTE TATI1 RECHY 10. :"Jj STC:F ",.... 'l )
STO ADD XIo:RY 2.0 ~,~r ~); r1.-: C":;,MAT I011-

~r,J
.J'"

'3TI1 I1ASS Af.:f.AY t7.2 I.
..

W3 NOllE •
DSC (ItieS /

.1

b
l-~5CVhl6 / ~/;' e.:- . /
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HYDROLOGIC~ MODELING FOR FLOOD HAZARDS

\

• ILLUDAS •

e.
ILLUtAS --- The Illinois Urban Drainage Area Simulator

•
Section 1 OVERVIEW

•he ILLUDAS model is presented as an objective
metho for the hydrologic design of storm drainage
systel~s in urban areas. The model may al so be used for
the t'1ydrologic analysis of existing drainage systems.
ILLUDj~S uses either an observed or a theoretical rainfall
patte,n which is assumed to be uniformly distributed over
the b ~si n as the pri mary input. The basi n is d i vi ded
into ub-basins, one for each design point in the basin.
Surfae e runoff hydrographs are produced for both the
contr' buting paved and grassed areas in each sub-basin.
These hydrographs are combined and routed downstream from
one d ~si gn poi nt to the nex t unti 1 the basi n out 1 et is
reachl d. Pipe si4:es are determined at each des1gn point
if so required. Detent10n storage may be included in any
sub-be sin .either in the form of a volume to be maximized
or as an actual operating rating curve.

The me del was first introduced in 1974. It was the product of
research p~rformed at the III inoi s State Water Survey WhlCh was
aimed at fnding a more reliable design tool for storm sewer design
than the ~uch-used' Rational Formula. Since its introduction,
ILL.UDAS ha~ undergone several updates and has gathered several
hundred USE rs both in this country and abroad. The latest update
to the modll was its lmplementation on the IBM PC. The algorithms
for trial-end-error solutions and routing have been changed in the
micro-complter version so as to yield smaller sums of errors in the
routing techniques than are created by its mainframe predecessor.

The m cro-computer versi on of the IL.L.UDAS package i nc1 udes a
data set t ~ol for creati on and modi f i cati on of IL.L.UDAS input data
sets, a da1a set translation utility to convert mainframe data sets
to the mic~o format, and a post-processing graphics program that
all ows on-~ creen and/or printed hydrographs from slmul ation output
f i 1es.
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The mainframe version oT the ILLUDAS package may be obtained
directly Trom the Illinois State Water Survey at a cost of $200.00
for individuals and businesses outside of Illinois, and for :S100.00
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 outside of Illinois, the ILUDRAIN (ILLUDAS) package may
be obtained from C.E. Software, at a cost of $375.00.

Correspondence or phone calls pertaining to ILLUDAS / ILUDRAIN
may be addressed ~o ei~her Michael L. Ters~riep or Douglas C. Noel

at the following addresses:

•

.~.
........-,.

•

Mainframe ILLUDAS (all), or
Micro-ILLUDAS (IL only)

Illinois State Water Survey
P.O. Box 5050, Station A
Champaign, IL, 61820

Phone: (0800-1700 Central)
MLT: (217) 333-4959
DCN: (217) 333-0545

Micro-ILLUDAS (ILUDRAIN)
. (outside Illinois)

C.E. Software, Inc.
P.O. Box 2474, Station A
Champaign, IL 61820

Phone: (1730-2100 Central)
MLT: (217) 359-5002
DCN: (217) 356-8109

REFERENCES

•

•

••
•

. Terstriep, Michael L., and. John B. Stall, The Illinois Urba~

Drainage Area Simulator. ILLUDAS, Illinois State Water
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HYDROLOGI MODELING FOR FLOOD HAZARDS

Part 2. Theory and Development

• ILLUDAS •

e.
Pav.d-Aree Runoff

The dOrzWwst ~ of the 1UU. mcUlod is thu it ac~m-
modata ruDoff CZI1y m the pam ueu of the bui:l that are
dir,ttly ttJ1I1Wtf,tJ the SCOnll ~syscem. Cn.aed
U'aI ue excluded fro ~1Ui~oa u ue paved ueu that :
are 1I0t direcdy conlle lL1.lIDAS utilizes the ditecdy con-
nected paved ara con cpt of the RRL method but also recor .
niza lAd reproduces off from anaccl lAd IlODconnecud
pavedueu.

The prilSc:ipal elem a ia the compucacioD of ruDoff from
direcdy COllDecteci pa U'aI are u foUows. Equal time in-
cranenes of rainfall applied to the ditecdy cosmected
paved arcs ia I. small b-ouin of the tow urban buiA. Nexc
I. compucaQOD is mad of the crawl time requited (or acb ia
crement of ruDoff to the we:s u the downstream end of
the sub-buin. In this y I. sudaCl: bydropph is proYided (or
aell sub-buiA. These acc bydrosnphs from each sub-oa.siD
ue I.cc:umuiated in I. do order through the ba.siD. This
cumulation of inflow ydrognphs is routed through ach se~

don of pipe to accOUD (or the temporvy Stonge withill ach
pipe sec=Oft. The t is a computed oucflow bydrognpb
(rom ach sec=Oft o( l' pc. and uitimately a hydropph at the
oucift of the tow b .

ILLlIDAS is applied by rIM diYidinc the bum to be scudied
into suo-ouins. A su um is normally a homoceneous pOl'"
aon of the buin tribu to & sinc!e inlet or Sft of inlca that
conscicute & daip po' t in the dmnqe network. Two physi
cai (actors must be ev uated for each sub-oa.siD. First. the
pawd arcs ditecdy co nected to the storm drainqe system
must be determined; ond, the crave! ame from the f:uthC3t
point on the paved area to the cIcsi.cD point must be caicu!aced.

The various elemen and steps used ia dewlopiq I. runoff
hydropph from the ntribucillc paved arcs of an urbaa sub-
buin are illustrated ia 1. Excmdiq doW'1l the middle of
the suO-oa.siD map ia fi b is a city Street: with I. pair of in
le:s at the lower md at allow wa,= to mter & storm dniD
netWork. Shown also rooftops aionc this rcsidmciat StZ'eet.

The area shaded hu b dftermined by & field survey to be
dirccdy cOMeaed to e Streft, In each cue about half of the
clriYcway bu been co lcered to be contribuanc. The flow
from roof No. 1 is no coDACCted co the Street. but the flow·
from roof No. %reach the dniJ2arc ·system either by .ay of
the dziwway lriUell iaco tbe.S'trCft or by a ditea undel'"
ifOW1d cOMeaioa.

After the ditectly =eaed paved ua hu beeu deter-
mined. alc:u!a.coas made to determi.Dc the timc-of-
trawl for the runoff m various pares of the paved ua co
the inlea at the do tream end of the sub-buin. Durine
experimenw StUdies, wlocity ~d cravel tima for oY'Crilnd
flo. were bued 012 an uadoll dcw!opcd by Hicks (1944) u
described by Jens and cPhcrsoll (1964). In the prCSCllt~
znm. trawl tima Oil the paYed ua ue computed ill l:WO

Steps. Ai the rust Step flow of 0.' to 1.0 dspcr acre of c:on-

tribuCna paved area is wumed CO~ ia the s:r=t 1'Ieters.
The second seep is to apply ManninI's equac:ioD to compu.te

the wiocity o( flow ia the guttm.With thc:sc.wlocices, crava
times uc compuceci at various poines Oil the paved uea ill each
sub-buiA. These crave! tima are plotted on the paved area.
and by conneaing poina of equal crawl time a seriC3 of iso
chrona are draW'1l OD the paved arcs. u shoW'1l ill rli'l:C lao
The ditecdy conneaed pawa arcs benrcen thc:sc isocbroncs IS

maaurcd lAd designated areas PAl. PA2. PA3. PA4. and PA'.
These MOUS areas are acl:llmuiued and plotted qa.U:lu crawl
time co the Wft u shoW1l ia 5prc 1b. This time-va curve
shows the amoUDt of pawd arcs 'Withill the sub-buiJI that is
contribuan. wa,ter at the storm. drain Wet ae any time after
the beginning of runoff. In the compucc: program described
later. the timeoua c:urw was I.SIWI:led co be a scnigQC line con
nec:cing the origin and the md-point of the c:urve. The md
point. as illustraced in f!IUre lb. rcprcxna the travel time from
the farthest poine of the di:ccciy coancaed pawd area. and the
tow amount of the directly COaDCeted paved area.

III COn.strllc:c:inl the. runoff hyclropph (or e2Ch sub-basin.
the inpuc is the rainfall purcm u I. sma of iateDSitia of
equai duration. u shoWil in fipnr 1e. The rainfail inpuc CaD be_
an aceua.l event or a daips Storm. The time inacmcnt used
should be the same u the time iacanl bct-ween the isochrones.
In genera! this time iIlcerwJ. 61. which is used throughouc the
compuations. should be as shore as the quaiicy of rainfall daa
wi1l aUow. but a longer 61 may be more conwnienc co use for
very large buins or very Ion. Storms.

Ficv.rc ld shows the losses for the same time iIltervals IISed
(or rainfall. For appliacon co a paved arcs. the losses ~onsisc

of iIlicai wetting and depr=sioll Stonge.. Thac losses uc com- .
bined and created as an inic:iai lOti to be submaed from the
beginning of the rainfall partcrn. In flptl1d the enci:c initiai
loSS, L1. occurs during the fmt minute or fmt time inm:menc.

After subtraainc these losses from cbe r:Unf~ pattCtTl. the
rcmaiIlder of che rainfall will appeu as runoff from the p3wd
area. This runoff is shown in figure le and is refm'ed co u the
pawd-srea supply race (PASR).

The ordinates o( the pawd·va hydropph = ~.,mpqccd

by apptyinc the paved-uea supply rate to the time \'1 paved
area c:urw with the series shoW'1l in figure If. The bydrognph
shoW'1l ill fli'lre If OCl:lIrs at the sub-buin illlccs illusuucd in
r'IUfC la. Such a hydrograph is dcw!oped for esch sub-basin.
and· after being combined with the corresponding iflSSCd-uea
hydropph (described in the nat seaion) becomes an inpUt
into the drainqe netWork ae a panic:ular poille.

Gru.d·At.. Runoff

Compucation of a ifUSed-uea hydrocraPb for each sub
bum closely parallels thae of the paved-U'C& bydroppb.
Ficv.rc 2& reprcscnes the same sub-buin used co illustrate
paved-srea runoff. The shaded uea represena the con-
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I. Sua-SASIH IW
(DIRECTLY COHHECTED PAYED AREA SHADED)

• ILLUDAS

c. RAINFAlL

•

•

•

l-llli/'Qtl
fsodlrones

•'a::
~ L1Go

."...
~ L2-zero

d. LOSSES

,.,.. 1. EJcmcDU ia the docYdopmalc of cbe plYcd_ bycl:roppb

•

•
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b. TIME vs PAYED All£A CURVE

o , Z 3 • 5
TRAVEL TIME TO INLEr. minutes

......
<.l....
~a
'"Ci

e. StJPPLY RATE
PASRZ

PASR3
~ PASR•
•...
Go

." ....
A'"
:!~

o 1 Z 3 4 5 6 7 9 10
TIME. 11I1 nu tes

f. HY~OGRAPH

Q, - PA,PASR,
QZ - PAzPASR, + PA,PASRZ
Q3 - PA3PASR1 + PAZPASRZ + PA1PASR3
Qn - PAnPASR, ••••• + PA1PASRn
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f. GRASSED AREA SUPPLY RATt

~. RAINFALL

d. RUNOFF FROM SUPPLEMENTAL PAVED ARE)

GA2
J...o'I'---,r<-

"'+........I.Z. GA !

o I 2 3
1

4 5 6 7

TRAV L TIME TO [NLET. minutes

I. SUS-S IN MAP
(CON ZSUTtNG GRASSED AREA SHAC£D)

o 2 4 6 a 10 12 14 16

TIME. minutes from start of rainfall

•

••

o I 2 3 4 5 6 7 a 9 10
TIME. minutes

9. HYOROGlWK
QI • GA,GASR,
Q2 • GA2GASR, .. GA,GASR2
Q3 • GA3GASR1 .. GA2GASRZ .. GA,GA~R3

Qn • GAnGASRI .••.• + GA1GASRn
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tributing grassed area which in this case includes only
the front yards of a residential l1eighborhooci. More~
area could contribure to runoff. but front yards are typically
ended to dnin quickly to the sa-eet. Runoff from back
and side" yards often dt:Lins snGua11y to a common back

lot line and then Iatenlly to the nearest streft. The
travel time required for this long flow path virtually removes
such gnssed areas from consideration during rclatively shoft
intense storms nomWly used for drainage di=ign.

Aftcr the contributing~ area has bccn determined. the
time 'is grassed-ua cum: in figure 2b can be constrUCted. The
location on the street of the l·minure isochrones in ttgUte 2b
was determined euiier for the paved-area runoff. Travel times
on the gt20SS strip itself are equivalent to the time of equilibrium
in the following equations by Izzard (19<406).

q, • 0.OOOO231IL (l)

where

the rainfall pattern to a gnssCd-ua. supply rate are much more
complex thaD in the paved-area cue. The procedure followed
in ILLUDAS is tim to add in supplemental paved-uea ruDOff
(SPARO. fIgure 2d) and then to subtract initial and infilaa
tion losses (GAL. figure 2e).

Rain falling on the supplemental paved area (which is the
paved area not directly conneet:d) is assumed to run oif onto
the surrounding gnssecl ana. ILLtJDAS assumes that this
occurs insnndy and that the volume of runoff is uniformly
distribu ted over the contributing gnsscd area. Because of these
simplifying wwnptions, the SPARO can be expressed as iaches
on the gtU1ed area by the following equation and added di
rectly into the rainfall pattern.

SPARO (inches on SPA) lC (SPA/CA) • SPARO (inch=
onGA)

where

SPA • total supplemental paved area
GA • total contributing gn.sscd area

The losses illustrated in ttgllre 2e include an initial loss, usually
0.2 inches. to account for depression storage plus iatlltration.
The gnssed-area supply rate in ttgUte 2f is obUoined by sub
tracting ebesc losses from the sum of rainfall plus the supple
mental paved-ua runoff. The derennination of infilaation
losses will be covered later.

The ordinates of the gtU1Cd-area hydrograph arc computed
by applying the gnsscd-area supply rate to ehe time 'is grassed
area curve with the series in figure 2g. The hydrograph shown
in figure 2g occurs at the sub-basin inlets illusaated in figure
2a. Such a hydrograph is developed for each sub-basin and
combined with the corresponding paved-uea hydrograph.
These combined hydrographs become the surface hydrographs
from each sub-basin and are point inputs into the drainage net·
work.

If the sub-basin in question happens to be at the uppennost
end of a series of pipes or open channel reaches. the sunace
hydrograph is entered into the system by routing it down
stream to the next input point. If the sub-basin occurs some
where below the upper end. its surface hydrognph is combiaed
with the upstream hydrograph and the resUlting combined hy
drograph is routed doWnstream to the next input point. If the
sub-basin is located at the confluence of cwo or more pipes. the
surface hydrograph is combiDed with the converging hydro
graphs before routing downstr=m to the next input point.

Infiltration
In aD urban basin. the arca that is not paved is most oftcn

covered with bluCgtU1 turf. When rain falls on this turf. thefC
are cwo principal losses. the tim being depression storage and
the second being infiltration into the soil. In ILLtJDAS
provision is made for depression storage to be filled and
satisfied before any infiltration akes place. Depression storage
is normally taken to be 0.20 inches, but provision is made in
ILLUDAS for this to be varied.

• discharp of overland flow. in as per foot of
width. at equilibrium

• supply rare in inches per hour assumed to be
1.0 in this stUdy

• length of overland flow in feet
.q.n

0.033 KL q, (2)

t •,

L

c •

K •

S •

1

t, •

where

time of equilibrium in minutes

-4.JJ
(0.00011 + c) S " (3)

surface slope in feet per foot
coefficient having a value of 0.046 for bluegtU1
turf

Since the equilibrium condition is reached asymptotic:ally.
Izzard (19<406) ubitruily set the time of equilibrium as the
time when '1 reaches 0.91'1,. The time of equilibrium deter
mined by these equations was found to be in close agreement
with empirical equations for time of concentration developed
by Hicks (1944).

Alter the travel times at MOUS points on the contributing
gr.wed area have bectl computed and plotted. the l·minute
isochrones in figure 2a are drawn. The contributing if&S$Cd
areas within time zones CAl through CA6 are thell measured
and plotted cumulatively agaiDsc time-of·cnvel from the inlet
as shown in filUre 2b. This timc-IrI:a CW'Ye shows the amount
of gnssed area within the sub-buin that is contributing warer
at the stonn dnin inlet at any time after the bqiDning of rwt

off. In the computer program described later. the time-uea
curve was assumed to be a stniIht line connecting the origin
and the end-point of the curve. The end'pOint, as illustnted
in figure 2b. represents the travel time from the farthest poiDt
on the contributing gnssed ara, and the total amOUDt of con
tributing gnssed area.

N. iD the case of paved-uea runoff. rainfall is the primary
input for development of the grassed-area hydtopph. The
rainfall pattem illustrated in figure 2c is the same as that in
figure 1Co The modificatioDS that must be made ia changiD•

", .
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Table 1. Computadon of w... Stlll'aca AYail&b1e

ia Alexia Silc Loam

1- D-npaoa Vallie ••. Soil horizons 1st 2nd 3rd 4th
! .'",,'

1 Depth co bottom. -
irrcb,s 12 16 22 31

2 Thickness. j"t:bl$ 12 4 6 9
3 Satunted conductivi~.

j"t:b,s pn bo,.,. 1.30 3.14 1.33 0.+6
4 Toal porosity, pnenrr 49.4 50.6 40.4 40.0 •Available storage, At 0.3 bu tension.

field capacity,
plPenrr 33.0 32.9 38.' 38.0

6 At U bars cension,
wilting point.
p~e,,,r 13.1 15.3 20.8 13.9

Cinviational water, Ci •1 p~enrr 16.4 17.1 1.90
8 j"t:bl$ 1.97 0.11 0.11

£T wac... or water a
plant can withdnw

9 plPenrr 19.9 17.6 11.1
10 j"cbn 1.39 0.10 1.00

Water seorage. S. •available to
inf'llcration

11 pnenrr 36.3 35.3 19.6
1% irreblS 4.36 1.41 1.18
13 Toal wace:r stonae

in soil. irrt:bl$ '.93 1.02 2.42 3.60
14 Hygroscopic water,

noe available to •iail1tntion, mt:blS l.57 0.61 1.24 •

The dominant and u mcn I:omplex loss of rzinb.l1(~
Oel blucgrua auf is d: ae csuxd by izWltnaoa. To esEimace
infl1tntian losses. extc~Ve use has been made of C:Ollecpes of
intiltntion described t Y HolCUl aIld Musgrave· (19...7), Holws
(1961>. aIld Holws e &i. (1967>. This rexuch has been
anied oue by the Ai~cuI=n1 Research Service aIld is based
on atemive cl.&a. !:'ol~ re:sa.rch waa:nheds. The thcoretial
approac.ll to en!uatinl ~fi1trUicarateS hu been bueci on usin,
the ph)'1ical propcrti ~ of the soil {or estimatin, the water
seonae available in th~ soil mantle aIld eva1uatinl the role of
this water seonae in the infiltntion of rsitI water intO aIld
through the soil mana F-

Warn Storag' in So~

The amoune of watll: thae aD be seored in the soil mande is
dependent r1m up~n Ihe toW pore space avwbie in the soil
between the soil pan cies. This is c:ommonly expressed as
porosi~ in perc:mt of soil volume. The toW pore space avail-.
able witbia the soil =jaele represenes the maximum volume of
waccr thae aA be stOfFa in thiJ soil mantle. WheD this entire
pore space is filled wil/2 water. the soil is said to be SGrwaud.
The toal waccr in sec jrale in the soil manele is divided intO
three principal pares. jrhe ruU of these is grrmutio"G flIGrn.
This is waccr which wi~ drsiD out of the soil by znvity. When
the gravitational waeel has b«n depleted. the soil manele is
said to be at [llid Cilp city. This is commonly considered to
be the condition {or .. ljJich there is a soil moiscure tension of
0.3 bars on the soil m iscure. This mC2nS the moisture is hetd
by the soil against a pteS1l&re 30 perceDt of atmospheric
presAlre.

The second princip~ type of waeer stonae within the soil
mantle is ET Wllln, 0 thae water which can be removed by
planes by the process c f enpotnnSpiration. When this water
haa been depteted by cjvapotranspintion. the soil is said to be
ae the wvrm, pamr. this is commonty considered to be a soil
moiscure tension of 1 bars. or 15 atmospheres. The third
elemene of water ston e in a soil is alled bJr"Ost:opic _no
This is water hetd wid: in the soil which cannoe be removed by
gravity or by evapOlnflspintion by planes. This hyzroscopic
water is only removed by evapontion, or in the labontory by
drying. When this wa ~ in the soil is depleted, me soil is said
to be.2ir dry.

It has been shown b Holws et a1. (1967) thac these various
waccr stonaes wichiD soil profile an be calculated on the
basis of the physical pre penies of the soil. Subsequently. mois·
Nre cension cl.&ca {or so·'" sampled ae 100 Ajriculcunl Research
Service expcrimenal ~latenhedsor ploa at 34 locations in the
United SUtes have be~~ published by the U. S. DepamncDt of
Airiculture (1968). ~e daa are l.ISefui for calcutaanc the
probable rates of infllc~tioa. As a rllSt seep in doing this, it is
necessary to compute *e actual available wacer sconaes.

This set of alcutal OllS is shown in table 1 {or Alexis silt
loam soil .-mpled at ~ onticctlo. Illinois, aIld published by the
U. S. Departmene of I~cu.lcun (1968). The ca!cuJ..ations in
table 1 {ollow diose I escribed by Holws (1961>. III table 1

calc:u.latiollS are shown {or {OUt soil horizons withill Alexis silc
loam. Item 3 shoW'S the acu.rated conductivi~ ill inches per
hour which an generally be c:onsidered the ultimate COlUant
iniiltntiOll rate through this soil profile. M shown, this con
dUctivity for the fourth soil hori%On is considerably smaller
tlws thae for the run, second, aIld third horiZons. Consequent.
Iy, juclgmc=e is used co detennine that the :0'" ofprint:ipGi by
dra/otic ~c:iftty is confUled co the first wee soil horizons.

In the lower ponion of table 1. porosi~ daa are usc.d to
a.Iculate the wucr seonae in inches which compnscs for this
soil the graviaaonal water Ci and the £T water. The total wa
ter st0nae affecting iDflltntion is considered to be the sum of
G and £T water which is alled the water seor2le S available to
itIfiltntiOD (a toal of 6.9' inches in uble 1). Also shown In
able 1 are the toal water seonae in the soil (item 13) and the
hYJrOSCOpic water 1I0t available to inflltntion (item H). The
various stOnaes available in Alexis silt loup as calculated in
table 1 are shown in figure 3.

•

•

•
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S a AREA CROSS-HATCHED BELOW
CURVE EQUALS TOTAl. STORAGE:
IN SOIL, inches

F
WATER

ALREADY'
STORED

IN SOIL S-F
AVAILABLE

STORAGE
IN SOIL. 1nehes

t

6.95 0 15.0 15.5 0
6.00 0.95 0.95 12.3 12.8 14.1 0.01 0.01
5.0 1.0 1.95 9.5 10.0 11.4 0.09 0.16
4.0 1.0 %.95 7.0 1.5 8.7 0.11 0.21
3.0 1.0 3.95 4.65 5.15 6.3 0.16 0.43
%.0 1.0 4.95 2.64 3.14 4.2 0.24 0.67
1.0 1.0 5.95 1.0 1.50 %.3 0.43 1.10
0 1.0 6.95 0 0.50 0.1 1.43 %.53

Table %shows a computation of an infiltration curve with
equation 4 for Alexis silt loam in which a water storage S of
6.95 inches is available as c:alculated in cable 1. The c:omputa
tions in table %provide a series of infiltration rates in inches
per bour at various times in hours. Tbis c:omputed infiluation
c:urve for Alexis silt loam is the uppermosc dashed tine in figure
5.

Also shown in figun 5 ue various other observed and
compuced infl1uation curves including a computed infll
cration curve for Ipava silt loam. In the lower puc of
figure 5 an results of actual infiluation races observed on
bluegrus turf at Elmwood. llllnois. described. by Holcan and
Musgrave (1941). Additional curves an shown for Tama silt

Table %. Computation of InfUcntion Curve for
AleXia SUt Loam

I • 1(6.95 - F)1.4 .. 0.50

Infl1uation rate Time

Availablc W.cef I Int
ROftI't. sco. (ilu:b_. (iII~H'

s- F t"p F pw fWP t;.,. t
(illdln' (illd_., (illcb_., (S - F,1.4 bow' bow, (~o."." (bo."."

TUE. hours

Fipre". oiqrUa of inf1lcruioa eut¥e and iDillcradoQ
races u reJaced to ItoI'qC ill toil

'0
INITIAL

INFILTRATION
RATE

5040
POROSITY, percent

ZO 3010o ,
GRAVITATIONAL EVJ.;O· HYGROSCOPIC

WATER TilAHSPIRATION WATERz WATER,Q G,... AVAlLASLE TO;
~

PLAHTS,.. inches inches inches.. 1.97 2.39 1.57-
'=' 0.71 0.70 0.61c:
N

~ 1.06 1.24...
M

..... 0.11

~ELD CAPACITY 'wILTING POINT AIR DRY
0.3 BAR lS BARS
TENSION TENSION

SATURATED

r

ftture 3. Waccr .oraces available within Alexis sile loam.

Computed Infiltration

Kno.....ledge of the 'nter storage ~vail~ble to infiltration
within .~ soil mantle makes it possible to compute the infu
tration rate at any time t by methodology described by Holtan
(1961):

I • ~(S - F)" .. Ie (4)

where

I • infl1uaaon race at time t, in inches per hour
~ • a vegetative basal faaor nfleaing. the

efficiency a crop rooesystem makes of soil
porosity for Storing water; ~ • 1.0 for
bluegrass turf

" • a constant • 1."
S • storage available in the soil mantle in inches

(storage at the toW soil porosity miDus
Sl:orage ae the wilting point)

F • water alrady Sl:ored in the soil ~t time t.
ill exCC:II of the wilting point. in inches
(amoune accumulated from infucnaoD
prior to time t)

(S - F) • storage space remaining in the soil mantle at
the time t. in inches

Ie • final consURe infiluation rate. in inches per
hour (generally equivalent to the saturated
conductivity, in inches per hour. of the
tighcesc homoQ present in the soil profile)

With equation 4 ic is possible co compuce an inflluation
curve based on the physical properties of the soil. Figure 4
shows the general interrelationship between the various infll
ention races and scorage faaors involved in equation 4.
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I
C~UT£D ROM I1JISTUR£-n:ItSION DATA

AT I1JHTIctl.l.O
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I
I

~
I
I

I \ ~£XIS SI T LOAM. SIMILAR TO TAMA

, ~PAYA SIL LO»l, SIMILAR TO CLINTON

oo~---:---+~--~+----!----:!

~ 8
j
........,
'5
c-

Fipre 5. 1Dli uacioD curva for bluepa curl

loam and Clinton silt loam. There is a geneniphysical
similarity between AI xis and Tama silt loams and a sim'
ilanty between Ipava d Clinton silt loams. All of these
soils are gnded as hyd logic group a and ail occur in cencra!
111inois. The curve ubi ateiy computed for usc in ILLUOAS
for i1'OUP 8 soils is sho n as a solid line in figure'.

'n1e U. S. Soil Con cion Service describes che four hy·
drologic soil groups as llows:

A - l.ow Nnof{ p tentia!. high inf11mcion races (con'
sist ohand an gnvel)

B - Moderace infU tion races and moderacely well
drained

C - Slow infl1trati n rates (may have a layer that im
pedes downw d movement of water)

o - High Nnoff p centia!. very siow inrucncion'rates.
(consise of cia s with a permanent high wacer
cable and a hi swelling potentia!)

Standard in(l1tratio curves have been devised for use in
ILLUDAS for soils of h drologic groups A. a. C. and O. These
curves were calculaced from the Hofton equaaon as given by
Chow (964) as

I • I, + (10 -Iele' t (5)

where

fo • initial infl1tra on race. inches per hour
e • base of natu logs
Ai • a shape factor selected as Ai • 2
t • time from s of rainfall

This equation is solve in 1l.l.UDAS by che Newton·Raphson
technique.

rJlUft 6. Scaadard iDfiluacioa eurws for bluqra.a curl
IUCd ill ILLU1)AS for IOU. of four bydroloJic FOuP'

Table 3 lisa the various facton selected for usc in solving

.'~
equacion , for calculating the standard intilcntion curves for
bluegrass curf used in ILLUOAS shown in figure 6. Vaiues of

Table 3. Faetan Uled ill Equation 8 for CalcuiaciDc
me Scaodani lDillaarion Curva for Btuqra. Tu.rf

Item Value •Hydrologic soil group
USOA designation A 8 C 0
ILLUOAS designation 1 2 3 4

Final constant infilmtion race.
fc' m,b~s pn boVf' 1.0 0.50 0.25 0.10

Initial infiltration rate. fO'
mcb*s pn bOil,. 10 8 , 3 •Depression st0taiC. i1fcbts 0.20 0.20 0.20 0.20

Shape factor. k. of
infiltratIon curve 2 2 2 2

Available storage opacity. S.
in soil mande. i1f,b*s. for
four uuecedent conditions

Bone dry. condition 1 6 4 3 2
Rather dry. condition 2 4 2.5 2 1.3 •Rather Welt. condicion 3 2 1 1 0.'
Saturated. condition 4 0 0 0 0

Inftltration accumulated. F. in
soil mantle. i1f,bts. at sun:
of rsin!all

Bone dry. condition 1 0 0 0 0 •Rather dry. condition 2 2 1.5 1 0.1
Rather Wet. condition 3 4 3 2 1.5 •Saturated. condition 4 6 4 3 2

•
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Ie and 10 were selected arbitr:tily. The shape factO~ .t wu
selected u equ:lI to 2 to provide the shape best reflecnng nat
un! conditions :IS shown in figure 5. Selected represenutive
values (or the :lvai1:lble stou!:e apacity. S. for (our antecedent
moisture conditions were used to provide values of infiltration
aceumu1:lted. F. in inches (or each condition.

In order to use the sundard intiltt:tion curves shown in
figure 6 to determine the gt:lSsed'area losses for u~ in
ILLUDAS. it was necessary to cv:lluate the antecedent mOISture
conditions actually prevailing on the urban basin at tht= time of
a particular storm. An ubitnry selection of antecedent mois
ture conditions (AMC) that would have general value was
made. u shown in cable 4. Each condition is based on the to
ul ninfall that occurred during the 5 days preceding the stonn.
The values in uble 4 were used throughout the calibntion por
aon of this research and for the 23 basins studied. ResultS
have been generally favorable.

'"Ou",e-oSTC'...
Q_&a",..<;. ",..0.",__

Figure S. Schemacc view of a detencon buill
(or an urbaa basin

"..... "O•• O...-...GI.
",",o-c......."

o
oto 0.5
0.5 to 1
over 1

Antecedent Moisture Conditions
lo~ Bluegnss Lawns

Tow rainfall during
5 days preceding scorm

(mcb'l)Description

Bone dry
Rather dry
R:uher wet
Saturated

Tabl.4.

ILLUDAS
number

1
2
3
4
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Flood Water Oet8ntion Basins

In the 19705 it has become t'ommon practice. where needed.
to provide artificial. man-made detention basins to provide for
the temporary st0talc of flood waters from an urban area
during flood times. Aim the flood pak reced~. wa=, from
the detention bum is emptied into the storm drainage system:
The provision of such basins ca.a be economi~ bcau~ the'
basin cua down grauy on the maximum requim:l capa.a~ of
the pipes removing the storm drainage water. A schemauc VIew
of a typical basin is shown in figure 8. .

Temporary flood detention can also be prOVIded alollJ
open drainqeways in natun! channels throughout an urban
region if desired. This has been accomplished. in Madison.
Wisconsin. by city ordinance. Here a greenway IS de~lfte.d u
being an open ar~ of land. the primary purpose of which IS to
carry storm water on the ground surface in lieu of an enclosed
storm drain. Where the3e gr~nways or drainageways arc
shown on the official muter plan of the city. developers ale
required to provide chat these areas be reserved ~or the ~en
way for acquisition by the city or by the township•. Dt:l.In~c
ways arc to have a minimum width of 200 fe~ It IS reqUired

where possible that storm Water dninqe be maintained by
landscaped open channcis adequace to accommodace tho
maximum expected storm flows.

ILLUDAS assisa the user in the design of detention basins
in several ways. First. if an existing system is being analy1ed.
ILLUDAS accumulates flows grater than the capacity of the
existing pipe {or ~ch teach in the buin. The maximllM voillme
of flow thus accumulated is equivalent to the detention storage
required to keep the 3YStem,operating at capacity during passage

of the design storm. These accumulaced flows arc reported on
the output ltId serve to pinpoint the location and severity of
flooding in the basin.

If a new dninage system is being designed. the user may
specify the vollime of detention storage allowable at any point
in the basin. ILLUDAS will then incorponte that volume of
storage intO the design by allowing incominl flows to fill the
allowable storace. The outlet capacity needed to make effec
tive usc of this scorage will Usa be provided by ILLUDAS.

As an additional option the user may limit flow through 1

given teach by specifying a small outlet pipe size or a maximum
discharge through the reach. and ILLUOAS will report the
voillme o{ detention stonge accumulated duri"l pasaqe of the
design storm.

•



•
HYDROLOGI(~ MODELING FOR FLOOD HAZARDS • ILLUDAS

e-'
•

ROUTING OPTIONS FOR 1UtroAS

Includ ~ in this new version of 1UUDAS are cwo reach routing cechniques

which are a le to route through circular or rectangular conduits, 01' crape

zoidal open channels. The two types of routing include simple time shift

routing and hydrologic routing utilizing an imp~icit solution of che continuity

equation. ~ che implicit: Method. a linear approximation of. the continuity

equation is used:

•

•

•

(3)

(2)

02+~t Ft.AR.EA(02)-Il+I2-01 + [Ft.AR.EA(Il)+FtAREA(01)-FtAREA(I2)] ~t.

A! _ !.!ill ~ Q.!:tQ! _ 1:... [ FLAR.EA(I2 );FLAR.EA(02) _ FLAR.EA(n );FUREA(01) ] (1)
At 2 2 At
where Il at d 01 are the initial inflow and outflow; 12 and 02 are the final

inflow and outflow; FLAREA is the flow area function in which the Kinematic

wave &SSUlIq tion that Sf-So and Manning's equation are used. where Sf is the

friction s ope and So is the reach slope; and L is the reach length. Equa

tion (1) c~n be rearranged to obtain:

I1+12·fol-02 - [nAREA(I2)+FLAR.EA(02)-F1.AREA(Il)-FtAREA(01)] ~c

Equation ( ) Must be solved for 02 and thus requires an implicit solution.

The fJow area function (Ft.A.REA) is deter:D.1ned. for each cross-section by

a dimensiot~ess flow area versus dimensionless discharge cabular look-up

within che program. This non-d.imensionalized. function is computed. for che

channel gecmeery. For che case of erapezoidal open channels, a Newton

Raphson im;licit solueion of the Manning's equation MUSe be perfotil1ed eo

develop ehJs dimensionless function. Parabolic ineerpolation between ewo

percent incervals of che dimensionless area is performed by a function sub

routine.

EquatJon (3) is solved by an acceleraced brackeeing eechnique by ob

taining successive estimaees of 02 by the equation

(4 )

•

•

•
where 021 s the new estimate of 02 (the solucion) and 02° is che inicial

esc:imaee; also F-!l+I2-01-02+[FU.RE.A( Il )+FURE.A(Ol) -nA.R!.A(02) -F!..AREA( I2) ]

••
•
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•

•

•

•

•

•

•-
•

~ is the zeroed continuity equation from equation (3) and equals zero at
~t .
.the solution for 02 and a 1 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 12 is equal to just-full pipe flow then continuity can

only be maintained by increasing upstream detention storage thus

decreasing the final inflow discharge (12).

Z) When OZ 1s less than zero then OZ must ce set equal to zero, W1th

a subsequent change in routed hydrograph volume.

The time shift routing of the hydrograp~is perfo~ed 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 hydrograph is

performed by computing the velocity from the inflow hydrograph peak (after

. discharge limiting due to pipe surcharging and/or user-supplied discharge

limiting 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 el~nates in

stabilities.in the hydrologic routing 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.
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Sec:ltion 3 PROGRAM STRUCTURE and IMPLEMENTATION

The tasic: proc:essing hierarc:hy utilized by ILLUDAS c:an be seen
in the ac:companying flow c:hart. •

I Read Basic: Data and Design Storm

~
.... J- Read Data for Next Reac:h I •

I Compute Paved Area Hydrograph I
-Jt

I Compute Grassed Area Abstrac:tions

~
I Compute Grassed Area Hydrograph I

~

I Combine the Paved and I
Grassed Area Hydrographs

I Combine Loc:al Runoff With Other I
Hydrographs Tributary to This Point

•

••
DESIGN

"
MODE ? EVALUATE

~----......,
•

I Deter mi ne Proper I
P;pe Size

•
Route Hydrograph to Next Design Point I

J,.

•

••
YES

l
\

Print Outfall IHydrograph

I Print Resul ts I

NO ~-----1-------< >-------,

•
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1) Compute the surface runoff hydrognph from sub-buin
I

%) Route the sub-basin I hydrognph through reach 1-0
co pointC

3) Compuce the surface runoff hydrograph from sub-
basin 1I .

4) Route the sub-basin 11 hydrognph through reach 2-0
to point D

,) Compute the surface rUnoff hydrognph from sub
~asin IV

6) Combine the sub-buin IV hydrognph with the
routed hydrognph from sub-basin 1I

7) Route the combined hydropsph through reach 2-1
co pointC

8) Compute the surface runoff hydrognph from sub
basin lU

9) Combine the sub-basin 111 hydrognph with the
routed hydrognphs from neps 2 and 7

10) Route the combined hydrognph from step 9
through reach 1-1 co point E.

to brnk up a long reach. For an existing synem. design poines
should also be located at changes in pipe sUe or chUUlei eross
section.

Considen.ble topographic information must be a-nilable co
determine the sub-basinuu contributing co each dC3ign point.
For example. in ftgUre 76 sub-basin I c:entributes co point A.
sub-basin III contributes co point C. sub-basin V contribuces co
point E. etc. Determination of sub-basin boundaries is often
complicated by the existence of struc::ures or clninage divides.
On new designs. fmal gnde plans are required. For the en!
uation of existing systems it is oftm difficult to obtain enough
information on old luen.b co define the dninage network prop
erly. Afta' the sub-basins have been dcimed. they mun be
funhersub-divided into directly connected paved ueas. supple
meuc:U paYed ucs.s. and c:onttibuans~ ueu..

The daign poina are of C:OW'X connected by lengths of
underground pipe or open channel. Whea enluating an existing
system. the ae:tua1 reaches may be described as closed c:irc:u!ar
or m:wrp1ar sections. or as opeD tnpe:oicW sections. The
length. slope. and roughnesa of each reach are required. If the
problem is a new design. ILLlTDAS wil1usc c:irculu pipe sec
tions exclusively. The method of assigning the reach and
bn.ftch numbei's indicated on tiptc 76 is described in the sec
tion o~ input daa. The aeNa! order in which ILLUDAS ex
amines and combines the various sub-basins is determined by
the order in which the cards appear in the data dec:X.

Table %9 indicates the proper order and some of the basic
data for the basin shown in fIgUtc 76. The logic of ILLUDAS
through the fllSt part of table 29 would include the foUowing
StepSl

In table 29 the sub-basin a.uociated with a pvea reach is the
sub-buin thu conaibutes co tbe upmeam cad of thu reach.
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Apptyi~ ILLUOAS
ILLlTDAS may be used (ot the hydrolOjic design of a new

dninqe syuem or (or the enlatioD of an existiZlg system.
til eitha' case a map of the bum is requited On which the
dniDqc boWlcWy and the =stine or proposed dninap sys
tem have bccD dcliaested. Fipre 76 illustntes such a map.
Poina A through G may represent an inlet. a group of inlets.
or a manhole. and hence each is a design poin~ in the system.
Additional desip poina may be added at changes in grade or

•

•

•

•

•

•

•-
•
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Table 2'. Buic Daa lor Sample B&U
e.

REACH SUB·BASINS (<<em)

Direcdy Supp. CoDlrDo
Ilucls

~
ClDDllecWd lDUai llee,

&lid rnclI Slope DiameGr SuO-buill pavcG paved sn-dDu.raOcr (fHPW'I,) (;"eII.s) Du.raOcr Ales uca 11ft va
.1~ 420 1.0 1$ I 3.0 1.1 0.2 1.0 •
2~ 220 1.0 12 ·IJ 3.0 1.4 0.3 1.0
2-1 420 0.8 1$ IV 3.0 0.8 0.$ .1.2

CONFLUENCE

101 440 1.2 24 111 4.0 l.9 0.2 1.4
3~ 430 0.7 1$ VI 3.0 0.8 0.3 1.0

CONFLUENCE •1·2 470 1.0 24 V $.0 2.0 0.$ 1.9
Tow 21.0 8.0 2.0 7.$
Percene of BuiD 38.1 9.$ 3$.7

•Thus Nb-basin vn w ~ noe encer the compuQtions until the
reach downsanm fro " poine G is considered. The method of
ceiliftl ILLtIOAS thae a confluence haa been rnched will be
described under inpue daa. All reaches 4D0f1. a COntlullllce
muse be completed be ore the reach b.J01II the conflullllce aD

be considered. ••ILLtIOAS provides the user with SC'm2J options relating to
detention scorqe. He jmast tim determine if his application of
ILLtICAS is an evalualion of an emunl syscem or the design
of a new system. If ic uan evaluation. the outpuc w;U show the
flow capacity of esch resch. If any reaches arc incapable of
carryinl the design flo Ir. the ovcrilow will be accumulaced and
shown on the outpuc a detention scof:ie. •If the application is • newdesip. the outpuc from ILLtICAS
will show the design f ow and the required pipe size for each
rnc:h. In the nC'W des 8D mode the user may specify a volume
of allowable sco~e ~ r one or more rnc:hes in the System.
IL1.t1DAS will utilize tl ac sco~e and show the required oudet
pipe size on the output If the user pre{en. he may specify the
maximum discharge to be allowed for a riveD reach in the SY'" •tem and 11.1.UCAS wti show the volume of detlllltiOQ scorqe
accumulated ac thac l'el ch.

The selection of tl:Ic ~odc of the appliation. i.e•• cva.luac:ion
or new desip. aD vary from rach to reach. This option is use-
ful in COlTCcti:lI prabL~ in exiIciq dniDqe Systems. Alter
an cva.luatioll nul hall bca made for the entire bui.a. the
rnches where prablCD~ exist caD be mcchcd to me new de- •sip mode and an app Iopriace design determined. The proce-
dure {or selectinl the !node of the run will be discusIcd under
inpuc daa, cU'ds 11 ane VI.

•.,
./

•
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Determination of Parameters

• ILLUDAS

•

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 ~unoff

require the use of either standard values or procedures, or some.
preliminary calculations using your favorite surface runoff
algorithm.

•
ILLUDAS allows surface cover

actual acerages, which will require
percentages of the local sub-basin
general.

types to be input ei ther as
extensive map evaluation, or as
areas, which can be a bit more

•

•••'.

•

•

If a new drainage system is being designed, the expected pipe
lengths and slopes between manholes, ~nd the network connectivity
are about all the data you can expect to supply for the drainage
system itself. If 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 •

Unless observed data are available, no calibration of the
model is possible. If observed data are available for a nearby
basi,n 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 runs in
which you might vary the initial moisture for pervious areas and
possi bl y vary' the ini ti al abstracti on depths so that you tend to
create an envelope for design hydrograph peaks from which to select
pipe sizes or storage requirements.

If Observed data are available when evaluating an existing
drainage basin, we suggest the following procedure:

•

••
•

I. Calibrate storms yielding paved runoff only
A. Calibrate hydrograph volu.e

1. vary depth of paved abstraction
2. vary a~reage of Contributing Paved Area *

B. Calibrate hydrograph shape and ti.ing
1. vary paved ti.e of concentration
2. vary HannIng"s roughness
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II. Calibrate storms yielding both paved and grassed runOT7
A. Calibrate hydrograph volu.e

1. vary depth of grassed abstraction
2. vary acreage of Supplemental Paved Area *
3. vary acreage of Contributing Grassed Area *
4. vary Antecedent Hoisture

B. Calibrate hydrograph shape by grassed TOC

•

The nodel
event rai nfall
determined.

also allows for the uniform increase or decrease of
ordinates once the above parameters have been •

----------~--------~-----------------------------------------------

Section 4 EXAMPLES •

The e~amples .presentedon the following pages are for a basin
studied dU"'ing Phase One of the Champaign-Urbana (XL) part of the
Nationwide Urban Runoff Program, sponsored by the United States
Environmen~al Protection Agency. Both toe rainfall and runoff data
were colle~ted by the staff of the Illinois State Water Survey. A
tipping bU~ket raingage mounted atop an eight foot high steel pipe
and an asy~metric flume installed in the storm sewer were used for
the data cpllection. The information.was electronlcally processed
and writte~ to diskette during the storm events.

These data have been coded and run on the mi cro versi on of
ILLUDAS. rhe plots shown were produced using the micro package.

The wo events of March 16, 1980, involved rainfall on
existing s~owpack. Although the model does not simulate snowmelt,
and therfo"'e cannot properl y generate the total runoff vol ul1le of
such an ev~nt, these events were included so as to show how well we
can simula e the peaks, shape, and timing of even these events.

Durinl the course of the project, it was noticed that at the
inlet end of the reach immediately upstream of the outfall . reach
there is c considerable volume of storage generated. This pipe
inl et rece ves di scharge from three pi pes at the manhol e, all of
which have signifi~antly larger slopes than the pipe in question.

••
•

•

•

••
•
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• ILLUDAS

•

•
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Inspec'tion o~ 'the observed nydrograpns ~or event.s wit.h rain
fall int.en5it.ies of 0.4 inches/hour or greater showed that pressure
flow develcped under these condit.ions almost. immediately (usually
within 3 m·nu~es>. Wi'th this in mind, t.he event of May 17, 1980,
was simulated both wit.h the drainage network completely as defined
by the fiEiild survey, and also wit.h the above men'tioned problem
reach in design mode. The resul ting plo'ts are shown here. The
first plot shows 'the ef~ect o~ the limiting pipe capaci'ty on the
simulated routed hydrograph, which is essentially to "lop o~f" the
peak of th! hydrograph. The second plot shows that because pres
sure flow c~curs so quickly, our assumption that we could allow the
model to size a pipe large enough to pass 'the design peak discharge
was, in tt is case, a ~airly legitimate way to approximate the
hydraulic ~ottleneck in this basin. This would not necessarily
have been rue if any or all of the incoming pipes at the manhole
had had sic;;nificantly lower slopes.

e.
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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 rainiall reduc~ion oi 25 per
cent yielded the plots at the bottom oi the page. Winds related to
this storm may have shook our raingage, generating more tips than
the rainiall would have produced (1007. paved area runoii).

•

.-
•
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Example Uses of ILLUDAS

• ILLUDAS •

e.
T~achino

Nl!w Desicns •••

E aluai:ion •••

RI-desion

University classes
Continuing education

Residential drainage
Commercial drainage
Airport drainage
Highway drainage

Hydrologic research
Evaluate e~isting drainage
Future planning / zoning
Input to other models
Deteni:ion si:orage requirements

Airp~rt dr.ainage
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
local flooding (streets, basements, etc.) •

4. Develope relationship between rainfall depth
durations and flood potential

5. Develope relationship between rainfall depth
durations and ILLUDAS-generated surcharges
for observed events •

6. Using information developed in 4. ~ 5., run
ILLUDAS to test alternative solutions to
urban flooding problem

•

•
I e/I

I

•
,
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'.•
Common Pitfalls

Section 5 ASSESSMENT

•

•

•

•

•

•

••
•

Basin
size

Basin
cover

Basin
slope

Although this model is capable of mod~ling 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 500 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 to si_ulate
runoff fro. urban lawns and parkways. 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 land (to
generate retention I 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 Equation 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. coastal
plains) should require a model which con
siders outlet control.

If modeling 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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••
Level 0

det.ai I

Verific:~t.ion

Trag
l!l!f f i c:i er c:v

Surc:harced
reac:hes

Anot.her c:ommon problem wit.h dat.a is t.he level
of det.ail needed for a good simulat.ion. If
you are using five minut.e rainfall dat.a,
t.here is no advant.age t.o det.ailing your
drainage syst.em so as to produc:e one minut.e
t.ravel t.imes in t.he reac:hes. The user should
break up reac:hes if t.here is a signific:ant.
c:hange in slope or if t.he reac:h geomet.ry is
c:hanging (pipe diamet.ers inc:reasing, et.c:.) ,
but. you do not. need t.o model every set. of
inlet.s as being t.he st.art. of a new reac:h.

ILLUDAS is int.ended t.o be used as a t.ool t.o
provide users wit.h e5~i.a~e$ of c:ondit.ions in
an exist.ing drainage net.work or t.o provide
t.he hYdrologic design of a pipe size(s). Too
many users have blind fait.h in model result.s.
When designing new drainage, hydraulic: losses
due t.o headwalls, t.ransit.ions~ and manholes,
as well as silt.ing~ scouring and possible
out.let. c:ont.rol should be c:onsidered~ even
t.hough t.hey may not. c:hange your design.

ILLUDAS assumes t.hat. there is a 100 perc:ent.
t.rap effic:ienc:y at. all surfac:e i~let.s in a
sub-basin. Alt.hough t.his will not. always be
a t.errible assumption~ some over-estimat.ion
of surc:harged volumes may result bec:ause for
very intense storms t.here may be a c:onsider
able volume of surfac:e flow whic:h - runs past.
an inlet. and on down the surfac:e flow path to
the next. inlet.. In many c:ases~ this may be
seen as a c:ompensating error for all but. the
headwat.er reac:hes of the drainage net.work.

As seen in the Nationwide Urban Runoff Pro
gram examples, typic:al model runs that don't
provide gimmic:ks for surc:harged c:onditions
produc:e severely attenuated hydrograph peaks
when inflow exceeds reach capacity. In c:ases
where the branc:hes discharging to suc:h 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 i nf i I trati on j.. runoff

allow wider range of grassed
tions.

algorithm, to·
area applica-

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.

.:.
-~,~':'/

•

Add a

Replace

user--friendly
local
export

interface to other models, allowing
surface hydrograph import from or
to other urban drainage models.

•

•

•-
•

Allow less than 100 i. trap efficiencies.
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I. Overview

A copy f thE: S;i:-ll'1 source pro~ram for CDC-Cybernet co.npu~er system, a
s~mple in~u and output and a rough users mgnual is available by written
req;Jest to:

Mr. Aill iam Todsen
Chief, Engineering Division
U.S. Army Corps of Engineers
Missouri River Division
P.O. £:ox 103 Downto~ Station
Omana, Nebraska 63101

Please peeify the tape format including the number of tracks, density
aoo tape labE 1 required. There is a $200.00 charge.

II. Jook:xiel n eery and Structure

A. Thecret.ical Development.

The SiNl';: model simulates the runoff phenomena of a drainage basin for any
given rainfa .1 pattern. Since the only information ,..oich can reasonably te
ex~ectea to be available is climatological and physical watershed
characteristics, such as size, ground slope, and types of cover, Siol~;~:
represent.s ti' e drainage basin by an aggregate of idealized sUbcatchments and
~ut ters that are common denom inator s of the drainage plan and are read il y
qucntifiablti:. fleXibility of the program to be adopted to any prototype
conditions .... s of grei::it concern and was considered in the mod~l formulation
and developue~t.

Hydrogrjiphs are c<slculated by a step-by-step accounting; of rainfall,
infiltration, detention, overland flow, and gutter flow. The drainage basin
is conceptu.lly repres.anted by a networi< of hydraulic ele:nents, Le.,
subc.. tch:nents, 6utters, and pipes. Hydraulic properti~s of each element are
then c~racterized'oy various para~eters, such as size, slope, and rou~~~ess
coeffici;nt,.

As was originally envision:d, a subcatchment is r~ctangular in shape with
reasonably un for~ watershed char~teristics, such as surface cover and ground
slope. The I e:ollletry of a suocatchment is defined by the area, width, a:id
grouna slope. The type of ground cov~r determines the detention depth
requirement~, the roughness fact.or (such as 1"janning's coefficient), and t:l-:
coefficients pescribirl6 the infiltration loss by Horton's e~tJOn~ntial function
(Ked. 5).

The sUbc~tch:nents need not be the same size and the irre~ular shape ca:1
be approximated by an equivalent rectangle by computing the mean widt-n. 1:1
principle, a series of subcatch~ents can be cesigned to cover the entire
drain<sge basi ~.

•

e.

•

•

•
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•

•
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Toe subcatchments form an aggregc.ted system by gutters and pipes
specifying the connectivity of flow. Hydraulioally, gutters and pipes are
described by the Man:1ing's coefficient, len,;th, invert slope, and geometric
description of the shape. Tl1e letter may include the bottom width and side
slopes for rectanbles, trapezoids, and triangles and the diameter for circular
pipes. Missouri River Division revisions allow the us~ of an overbank
flood way section in conjunction wi tn gutters and pipes. Diversions frorr. one
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 subcatchm~n~ 1
discharge into gutter 2. Several subcatchments and gutt.ers can be connected
to a given gutter, depending on the topographic condition.

b. Relevant Equations

The basic equations used in the SW~~ model are summarized below.

1. Manni06s Equation:

for determining outflow rates from subcatchment areas and from gutters.

2. Continuity Equation:

for determining water depths in sUbcatchment areas and gutters.

•
~. Horton's Exponential Function:

It = fo + (fi - fo)'ec:w..t

•
for canputing infiltration.

C. Coefficients

Coefficients used in the SW~~ model are sUTh~arized below.

1. Subcatchment physical characteristics

•

•-
•

a.
b.
c.
d.
e.

(Manning's N)
f.
g.

Area .
Lateral outflow length
Percent L'llpervious
Ground slope
Surface resistance factors for imtiervious and pervious areas

Surface retention storage for impervious and pervious areas
Infiltration rates
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2. Co: nveyance element dimensions

•

e.

. E:ottcm width
I • Len6th •( . Invert slope
( . Left and right bank side slopes
I • Mannings N. Depth
i . Overbank dimensions

3. Ro inCall hyetograph - intensity (in/hr) ) J •"

D. U e in the Missouri River Division
'.

The M ssouri River Division has made several changes to the SWMM model.
These chane es are outlined below. .

1. o.erbank floodway sections may be used in conjunction with gutter and
pipes.

2. A detention dam with a specified storage-outflow curve may occupy any
gutter or I ipe se~ent.

3. T~ aid in overland flow routing, the way infiltration losses are
computed h ~s been changed. The MRD modification limits the infiltration loss
to no grea ter than the current rainfall except that the lC"ss is al ways at
least 5 per cent of the computed infiltratiol'l rate. This revised algC"rithm is
more in l~ e with the practice of handling rainfall loss rates in the Missouri
River Divi~ ion.

4. AI innow hydrograph may be specified at any gutter or pipe segment.
The inflow hydtograph is input as a table of time in hours versus inflow in
cfs.

5. A diversion from a gutter or pipe out of the system or to anC\ther
gutter or oipe may be used. A table of total flow in the gutter versus flow
diverted il cfs is included in the inp.lt data.

6. SEveral changes were made which m<'dified some details of what values
are printec out and output format.

7. Me difications were made to allow watershed and pipe/gutter input data
to be modi ied by a factor to avoid punching new cards.

•

e.-

•

•

•

•e
•
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INPUT

TIME

SUBCATCHMENT

•

•

•

•
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••
•

Figure 1. DEFINITION OF A DRAINAGE SYSTEM
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III. Program Structure and Implementation

Once the propbrties of each hydraulic element are given, the computer

can be instru~ted to make a step-by-step accounting of how much water

comes in, how much is lost to infiltration, and what will be the outflow

and the remai ingwaterdepth in each increment of time. This accounting

procedure can best be described by the flow chart shown' in Figure 5-2.

First, ~~e copputer reads and edits data pertaining to the rainfall

hyetograph, s'~catchment, and gutter characteristics and ~~eir inter-

connections. Unit conversion is made for all parameters to conform in

the pound-foo -second system.

•

e.

•

•

•
Stepwise comp tation proceeds as follows (Figure 2) :

1. Rain all is added to the subcatc~ent according to the specified

hyet~qraph,

(1)

wher. 01 .. Water depth after rainfall

e·

•

2. Infi tration is computed by Horton's exponential function and is

..

..
Water depth of the subcatchment at time, t

Intensity of rainfall in time interval, ~t

•
subt acted from water depth existinq on the subcatchment,

I .. f + (f. -f ) -at (2)et 0 1 0

•and .
°2 .. ° - I ~t (3)

1 t

wher fo ' f i , and a are coefficients in Horton's equation

02 i intermediate water depth after accounting for infiltration.

•e
•
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I READ AND'
EDIT DATA I
~_r----JJ .

!
CONSTRUCT

CONNECTIVITY
MATRIX

TRAPEZOID)- GUTTER FLOW ~PIPE
HYDRAULIC I. OVERLAND INPUT HYDRAULIC
RADIUS 2. GUTTER INPUT RADIUS

3. FLOW (MANNING'S) '____.....J

4. DEPTH (CONTINUITY)

•

•

•

•

T

I
M

E

P

E
R

I
o
D

OVERLAND FLOW
I. RAINFALL
2. INFILTRATJON ..
3. DETENTION
4. FLOW (MANNING'S)
5. DEPTH (CONTINUITY)

SU8CATCHMENTSI

COMPUTE
HYDROGRAPH
COORDINATE

•
PLOT

HYDROGRAPH

~

( STOP)

GUTTERS/ PIPES

••
•

Figure 2. FLOW CHART, HYDROGRAPHIC CO!':?UT.;::,rCN
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3. If the resulting water depth of the subcatchment, O
2

, is larger

than ·t~e specified detention requirement, Dd , an outflow rate is

comput~d using Manning's equation,

•

e.

•
v .. 1.49

102 - ° ) 2/3 sl/2
n d
.

and

Q,., .. V W (02 - 0d)

where V .. Velocity

n .. Manning's coefficient

s .. Ground slope

W .. Width

~
.. Outflow rate

(4)

(5)

•

•

e.·
4. The COl tinuity equation is solved to determine the water depth of

the swcatchments, resulting from the rainfall, infiltration, and

outflo~ ,

(6)

where A is the surface area of the subcatchment

S. Steps 1 to 4 are repeated until cox::putations for all subcatchments

are cOllpleted.

6. The inflow (Q. ) to a gutter is computed as a summation of outflow
ln

from tzibutary subcatchments (Q .) and flow rate of immediatew,],

•

•

•
upstrealm gutters (Q .).

g,l

Q. = Eo . + EQ .ln '"w, 1 . g,l
(7) •e:

•
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7. The inflow is added to raise the existing water depth of the

gutter according to its geometry,

Y = Yt + (Q. / A ) 6t1 ln s
(8)

•
where and Y

t
•

•

Water depth of the gutter

Mean water surface area between Y
l

and Y
t

6. The outflow is calculated for the gutter using Manning's equation,

•

•

and

Qg • V Ac

where R = Hydraulic radius

s: = Invert slope1

A = Cross-sectional area at Y
lc

(9)

(10)

9. The continuity equation is solved to determine the water depth

•
of the gutter, resulting from the inflow and outflow.

= Yl + (Q. - Q ) 6t / A
ln 9 s

(11)

•

••
•

10. Steps 6 to 9 are repeated un~il all the gutters are finished.

11. The flows, reaching ~he point of concern, are added to produce a

hydrograph coordinate along the time axis.
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12. The ~rocesses from Steps 1 to 11 are repeated for succeeding

time periods until the complete hydrograph is computed.

The step-by-s ep description of the solution procedure gives a physical

picture of th processes being modeled. The integration of variables in

each time inc ement was originally performed by the modified Euler's two-

step method. This is now accomplished by ~~e Newton-Raphson me~~od

(Ref. 7), whi:h produces a smoo~~er hydrograph and more stable solution.

As was noted, Manning's equation was used for computation during each

time interval of integration. The "state" of the system, however, is

being updated continuously. Thus, the dynamic behavior of the runoff

phenomena was simulated by a stepwise and successive quasi-steady state

apprcximation.

•

-.
•

•

•

••
•

•

•

••
•
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IV. Example of Model Application

IfiDRClCXiY
~iccle ~an Creek

Flooe Insurance ~tuCY

Rane0 lpr. , Nebraska

.l.. General.!t:e l':ycrolo~y st1.X~y for Mic'cle LOE1an Cr~eJ< Floor In~IJrance

~tlJcy Cit Rancolpr., NebrCiska is pr\!sent er in tra followinE1 paraE1rapr.s. f>
map of Miccle Lo~an Creek is presentee' in Pttacrlner:t 1.

z. Basin Description. t-!i~~le LOid.~ ~re-=K~ is a trib l;ta:-y of Lo~~ ':reek,
c3 left Oank tributary of tr.e Elkl".orn Rivc:r. Miccle Lo~ar. CreeK extenc's
aOOIJt U miles nortl':west of Raneolpt: ~mc' fl.Jws in an easterly c'irection to
tt:e cownstream stl)c!y limit abol)t ~ mile! ea!t of Ranclolpr.. Mic"clle Lo~an

Cre~t< t:CioS sev..:ral Inajor triolJtaries bott- to tl':e nortr an~ to th~ sOIJtr.
Tl"e crc;ir:a~e cireC:l aoove n..:: cownstrea:r. limit is :7.8 sql;are mile!. Lar.e'
uSe in tt·! Oi:i!ir. is pr:ecominately a~ricultural. Lane slopes rar:~e from 1
to 13 po:rcent.

j. EXistinE ~tructures. One existin~ strlJcture ir. tre stucy area
wr.ict: woulc si~nific<:irltlyattenuate tl':e flow cross;s tre large norUern
triOl)tary. TI':e strlJctlJre is locatee on tre ciCiional cOIJnty roae' in ~·.:ctio~

lj, approximately 2~·0 feet nortr of its intersectio:: witt: Neoraska ~tat.:

Hi~l':wi;lY ~C. Tte cl':annel opening Imcer ttis bric~e is approximately 30 feet
by 3." feet. '!'t.e location of tr.e strlJcture is stown o~ Pttac!":ment 1.

u. Discr.ar~e-Probability.

a. Hycrolo~ic ~oe'el. Discr.ar~e-prooabilityrelationsrips for
~iccle Loga~ ~reeK wer~ oasec on a rainfall-runoff analysis usin~ tre
E.n" iro:1m~nt al Prot~ction P~ency's "~torm 'Nater ~~ana~emer:t Moc'el." Tl"e
oasin was civic;c into 'oj: slJocatctments ...t:icr. averc.~ec 191:· acres.

c. Rainfall. Tt:e 10-, I:·C_, anc lOC'-ye3r one-rOIJ: point rainfall
valt)e:! were :JotaincC from NOAA !ecr:nical ~emora:1c1)m Ny.;;::. ~YD~':j-3C:. Tre c:C'~._

yedr event was ceterminec from an. extrap:>latio:: of a line plotte...... tt:rou~r

tl':c: 1:::-, 50-, ane' lCC-year valves. Tl':e maximlJIn one-rour point rainfall
vall)':s for tt:e C:;C'~_, 100-, ~·O-, anc la-year events are 1l.C:C', 3.63, 3.26,
one Z.L1 incl':es, respectively. Tr.ese vallJes were ac'jlJstec' for basin size
ane' St:dpe prior to application in tl':: ~~~~ mocel.

c. Friction anc Infiltration Losses. Tt:e ~ar.ni:1~ 1Ir." c:::l~fficie~t

IJsec for cr.annel ane' overbanK concit ions ran~ec' from .03C to .cue, P soil
infiitrat ion rate of C.6C incr.es perrOIJr was lJSee for tte pervio'Js areas
in tt:e tycroloiic mocel. ~urfac~ storape values for tre pervious ar.~

impervio1)s <:ireas were ~e::erally .0=·(\ ane' .11:·:) inctes, respectively. Lar?er
values .....::re IJsec' in several b3sins basec on a site visit,

c. ROlJtin? ~torm runoff occ1Jrring in n.! t-1ic"cle Loga~ ':re~:< :,asi::
aO;jve tte or ic~e or. tr.,: ~ iJgonc.l count y rooc" ~escr i bee earl i~r was rOIJt ec'
tr.rov~r. tr.e StrIJctl;re. Tt:e cisct:ar~e rating CIJrve ttrolJgr tt:e brie'g'~ ·..a::
c~velop\?e' lJsini tt:e COrps of Engineers' HES-2 .CO:r.P1Jt <::!r proi?ra:r. a~c' SlJrveye~

cross-sect ions c'ownstrea:n of ane ttrolJgt tr.e bric'g~, Tre re::1Jlt:: of tl"e
~::.c..-2 pro~ra;r. were combir.ee ....itt a stor~e-ele...,at iOrl C1JrVe IJpstrea:r. of tl"e
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erH'i~ c'ev~.i.pp~~ I)~i~i sl)!"'ve:';c' cr;)s!-!ectio~! ar::" t~~..)ir"ap1"'ic il'dPS 'C.J
pro.~I>:~ tl"o:? s .:lrai::-<'lscrar~e relat lonstip I)~~'" in t1"'~ ~"'1"~" :r...)"~j,.

e. t.alieration. Tt:e ~";I-!fol mocel WiJS calibratec' I)sin~ a re~i~nal

!t1)c'V of floc ..~son smoll c'raina@'e areas in Nebrasr<a. '!'1"'e resl)lts of He
onalysis fu. Mic'c'l~ Lo~or. (,,;ree~ at co,..:istreCl:r. stl)c':' limit ar.c! at
Sl)Ocatcr.;ner.t 0= ( ..s sr.own on .attacr.lT!e~t 1) are srowr. on Attacr;ne~ts _ ar.~

j, respectively for co:r.j:l.:lriso:: pI)rposes.

~. SUlI!mary Cisct:dr~e-prO:)Cloility re1atio:lst:ip~ for tre c:,CO-, lC::-, C:C_,
anc lC-yecl!" vents fo:" Miccle Lofar. C.r~~k at sele~t~ locat ior:s are sl"o .. '1

in TaO.!.e 1.

Table 1
~I~r.ary of Feak Discl"ar~es

Micc'le LOi~n t.reer< at Rancolpl" , N~braSKa

•
e\

•

•

•
~lJOor':i:I a
Locoti.::m

~~·-t-!iccle !.o~ a.'1
~ree,( at ~tl)(' y
i.imi t

o7-I~iccle L~ ar:
':;ree;< at jl..nc t.
w/ncrtr. triot t ary

02-Micc.L~ L.:le"''1
CreeK Cit Rdnc olpl':

oj-I-!iccle Lo~ ..n
(.re-a.< at J I}.1C t.
..I :So:) ut r. t r iOI t cory

Feal< DiscI" ar~e
DrdinCl~~'Area (ClJUic f~et p..... seconc')_.

(~9' mil 1:£:!!: S=:1!: 1CC-Yr C:·CC-Yr •
,7.0 u82Z 9u3: 11 ,677 17,33:>

10.-0 3C:· 31 07~C: 5,3u: 12, U(': .,-
IC:·oj 3ugi 671u :j,Z67 4,3b

::.u 2'u 1" uC:6l c: 'C:'3~ o,C7l •
7':i-SOIJtr. tri IJ, ary
ot jl}.1ct. wi .icclle
L0t7C1n Cr~-ei<

7j-";;st oran I': of
~OIJt r. Tr iOI);: .ry

7j-East Bran r. of
5.:lI)Cr. TriOi)t .ry

jC-Nortr. Tripl)tarv
at Jlf.1ct. w/~i,"c'le
LOeat: (.r~-e.<.

jl-~~~t Br..n r. of
i,,,;)!'"t r Tn out Qry

j-j-Ec.st SrC:lr.~r of
No:;tr. Triot)'C ary

•
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~dddle Lo6an Creek at handolph, Nebraska
County Road Bridge across Nor~hern !ributdry

E1evation-StorQge-Discharg~Data

E1E vation Storage Discharge
(f '. msl) (ac-ft) (cfs)

1/ 48.0 0.0 0
It 49.6 0.4 50
1i 50.4 '0.8 100..

2001/ 51.:;S 1.5
1t 52.2 2.3 400
1t 52.9 3.1 600
1i 53.5 4.0 800
It 54.0 4.8 1,000
II 55.0 6.5 1,450
Ii 56.0 9.0 1,850
1 57.0 11.5 4,250
lC 58.0 14.5 11,150

V. ASSeSSlllent

The S'~~M model has been used on a wide variety of basins with 600d
results. ~pplicstion of the mocel is gener;:lly not difficult since the model
uses p.'1ysi~al parQmeters which can be measured easily. Calibration has be~:1
maa~ wi "h roth historical hydrologic r:cords and regional studies. S"AHJ': is a
.<ina:.ic mo~el anjtherefore may not wori< well on very flat dl"'ainate basi;1s.
i;,ne pitfall of th'S model is that it does not consider baci<... .3ter effects. This
can m~ke D1(~eling difficult if there are many bridges or other obsticals to be
routed thro(Jgh. In the post, Siii'i:'l has oeen cOl:lbina<! with other tn:ldels if this
is a problen.

•

••

•

•

•

•

•

•

•
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6. Ii MASSACItUSETTS INSTiTUTE OF TECHNOI.oOY
CATCIIMENT MODEL

One of the computer models menlioned In the previous chapter, Ihe Massochu
sells Institule of Technology Catchment Model (MlTCAT) 1311. Is useful In
evaluating drainage management programs.

Philosophy of the Catchment Model

MITCAT represents Ihe phyldcal movement of water over the catchment surface
alit! throu!:,h thc channcl network of a river basin 132). Recognizing that
surfuce gcometry Is extremely Irregular and impossible (lind uncessnl'y) to
represent in complete dctuil in either a physical or a muthellu,tical model,
MITCAT follows a reducllonisl approach. The model replnces Ihe nalurul com
plexities with a number of simple elements lIuch all overland nowilianes,
slreum segments, pipe segments. elc. A suitnble ellmbination of nn npproprl
Ille number of these simille elements is assumed sufficicnt 10 model the be
havior of an enlire cllichmeni.

A slIlIlple calcllOllcnl is iIIuslruted in l'il{. 6.14. A poslIible combinulion of
overland now und slrenmnow elelllcnis uppenrs us a delulled model of Ihl8
culchmenl in nl{. 6.I!L l.e88 delullcd reprcsentations muy be used in 1II00t
pruclicnl uppliculiunll.

SOllie of Ihe busic considerations governing the developmenl of Ihc model
were:

The model wus hnsed on aound phy8ical reasonlnl~.

v----""~",1 ((11/8'\\ "
.Y./ ) ,\.~ /\

( "'-100 / I I, I !; too \
'~ 11\. Vjf1~2--~ '--7, \\-,J)L l~t//

-t// I \. ~
-,/1\'1-
--, /J .p \X

../"'-7
Figure 6. J4. Drainage network of typical catchment. (Reproduced from
Ref. 3t.)

FlllUO'" 6. IS. E(IUlvalcnt "block" dlugront of the cOlchment. (Reproduced
from IIcf. 3 J. )
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(6.46)

(6.47)

(6.45)

(6.44)

~ + .1.L"'q
at ax

m
Q'" a A Ss

where A Is the cross-sectional area of now, Q la the discharge rate, and q Is
the lateral Inflow rste of overland now.

The above equationa contain the ao-called kinematic wave parametera
h, m) for both overland flow and stream aegments. 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 faclor, generally Manning's n

The extrsctlon of' the appropriate values of a and m are presented In the
principal reference 1311.

The model aolves the kinematic wave equations by numerical techniques.
The details of these techniques have been carefully developed over a period
of many years to the point where reliable procedures have been programmed
to automatically aasure the most economical aolutlon of these equations 131J•

The dsta Input ne~ds can generally be classified as follows:

Rainfall
Infiltration parameters
Area of bssln or subbasin
Length of typical overland pattern.,. .
Slope of typical overland runoff pattern ,
Roughness of typical overland runoff pattern
ImpervIous cover of basin
Length of stream through bssln
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 Is a
reasonable process and Is the finol determination as to the extent of data
necessary to fulfill the above classes.

--!L- + 2..«L '" I - fat ax
m

q'" acy C

where y Is the depth of now, q la the rate of now, t is time. x Is dlatance
along the aegment, lis the rainfall Intensity , and f Is the InfiltratIOn rate.
In Eq. (6.44), both I and f may vary with x and t. The difference I - f may
be treated as an effective rainfall rate (which, by convention in hydrology, I.
never negative). The fact that f may vary with x cauaes the model to
simulate runoff only from those locations where' exceeds f. .

The corresponding equation for the stream segments Is:

Involved. To this end, the two parameters of the kinematic model yield
sufficient range to model the runoff phenomenon.

The kinematic wave equation for an overland flow aegment la:

Model Overview

The present MITCAT model can Input several forms of rslnfall data. which are
then reduced to effective ralnfall by one of several Infiltration algorithms.
1I0ltan's, Ilorton's, an Antecendent Precipitation 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 now and as stresm Is simulated by use of the
kinematic wave equation. The kinematic wuve 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
druullc unsteady now In modeling the I)henomenon of overland now Is subject
to considerable parsmeter adjustment to ac(.'Ount for the peculiar flow regime

The parametera were directly related to the physical characteristics of
the cstchment 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 sny size or shape, urbsn or rural.• snd
does not require complex Input dats to achieve this cspabillty.

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 Internally to make
the model as self-sufficient ss possible snd 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 now. An overland now plane Is SUbject to spatially uni
form laterallnnow from rainfall, lateral out now to Infiltration, and
upstream Innow from adjacent overland now segmenta.

Flow from the overland now 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 now reaches and closed pipe elements.

Storage Is slmulsted by reaervoir elementa.

Each of these elements can be linked together to slmulste 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 psrticu
lar sltustion depends upon several factora, which are presented In subsequent
sections.



Modeling Strategy

Figut'e 6.16. MITCAT system structure. (Reproduced from Ref. 31.)

The general philosophy behind the catchment model woo preoented earlier In
this section. As wos emphasized, the model follows a reductlonlst approach
using simple elements to model the natursl complexities of a draInage basin.
Presented here are the approach to be uaed In modcllng the basin ond the
available methBdll of linking the various Individual elemenls. Alao presented
ore the strategies available to the user In modeling the behavior of complex
hydrologic llystemo.

MITCAT Is prlmorlly a model to permit simulation of Individual slorms.
It Is thus more sultoble for specific nood event olmulatlon than for long-Ierm
slmulstlon which might be required for low-now delermlnatlon or storage yield
analyals. Another model, which may be based on the MITCAT dota base.
should be used If long-term simulation Is desired.

AUreA r Elemenl.
MITCAT is designed to operate ss an Interconnected series of simple routing
elements. The operation of each of these elements ia simulated by a relallvely
simple set of nonlinear lechnlquea. These techniques were selected so that
the data required for each could generally be derived from readily available •
sources auch alt topogrophle maps. soli aurveys, and stresm croos Itectlons.
At the same time, a determined effort walt made to limit the number of black-'
box techniques and the resulting foctors which would be required. The re
sulting MITCAT model Is 0 deterministic slmulotlon model with IIIt1e colibrutlon
required to model the behavior of a l,riven hydrologic oystem. Although the
operation of each element wilhln the model can be resdlly and easily simulated,

,the user must enaure that the chosen network of segmenta and elemento doeo.
In facl. represent the prototype hydrologic system In the booln. This section
Is deslltned to present some of the points considered germone to the correct
choice of modeling e"iments and to present operotlonol technlqueo developed
In the first years of applied use of MITCAT.

Initial examlnotlon of the basin to be simulated will indicate Ihe occur
rence of a number of specific locotlons, both natural Rnd those commonly re
ferred to as "design points." which serve to define specIfic pointIt of Intereat
along the various stream reaches wilhln the network. The naturol poInts
ullually occur at locotlons ouch as stream 'unctions. hlghwsy crosslnga, and
reservoir sites. The first step In the applicotlon of 0 limited-element model
Is to subdivide Ihe basin Into s number of oubbasins. These are shown In
I'i .... 6.17. and are chosen so that subbaliin boundaries occur at each of the
following locations:

Primary Junelions
Ileslgn points
Streum flow galte locations (If avallabte)
Rellervolr sites

The full MITCAT model, 8lI currenlly operlltlonal, requlreli approxlaullely
3501\ bytes of core to run. A sm..n nonl)N)I)rletury version, referred to liS

MINICAT, Is ..v..illlble which hlili b....lc cllpuhilitleli of wlltershed rel)relienta
tion, routing clements, Rnd two Infiltrution methodli (SeS or 1I0rton's):
MINICAT requires HOK bytes to operate, though this requirement cun be re
duced to 64K bytes.

MtTCAT Structure and File System

The kev ~ltem@nlR. or a.tlT~AT ....A ha rntvl .. lo ..

system. These sllow nexlbility for the user to decide how to model a bllsin
ami how to snalyze the problem under study.

S\I'uclure of Ihe Program

MI'I'CAT follows cerlaln baaic steps during a simulation run. These are:

Read and check inpul dolo: The user's commands 'and Ihe associaled
dats are read in and checked for errors, snd j( any are present,
messages are printed out.

Display inpul dolo: All of the input data. as well as data picked up from
the file system or estimsted by MITCAT. are printed out. This allows
easy verification of the input data by the user.

Routing and oUlpul: Each active element In the syatem Is then simulated
and Its resultll are printed/plotted/stored. '

MITCAT operates on the basin configuration In a sequential manner.
Thla means that the whole time history of intereat is processed through each
of the simulutinl: modules In se'luence. This mode of 0l)erlltlon shoul<l be
contrasted with the I)arallcl modes where the state (I.e., wllter stage, stor
alt". etc •• rsthcr than dilichsrges) of the totsI system la computed at each
time step.

Use of a sequentiRI model has the sdvantage that each Individual element
can be operated at different time sleps. The size of the ttme Increment ou'y
be dictated by model stRbility and/or convergence criteria or simply hy the
user's idea of whot may be an "oplimum" time step for such an element.

A dissdvontage of this mode of operutlon is thut decision makinlt (where
it is r"qulred) at esch time step Is rather difficult since the "state" of the
oystem at oil the downstream points is not known. On the other hond, 0

parallel model of operotlan permits reody decision making ot each lime step.

VATSYS File Syslem

A fcoture of MITCAT islts ossocloted file system (DATSYS). The dota file
hun<lling sylltem Is designed to ..lIow the user to acceSli. process, etc. dala
which has been filored in the dato bunk system during the operation of a sim
ulalion (or other program). The oulputa from these runs are IIsuldly tillle
histories of d.. ta which are frequently neces.... ry to plot (sepurutely or us
IIllilliple plotll), complile the 1Il0ments 0(, and/or copy to other files. It Is
01>10 possible 10 loud historic dato into the file systenl so that they lIlay be used
by a m..in line program for a simulution run.

Figure 6.16 shows the busic structure of the MITCAT System. Most
importll"t for the purpose of this book are the connections between MITCAT.
the tlutu bonk, and Ihe IUlld use m"s. The eHicl"nt ulle of this file
sysh'lIl cun reduce the coat of 0 lIll1llllution run. For example. a run cun
tll' r"sl .. rletl ut 1111 il'lcrmecliOle point in 0 cutehment if a new test mllst be
mude where nnly u chunge in the lower purl of the bU..irl Is to be mude.

DATA - 8ANK

IDATSYS)

CATCHMENT
MODEL I. I

(MITCATl

LAND
USE
FILE
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Figure 8.17. Waterahed example. (Reproduced from Ref. 31.)

TheBe Initial BubbaBlnB may need to be further Bubdlvlded to account for
msjor nonhomogeneltieB within them. For example, extreme rainfall variationB
due to orogrsphlc effectB or development of part of a subbasin Bhould en
courage the modeler to Bubdlvlde further untlt a reaaonably homogeneous
condition exlstB. It Is difficult to define what Bpeclflc size limitations might
be applied to the Belection of the BubbaBlns. Operational use of the model haB
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 km 2 have been uaed. It la 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 sppli
cstion from significantly dtstortlng the outflow hydrograph at the desired
location.

The basic network of subbsslns 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 aystem 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 segment. In order to model the situation where segments 25, 26, Bnd 2 sre
linked to segment 3, it would be necessary to Insert B "dummy" segment, such
BS /lumber 31, In the netwol'k. Such segments aerve no roullng purpose but
sre simply used to permit simulation of networks which have junctions with
numerous streams trihutsrv It' tllp l..n..lIon

[] Dummy Sewnents

o Sel'Mnt Numbers

L Reservoir

Figure 8.18. Segment connectivity of watershed example. (Reproduced from
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 cotchment 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 S8
reservoirs for site detention control

The pipe element. which may 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 stresm elements as Illustrated In Fig. 6.20. The typi<:al
V-sloped segment shown has been found to be an extremely efficient and
accurate WilY 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 Rnd overland flow which occur on a unit strip of
each element. In order to apply simple modeling techniques, all the param
eters for CRch of these elements are considered to be spatially homogeneous.
The porameter that Is of greatest interest to the model at this stage is the
overland flow length, designated by /,cl or /.c::ln Fig. 6.20. Inspection of
the topographic map of each subbasin will reveal some variations of thIs value
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0.05-0.100
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0.3 -0.4
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Dense growth
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Small depths

aSllllllfiClIllt now occllrrlllit over the surface.
SOU/'ce: U.S. t'orellt Service It31.

TobIe 6. 1J Mannlng'a n for Overland Flow

over the subbasin. It wUl be found, however, that for moat natural boalns.
a Ilurprlalnl:ly conlltsnt value of l.c can be found when olle lies determined
whot the full drainoge network within the baa(n looks like. 1'hla network In
cludes not onty the main stem atreama. but also the multitude of amsller tribu
tarlea and rlvuleta which act aa channela under slgnlrieant rainfall eventa.
Such a achemotlc is Ilhown In Fig. 6.21. The correct aelectlon of Ihe value(al
of this overland now length I.c la easenUal for the adequste modeling of the
basin response. This parameter la by far the most Important variable for
determining the response characterlatlc 01 the overland now aegment. Since
these elementa In turn act as Ihe primary high frequency and limited band-

, width ruters In the almulatlon network. Ihelr accurate representation la
crucial 10 Ihe ability of the choaen schematic to slmula(e the protolype
aystem.

Table 6.11 gives Mannlng'a n for overland now roughneas effecta. Since
the selection of the correct overland now length Is 80 critical, various Internal
arrangements of the aegment atructure will be required In order to adequately
include the range of overlond flow lengtha which may occur in the prototype
basin. In certain casea. a very almple schemallc 8S ahown In Fig. 6.228 will
suffice. The more general case is shown In Fig. 6. 22b. where an overland
now element la modeled in each aide of the main atem. In this caae. the over
land now lengths for the elementa may be the slime or. aa more generally
found. aomewhat different. Thla schematic la also able 10 handle the normal
variations of the other parameters such as alope and roughneaa as they occur.

A more coml>lex configuration la lIIuatrated In'Flg. 6.22c. This would be
used to model an urban aegment where a number of different now altuatlons
exist (Fig. 6,23), Elementa would Include:

Flow from Impervloua roadway and roof aurfacea
Flow from a pervious lawn accepting runoff from commercial areaa
Flow from Impervious commerclol/parklng areaa

Roof dralna normally discharge directly Into pipe syatema In Melbourne,
and so roof snd street areas are combined Into one element. Figure 6.23c la

III

O...lond flow
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Figure 6.19. Typicat MITCAT elementa. (Reproduced from Ref. 31.)

Output

f'igure 6.20. Simple catchment-stream elements used to model a segment.
(llcl'rodueed from lief. 31.1
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Figure /1.23. Typical mOdel of urban area. (Reproduced from Ref. 31.)
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Figure 6.21. (a) Prototype watershed; (b) typical model schematic for
natural watershed. (Reproduced from Ref. 31.)
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presented to illustrate 8 more complex model for some 8l'I'lieations. SeKments
shuwn in HI:'. 6.23b and c have been l>ueeosufully ulled for l>ulJl;aslnll ul' to
400 hectares (1000 IIcres) in sbe.

S"'""m Element
In each of the schematics. a Shoeom element Is considered to be a stream
reach of uniform CroSli section and to hllve a length of I.s.

The cross section is usually considered to be a siml,le shape as shown In
Fig. 6.24 where the basic shapes currently available for slmulution with
MITCA

st.'Ction chosen where disehurge simulation Is Involved; however. stuge.
velocity. and other derived data are aenaitive to the ahal,e choaen. "'rom
operational use of MITCAT. some general rules have emerged for the appro
priate section shures to use.

It is found IIl1lt mosl upstream reaches are best simulaled by use of
simple triangular shapes. litany of these chunnels are extremely smull. and
any flood now uses the overbank area eXlenslvely. Such overbank areas are
frelluenlly Irlangular In cross section-see fig: 6. Ua.

In further downslream reaches. simUlation wllh basically trapezoidal
channel sections Is found 10 be most approprlale-sce Fig. 6. 25b. In such
cases. care must be token to fit the most al)proprlate CI'oss'section shape for
the range of flood stages of Interest.

Urban areas sometimes have gutter sections as their primary drain
elcment. In these segments, use of a gutter shape ss In Fig. 6. ~5c will be
desirable. 1I0wever. for the simulation of larger urban areas, Where atorm
drains are used. a slream segment wllh a circular shape (Fig. 6. 24e) ahould
he Ul;ed. This I'orticulllr shope actually simulates Ihe behavior of a regular
conduil up 10 the 90 percent full position. "'lows greater than that are
modeled by assuming that the capacity of the element Increases as required,
I.e •• no pressure now and/or surcharging occurs. Use of a circular cross
secti"n Is appropriate since the area being modeled lloes not normally drain
to a single storm drain; rother, II consisls of a whole series of slorm drains
connected In a relatively complex nelwork. 1I0wever, It has been found
possible to duplicate the whole nelwork by a single stream/pipe element as
shown in Fig. 6.23b or C.

As sn area is urbunlzed. Its drainage network simulatton will also chanl~e.
A typicsl staged development of a segment schematic is shown in Fig. 6.26.
In this situation. Ihe undeveloped (nalura\) basin can be typically modeled
using a single segment. with a simple catchment'stream'catchmenl structure
of the segment. As the basin is urbanized, more and more of the area is pro
vided with storm drains (including gulters) and a different set of drlllnllge
controls exists. The easiest way 10 simulate the runoff from such urbanizing
areas is by using a segment in parallel to the segment modeling the runoff
f.'Om the nslural syslem-sce Fig. 6.26b. The discharges from both of Ihese
segments'ore combined to estimate the tolol flow from the hasin. In the fully
developed case, the runoff from the tollli basin mllY well be simulated by the
urhan segment and only the upstream now routed through the muln stem.
The Illlter may. of course, all;{) be modified in order to handle the Increased
disehnrge levels, "nd so forth,

As disenssed Ilhove. II range of"reilltively simple cross -section shapes
are used 10 lIIudel prutolype Slream choonels. These shlll'es are normally
sufficicnt to enuble adequale determlnution of the disehnt'ge rate. and were

• •• • • • ".•••• • • • •• •
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Figure 6.26. Typical urbanization of a segment. (Reproduced from Ref. 31.) ~
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Figure 6.27. Stream cNss-sectlondeflnltlons. (Reproduced from Ref. 31.)

chosen because simulation with auch 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.

VllI'iable. Available cross sections are lIIuatrated In Fig. 6.21 where
their significant parameters are noted. It should I>e noted that the para
meters used Inelude the cross-section shapes as well as the seginent slope S
and the effective Manning n. The value of n appropriate for stream segments
can be estimated from field Inspection or from standard hydraulic handl>ooks.

n'langular Sections. The8e sections will be very useful for simulating
small natural streams, I.e., where permonent flow Is very small compored to
flood flows, and streoms that flow through unimproved valleys. Certain man
mRtle "hollnel" mov also fil this category.
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Instead, a "typical" segment Is specified and allowed to handle as much now
8ll required. To some extent. 1I1is duplicates the behsvlor of the prototype
where runoff that Is not accepled by catch basins usually nows over the
surface until It ellher enters the storm drain syatem or Is discharged to a
nalural watercourse.

Reservoir and Pipe E1emen',
The other slmulstlng elementa considered are the reservoir and pipe elements
for which simple schemetics are shown In Fig. 6.29a and b. Both
elements allow modeling of on-line storage. The storage Is conaldered ex
plicitly In the reaervolr elemen's. In pipe elements, each etement (which csn
consist of a number of Individual barrels) haa an upper 110111 on Its discharge

FillW'e 11.29. Typical reservoir and pipe segments. (lteproduced from Rcf.

'"

UPSTRUM
INflOW

Circular Secllona. Modeling the lltorm drainage ayalem In urban ..reaa
r8qulrell Ihe capabilit y of aimulatlng the reaponse charactcrlstlcll of 'dream
aegmenta wllh a clrculur croas-aectlon aloPil. In many CHsca, the pipe will
never fill completely during a storm event and the routing through the pipe
will reaemble normal atrcam routing. The method allowa the pipe (or eircular
croaa-sectlon at ream segment) to continue to respond even under surcharge
condltlona; I.e., there Is no upper 110111 to the cspaclty of the at ream segment.
This method haa proved very useful In simulating the response of urban
basins wllhout the need to specify the complete Internal drainage syatem.

~TTEO CHANNEL SHAPE

NORMAL 8ANKS - L. hit
R.RIebI

10' SIGNifiCANT OUT· Of- BANKS fLOW

Figure II. 28. FItting trapezoidal croaa aection to natural channela. (Repro
duced from Ref. 31.)

,r INCORRECT

\
\.

1111 CONSTRICTfO SfCTIONS

GUller Secliona. Theae aectlona are of uae In urban areaa where alg
nlflcant now In the guttera la to be modeled.

Rectongular Secllan. Thla aectlon ahape la of moat uae In almulatlng
man-made atream segmenta where the now la expected to atay In banka for
the evenl being considered. II la preferable 10 use etlher a triangular or a
tral'eloldal aeclion to model moat prototype condlliona.

Trapezoidal Secllona. This section shape la of Inlereat In modeling the
slream channela occurring In the downslrcam I,arl of river baslna. II ia very
illll,orlani in Ihls InalHncc 10 choose the correct aide alopea 10 ad"'lualely
11I",dl" the fUll range of now lliagea. Figure 6.28 iIIulllrlllea Ihe cholcea avail
able.

• •• • • • •• • • • •• •
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Figure 8.3J. Reservoir ouUet controls. (Reproduced from Ref. 31.)

The ouUet control conditions which can currently be slmulsted are ahown
In Fig. 6.31. Basically. the controls can conalst 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 splllway. The operation of these outleta 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 condltlons. the user
can specify s discharge vs. 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 reservoirs 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 and 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
elem~nt provides this sbllily. The pipe element csn consist of s number of
parallel. barrels of pipe section, each with a similar cross section.

The schemstlc shown In Fig. 6.32b shows that a pipe element can have
lateral Inflow from adjacent cstchment 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 Is 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 80 that the model
can adequately simulate the proceaaes such as surcharging and spill to sdjacent
areas.

,#~/~/

-iJ' .. ~/
//' , /'

. / ./' WAY CUlVERTS./ JI" 1111 HIGH-./ ./

./'

(0) IlETENTIOH., DETt:NTIOH IlEat:RVOIR

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 cspsclty are stored and released to the pipe as capacity becomes avall·
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 embsnkment acting to form a storage volume

under flood conditions

The operation of each of these systema csn normally be simulated
through the use of relatively simple rules.
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Stage discharge checks
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HYDROLOGIC MODELING FOR FLOOD HAZARDS

4. 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.

•

•

•

••-{'::"-~ "',

•

•

1.

2.

3.

5.

Some Other Useful Guidelines
by

) ~i1liam C. Tagga0. <.

Natural Overland flow lengths 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 norma!). 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.

Use check runs and check areas are correct.

6. Check, Check, Check Volumes. This will reveal 90% of the modeling errors.

•

•-
•

7. 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.
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X Y Z (FT) U FT. UU 9iAPE (Fl') U FT. IN)

rm ENIlJllm -lUItY- TRIAHliLM ~.O• 10 MINSOI0 680.00 .04200 23.81 li1TTER 30.0
20 MINS020 1910.00 .03200 31.~ SJTTER 30.0
30 MIN5030 1310.00 .OZ400 41.67 TPHEZOID ~.oo 14.0
40 MINS040 1920.00 .01600 62.50 TRIANQl.AR 15.0

•

••::~. ~.:c

S'llBft DATA - lI1£MnC :

fUllER fW£ EFF.LEMrnf 1'Rffn6 ~ " IlIJ1TnE SD£l£ CUTICft. CIHlITItN;

(Fl') (N) UCTlJIU (EFFECT.) '8, (FT/S) DI~UCfS) . STAt£(FT)

rm EMlIfi99 .Ol~ .303 .303 1.333 -IlJIIY -
10 MUSI0 2631.7:10 .025 J.~ 11.803 1.333 F.DIFF KINEMATIC
~ MINS020 7B69.S40 .025 2.602 10.968 1.333 F.DIFF KneATIC
30 MINS030 9379.920 .03:5 .180 ~.584 1.450 F.DIFF KINEMATIC
40 MI~ 10759.320 .o:l' 1.375 7.m . 1.333 F.DIFF KI~TIC

•
STJ9I DATA - ElilJSIa. PARMTERS :

IUII£R HAI'£ PlASTIC mAIM SIZE ..-rATED UlIITIIti lRSlCTIVE FtlIm (LB/SQ.Fl') INDICArm

• niEX (JfJ) (1) tEl IIl-'S lOO1-VE6 IU1W. omen
rm ENIUt999 12.0 .0 VElOCITY

10 MINSOI0 12~0 .0 VElOCITY
20 MINS020 12.0 .0' VELOCITY
30 MINSOJO 12.0 > .0 VELOCITY• 40 MINS040 12.0 .0 VELOCITY

••
•
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HYDROLOGICDMODELING FOR FLOOD HAZARDS • MITCAT

CA'1m'En' 6ElJE'TRY IlA A : ••
IU!EIER MAlE ctD1DIJlATES fCT.t.mmi S.lFE liWlIEHT %llfiRVIllS ~- - -

X Y Z eFT> C1 FT. IN)

10 UJTSOI0 - - - 170.00 .04000 25.00 74.30 -
20 LOTS02O - - - l:iO.oo .04000 25.00 35.00 - •Jl) LOT503O - - - l:iO.oo .04000 25.00 3:5.00 -
40 UJT5040 - - - l:iO.oo .04000 25.00 3:5.00 -
11 STIlETOll - - - 2:5.00 .0:3000 3J.3J 90.00 -
21 STIlET021 - - - 2:5.00 .03000 3J.3J 90.00 -
31 STIlET031 - - - 2:5.00 .03000 3J.J3 90.00 -
41 STIlET041 - - - 2:5.00 .03000 3J.3J 90.00 - •

CATCfBT DATA - rne~TIC :

IUIlER IW£ . ~.1.ENiTH IWffDa ~ " RalTDii SOS£ ~T11Jt PAlWETE:RS •- - - - -
CFT.> an UlCTUtCJ (EFFECT. ) Rl1IHESS S'm'lATfL RESIS.

10 UJTSOI0 240.000 .300 .m 1.402 1.067 F.DIFF KI~TIC - -
20 UJTS020 300.000 .300 .993 1.987 1.067 F.DIFF IItelATIC - -
30 t.m'S03O 300.000 .300 .993 1.987 1.067 F.DIFF IIl£MTIC - -

.~40 UJTS040 300.000 .300 .• 993 1.987 1.067 F.DIFF KlleATIC - -
11 STIlETOU 43.030 .1~ 1.721 2.961 1.067 F.DIFF meATIC - - /

21 STIlET021 74.T.20 .I:iO 1.721 ~.142 1.067 F.DIFF KI~TIC - -
31 mET031 ".2:30 .15') 1.721 ~.177 1.067 F.DIFF IIleATIC - -
41 STIlET041 74.900 .I:iO 1.721 ~ 1:l'5 1.067 F.DIFF IIlfJ"ATIC - -

•
.

•CATDtENT DATA - UFlo:G

IUlSER IW£ LATERIL Df1.DI ItRllI SCfUlfJ INITIfL LAS lfoFILTRATIC4P~- -
6Al& STGiI'I FILE Tn£ TI~ INmf. ("IN) TYPE 1 2 J D •- - - - - - - - - - -

10 l.OTSOI0 0 100 - - - - - scs 74.00 3.51 - .70 m:2
20 llJTS020 0 100 - - - - - scs 74.00 3.51 - .70 ~2
JO LDTSO:3O 0 100 - - - - - scs 74.00 3.:11 - .70 M:2
40 I.OTS04O 0 100 - - - - - scs 74.00 3.:51 - .70 AK: 2
11 STIlETOll 0 100 - - - - - scs 74.00 3.51 - .70 M:2 •21 S'TllET021 0 100 - - - - - scs 74.00 3.51 - .70 A/'C 2 .)31 STIlET031 0 100 - - . - - - scs 74.00 3.51 - .70 m:2
41 STIlET041 0 100 - - - . - - scs 74.00 3.51 - .70 AK:2

.~.'
I

•
..
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HYDROLOGIC MODELING FOR FLOOD HAZARDS

\

EEllYOIR 6iEG£1RY MTA :

• MITCAT

SPI~Y

- -- ----- ----• (f1') 1FT') 1FT') (FT') (f1') (FT)

•

•

47 ElN047.008 .~ ~.OO 5696.10 13.80 3.00 5688.00 2.75 1

RE5ERYIlIR lFERATIDH :

lJJl1.ET DI~ OOTII1. ClHiTrM' DISIJW\'SES LOiER l1JTlET

------- - -

·.e

•

ern (a:s) (a:s)

47 R£SllI)47 STAAIDAIlD ItUT l3TIl. '15 ~oo

RESERWIR - IJRn6 :

1FT') -I tIN) (FT') -fIIN'

• ---- - - ----

•

•e
•

.:58 .00



•CMODELING FOR FLOOD HAZARDSHYDROLOGI • MITCAT

\
\ .

e.
................................................................................
• •• RES E R Y 0 I R: 47 - - RE6U1047 - - lJ'SNM UftCW . •• •................................................................................ •

TII£ omn ItFUJI (aJSEtS)

.000 .o00ooo

.083 .o00ooo •.167 1.970631

.zo 17.312641t

.m ".212~

.417 l32.329S67

.:500 2SO.ce3199

.513 611.483894

.6/,7 151.131248 •.~ 7:1:5.691673

.833 58.872551

.917 432.174427
1.000 34S.304165
1.083 296.761iJf16
1.167 276.480171 ..
1.250 240.917103 •~l.m 189.210209
1.417 JZO.~7

1.5>0 123.916122
1.513 1«5.914030
1.667 92.3731«5
1.~ 83.974640
1.833 79.07B863 •1.917 76.0082'16
2.000 ~.96~

2.083 ".S97l106
2.167 65.94S7S7
2.2:50 46.SS0061
2.m 3J.73J066
2.417 22.9983'91 •2.:500 13.123954
2.513 7.923126
2.667 ~.200:561

2.~ 3.101913
2.833 2.903B71

• 2.917 2.21~

3.000 1.799662 •
................................................................................

•••
•
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HYDROLOGIC MODELING FOR FLOOD HAZARDS • MITCAT

•
................................................................................
• •
• RES E R Y.: 47 - - REQIN047 - - MPUT •
• •................................................................................

TD£ (lOIn DISQWi6E (aJSES)

.000 .00• .083 .00

.167 .~

.2S0 3.42

.333 10.32

.417 23.3:1

.5» 39.60

.583 60.02• .067 ' 7'1.43

.750 170.74

.SJ3 2J7.S2

.917 272.36
1.000 285.56
1.083 2.9•• 1.167 285.:sB
1.2:50 277.48

'~-.-. ,'~' 1.333 261.62
1.417 241.94
1.500 221.38
1.583 201.71
1.067 183.52

• 1.750 167.40
1.SJ3 ISS.S1
1.917 141.76
2.000 132.02
2.083 123.94
2.167 11'-SS
2.250 106.68• 2.333 97.52
2.417 88.90
2.5» 81.13
2.33 74.97
2.067 71.47
2.750 70.41
2.SJ3 69.42• 2.917 68.40
3.000 67.36

••
•

................................................................................



•HYDROLOGICMODELING FOR FLOOD HAZARDS • MITCAT

, e.0

...............................................................................
•••• ........................................................................... •.... .....................~.....................................................
• •• •• em IF lUI FiR ~/OSn5 AT 1'.17.27 •• •• •• S"I'SmI TmtI~TED AT S'1liEM rum 999 1M Pm 999 • •• •• ( RmESTED TElIm~na. tlAS AT S'TIiEh.1 1UIlER 999) •• •• •• TUTJ1.. JUt Yll.1J£S : •• •• • •• IUT. SlI\F. 'JI11J£ : ooסס• Ae.fT• •• lJlSl1lEM I1fl.D' · ooסס• AC.fT• •·• LA1EM. DfUIt • 66.(5)1 Ae.fT. ••• TUTJ1.. nt:1JJI · 66.0:501 Ae.fT. ••• • .• JUnED llIlFUlII • 32.61524 AC.fT. •·• VIl.1.I£ Df:lLlRATED : 23.1i723 AC.Ff. • e,-• '4IJ£ SPILL IUf'Ell: ooסס• AC.fT• I• TUTJ1.. l1J'IR.LV • ~3247 AC.fT. •·• 8. ~. IoUJJ£ • 9.4636 AC.fT. ••• '4IJ£ EVllPl:RATED • ooסס• AC.fT• ••.. •• TUT. tamfrED FiR : "-7903 AC.fT. •• • •• •• IU UlSSES : •• •• •• '4IJ£ LOST ••• • •ZS97 Ae.fT• •·• •3933 PER lEiT• •• • •• •• •• •• - U lmtINATED (If 07/~ AT 15.17.34 - •• •• •••••••~......................................................................... •......••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••................................................................................

•e/
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• HYDROLOGIC MODELING FOR FLOOD HAZARDS • MITCAT

CATCfENTS:

• tUlIER 1W£ MXlrut vrLlES

IJJTFl..a. ST& TD£ TO fm(

(eFS) eFT) Cl'lINS)

• 10 LOTSOI0 .02619 .•0918 ~.oo
11 STIlET011 .00703 .0266 ~.oo
20 LlJTS020 .02006 .06JS 40.00
21 STIlET021 .0124& .0110 ~.oo
J) UJTS030 .02006 .063:5 40.00
31 STIlETOJI .01255 .0110 ~.oo• 40 LDTS040 .02006 .063:5 40.00
41 STIlET041 .01249 .0110 ~.oo•'~::.... ,

•
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HYDROLOGIe MODELING FOR FLOOD HAZARDS • MITCAT

e.
5'TREl'i'S:- JUUlER Ht\I£ MIlO WLtES TD£ FUt6lom WUES

- - TO •lI1IiFLow STAGE 'va. TR.FtR:E PErI IJJ1R.IJt T.E. IEPiH T.E. IJEUtlTY T.E. TR.ma T.E.-~- - - - - - - - -
(Cfs) (rn (FPS) CWSQ.FT) UtIli;) (a:s) (1'1116) (FT.) (I'IUS) (fPS) (I'II1e) (LB/SQ.FT> (lU~)

999 00Jf1C19 2S .~ 2.62 M.A. !LA. 65.00 loA. - I.A. - !LA. - N.A. -
10 MIN5010 B.34 •88 I.A. I.A. 40.00 loA• - M.A. - N..A. - I.A. - •20 MIN5020 J:l •01 1.~ I.A. !LA. 40.00 !LA. - !LA. - N.A• - N.A. -
J) MIHSOJO ~ •17 1.17 M.A. II.A. 40.00 !LA• - M.A. - M.A. - M.A. -
40 111\00040 S5 .13 2.88 IU. M.A. 40.00 M.A. - ILA. - N.A. - N.A. -

lEY:- •T.E. - TII£ Hme;
M.A. • ICJT A~Ir..aE -
no -lET C_LmIT
(0) ,. WlIT

- .~fEiElMJIRS:

IU!SER Ht\I£ I'IAXDUI WUES TIl£ TO F1.ASIQEX wt.l£S

- -
lI1Iiflat STAGE vt1.1J£ ~IU.JJ£AD PEAl lIJ1'Fl.lJl T.E. !£AD T.E. •- I-- - - - - - - -

(!:FS) (FJ) (iCero (FJ) oms) (liS) (I'lINS) (rn UlINS)
-

47 REBIN047 2ll17.5'9 5698.98 19.87 2.88 65.00 H.A•. - N.A. -

lEY: •.-
T.E. -TII£ N EXJ:ESS
M.A. ·ICIT~ pPuWU:

iFIN •

•e,
..-

•
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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
development 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 discussed in the following sections. The participants
are encouraged to develop a MITCAT model for the middle section (sub basins
F-I) and to use the available computer facilities to run the model.

1
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.- TABLE 1

SUB~BASIN CHARACTERISTICS

Sub-Basin SCS Are~

• 1.D. Curve No. (ft )

A 80 6.8 x 106

B 65 2.5 x 106

• C 65 1.7 x 106

0 65 3.0 x 106

E 65 2.6 x 106

F 65 4.1 x 106

• G 65 4.3 x 106

H 80 2.0 x 106

I 80, 65* 5.3 x 106

J 80 2.7 x 106.- K 80 2.8 x 106

L 80 1.8 x 106

* 80 for developed portion, 65 for undeveloped

•

•

•

•-
• 2
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•• 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

•

••
•

•

•

••
• 3
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Sub-Basin

F

G

H

I

Reach between
design points
1 and 2 (see
over1 ay #1)

TABLE 3

STREAM CHANNEL CHARACTERISTICS

Channel Description

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 direction,
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 outfal1s into
stream channel with bottom width ranging from 2 to 4
feet. Banks are re1 ati ve1y steep wi th si de slopes
approximately 3: 1. Sandy, II c1ean ll channel.

Bottom width 5-6 feet, side slopes approximately 3:1;
banks 3-4 feet high. Channel bottom sandy and free
of vegetation.

4
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.- TABLE ~

Time Rainfall Intensity
(Mi n. ) (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 in~lude~

a. Study Objectives

MITCAT can define discharge hydrographs and related information only at
the end points of sub-watersheds. It 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.

b. 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,
e~.

c. 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.

d. 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.

7
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.- 3.0 ~ATCHMENT (OVERLAND FLOW) PARAMETERS

The required model input· for catchment parameters is as follows:

•

•

•

.-

NUMB

NAME

A-LENG

LENGTH

SLOPE

N

INFILTRATION
DATA

% IMPERVIOUS

10 number for defining drainage network.

User designated name for reference purposes.

typical maximum distance of overland flow
travel.

Effective catchment overland flow distance
used in calculating area.

Typical topographic slope of catchment area.

Roughness co.:.efficient for overland flow.

Parameters for one of the following methods 
SCS, Holtan, Horton, and API.

Portion of catchment area that may be
considered as impervious •

•

•

•

••
•

Overlay #3 illustrate.s 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.

8
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.- 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

10 number for definition of drainage network.

Arbitrary 10 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 IIA-LENG II above.

Parameters to define cross-sectional shape
of main channel, including Manning In' 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 IIA-LENG II

from available topographic maps.
drainage channel, measure stream

and IISLOPE II parameters may be determined
It is necessary only to define the main

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

9
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sewer systems rather than a unique pipe length or portion of a unique

system. The IIA-LEN II parameter is thus an approximate measure of. the
maximum length of travel within a typical storm drain system and the
"SLOPE II 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 IIA II to IIpll, a distance of 500 ft. at the indicated scale. Over a

given reach the drainage pipes slope from .008 ft/ft to .025 ft/ft. A
reasonable slope estimate wouid 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 11 diameter
circular section would provide an adequate representation of the system in

Figure 2 for example.

10



• •• • • • •• • • • ••• •

18"/.015

18"/.015

12"/.020
It r" 4 L

18"/.015 H
G

g
~-.
N

12"/.020 lie
J -

Q
0
:-:.'
-~

24"/.015
F-01 It 14M

III
No
;,-'
N

."/.020At. It B 18·~.020
i 4 C

......

......

IIIo
::-.:..
-~

E

•
-~
-CQ
If)

o
12·~.020

+--N
/"

8
~1
:
N..

SCALE 1" = 60' e..-
~

Figure 2 Storm Drainage System CDM
enw-Ifonmenr.'.nglnHfa. sc""".f•., ""n,..,... "man.gemetU conaulJlnl.



•

'.•
•

•

•

••
•

•

•

••
•

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 ~nd

the area would be equal to the product of the stream A-LENG parameter and
the sum of the A-LENG's for all catchment 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 cannqt 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 0, 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 is
satisfactory at 0.42.

A more complicated situation was encou~tered 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 Ft2; approximately 1,578,000 Ft2 is represented
by the II short" catchment (i .e. 60% of area E as estimated "by eye II ) and
1,052,000 ft2 (i.e. 40% of area E) by the 1I10n9 11 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
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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:
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'. CATCHMENT

•
NUMBER

Tag

1 NAME

Datal Tag

TEST-1 LENGTH

Dati Tag

100.3

Data3
FINISH

Primary
Command

•

Secondary
Command
Block

secondary --
Command
Block

.-Seconda ry
Command
Block

Terminates
Primary
Commry'ld
Blot. t,

•

•

1 - Secondary data is integer value

2 - Secondary data is alphameric

3 - Secondary data is non-integer

The above commands serve to define an overland flow element (CATCHMENT)

with the following parameters:

••
Number

Name

Length

1

TEST-1

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 T£ST-1

Note that in this case the primary command block (CATCHMENT to FINISH) has
been spread over two records. In addition, the secondary command block
(LENGTH 100.3) has, itself, been .split between records. The only exception
to SUCfl 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 a~ded 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 Z 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 el ement 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:

STRUC 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:
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CONNEC NODE 300 LINK 200 100 FINIS

specifies that the sub-basin defined by nodes 200 and 100 drain into

sub-basin E of Figure 2.
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\ 7.0 SUMMARY

Figure 3 presents a comparison of key model capabilities for a variety 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:

1. The kinematic wave formulation doesn't include backwater impacts.

2. 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.

For most applications, however, use of MITCAT offers several advantages:

1. User-friendly with respect to input and output formats

2. Will accept variable cross-section geometry and roughness
co-efficients for streamflow routing in addition to "ideal" shapes
(e.g., rectangles, trapezoids, etc.)

3. 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

4. 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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Figure 3 COMPARISON OF MAJOR MODEL CATEGORIES
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HYDROLOGI(~ MODELING FOR FLOOD HAZARDS • SACRAMENTO

THE SACRAMENTO WATERSHED MODEL

BY

Robert J.C. Burnash

Conc~ptual hydrological models can be a fundamental tool for
providing improved hydrologic services. However, such models can
be truly effective only if they are utilized in a manner which
allows th~m to reasonably reflect those processes in the soil
mantle wh ch are significant to the runoff process. The Sacra
mento Wat rshed Model was developed as a headwater forecasting
system wh ch was based on a conceptualization of those processes
which con rol headwater flows. In the United States where the
Sacrament Watershed Model has been applied, there have been many
examples c)f the inherent flexibility of such conceptual models.
This flex bility has made it possible to assess the time trends
in rapid y urbanizing basins - to modify the rainfall runoff
process 0 the basis of calamities such as wildfires - to assess
the poten ial for future streamflow during drought conditions, to
extend thE range of forecast services to much smaller river
basins, a d to provide ancillary information on runoff and soil
moistu~e onditions for a variety of purposes. ,These capabiliti
es have peen obtained from a streamflow simulation model which
has provi ed an extremely effective tool for the National Weather
Service lood forecasting program but which, due to its
conceptua structure has contributed to many other applications.

The important element in the application of conceptual
models su h as the Sacramento Watershed Model is that the fitted
model mus be representative of those conditions and processes
which are consistent with moisture storages and transfers within
the soil mantle and the resulting streamflow at headwater
points. egardless of a conceptual' hydrologic model's inherent
capabili~, the number of physically-related parameters is
necessarl y so large that if relatively simple fitting rules are
not follo~ed, a black box solution to the modeling problem can
inadvertertly take place. A black box application of a conceptu
al model s one which seriously distorts those physical processes
which the model is attempting to describe. Such an analysis can
limit the appropriateness of the model and severely restrict its
potential applications. For this reason, the proper starting
point for using a conceptual model is with an understanding of
the basic concepts upon which the model is based. Once these
concepts are understood, proper application of the models
represent. tions of the physical processes is made possible and a
broad sca e of applications can be reasonably made. The most
fundamentcl conceptual rainfall runoff model - and one which
effective y expresses the basic rainfall runoff processes over an
extended Ieriod of time is:
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HYDROLOGIC MODELING FOR FLOOD HAZARDS • SACRAMENTO

Runof~ = 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 ~ho 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> can assist the modeler in verifying 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 processe. 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 syste~s 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 can 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
hydrologic cycle, is not measured at all. The closest phenomena
to evapotranspiration which is measured is 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 is 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 .is an expans ion of the same
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basic ogic, require an appreciation of measurement problems
associa~ed with the hydrologic cycle.

RAINFALL

•

-.
•

Th~ first element in defining runoff is rainfall. Careful
analysep of rainfall data indicate that there is a world-wide
problem in precipitation analysis which generates an.aggregace
underme surement between 10% and 15% of the actual rainfall.
Unfortu ately, rainfall is not systematically undermeasured
but is ominantly influenced py the problem of wind effects over
the ori ice of the precipitation gage. As wind speed increases,
the abi ity of the gage to measure rainfall decreases (see
fig. 1) Unfortunately, major precipitation periods are generally
the resl lt of strong winds providing rapid advection of the
atmosphEric moisture needed to support heavy rainfall rates.
Under apidly. fluctuating wind conditions, rainfall runoff
relatiols which attempt to define a loss curve from unadjusted
rainfal data can produce major mis-analysis of the potential for
future unoff.

100 Precipitation Catch Vs Wind Speed

•

•

_.

o
o 10

F~GURE 1

-

20 30 40 SO
WIND SPEED (MPH)

60

•

•

Da a is generally unavailable to adequately define the
degree pf rain gage catch deficiency during past storms. The
basic ~ainfall measurement problem is such that due to data
deficie~cies, a properly tuned hydrologic model should ~ave an
under-fprecasting bias for historical runoff events when wlnd was
an impo tant factor in the storm.
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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 in 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 location, 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 bf
the moisture supplied by precipitation, and since it is one of
the most difficult processes to evaluate in hydrologic analysis,
evapotranspiration estimates can provide a 'principal source of
error in streamflow simulation. Basin evapotranspiration, as
used in the Sacramento Watershed Model, includes transpiration
from leaf surfaces of water taken from the soil by plant roots,
direct evaporation from the soil and from leaf and oth~r 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 From the surfaces of a plant leaf differ in several
importan aspects. An evaporation pan has considerable heat
storage while a plant leaf has very little. Therefore, the
temperat~re of a plant leaf responds more quickly to changes in
air temperature and radiation. Soil temperatures, which in
fluence poth the growth of vegetation and the ability of roots to
absorb spil moisture, ch~nge rather quickly at the soil surface
but much more slowly with depth. The growth of annual plants and
the leaf development of deciduous perennials varies with the time
of the year and with past temperature and moisture
conditio~s. Even for mature leaves, their condition and ability
to transpire varies with season and past weather. The processes
of waterf-surface evaporation also differs from transpiration in
that tr nspiration may be restricted by nocturnal or other
closures of stomata, the small openings in leaf surfaces through
which wa er vapor and other gases diffuse. Stomatal closure may
also be induced by excessive moisture stress in the leaf. Such
stress t~nds to limit transpiration when atmospheric conditions
favor ra~idly increasing evaporation rates.

In ~any areas, more moisture is lost through evapotranspira
tion tha~ is discharged by the streams. Potential evapotranspir
ation, he evapotranspiration which would take place if an
adequate supply of moisture were available, often exceeds
rainfall on an annual basis. Under these conditions, streamflow
may occ~r only durinq and shortly after concentrations of
precipit tion. Due to the significance of evapotranspiration to
the runo f processes, it is necessary to utilize a physically
represen ative estimate of evapotranspiration. Inasmuch as the
characte istics of the evaporation pan do vary significantly
from thole of vegetation, we can anticipate that any estimation
of evapo ranspiration demand which is based upQn pan observations
will na urally reflect the differences between pan and basin
characte istics. Nonetheless, evaporation pan data despite its
definite deficiencies is generally the only available measured
index to the evapotranspiration process. Evaporation pan data is
generall modified through the use of monthly or seasonal pan
coefficiE nts in ~n attempt to approximate the evapotranspiration
process.

Bas n evapotranspiration demand is defined as the evapo
transpir tion which would occur if there were no deficiencies in
the avai ability of moisture for evapotranspiration. The demand
is signi icantly affected. by plant regimes which exist in the
basin. ~hen the basin warms after a seasonal cold period where
vegetati~e cover is largely annual or deciduous, pan evaporation
may inc ease much more rapidly than basin evapotranspiration
demand. This is because evapotranspiration demand must wait for
the grow h 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
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 evaporation t'ate even though the vegetation has
discontinued the transpit'ation 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 values can
be more efficacious than attempting to re-dimension pan data. It
has been the author's observation that a seasonal evapotranspira
ation deman~ 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 wlnter
period, and will have a magnitude of about lmm per day in
cold climates. In warm climates, winter evapotranspiration
demand may continue at relatively high values. In any case, the
average monthly evapotranspiration demand will generally be
dimensionally similar to the average monthly measured evaporation
from a carefully maintained pan during the summer and winter
extremes.

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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models ~an, however, lead to a better appreciation of the
physical problems involved, and through such knowledge to
improvem~nts in hydrologic measurement and analysis
systems. Thus, physically based conceptual models can lead to a
more secpre basis for the critical analysis and forecast decis
io~s whi:h ~re crucial to operati?na~ hydrology. With this very
brlef ov~rvlew of some of the lssues involved in a conceptual
approach to rainf~ll-runoff modelling, it is now appropriate to
consider the mechanisms which are basic to a conceptual headwater
forecast ng model.

SOIL MOISTURE

The start of any headwater modeling system is the rainfall
runoff p~ocess. For a given soil, the prlmary condition which
affects the rainfall runoff process is soil moisture. Any
reasonably constructed representation of the rainfall-runoff
process must provide a simulation of the d~minant soil moisture
conditions. To better understand these conditions, a brief
review o~ some of the basic characteristics of soil moisture may
be helpf~l.

Ana~yses of the movement and storage of moisture within the
soil ha~e demonstrated that there are three dominate forms of
moisture in any given volume of soil. These forms are: hygro
scopic, ~ension, and free water. Hygroscopic water is that water
which is tightly bound to soil particles - so tightly bound that
it can pnly be removed by extreme heating. This volume of water
is appro~imately 5% of the weight of an apparently dry soil.
Hygroscopic moisture is essentially locked to the soil particles.
Only in ~arm, dry climates will the sun's heating remove small
volumes pf hygroscopic moisture which are near the surface of the
ground. For this reason, hygroscopic moisture is a nearly
constant part of the soil-moisture system and can be considered
as rel~t'vely invariant in the modeling process.

The ·second form of water in the soil is that· additional
volume o~ water which can be held in close juxtaposition to the
soil par icles by the attraction of the soil particles for
moisture, but which can be removed by the evapotranspiration
process. This type of water is frequently called tension water.
The attr~ction of tension water to soil particles is greater than
the att~action of gravity pulling the water toward deeper
depths. However, forces exerted by plant systems and/or vapor
oressure differences between very shallow soils and the atmos
phere can overcome the moisture attraction of the soil particles
As a res~lt, a small portion of the tension water can evaporate.
The dominant use of this moisture is however, to supply water for
transpir~tion by plants. Where plant roots are adequately
develope~ to draw on this moisture, the entire tension volume can
be lost From the soil through evapotranspiration. The volume of
water ipvolved in tension uses can add approximately 10% by
weight tp 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 is 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 particl~s. The volume of
free water which can maintain temporary'residence in the soil is
highly dependent upon soil types' and' depths but, whe.n it is
present it can add approximately 45% to the weight of the soil.
These different forms of moisture within the soil - hygroscopic,
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 used in this discus
sion are illustrative of the general dimension of moisture within
the soil but considerable variance may occur in various soils.
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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
water demand is exceeded). As gravity draws the water to greater
depths, any unmet tension water requirements in that soil horizon
are resuoolied bv the descend ina 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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At th~s point, there may be a tendency to question the

relevance of these phenomena when the basic question with which
we are concerned is "what volume of rainfall will run off?"
However, without identifying how soil moisture conditions change,

·we would not be able to evaluate the effect of rainfall on the
basin and ~e would not be able to develop a rainfall-runoff model
that described the dominate runoff forms which influence stream
flow. The definition of the volumes of moisture involved in the
soil moisture processes and the determination of the time-depen
dent functions which govern how these conditions change with
time, are essential components of a conceptual rainfall-runoff
relation.

THE SACRAMENTO WATERSHED MODEL

The Sacramento Watershed Model is based on the concepts
which we hcve discussed. A principal problem in organizing the
model was to link these concepts in a manner which provided a
reasonable representation of subsequent runoff conditions but,
included orly that level of detail which could be demonstrated as
being necessary for an effective determination of streamflow
volumes. n a natural river basin, there are many characteris
ticsin adcition to those we have already described. However, at
this point we have already identified the basic soil moisture
storages wtich had to be considered in ~rder that the Sacramento
Watershed rodel could be organized with a conceptual structure.
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HYDROLOGIC MODELING FOR FLOOD HAZARDS • SACRAMENTO

A small quantity of rainfall may be held in the vegetative
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 convenient means of approximating all
upper level non-free water storages. Thus, tension water and
free water, their volumes, changing vertical distribution, and
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 cycle 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 drai~age and eva~otranspirationdeplete
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 line 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. Ba.rnes 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 aquifers
actually produced a curvilinear recession until that time when
the aquifer with the slowest drainage characteristic became
sufficiently dominant.
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In o~der to represent these three aquifers in a conceptual
model, it became apparent that three separate free water storages
each with its own drainage characteristics would be needed. Such
a represeptation would allow an effective integration of the work
of Darcy ~nd Barnes and provide a conceptual linking of the works
of these earlier hydrologists. The characteristics of the
different free waters made it apparent that one of these drainag
es had a ~ery brief residence in the soil - as a consequence, the
authors 0 the Sacramento Watershed Model associated the quickly
draining storage with ,the ,most rapidly moving free water, that
which was temporarily resident in the upper soil. In an attempt
to keep the storages necessary for accounting purposes to a
minimum, they also conceived this fast-draining upper soil
storage a. providing the head function necessary for moving the
wetting font to deeper soil horizons. The other two free water
drainages identified through Barnes' recession analysis exhibited
longer so 1 residence periods. The drainage of the next most
rapidly d aining aquifer generally took· several weeks, while the
slowest d aining aquifer could take many months or even years to
drain. In the Sacramento Watershed Model, the two slower
draining ree water storages were assigned to a lower zone of the
soil whil the rapidly-draining free water storage was assigned
to the up er zone of the soil.

Our arlier analysis of soil moisture has, however, made it
clear tha where free water exists in the soil, the tension water
~equireme ts of the co-located soil particles must be met. As a
consequen e, it was necessary to consider tension water storages
which par lleled the free water storages. Thus, an upper zone
tension ~atar storage and a lower zone tension water storage
were requ red to parallel the free water moisture storages we
have disc'ssed earlier.

At t is point, a series of soil moisture storages have been
considere which provide a parallel to the earlier works of
Barnes on recession analysis, Darcy on flow through porous media,
and Hanks and Klute on the moisture phases of water and their
vertical movement. To this depiction, the authors of the
Sacrament~ Watershed Model. found it necessary to add several
concepts. Where soils normally contained sufficient moisture
such that root systems of plants could regularly obtain 'necessary
moisture ~ithout reaching the bottom of the aquifers, the de~pest

portion 0 the lower free water storage was exempted from having
to resupp y tension water. Provision for this capability (which
was calle Reserve) was included on the assumption that some
forms of clima~ vegetation - the necessary mechanism for eff~c

tive evap transpiration at those depths - might not develop root
systems w ich were sufficient to reach the deepest depths of the
aquifer s stem. ThUS, a provision for reserving a percentage of
the lower zone free water against the claims of evapotranspira
tion was ncluded on the basis that tension water at those depths
would neVE r be utilized by the plant root system.
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11

•e/

•



•

.-
•

•

•

••
•

•

•

••
•
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a feature was provided which made it possible to direct 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 period 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 necessary to complete the
conceptual description of the model's upper zone. The first.of
these stemmed from the fact that the area covered by any runn~ng

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 permanently impervious areas. That percent of
the basin which exhibits this permanently impervious characteris
tic is identified in the Sacramento Watershed Model as the
percent impervious or PCTIM. No so11 moisture accounting is
performed for that portion of the area which is identified as
permanently.impervious.

The 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
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.

Th~ 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 is 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 linkage 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
quently confuse analysts who are attempting to evaluate
recession characteristics. This is because recorded streamflow
is the result of all of the factors influencing the basin
hydrology and does not just represent the total discharge from
base flow aquifers. The impact of moisture losses from the

12
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stream and from riparian vegetation areas can be seen most
clearly from their influence on recessions during dry periods.
These losses of potential streamflow are represented in the
Sacramento Watershed Model through the parameter SARVA.
SARVA defi~es the percent of the basin covered by the stream and
or vegetation which regularly utilize water for evaporation or
evapotranspiration which would otherwise produce base flow.
Moisture losses from the SARVA area are subtracted from the
volume of water which would otherwise be available to oroduce
streamflow. ~

In order to utilize the concepts we have discussed, it
should be apparent that the Sacramento Watershed Model necessari
ly inclu~es more than a soil moisture accounting process. In
order to achieve the basic water balance with which we initiated
our discussion of conceptual models, it was necessary for the
Sacramento Watershed Model to complete the total production of a
streamflow hydrograph at an outflow point. There have been
applications of portions of the Sacramento Watershed Model which
attempted to utilize the outputs from the soil moisture aquifers
described in the Sacramento Watershed Model with separate
linkages to the stream channel. Many such approaches reviewed by
the author have included features which were inconsistent with
the conceptual processes involved in the model's development. In
order to avoid such inconsistencies, the Sacramento Watershed
Model was developed as a complete headwater forecasting system.
Application of portions.of the logic must be carefully construct
ed to avoid inconsistencies with the conceptual formulation in
the bas,ic, model.

Descriptions of the principal components of the Sacramento
Watershed Model are now nearly complete. aowever, two additional
features must be added which allow modifications of the base flow'
to conform to those basins where subsurface losses from the free
water aquifer do not contribute to observed streamflow. In
some areas, the works of nature have resulted in the lower
portions of the streambed becoming filled with porous material.
In areas of extreme glaciation, the amount of porous material in
the bed of a stream can be quite large. Where such conditions
exist, t~e amount of ~ater which can be measured in the stream
does not include the flow through the porous bed of the stream.
Yet, the voids in the porous area must be filled with water or
the stre~m will immediately sink to fill these voids. The water
needed tp fill this area is a fixed volume of flow which takes
place below the apparent surface of the streambed. The volume of
flow nec~ssary to fill this aquifer has been called SSOUT as a
representation of the sub-surface outflow it depicts. Recession
analysis provides a useful key to the magnitude of SSOUT.
Whenever a constant volume can be added to a given base flow
recession, and a semi-logarithmic plot of the recession can be
transfor~ed to a valid representation of Darcy's Law (i.e., an
apparently uniform base flow aquifer), the evidence for SSOUT
becomes pverwhelming. (See Figure 5.) The magnitude of the flow
addition which linearizes the semi-logarithmic plot provides a
definitipn 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 leaves the basin without affecti~g base flow
conditions in the river. This additional element to the base
flow aepiction 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
be perceived in the stream. A side value of 1 would mean tha~'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.

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
identified in Figure 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 is effectively linked to this
stream channel such that it contributes to
instantaneous runoff.This water bypasses the
storages in the upper zone.

• 14
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ADIMP

UZTWM

UZFWM

UZK

PFREE

LZTWM

LZFSM

LZSK

That additional fraction of the basin area
which develops impervious characteristics
when the soil mantles field capacity is fully
met.

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
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 o~her storages.

Upper Zone Free Water Maximum, the limiting
capacity of upper 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.

Defines the daily rate at which water stored
as Upper Zone Free Water can drain as
interflow.

Establishes the m~n~mum proportion of water
percolating from the upper zone to the lower
zone which is available for recharging the
lower zone free water storages.

Lower Zone Tension Water Maximum the
maximum capacity of lower zone tension water.
This water can only be removed from the soil
through evapotranspiration.

Lower Zone Free Water Supplemental Maximum 
the maximum capacity of lower zone sup
plemental free water; i.e., the maximum
volume of free water storage from which
supplemental baseflow can be drawn.

Defines the daily rate at which water stored
in Lower Zone Free Water Supplemental can
drain as supplemental baseflow.

16
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e.
LZFPM

LZPK

RSERV

SIDE

SSOOT

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 streams,
lakes and riparian vegetation which can
deplete stream flow by evaporation and/or
evapotranspiration.
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PERCOLATION

The storagesUZTWM, UZFWM, LZTWM, LZFSM, and LZFPM represent
the maximum moisture-holding capacity of those portions of the
soil mantle which influence the rainfall-runoff process. In
order to maintain an aecounting of the volume of water in each of
these storages, the moisture contents of each storage are
identified respectively as UZTWC, UZFWC, LZTWC, LZFSC, and LZFPC.

Over the permeable portion of every catchment, the Sacramen
to Watershed Model visualizes the components we have assembled as
interacting in the following way. The initial 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 become~ available for percolation
to deeper zones and, if sufficient water is available so that
horizontal drainage can begin. When the Upper Zone 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 availa~le in the upper zone. Once
the Upper Zone Free Water meets the immediate percolation
requirement, 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 Zone Free 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



HYDROLOGIC MODELING FOR FLOOD HAZARDS • SACRAMENTO

precipitation rate must be in excess of the percolation rate.
When the ~recipitation rate exceeds both the percolation rate and
the interflow drainage capacity, then the Upper Zone Free Water
capacity can be filled completely. Excess precipitation will
then result in surface runoff. Surface runoff produced by these
mechanics is a highly rate-dependent volume. Depending upon SQil
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 tunoff is determined by the rate of precipitation
applicaticn, the degree of dryness of the different zones and the
permeability of the soils.

Lower Zone Tension Water Maximum is 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
vqlumes which 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 ~ercolation 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 accomplished by utilizing the storages we have analyzed to
drive a moisture transfer system. The me~hanics 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 lower zone must be
limited tc 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 end its respective drainage rate. This limiting rate oE
drainage lrQm the combined lower zone storages is defined by the
system as PB~SE. PBASE, the percolation base rate, represents
the draincge from the soil moisture system when the soil moisture
system is saturated. Mathematically, PBASE can be expressed as:

•

.'•
•

•

•

•

•
PBASE = (LZFSM*LZSK) + (LZFPM*LZPK),

where

LZFS~ = lower zone free water maximum supplementary
storage, which is the maximum storage capacity
for faster drainage baseflow.
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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:

•

•

LZSK

LZFPM

LZPK

= lower zone supplementary daily storage depletion
coefficient,

= lower zone free water maximum primary storage,
which is the maximum storage capacity for slower
draining baseflow, and

= lower zone primary daily storage depletion
. coefficient.

•
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•

•

•

•

·!MAX PERCOLATION RATE = PBASE*(l+ZPERC)

Where ZPERC,a percolation maximizing constant, provides the
necessary multiple to increase 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:

I.CWER ZONE PEOCOLATION DEMAND = PBASE*(1+ZPERC*f(1o'.veE..,.zone Defi~ency»
1o'.ver Zone capac~ty

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 capacity). This allows us to express the
equation for percolation demand with varying soil moisture as:

Peroolation Demand=PBASE* (l+ZPEOC(HLo..;er zone capacities less oontents) REXP)
r (I.ower 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:

Percolation=Percolation r:erand* (tJI:?per zone free water content) .
. upper zone free water capaaty
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••
Ass ming a continuously full upper zone free water, this

relation hip of percolation demand versus lower zone soil
moisture is illustrated in Figure 8 for several values of REXP.
Percolat'on curves from this relationship allow a very close
parallel to the infiltration curves observed in field tests.
Total mo' sture movement into the soil has a potential equal to
the volu e necessary to replace the upper zone moisture losses
which r sulted from transpiration, horizontal drainage and
vertical percolation. It is the sum of these moisture losses
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e.
which det~rmines the maximum infiltration rate at any given
time. Cpntinuous filling of all the storages will generate
infiltrat~on curves which are directly analogous to the work on
infiltrat on by Horton. While interrupted infiltration is
described in a manner which effectively parallels the combined
effects nduced by percolation and evapotranspiration (see
Fig. 9>. Thus, percolation is defined by an interrelationship
between spil drainage characteristics, time variant soil-moisture
condition~ and the rate at which rainfall is applied to the
soil. Th~se features produce a highly time-dependent percolation
capabilit~ which produces runoff in response to the rainfall
volume ana the rainfall rate.

Th~ volume of rainfall which is percolated to the lower
zone is dOvided among three significant soil-moisture storages.
The first of these, lower zone tension, represents that volume of
moisture on the lower zone soil which will be claimed by dry soil
particles when moisture from a wetting front·reaches that depth.
Tension w~ter deficiencies are associated with a suction force,
so they ~end to absorb all percolating water until these defi
ciencies ~re satisfied. However, variations in soil conditions
and rainf~ll amounts over a drainage basin cause variations from
the aver~ge condition. The effect of these variations is
approxima~ed in the model by diverting a fraction of the perco
lated wat~r into lower zone free water storages before lower zone
tension ~ater deficiencies are fully satisfied (PFREE). An
examinatipn of Figure 7 indicates that water percolating from the
upper zon~ free water to the lower zone may go totally to tension
water, or some fraction of the percolated water, PFREE, may be
made avai~able to the primary and supplementary storages. At any
time that the lower zone tension storage becomes totally filled,
continued percolation is divided between the two lower zone free
water sto~ages. At all times, water made available to primary
and supp~ementary storages is distributed between those lower
zone stor~ges in response to their relative deficiencies.

Ouri~g our discussion of the percolation process, we have
introduce~ three new terms:

PBAS~

REXP

ZPERr-

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 varies with
different degrees of soil wetness.

The multiple which must be applied to PBASE
so that the maximum percolation rate
(ZPERC+l>*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
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 ~se of a single relationship
which' lumps evaporation with evapotranspiration. An analysis of
the reason this is 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 Watershed 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. In the lower zone, evapotranspiration takes place
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
relative loadings are balanced. This makes it possible to
maintain a moisture profile that is 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 use 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
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established from the mean daily value Eor 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 recorq, 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 likely 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 experienced 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 losses to
ancillary channels - either porous aquifers below the headwater
channel, or sub-surface outflow outside of the normal surface
channel. In 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 is 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
fbrm of runoff distribution function. Runoff distribution
functions reshape the momentary sources of runoff into 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
vs. time relationship.

The combined processes provide for a wide variety of flow
characteristics which closely parallel channel conditions. In
combination, the two techniques' overcame many of the linearity
problems which limit the application of unitgraph concepts.
It should be pointed out that the time histogram which is
utilized for the initial time vs flow distribution is based upon
those flows which reach the outflow point with the greatest
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efficiercy. If varying volumes of flow exhibit different
charactE ristics, then the utilization oe the sharpest time
vs. flo~ distribution allows the channel storage feature to
provide the necessary change in channel efficiency to maintain a
close perallel between forecast and observed flows.

ThE routing mechanics utilized to reshape channel flows are
based u~ on a layered Muskingum concept. Four levels' of f1o.w are
providec within the Sacramento Model to allow variable degrees of
attenuation based' upon modifying the discharge hydrograph
producec by the histogram distribution. When the channel storage
feature is utilized, the volumetric capacity of each of the
dischar~e layers must be determined as well as the routing
coeffic'ent appropriate to each layer. As an example, period
outflow volumes might be developed from a histogram distribution
which ploduced the discharges sequence:

•

e.

•

•

1.( 2.0 5.0 20.0 10.0 4.0 2.0

•
If the river rose to levels which reflected different

c~annel stor~ges than those described by the histogram applica
tlon, the hlstogram produced volumes might be transformed with
layer wiiths 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

o•0 . 0.0 0.0 8.0 5.6 L 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

0.0 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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\
\

The channel storage feature will generally be appropriate
where significant changes in channel characteristics take place
with changing depth of the flood wave. In addition, routing will
frequently be required for very small flows which wend their way
so tort~ously through the river system that they exhibit
pronounc~d channel storage. It should be emphasized that
the rout~ng feature which produces a nonlinear runoff response is
an optio~ which can be bypassed unless the simpler time distribu
tion of the histogram is clearly inadequate.

MODEL FITTING

At ~his point, we have assembled all of the concepts which
are necessary to generate an effective simulation of headwater
flows. rhese components and the logic which links them are the
Sacramen 0 Watershed Model. It should be emphasized that all of
these conponents are not necessary in every basin, but all of the
componen~s are necessary to allow the Sacramento Watershed Model
to be ap~lied to a wide variety of highly diverse river condi
tions. ~he integration of these conceptual processes provides a
remarkab y flexible capability which, if properly applied, can
substant'ally enhance many forms of hydrologic analysis and
forecast~ng. The attempt to provide a physically realistic but
parametr~cally simple model has provided a very powerful tool
for hyd~ologic analysis. The flexibility of the resulting
formulat on and the number of descriptive parameters is necessary
for gene~al application; however, care must be taken to assure
that th! model features are used in a hydrologically rational
manner. The maximum number of parameters should be established
by a hyd ologic reading of the streamflow record, not by attempt
ing to m tch a streamflow record by a random juggling of paramet
ers.

The very first decision which must be made should be
determin~d by resorting to the primitive accounting process which
should n~ver be neglected.

Runpff = Rainfall - Evapotranspiration

In ~ost areas, runoff is the most'effectively measured of
these th ee processes. If the analyst quickly notes the annual
volumes eported for runoff and rainfall, and makes an estimate
of the a nual evapotranspiration which must have taken place to
support he basin vegetation, he can generally spot any sub
stantial oroblems with rainfall interpretation or su~surEace

aquifer y;tems which are likely to compromise the simulation.
It shoul be noted that the simple ~ater ?alan~e 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 provide 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 result in
deviation from the indicated values. Even so, the relationship
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
addition, 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. In 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 attention must be paid to
utilizing the available precipitation data so that it provides
the most useful approximation of actual 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 appl.ica
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 equipment, gage
location or site conditions are unrecorded 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 introduced 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 m~del parameter. The important
factor to gain from such a comparlson is that precipitation is
the driving component of the hydrologic system unless precipita
tion is consistently meas~red and properly dimensioned, the
modeling effort will be compromised.

During the course of this presentation, we have raised
caution concerning the precipitation data, the evapotranspiration
estimate, and the runoff 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 is a mathematical
simplification ofa sequence of natural processes. Where the
records provide irrational inputs (and many records do), it is
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
constraints in using automated fitting· procedures •

The complexities of natural data sets, such as changing a
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 rainfall, and other problems which are implicit in the
data sets, should always be kept in mind. Indeed, applying a
streamflow simulation model in an intelligent manner requires a
high level 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 provide.
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e.
Thr( ugh "reading" the historical record, we are attempting

to appro imate as many of the parametric representations in the
simulati<n model as can be deduced from the historical records of
precipitc tion and streamflow. Generally, the features which can
be close y determined from historical records will include:

PCT M - the percent of the ·basin which is impervious. •
- the additional impervious under saturated

conditions.

UZT~ 100 mm

UZF ,qM 40 rom

LZT~ 150 rom

LZF ;M 30 rom

LZF PM 100 mm

ADI 'iP .02

PCT M .01

SAR 'VA .01

SID~ 0

SSO~T 0
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- the upper zone tension water maximum.

LZP ~

UZK

LZS ~

- the upper zone free water daily interflow
depletion rate.

- the lower zone daily depletion rate of the more
rapidly draining base flow •.

- the lower zone daily depletion rate of the
slowest draining base flow.

In ~ddition, we should be able to make a reasonable e~timate

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 Watershed Model with
a standa d set of system values can be helpful. Assuming that
the rain all and evapotranspiration have been reasonably dimen
sioned ~n the basis of a water balance analysis, an initial
simulati~n based upon the following values can simplify parameter
evaluati~n.
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RSERV .2

PFREE .2

UZK .4

LZSK .08

LZPK .004

ZPERC 35.

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 distribution of
runoff, the 17 values listed are the descriptive parameters
associated with the Sacramento Model. If 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 impervious runoff. Scan
the record for small runoff events which occur when the UZTW is
not full- that is, there has been enough intervening evapotrans
piration since the last storm so that the rainfall event has the
potential tor being completely stored within the Upper Zone
Tension Water Storage. Runoff under these conditions must be
from the impervious area. The ratio of rainfall to storm runoff
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 s~on after a major runoff event
which filled the tension water storages. The precipitation which
occurs should be less 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 characteris~ics. 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 is so small that a zero value can be used. If 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. In many areas, particularly rough terrain,
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or areas with relatively deeply-incised streams, the
ADIMP may be sUfficiently close to zero so that ADIMP is
fectively non-functional.

Inasmuch as UZTW must be filled before any runoff in excess
of the imp~rvious runoff can occur, very dry periods should be
examined. The amount of rainfall which must be applied after a
dry period before any runoff in excess of the impervious fraction
can occur is a depiction of UZTWM. This value of rain is a
measure of the rainfall deficit which must be met to replace
water lost from UZTW. If the dry period is long enough, the
rainfall d~ficit will be the actual value of UZTWM. This value
will gener~lly be relatively small in areas of sparse vegetation
and generally relatively large in areas with heavy growths of
plan-t materials.

LZTWM, the lower zone tension water maximum storage, can be
closely evaluated in areas where the rainfall follows a marked
seasonal p~ttern. When a computer run over several years of data
is perform~d, the error in the forecast runoff volumes associated
with that period of the runoff year when the Lower zone Tension
Water should be filling, provides a quick way of modifying the
initial estimate of LZTWM size. As additional parameters are
fitted and the simulation converges on the observed runoff, the
error in runoff volumes during that period when excess water is
dir~cted primarily to Lower Zone Tension Water will continue to
be a guide to the volumetric adjustment of LZTWM. A prop~ly

sized LZ'r~M is needed to obtain an optimum water balance.
Inconsistencies in the annual precipitation catch will have a
major impapt upon the ability to define LZTWM.

LZPK - this value is based upon the rate at Which base flow
runoff changes per day. Conceptually, it is one of the simplest
parameters to determine. Unfortunately, the effects of evapor
ation from the stream surface and from surrounding riparian
vegetation can somewhat cloud this determination.

The best procedure is to take an extended period from a few
weeks after a major storm to just prior to an event which
produces runoff in excess of the impervious fraction. Utilizing
a period which is not marred by other than impervious area
ranoff, will allow a reasonable determination of LZPK. This
equation ~hich allows the determination of LZPK is:

This equation has been utilized
of Figure 14 helps in appreciating
though there may be minor problems
length.

SSQU1 - If the periods utilized for determining LZPK are
plotted or. a semi-logarithmic coordinate system, some interesting
attributes of the stream may be observable. If the actual
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HYDROLOGIC MODELING FOR FLOOD HAZARDS • SACRAMENTO

recession does not approximate a straight line but is 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 linear 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 fill
the porous 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).

S~RVA - 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. If, during summer heat, the streamflow
volume is .03 mm of runoff per day less than a rational reces
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.

LZSK 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 •

lIUlUoTtOIC or Il:CUSIOll
III OAtS

Jo

QCl

QCZ

LZPK
Q/l3

Q/l4

a.os

Q.06

OD7

a.oa

009

0.11)

.,.1.s .1.S.4.3.z.1
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M - Under Vf~ry wet conditions, the computed value of
be quite close to the actual value of LZFSM. However,

been the authors experience that rarely is the soil
tly wet so that the full value of LZFSM can be computed
ydrograph. Generally, a truer value of LZFSM will be

higher than the computed value. .,~
LZF M - The problem of finding a wet enough condition to

establisl LZFPM is similar to the problem encountered in estab
lishing ZFSM. The mathematical approach of determining LZFPM is
a direct parallel to that utilized in estimating LZFSM. That is,
LZFPM i equal to the highest value of lower zone free water
outflow I hicn can be found in the record divided by the rate at
which thE LZPK drains lower zone primary free water. The maximum
size of ZFPM will however generally require less of an expansion
from its computed value than will LZFSM.

PFREE - the parameter PFREE has a' particularly unique
f'3ature, one which an analyst can readily read from a hydrograph
of the ~ treamElow record', but one which is virtually impossible
to find ~ith any of the automated optimization approaches which
have beer sugg~sted for conceptual models.' Following a relative
ly qry pEriod, when there is a significant deficiency in the
Lower Zene Tension Water, a storm should be examined which
refills c portion of .the low~r zone tension water but does not
come clo.! e . to filling the Lower Zone Tension Water. Under these
conditiors, any increase in the base flow must be attributed to
water wtich bypasses the lower zone tension water and flows
dir~ctly to the lower zone free water aquifers. Since our test
run util'zed a valu~ of.2 for PFREE, the actual rate of base
flow increase compared to the projected rate of base flow
increase during the special conditions cited allows a simple
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HYDROLOGIC MODELING FOR FLOOD HAZARDS • SACRAMENTO

modifi~ation of the value of PFREE. Although it may be desirable
to adjust the value of PFREE after the size of the various
storages are 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 visibility. If the conditions do not exist' to
"read" PFREE from the obs~rved hydrographs~ its effect will be
too small to define with optimization.

Of the seventeen parameters we started out with, UZFW,
RSERV, UZK, ZP£RC, 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 masked in wet areas and only has a real
application in extremely dry areas. .

UZK, the rate at which inter flow is withdrawn from the
UZFW storage, can be approximated from an extension of the
process previously used for LZSK. 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 recession data
should be considered as an upper bound _
of UZK. Due to percolation effects a more realistic value is
likely to be about 1/2 the value described by the hydrograph.

UZFWM can be approximated by extending the logic utilized in
determining LZFSM. The problem of percolation from UZFWMwill,
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 in the
watershed.

SIDE, the base llow 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-forecast of storm runoff volumes may occur. This
over-forecast response, if systematically repeated, is a key
signal that the minimum percolation rate has been
underestimated. If the forecast recession is 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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ZPER( , the term which increases the percolation rate to its
maximum villue during dry periods, has a feature which makes it
relativel silnple to establish •. ZPERC demonstrates its greatest
sensitivi y when the basin is rela~ively dry - a storm which
follows n initial wetting of. the uppec soil is ideal Eor
focusing ~n establishing ZPERC. :Remember, (ZPERC+l) *PBASE is the
high poin on the percolation curve. By focusing on those storms
which occ r with a wet upper soil but a relatively dry lower
soil, a rEasonable value of ZPERC can be evaluated.

REXP defines the rate a~ which the percolation rate changes
from (l+Z'ERC)*PBASE under dry conditions to PBASE under wet
condition. Those storms which most clearly demonstrate a
problem w th REXP are those which occur whe~ the lower zone
storages ~re approaching a half-filled condition. Any systemat
ic error n such storms can be ascribed to REXP. If more water
needs to pe percolated in order to reduce the volume of immediate
storm runpff, then REXP must be decreased. If, however, the
simulated storm runoff is inadequate to match the observed, then
REXP must be increased. .

Foll~wing these guides becomes a' matter of habit for the
trained ~nalyst. However, it should be recognized that the
hydrologi t performing a simulation is attempting to solve a
puzzle wlich has many parts missing and many other parts of
questiona~le size. He must always be aware of the room for error
in his o~n efforts and in the efforts of those who provided the
data he i attempting to evaluate. These problems have led many
'investiga ors into stochastic models rather than conceptual
models. ~ difficulty with such an approach is that limitations
become bu~ied in the procedure and the opportunities for identi
fying tho~e areas which can contribute to rational improvements
is con~t ainad. Simultaneously, the validity of applying a
stochasti~ model outside its range of experience can be much more
hazardous than the similar applic~tion of a conceptual model
which is pased on well-known physical laws.

There is another consideration which should be r~gularly

reviewed when performing a simulation with the' Sacramento
Watershed Model - the monthly error summaries. The original
estimate of the evapotranspiration curve is necessarily based on
modifying evaporation data. After a number of simulations, it is
appropria e to review the monthly error volumes. An examination
of the er or in flow values as related to the surface flow
forecast. is generally related to one of two error sources.

The first error source is a mis-evaluation of the potential
ET foe th~t month. A modification of the presumed ET value may
help to allaviate the monthly bias. It should be remembered,
however, that the ET curve is a continuous function rising to a
maximum in summer and declining to a minimum in winter. No
change in the monthly ET which distorts this shape should be used
unless there is external evidance supporting an irregular
seasonal ET demand. (Such as a seasonal plowing or burning
s~h~dule over a major portion of the basin)
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HYDROLOGIC MODELING FOR FLOOD HAZARDS • SACRAMENTO

A second source of bias in the monthly . runoff volume may
come from a periodic precipitation bias associated with seasonal
wind maximums or mlnlmums. Measured rain is merely an index to
true basin rain, and if the index is unstable due to a seasonal
measurement problem, a bias pattern 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 hydrolosists who
carefully apply the Sacramento Watershed Model 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 hava 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

Pag~ 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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COLORADO URBAN HYDROGRAPH PROCEDURE
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LOSSES

DERESSION LOSS - PERVIOUS AREA
IMPERVIOUS AREA

INFILTRATION LOSS - PERVIOUS AREA

HORTON's EQUATION

SCS SOIL CLASSIFICATION
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TYPICAL DEPRESSION RETENTION FOR VARIOUS LAND COVERS
'l~il values in inches}
(i6~use with CURP Method)

Depression ,

Land cover Detention
.;;;..;;;;.;..;...~,;,.------,._------

•• Imperv ious

•

•

•

••
•

Large Paved Areas
Roofs - Flat
Roofs - Sloped

Pervious

Lawn Grass
wooded Area and

Open Fields

0.05 - 0.15
0.1 - 0.3
0.05 - 0.1

0.2 - 0.5
0.2 - 0.6

Recommended
----..;;..;....;.....;,..---~--

0.1
0.1
0.05

0.35
0.4
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EFFECTIVE RAIN

DEPRESSION &DETENTION
STORAGE LOSS

RAINFALL

FINAL INFILTRATION fo

~

INFILTRATION LOSS

~ INITIAL INFILTRATION fi

• > , ,

REPRESENTATION OF HORTON'S EQUATION
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a. Soil Infiltration Loss

HORTON'S INFILTRATION EQUATION

In which f = infiltration rate (inches/hour)
f i = initial infiltration rate (inches/hour)
f o = final infiltration rate (inches/hour)
e = natural logarithm bas~

a = decay coefficient (l/second)
t = time in seconds
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• RECOMMENDED HORTON'S EQUATION PARAMETERS

SCS Hyd ro log ic In f i 1 t rat ion (i n /h r )
Decay

• ~1~~~E.
Initial _fi Final- fo Coefficient
------ -- ---

A
5.0 1.0 0.0007

B
4.5 0.6 0.0018

C
3.0 0.5 0.0018

• D
3.0 0.5 0,,0018
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RELATIONSHIP BETWEEN
UNIT HYDROGRAPH AND BASIN PARAMETERS

Time to peak (tp )~ Basin length (L)

j
.. Distance to centroid

Channel Slope

Imperviousness

UNIT HYDROGRAPH PEAK (0 .)~ Area
p
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BASIC UNIT H~OROGRAPH EQUATIONS

Tp • time from beginning of unit rainfa" to peak of

hydrograph in minutes.

t • C ((L L I~ ))°.
48

P t ca

In whl~h t

p

• time to peak of the unit hydrograph from midpoint of

unit rainfall in hours.
L • ,eng

th
a'ong stream from study point to upstream

'imits of the basin in miles
L

ca

• 'eng
th

a,ong stream from study point to a point
a,ong stream adjacent to the centroid of the basin

in miles •S • weighted average s'ope of basin a'ong the stream to

upstream 'Imits of the basin in feet per foot.

t. • coefficient ref'ecting time to peak.••
•

•

•

•
t

u

• time of unit rainfa" duration in minutes.
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In Which qp

C
p.-
Q

p
A
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• peak rate of runoff in cfs per square .1le~

• coefficient related to peak rate of runoff.

• peak of the unit hydrograph in ·cfs.
• area of basin is square miles.
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WEIGHTED SLOPE

•
4.17

• L 5 0.24+L S 0.24+ +L S 0.2
1 1 2 2 .••. n n

s ~ -t-------------........--
L1+L2+L 3+····Ln

• In Which t 5 = weighted basin wate"rway slope in ft/ft
5
1

,52, •••• 5n = slopes of individual reaches in ft/ft
(after adjustments using Figure 4-1)

._ L1.l2, •••• ln = lengths of corresponding reaches.
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MODIFICATION OF THE CUHP PROCEDURES
FOR SMALL AREAS LESS THAN 90 ACRES

o. The time to peak (tp ) estimated by the CUHP procedure
may not be accurate.

•

.-
•

•

•

•-
•

o The time to peak (tp ) may be estimated by the following
formula using the time of .concentration as estimated
by the rational formula method.

In which, t
p

is the time to peak in minutes, Tc is the time

,of concentration in minutes, and Fi is the impervious area,

as a fraction.
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A COMBINATION
OF

CUHP and SWMM

• • • •• •

WATERSHED
PARAMETERS

CHANNEL
PARAMETERS

~RAIN
ROUTED

~ CUHP SWMM HYDROGRAPH
... .... RUNOFF BLOCK -
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MODIFIED RUNOFF BLOCK (UDSWM2)

BACKGROUND

c Original Version

Version II Runoff block by University of Florida

• Modifications

Battelle Institute

Corps of Engineers, Hydrologic Engineering
Cen ter

Corps of Engineers, Missouri River Division

Boyle Engineering Corporation

Program Structure

• • Simulates Quantity Runoff Only

•

•

•e

•

• Can Be Linked with The CUHP
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.- I) CIRCULAR PIPE
CONVEYANCE ELEMENT
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0.15

• HYDRAULIC RADIUS R,
IN FEET
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FRICTION SLOPE, Sf•
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•
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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
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.- Figure 2

SUGGESTED TRAPEZOIDAL APPROXIMATIONS FOR STREETS

•

ft: .0161gutte"

ft: .0201overrJowr
10- f••t•

•

.- FULL STREET (TWO GUTTER) Wlo STORM SEWEs;t
(FOR ONE OUTTER USE ONE- HALF OF SECTION)

•

• loverrtowl
n=.020

1-f•• t

• 6--STORM SEWER

•- FULL STREET WITH A STORM SEWER

•
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COMPARISON OF
MEASURED FLOW & CUHP RESULTS

•
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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 %

• Manning1s n
Pervious area· 0.25
Impervious area 0,016

Depression Loss
Pervious area . . 0.35 0.35 inches
Imperv;ous area 0.05 0.06 inches

• Infiltration Coefficient
Max;mllTl (fi ) 4.5 in/hr 4.5 in/hr- Minimum (fo) 0.6 in/hr 0.6 in/hr

Decay Rate (a) 0.0018 0.0018

•

•

•

•

.-
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BASIN

DIRECTION
OF OVERLAND
FLOW

WIDTH

MAIN
~ DRAINAGE

CHANNEL

•• W= (2 - 'f) R

•

•

•

••
•

Where W= subcatchment width, ft, and
2 = length of main drainage channel, ft.
f = skew factor, a 1.0,
AI=area to one side of channel, ft. 2'2
A2= area to other s~de of channel, ft. , and
A = total area, ft ..
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. COMPARISON OF CUHP AND SWMM RESULTS
EXAMPLE NO. 1

SWMM WI CHANNEL ROUTING

SWMM WIO CHANNEL ROUTING•

•

• ..-.
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•
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o 15 30 45

TIME (MIN)

60 75



•

••
•

NOMOGRAPHS TO APPROXIMATE BIG DISCHARGES

June I 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 Hydrog raph Procedure. The procedure to make use of
the nomographs are as follows:

1) Estimate the following parameters;

• A, area of the basin in square miles

so i 1 t::yp e (A I B I C I or D)

I al imperviousness in percent

Lca ' length along the stream from study point to a point
along stream adjacent to the centroid of the basin in
miles

•

••
L ,

S,

length along the stream f~om study point to upstream
limits of the basin in miles

weighted average slope of the basin along the stream to
upstream limits of the basin in feet per foot

3) Compu te a va lue for LLca / .JS'

•

•

2)

4)

I, l-hour rainfall in inches

Estimate 2-hour effective rainfall (Re ) using the effective
rainfall chart with given imperviousness, soil type, and 1
hour rainfall

Enter the peak flow chart with A, LLca/ (S', I a to determine a
coefficient, C.

5) The peak flow, Q, will then be

Q = C * Re x A

•

••
•

Where Q

c

A

=

=

=

=

peak flow rate in cfs

coe ff ic ien t de te r mined us Ing the peak
flow chart

2-hour effective rainfall as
determined by the effective rainfall
chart

area in acres



•

.- The limitations and accuracy involved in using the nomographs are as
follows:

1) The basin area should be greater than 100 acres and less than
4000 acres, having homogeneous characteristics and a
regular shape.

•

•

2 )

3 )

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 la-year return period are

If a storm event is less than a la-year return period, a more
error may be expected

•

.-
•

•

'.
•-
•

if

if

C L. 1

c ~ 1

.+ 5%

± 10%
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.- PEAK FLOW COMPUTATION WORKSHEET

(For checking purpose only - NOT to be used for design)

Bas in Name__. . . .. _

•
Geographic location of center of basin: Long. La t.

Bas in Area __ square miles. x 640 = acre s

Watershed Parameters•
Land Use Impervious Are~ (I a ) %._--

Sa::; in ~eng th

Distance to Centroid
Orainageway slope

L

L ca
S

=
=

mi
mi--_.__._-

__. .__f t If t

E~timate effective rain for each soil type

Year, l-Hr Ra in

. . *Effectl.ve Ral.n

1-----=. ~ ~~ ~ ::=j/lOO=

inches

-_._._--
=

x
x
x

Percent

%-_._--_.-_.-
%---_._----
%

A
B

C & '0

Soil Type

Storm Frequency

•

•

.-
average effective rain (Re) ._inches

•
* To 'determine effective rainfall, enter effective rainfall
charts with "Ia" and "l-hour rainfall".

Runoff volume = Re (inches) x A (acres) 1+2

• =

x

ac.ft.

112

Peak Flow = C* x Re (inches) x A (acres)

* To determine C, enter peak flow chart
•-

=

=

C.__ x

cfs

x

with "A", "LLcal ~,IIIa".

•
Summary: Frequency year, Peak flow cfs, Vol ac.ft-_._-
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hydrograph in minutes.

t : time of unit rainfall duration in minutes.
u .

The unit peak of the unit hydrograph is defined by:
640 ( 14·3)

Q[': p

t r·

In Which Gp : peak rate of runoff in cfs per square mile.

r : coefficient related to peak rate of runof:.
p

Once qp is determined, the peak of the unit hydrograph for tne tt~l'

;s cOl'lputed b.\':

in miles.

S E wei~hted average slope of basin alon9 the stream to

upstream limits of the basin in feet per foot.

(t : coefficient reflectin9 time to peak.

The time from the be9inninq of unit rainfall to the peak of the unit

hydrograph is determined by:

•
oc:c
-0

I
-<o
:0
o
ro
G)

o
~
o
o
m
r
Z
G)

."
o
:0
11r
oo
o
I
):>
N
):>
:0
o
(j)

4.4 Unit Storm Duration

For most urban studies the unit storm duration. tu' should be

5-minutes. However, the unit dur~tion may be increased for larger

basins. Jt is convenient to have the unit duration incremented in

multiples of 5-minutes (i.e. 10- or 15-minutes) with the maximum unit

duration recommended at J5-minutes for the 1982 version of the (UHP.

An acceptable unit storm duration, whenever it is larger than

5-minutes. should not exceed one-third of t p' As an example. if the

basin has a t p E 35-minutes then ~n appropriate unit storm duration
would be 5-minutes or 10-minutes (i.e. less than or equal to J/3 t ).. p

4.6 Basin Shape lirnit~

The basin shape can have a profound effect on the final results
and, in some instances, can result in underestimates of peak flows.
Experience with the 1982 version of the (UHP has shown that wnenever
basin length is increased faster than basin area, the storm hydrograph

peak will tend to decrease. Although hydrol09icrouting is an
integral part of runoff analysis, the data used 'to develop the 1982
version of the (UHP is insufficient to say that the observed (UHP
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 regularly

4.5 Basin Size limits

The rainfall/runoff data used in the development of the 19B2
version of the (UHP was obtained primarily from small basins. Basin

,sizes ranged from 0.15 square miles to 3.08 square miles. Although

sone extrapolation is justified, unlimited extrapolation of how the
b~sin responds to rainfall is not justified. It 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-square miles or less and individual sub-basin storm hydrograph be'

routed downstream using appropriate channel routing procedures. The
routed hydrographs then need t~ be added to develop a single composite

storm ~ydrograph.

.~~~,
, .~~."..

(C_C)

(4-2)

Pi-I)

unit rainfall to peak of

T : 60t + 0.5t
P P u

T
p

: time from beginning of

unit rainfall in hours.

l ~ length along stream from study point to upstream

limits of the basin in miles

lca ~ length along stream from study point to a point

along stream adjacent to the centroid of the basir

t ~ C fll l / S )]O.4B
P t ca

t
p

" • time to peak of the unit hydrograph from midpoint of

Q ~ q A
p ~

In Which Qp : peak of the unit hydrograph in cfs.

In wich

In wich

I A E area of basin is square miles.
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SLOPE CORRECTION FOR NATURAL DRAINAGEWAYS
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MEASURED WEIGHTED DRAINAGEWAY SLOPE
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having a range of major drainageway slopes between 0.005 ftlft and

0.031 ft/ft. Caution needs to be used when extrapolating beyond thi~

range. In natural and grass lined drainageways, channels become

un~table when a Froude Number of 1.0 is approached. As a result,
there are natural processes at work that liDit the time to peak of a
unit hydrograph as the drainageway become~ ~teeper. To account for
thi~ phenomena, it is recommended that the slope used in Equation 4-1
for natural drainageways and existin!, man made grass-lined channels be

adju~ted using Figure 4-1.
Grass lined channels designed and built using Urban Drainage and

Flood Control Di~~rict criteria, have a slope that limits maximum
control velocities; A typical range of slope~ for such channels i~

0.004 ft/ft to 0.007 ft/ft. It i~ recommended that for preliminary
estimating purpo~es a slope of 0.005 ftlft be u~ed along 9ras~ lined
channels that are to be designed u~ing UDFeD criteria.

The UDFCO criteria also 1imit~ the Froude !lumber to 0.8 for
riprap lined channel~. For thi~ reason it is sU9gested that for

preliminary estimating purposes where riprap channels are •
contemplated, a slope of~e used with [quat ion 4-1. ~hpfi c

. h 1" . Ii • 0 I th d h 1rlprap c anne l~ ln eXlstence, u~e e measure average c anne

profile ~lope.

In concrete lined channels and buried conduits, the velocities
can be very high. For thi~ reaso~, it is reconmended the average
oround slope (i.e. not flow line slope) be used where concrete lined
channel~ andlor storm sewers dominate the basin drainageways. Tnere
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.

4.7 Basin Slope Limits and Consideration~

The 1982 version of the (UI!P was developed uSln!' data 1I01Ii DaslliS

~haped ~ub-ba~in~. A compo~ite ba~in ~torm hydrograph can be
developed using appropriate routing and by adding of the individual

sub-basin storm hydrographs.

• •• • • •
,.'. • • • •• •
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4.B Basin land Use Consideration
A lumped parameter model such as a tuliP 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 exa~ple, if a
lower half of a watershed has been urbanized and the upper half is to
renain as open spac~. 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.

~.9 DeterMination of Ct and CD Coeffic.ients
The value of C

t
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 (I a) as an
independent variable.Three sets of cDefficients that are unique for
each of the three ranges of imperyiousness describe the curve. The
mathematical description of the la 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 a

parabolic equation.
To determine Cpo first obtain the value of the Peaking Parameter p.
from Fiqure 4-3. Then calculate·C using Equation 4-6:• p

In Which, S • weighted basin waterway slope in ftlft
SI.S2•••••Sn • slopes'of individual reaches in ftlft

(after adjusting using Figure 4-1)'

ll.S2••••• l n • lengths of corresponding reaches.
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t p = c, ys.;-}

qp =

BASIC EOUATIONS

t p = TIME TO PEAK

hr.

L = WATERSHEO LENGTH

= mt

lea = DIST. TO CENTROID

Eqn.2
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Eqn.11

EOUATIONS OF CURVE =
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• coefficient from figure 4-2
• peaking parameter from Figure 4-3

• basin area in square miles.

In Which. (t
p

A

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 developoent. 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 a

result. a unit hydrograph based on rainfall/runoff data is an
approximation that provides the engineer or hydrologist 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_ Qf the peak_call. be es t imated us ing
figure 4-4. Note that the unit hydrograph 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.
]n addition to knowing the location of the unit hydrograph peak

and its width at two points on its ordinate. it also helps to know how
to distribute the two widths around the peak. A study of many unit
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
of the peak. At 75 percent of the peak. 0.45 of the width is left of
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 hydrograph at 50 percent of peak being to
the left of the peak by more than 0.6 Tp (Tp ; the distance from zero
to the peak of the unit hydrograph); the x-coordinate at 50 percent of
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

4.10 Unit Hydroqraph Shape

100

../

17
/

Eqn. No.2

RELATIONSHIP BETWEEN PEAKING

PARAMETER AND IMPERVIOUSNESS

20 40 50 SO

PERCENT IMPERVIOUS - r.

Eqn. No.1

p = 8I: .. bI. + c

EOUATIONS OF CURVE:

E~ a I b I C If' 171 +.002450 -.0120 + 2.11 /

o I I , I I I I , , ' ,

o

10

I I Ii I12 I r- '

FIGURE 4 - 3.

~ -.00081 +.221

0.....-
±st---t--t--+--I-----1f-++--+--.J----1---l

~
u
ll.

I 5t---t--t--+--I-1--Ji--+---J---1--+---1
a:
w
l
W
::i:
~
a:
~
ll. 4 t---t---t---r.--t--+--JI--+-~~-+--l
o
z
¥
~
W
ll. 2l-_+_-+_-+_--I_-lr-_t-_-l-_-+_--l-_-l

• e . • • • e• • • • e• •



• • • • • ,. • • • • •r. ,

l

,;,. •
hydrograph may be shaped to best approximate the trends found in the
rainfall/runoff data.
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by

Ben Crhon.5

CIII.f. :lnt.r Phnnlng Progro"
Urban Drl~nog. Ind Flood Control District

A research effort is underway by the Urban Drainage and
Flood Control District in the Denver, Colorado area to develop
DXlr. r.li.bl. run.ff .llIUlitlon t.chnlqu... A•• p.rt of thh
.ffort. the de.i9n 5torm conc.pt Is b.ing .n.lyz.d. Although
the Oistrict's research effort is broad in scope and is exhaust
ive in nature .. t:'15 paper discusses only the findings and the
work to d.t. relatl •• to the d•• lgn storm conc.pt. the findings
.re based on applying 13 years of rainfall to simulate runoff
with computer aodels. These computer models were calibrated for
eac~ b.sin u.ing r.infall/runoff d.ta coll.ct.d .Inc. 1969. In
addition .. this paper examines the principles of design storm
analysis and offers suggestions on how to develop and test
des ign stonns~

Oenver. Colorido

~. Sto.....t.r runoff is g.n.rllly sl....bt.d using 0 design
st..... n Input. Th. u•• of d.slgn sto""s significantly r.duc.s
the compl.xlty of sto....,.t.r runoff on.lysls. A. I r••ult. the
us••f de.lgn sto..... 15 popuhr .lOOng .ngln••rs. t~. b•• tc pr.
.Is. "'Mnd t:,.ir u•• Is thot 0 d•• ign stonn .f 0 giv.n r.turn
fr.quency will produc. I si....IOl.d r.unoff pe.k .nd volume h.ving
the ..... r.turn fr.qu.ncy. As In •••mpl., using. S-y••r destgn
st.nn ..Ill r••ult In 0 S-y••r runoff p••k Ind ••h""..

Typlcilly. design storms or. d.v.lop.d by HOlistic....n.ly
sh of r.inflll r.c.rd.. the ...ult.nt temp.r.1 dlstributt.ns
of these design storms Ny be Quite un1i:c.e the rainstonns occur
tng in nature. !Iorse. the use of design storms may not be re
sultin9 in runoff peaks and ",olumes having the same return fre
qu.ncy. A•• result, droin.g. Ind flood control facll itle.
designed using design storms may be oversized or undersized.
Unfortunately, design storms are. by and large. not tested
Ig.ln.t long-tern roinfall/runoff r.cord slool.ti.n t. d.termin.
if they will reasonably simulate runoff for a given return
frequency.

Runoff Analysis
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figure 1. Prob.bllity Oistribution Of 3D-!!lnut.

Hoinf.ll Depth••t Oenv.r R.lng.g••
~.riod 18~8 throu~h 1971.

Gaging Program

Sh.rtly .ft.r Ito inc.ptlon In 1969. the
cooper.tiv. District .nd. USGS r.inf.ll-runoff d.tl
collection progr'lIl .et up .ppr.xtmat.ly 3D g.ging
st.tlons in the Denv.r ...tr.lI"lit.n .re.. In 1977
the Ol.trict st.rt.d it. own d.t••n.lys\5 .nd In
terpretat ion effort. After II review of the data
c.ll.ct.d, .ppr•• lmat.ly one-h.lf of the g.ging
sites were abandoned and the data collected at
these sites were dropped from the records because
of problems ranging from variable basin boundaries
to undefinable flow gage rating curves. It is
difficult t. In~.rpr.t fi.ld data obtained .v.n
under perfect gaging conditions and the additional
difficulti......ci.t.d ..Ith the int.rpr.t.tlon of
questionable data was sufficient reason. to limit
data acquisition and analysis. to sites where prob
I ....s could b. Id.nt Ifl.d .nd r.s....d.

Seven of the staUons remaining in the dati
collection program have been analyzed in detail to
d.te. Of these seven. data from four of the ~as ins

trlbutlon of run.ff. To id.ntlfy the p.tenti.l
effects of antecedent precipitation. it is neces
sary to examine the runoff peaks simulated while .
accounting and not accounting for antecedent lII01$t...
ure conditions. Such dual runoff simulation was
performed and the results are reporled later in
thh p.per.

r'i I I
I .

M"~
i'0R=j.:'
o 0 .•. ;i.6 I
~ I _.--•••- . i ~

tant p.r....ter.g. 80th '''..olek .nd !I.nz.1
express.d conc.rn obout the v.lIdlty of the COOl
puter models used when extrapolating to less fre
qu.nt larg. stOnA .v.nts. 8.th r.port.d th.ir
IIIOd.h operat.d In I .urcharg. mod. during the
larger events and. as a result. they felt the
occuracy of the pr.dlct.d run.ff p.lks during v.ry
l,rge rainstorms was suspect.

local fJovernments in the Denver area have
Idopted the u.e of tge Urb.n Storm Dr.ln.ge Crl
terli 'lanual (USDC!I) for pl.nnlng .nd d.slgn .f
dr.inlge .nd flo.d control f.etUlle.. The IIInu.l
..as publi.h.d In 1~6~ by the D.n.er R.glon.1 Coun
cil of 60v.rnmenU (DHCOG) .nd cont.in. rainfall
isoplu.ial IIIP' f.r the Denv.r ...tropolit.n .re.
for a variety of, stonn durations and return periods.
Th. USDC'l • h. c.nt.ln•• st.p by st.p proc.dur.
for reducing the isopluvial information to design
• torms. Subs.quent to the .doptlon of the USOCII
by local governments. another set of isopluvia1
maDS was published by the National Oceanic and
Atma.ph.ric Adminhtrati.n (HOM) O. The t.....ts
of IIIP. did not .gr.e. Th. 10c.1 gov.mmenU con
tinued to u•• the previou.ly .dopted USDC'I ratnfall
InformaU.n, whil. f.d.r.1 .g.ncies u.ed the 110M
Atla.. Occ•• ion.lly, dl ••greem.nt. occurr.d
bet~een various parties that were: based solely on
the argument that one set of design storms was
better th~n the other. tlone of the arguments were
backed by run.ff d.t•.

To .x.min. the validity .f the publlsh.d 15.-
pluvial map., the 13 maximum 3~-n r.lnfall
d.pthS rec.rded at the Denv.r .g. fr 1898
through 1971 w.r. r.duc.d t. :siliueibu;~"rrob'billty
plotting p•• iti.n. Th. r.inf. d. ;/Plott.d on
log norm. I prob.bll Ity p.p.r .r•• own on Figur. I.
Th. two I in•• sho"9 on Figure I r.pr.s.nt the 30
lIlinut. r.inf.1l depth. obt.in.d from the ORCOG .nd
HOM isopluvial ".p.. It 15 int.r.sting th.t n.i
th.r of them fit the r.infall d.t....11, y.t the
is.pluvi.1 ...ps Infonn.tion ...s the b•• is of di.
agreements between local and federal officials.
If one thorougly investigated the procedures used
to dev.lop the two s.U of hopluvial IIIPS. 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 $lonns in themselves may origi.
n.te from information that may n.t be totally con
.lotent ..ith the r.tnf.ll data coll.ct.d loc.ny.

Aho .hown on Figure I .r. the 7-d.y .nt.c.
dent precipitation data corresponding to each of
the rainstorms used. Examining this data reveals
that the antecedent precipitation is random in
nature .nd it is not possible to draw any conclu
,iun, •• to how it ...y .ff.ct the st.tt.tlc.1 dh-

R.lnf.ll An.ly.l.

u.ing d•• lgn sto""...h.n c_r.d to llr.ln.d
pe.ks u.lng Ictu.1 rllntoll hlotorles ••.
!"..ol.k oburv.d thn for the conditions he In
vestlg.t.d In.Ont.rl., C.n.d., only h.lf of the
linear variation in runoff peaks could be explained
by the linear varlotion In rllnfall Int.nshy •
This led hi.. t. conclude thlt para...t.rs of roln
fill dlotrlbution .re imp.rtant In the g.n.r.ti.n
.f r.llhtlc run.ff pe.k flow. !ienzel ond Voorh••s
c.nclud.d th.t the d.s Ign stOnA hy.t.graph .nd

cn.il mn.i(turlt rnntflitinnc Jlr. ,,~r" imnnr_

Recent inveHig.tions have reported differt"nces
in predicted recurrence probabilities of pedk flOl1S

nlqu•• to d.v.lop the d•• lgn .torm from r.lnf.n
records have evolved or have been proposed over
the past 20 years, inclUding Chicago l • ISHS2, cuup).
.nd Urb.n Storm Runoff Inl.t Hydrogr.ph Study4.
All of th••• techniqu.s .r. b•••d on the statlstlul
an.ly.is of r.infall d.ta ..ith v.ry littl., if .ny,
verHicaUoR of results through the investigation
.f the r.sult.nt run.ff. Sine. only r.infall d.u
are analyzed, independent of 'the total rainfalll
runoff process. the validity of the design storm
concept has been questioned. HcPherson 5 has
pointed out the fallacy of assigning identical
frequencies of occurrence to rainfall and runoff
when in reality both processes can exhibit statis
tical nonhomogeniety. The use of the design stona.
according to McPherson. may be acceptable when
only gross differences in level of protection froaa
flo.ding .r••ought, but .ctual r.inf.1I histori ••
~:~~l~~i::.~sed for the final design of operating

Intr.duction

In 1969 the Urban Drainage .nd Flood Control
District (Diotrict) .erving the I!IOtr.polit.n Denver.
Colorado. area. became a cooperative sponsor tlith
the U.S. ".ologic.1 Surv.y (USGS) to c.lI.ct r.in
f.lI/run.ff d.ta from urb.n c.tchii"mt.. In 1911
the District started its own d<lita analysis and re
search effort to develop more reliable urban runoff
simulation techniques. As a part of this effort ..
the design stom conce!'lt t/as analy!ed. A1t:-'oug:'
the District's research efforts are broad in scope,
this paper presents only the recent findings rela
ted to the design stom concept.

Jackground

Th. u.e of d•• ign 5torms is v.ry 90pular .mon~
drainage and flood control engineers and has
aChieved aloost universal acceptance. In practice.
it is assu~ed that a design stom of " given re
Currence frequency will simulate a runoff peak and
vc:ume having the same frequency. Sever.l tech-
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loble 1. Obser.ed Chorocterlstlcs of ~ged 8aslns

Site Arel length Slope Impervious o.al...ge

-- !!!J!l -!!!!:l lliilll (Percent) Syst..·

1. Northglenn 0.56 1.17 0.034 35 Streets and flra.. Channel

2. Denver 0.29 .84 0.005 40 Streets and Concrete Channo!

3. Englewood 0.43 1.52 0.010 45 Streets and Pipes

4. Airport 0.15 .97 0.005 97' large Pipes

Table 2 su"",arizes the calibrated infiltration
Ind other rainfall losses used in the runoff silllu",
lations. The data for the four sites were analyzed
in detan to gain insight into the effects of ante
cedent preciflHation. Based on what was learned.
the initial infiltration and depression storaqe
values were adjusted for each storm to cDr.lpensate
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 FiLlure 6, which also deaonstrates the
.alldlty of'the computer IllOdel calibration.
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Table 2. C..lI~rated Rainfall loss Para...ters

Initial Final Exponentlal Pervious
. Infiltration Infiltration Coefficient SjoraJ"ill! (in/hr) (in/hr) (l/sec.) in.

1. Northglenn 3.00 0.50 0.0018 0.50
2. Denver 4.50 1.10 0.0007 0.40
3. Engl ....od 4.00 0.50 O.OOIB 0.40
4. Airport 3.00 0.50 O.OOIB 0.40

1000 2060

SCALE IN H[T

o

selected for Us simplicity and low cost of oper
.tion. and because It was found to reproduce the
gaged runoff peaks and .ol ....s with reasonable
consistency. The IlOdel was calibrated using the
rainfall and runoff dati rec;orded at the four
gaged basins. Both runoff peak and .olume were
calibrated. Two kinematic wa.e models Nt.e also
calibrated for the Den.er site, but they produced
less consistent duplication of runoff peaks and
Ntre considerably more difficult to use in pro
cessing large numbers of storm events. As are..
suIt, neither kinematic wave model was used for
this In.estigation.

Runoff simulation was performed with the
Distdct's computer model that uses a linear unit
hydrograph in combination wit.h Horton's exponenttal
decay infiltration functlon ll • This model was

I

Ntre chosen for use In the In.estlqatlon of the
design storm concept. The four basins represent I
...Iety of urban land uses, Including a IlObl1e home
park (rlorthglenn site). sln~le family residential
(Denver and Englewood sites" and an airport tena
inal. Site maps for each basin are shown in
Figures 2 through 5. Basin Characteristlcs for all
four are surnnarized in Tible 1.

The first three basins were selected for this
study because the stonnwater runoff is not subiect
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
stoms having a recurrence interval In excess of
to-years: however, none of the gaged runoff events
indicated a 'surcharged condition. Although the
simulated runoff from the airport site may not
Accurately reflect the true ~robabi1ity 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.

f10del Cal ibration

Fi9ure 2. !lap of ~orthqlenn Gaging Site Fi9ure t. Ha9 of Englewood Gaging Site
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000 .- ·lolnus~tr'Wt""·reliit·We l1:l:l.Irlty ofthe""tWlr' ;;:z.o,
LlGINO LUUD WINO type. of dulgn .to... being u.ed In the Denver

.' DIN\lIR 'ITI
..... ._"LlM"flO MOOfL'" JS .IC(lIlI~O - • "'........'IDIIIOO(L· n a'"MOlD ..ea, the peak flows e.tlNted u.lng the de.lgn l 0"CNl"'S .., "OII"'S

,) INC>t.llllOOO Sill .' • , •. ... DlleO' "01'101' • . -C*COG "O'l'" sto..... are also shown In Figure. 7 through 10.

400
.' N()fII'MGL(NN ~In e· • :- ..0,.6 ,ro..., 1.0 e . • - ..0 .... 'lOll'" These design storm5 were developed in accord.nce IJ

• CAll.....UD IS" SJOIll .. , "NOIIM(;.. 101111"011I' ,1T1l 100 "NTf(IOl'" ..lIllCIl"J.... 'tOH ..... ..Ith, the USOCII procedure. and the ORCOG and NOAA
0/" ItC- V publl.hed Isopluvl.ls discussed euller. ·l.t appea..

u
I

/
thit u.lng de.lgn .torm. developed .olely fr... r• / ralnhll data con re.ult In slgn\ficont varhnce.

0

~- 400 400 In the peak f1.... when compued to the .tatlstlcol g.
~ V V.. - ~

dlstrlbutton of .imulated peak•.. J /.. .. ....-

°rf
.. >GO

h V
" .. tne pre""."nant tren~ • or tne ested de-.. ,

~V 0~.oo .. . .. sign stOI1ll to overe.ti...te the peak fl.... 1h1.

1 ".,~ ••~ i :: Is not .urprlslng .Ince the .tatl.tlcal analysis
4 / cilomonly u.1!ll In the development of design .torm.

~" ..... 4 AGREEMUIT 3100 3 200

~
tend. to Nxillhe ralnhll depth. for all time

" . .. /
..

~o J~ J .
Ii II increments • H...ever. the author believe. that the 0t_ral dl.trlbutlon of the de.lqn stOITol can also

J ~ .
~ ./

affect runoff peak colculatlon•. I/hen a leading 0,'. . or advanced type of deslqn .tom distribution I.
.' used, the largest rainfall tRtenshies occur It m

0 the ti.... when rainfall los.e. are large ond the r0 100 200 >00 400 >00 IllO '00 runoff is reduced. If, however, • lagging stona
0.51"",(0 I"f"" fLOW·CfS 10 00 pattern is uied. the revene h true and runoff h Z• • '0 .. SO 100 I • 10 .. SO IllO increased• ,

Cornoarison of Simulated and Observed
At:CUAR[NC( INnflVA.L. Yf ... ltS flICUR!'£NC( INnAvAL, V(.....s G)figure 6. Because of tM random nature of the tempor,a1·

Peak FlOirlS figure lij. ?eak flow Probablllt,V DlstrlbuUon for di.trlbution of rainfall during rainstolTol', H Is
figure 7. Peak flow ProbabHlty Distribution for Mrport Site nolve to believe thot a design storm can be devel- ."

Runoff p~obabt1ities and 3esign Storms Northglenn SHe oped to represent a real'stom of a known recur- • 0runoff peak flow.....re then .llIuhted and analyzed renee interva J. Design storms do not represent
Ha\ling a cal ibrated computer I:lOdel for each of in 5...inute time intervals, and because the stUd)' u.'ng the log Pear.on Type III .tatl.tlcal analyU' typical rainstonus and are a conglooerat ion of Nny IJthe four gaged basins, it was possible to simulate basins were relatively 511\411, a 5-minute unit rec""",ended by the U.S. llater Ruourees Council. stonos that have occur,red in the past. HOl-lever.

the runoff that would result from a series of large lIydrograph wa••elected for u.e In tM••tudy. An Identical .tati.tlcal analy.is .... perfo.....d the concept of a de.ign .torm .hould not be aban-
."rainstorms recorded at the Denver rain gage. Olgi- us i.g peak flow••Imulated ..hlle Ignoring the doned just because a design storm does not rep,'e ..

tiled rainfall data for a 73-year period (1898-1911) All 73 .tonns were u.ed to .Imulate peak effects of antecedent preclpitotlon. 1he re.ultant sent a typically occurring rainstorm. A. properly r
at the De.ver rain gage were obtained by USGS from stOrT!'Water runoff from the four sites. Before the distributions of .Imulated peak flow. y•• the conceived de.ign .tona can still be a very valu-

0the ~.ational Weather Service. The 13 r. i n. torm. long term simulation was started. the antecedent recurrence interva1 .re presented in figures 7 able planning tool for use In estimating rainstorm
having the largest recorded one-hour rainfall precipitation for each of the 73 storms was quan- through 10. runoff. provided its shortcomil'lg$ are understood

0accumulation were selected to represent a partial titied and Initial rainfall abstraction. were ad- .nd it is used only whEn appropriate.
du:'"Jt ion series for the 73..year period of record. justed,u.ing the trend. ob.erved from the tainfall- 0Because the digitized rainfal1 data w~s, reported runaff data at the gaged ba.ln•. A total of 71

Antecedent precipitation appears to have I Alternatives To Design Stann
relatively .mall effect In the four te.t ba.in•. I

1000 1000 It I. possible that the algorittua u.ed in correct- What alternatives are there to a design storm?
LlG(HO L(.G(HO lng for antecedent precipitation underestimated One obvious alternative 15 to perform a long tenA »
• CALI611UEO 1OO0(L- n ,.,(COROED 100 • t&LI6III"'U 1OO0U· rs .(COIIO£O its- effectsi ho~'ever. there are other ,possible ex- sl...htion using a calib"ted computer model and

100 N,JOHNS ,fOflMS planations. Denver is located in a semi~arid recorded ralnhII data. This approach would be• 90tlCOG "OHMS • . .011(0(0 'fORMS

a _ HOI." SlOAMS a _ ..0 .... ,lOAM' region of the United State. and hi. an average .illnar to the one taken during the Oi.tdct's »• C"l-leHUED 191) SlOH.. , ICOHOA.,.G 600
• CALI.ltaUP 1911 SIO""S IGNDRNtG annual precipitation of only 15 ihche., with investigation .nd lMy be IhQre accurate. Such .n

000 afolnCEOE ..' PItECIPlfUIOH .... U;C(OlHy PItECIPIUYIDH
approximately one-half of that being rainfall. Re- i1pproach takes substantial experthe. time and :0

~
ferring to figure 1, one can see that only ten of budget. Another alternatlte is to identify a nlJlll- 0/ /'
the 73 rainstorms .hown had a 1-day antecedent ber of recorded rainstonns , say five to tent as

400 400 rainfan thot exceeded 0.8 Inches. 1he lack of being representative of a desired recurrence event (j)

~~ / ~./ precipitation in this semi-arid region also results which can be used to test fina 1 des ign of drainage
in the lack of .ntecedent precipitation and can facilltie•. The advantages of this approach In-.. ~ explain why it has only ill Ininor effect on the 511- elude the use of recorded rainfall data. whicht JOD

~
(P

t 300

If7
tistlcal distrlbutlon of runoff peaks. accounts for a number of temporal dirtributions.. .. found in nature. and the user is provided \'1ith the.. !" / The DI.trlct's .tudles also Indicate that the argument that an arbitrary de5igR storm is not

4

~ 200
~ runoff from impervious surfaces in the Denver area being used. The use of selected recorded stonos
u 100

/,ij~
~

/~/' tends to overshadow the runoff from the per\lious has disadvantages that are s 1mi lar to the ones
l5 a areas. Runoff from impervious surfaces is very stated for the long term simulation method, without •quick to occur and concentrate and is prilMrily the advantages of using a cOffi!>lete rainfall histar,)'

~ V
res!>onsible for the peak flow on small urban Regardles. of how the historic rainfall record Is
basins. At the same time, runoff frOlA pervious used. it is important to recognize that it is • 0areas occurs later in the storm and contributes histor;c record and is not an absolute predictor

100 100
little to the peak flow during the .torms that are of the future. CCOImlon to the semi-arid cl imate. High antecedent..

I • 10 Z. so 100
10

I S 10 I' so 100 moisture may result in increased volumes. but it When the planning effort has substantial po- I
ItlCUJlR(HC( INIUtVAL, YlARS RlCURR[..C( 'NYUIYAL. Yl4R5 appedrs to have very little ir.lpact on peak fl0W5 tential economic im9act t is re9ional in nature. and -afrom urbanized ba5ins in the Denver area ind p05- a high level of expertise and adequate budget can

fiqure 8. Peak flow proba~nity Oistribution for figure g. Peak flow Pro~abn ity Oistribution for sibly in other coarnunities located in the semi-irid be cOIlI!\iUed. then long teon siMulation is just i-

. Denver Site En91ewood Site
regions of the country. fled and need. to be con. Idered. for instaDce.

•• •
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4. It is possible to develop de.ign
.to..... thlt re••on.bly duplicAte the
peak n .... fl'Olll .mall urb.n ba.in••t
various recurrence intervals. HO\1ever•
thl. requires .ubstlntl.l r.lnfall
runoff d.u to pemit c.libr.tion of
computer models. long tena simulation
of runoff using recorded rainstonns and
.t.ti.tic.l ... ly.h of simulated flow
pe.k. Ind volumes,

5, Design .to"". developed using lon9
term runoff .imul.tion IS • point of
reference are useful in the planning of
storm sewers. detention ponds and other
flood control facilities. Recorded
r.infa 11 record. tho t include tempOrAl
.nd .p.cial r.infall distribution. need
to be developed .nd c.nnot, .t this
time, be 'hart cut through the use of 0
design stom whenever w.ter quality
studies Ire performed and/or stOrID\'i'ater
management operational systems are de
signed •. The use of design storms for
these purposes falls to recognize the
non-homogeneous statist iea1 distribut Ion
of I large number of vorl.bles .ffectlng
the re.ults.

2. De.ign .toms developed using pub
lished hopluvlel ...~. re.ult in runoff
peoks thot Cln VAry .Igniflc.ntly fnllii
the pe.k n...s obt.ined through stltls
titol Inlly.1s of long-to"" .Imulotlon
of runoff us ing recorded rAin fill.

3. Antecedent preciplt.tlon in the
semt-Irid Denver Irel appears to have
very little effect on the prob.bility
dl.tributlon of runoft from ....11 urbon
basins,

3.. Urban Stonn DrainaQe Criteria !1anual. Volume 1.
Ralnfall Sectlon Urban Oralnage and flood Con
trol District, Denver, Color.do, 26 pp., 1969,

4. Urb.n Storm Runoff Inlet Hydroor'ph Study. Vol.
4. Synthetic Storms for Design· of Urban High
way Dr.;n.ge Facilities, Report No. FHIIA-RO
76-119. federal Highway Administration. Wash
ington, D.C., 160 pp" llarch 1916.

~

1.. Keifer. CHnt J. and Henry Hsien Chu, "Synthet
ic Stann p.ttern For Dr.in.ge Design,"~
Dtv., ASCE Proc, , Vol. 83, Mo. HY4, pp, 1-25.'
August 1951.

2. Terstrlep, H.l., .nd J.8. St.ll, The Illinois
Urb.n Dr.in'ge Are. Simulator, ItLUDAS, BuHe
tln 58. n11no15 State Water Survey. Urbana.
gO pp., 1914,

5.. UcPherson. M.B•• -Special Characteristics of
Urban Hydrology.- Prediction in Catchment Hy
drology, pp. 239-25S, Austr.ll.n Acader.lY of
SCIence. Canberra.: ACT. 1975.

6. McPherson, :l.B .• "Urb.n Hydrology: New Con
cept~ in lIydrology for; Urb.n Are.s," llo\.~.

for .•PresenUt\on. it northwest 8rid~e En9Jneer...
".' ing S..,in.., D1Y"'Pi., 11..~in9ton•.12 Pp:,

,.,October,l!'16.. fC". .'.(
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1. De.ign 'to""s.re, developed ••ing
lnfonaation cont.ined in publi.hed 1<0
pluvi~1 .naP' th.t may not be totilly

,·c,onsiUent with the lon9-te"" rainflll
data collected locolly.
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Surrmary and Conclusion
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Figure 14, Pe.k Flow Distribution U.lng New Design
Sto"". for Airport Site
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of ·the hydrogr.ph••ii:IUlated u.ing the new design
stonn••lso need. to be verifi~d. Flood routing
of the hydrogr.phs obta ined u. ing the long te....
rainfall record will be performed u.ing I v.riety
of detention pond de.lgns, The routed pelks will
then 'be .tatl.tic.lly .n.lyzed and cOln(llred .g.inst
routed peak. obt.ined u.irig the new design storm.,
It. is hoped th.t the new de.ign ,torms will have
reali.tic flood routing ch.r.cteristlcs, If they
don It. it Ny even be necessary to develop another
.eries of desl9n storms for use in the de,lgn of
detention stor.ge faCilitie.. The ul!imate, go.l
of the Di.trict is to develop de.ign storms that
will consistently result in I re••on.ble prediction
of the peak flows ind volumes for stom runoff
in the Denver are.. These des igR 50 torms will then
be available to the engineeriAg profession for use
in the de.ign of loc.l dr.in.ge .nd flood control
facUities. These new design stonns are not interd
ed to be used in regional non-point water quality
studies. nor professed to be the only ones to be
u.ed in reglon.l flood control projects.

The Urban Ora ;n.ge .nd Flood Control District
staff is involved in a researe'" program to develop
marerelhb1e urban stonnwater runoff simulation
tools. As part of this effort .. the District is
investigating the design storm concepts being used
in the Denver .re., A•• result of thi. investi
gation the following observations and conclusiodS
have been made:
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Figure 12. Pe.k Flow Distribution U.ing New ,De.ign
Stonns for Denver Site
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figure 13. Peak flow Distribution Usinl New Desiqn
Storms for Englewood Site

distribution curves of the peak flows obtained
u5inCJ long term simulation. The comparisons are
Made in Fiqures 11 throuqh 14.

The results to date look encouraging; however
the District is not yet prepared to rev.isethe
USO('l•.·Cefore perwanent poliey revisions are ·,made
to the desllcj~procedures·· used,,' in ttte Oe~ver ~ar.~a.. .
the new design storms will undergo. f.wr.t~ertesfin9
using otht.L~~~~'\baSins. The"f"Olu.m~tr;c ~~tegr:ifY.i

,"f.;.,~ ~"., ...:: . j

~

• UlIP."O"oe«.. • on ItICOROIDH--i¥'1......s
-;f:,,::~ ')•

too'

100

,oooR I I I FFR
LIGINO • ,

regional non-point source water quality ~lannin9

is an area where the design stom approach has very
little merit. The non-horogeneous 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 teMporal and spacial distribu
tion be used. Similar arguments can be made fo..
regional flood control planninlJ. However, when the
problem shifts to smaller drainage subbasins and
individual storm sewer or detention pond design.
there is a need for simplified aoproaches to the
problem. In such instances the design storm isl
state-of-the-.rt to many of the profess ion. Is":"";

Des i on Of A Des 19n Stann

1001 I I I I I I
80 a: :s 10 Z~ ~ 100

fl:£CURR[NCl tHTfRIIAL. '(.RS

Fi~ure 11. Pe.k Flow Di.tributlon U.ln9 New De.19n
Stann. for Northglenn Site
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The need for simple. straiqhtforward ap
proaches in urban drainaqe and flood control is
reco9nized by the Urban Drainage and Flood Control
District. This need 9rompted the District to pur
sue the development of design storms that would
.imulate pe.k flows to fit the runoff prob.bilities.
The approach required the use of readily available
published r.lnfall infonnation th.t h.d • broad
base of acceptance. Because the NOAA Rainfall
Atla. 1D was used by the State of Color.do 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 tnterva 1 storm and was convert
id to a percentage of the NOAA At las one-hour
rainfall depth. After several runoff simulation
trials a series of temporal rainstorm distributions
related to the flOAA AtJas information were found
to reasonably recoos~itute the peak at each .recur...

. rence interval for.ll four test basins. The
resu1t'JI. can be seen by comparing the peak no~s

obuined US10,9 the new de;sign storms against the
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COLORADO URBAN HYDROGRAPH PROCEDURE
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Urban Drainage and Flood Control District
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(303) 455-6277
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(303) 987-3443
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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 ~odified to be
consistent with the 1984 revision of the Urban Storm Drainage Criteria
Manual.

2. Dimensional and common statements and some of the logic in the earlier
version were modified to be adoptable on an IBM PC-XT.

3. Plotting routines included in the earlier version are eliminated.

4. 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 Cpo

5. 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 rijtional formula procedure
described in the Urban Storm Drainage Criteria Manual.

6. The program can. as an option, create an input data file containing
storm hydrograph values for the purpose of combining and routing these
hydrographs through the application of·UDSWM2-PC. a version of the
runoff block of the Storm Water Management ~~del (SWMM) originally
developed by the U.S. Environmental Protection Agency and modified by
the U.S. Anby 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.
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0.0018 per second for the z- ana :i-year StolD, dllU well ..anu w

'reduce the'infntrilti~n ,to .,a 'constant 1/2 inch/hour rate for the

10- through' 'lOO-'yeal"'stO'l'1llSi 31ettilNFL .. 0.17 on the 10- through

100~year:rainfall Idata c~~d,B-2 and leave all other correction

factors blank. This will multiply f i = 3.0 in/hr by 0.17 and

reduce the' initial infiltration rate to 0.51 in/hr, which will

then decay rapidly to; the final infiltration rate' of O.SOin/h,r.

If the user has entered rainfal1'lo5s adjustment factors with the

rainfall data and does not w1shito use them for a given, bas~n,:

during a computer run, he 'can nullify these correction factors by

entering any positive number for XtlUl on the basin data· card. D.

A positive entry for XNUL will cause the computer to use only the

ra;nfall loss factors entered with basin data..
Depression storage is entered independently for the pervious and

impervious' areas. A single correction fact&r is permitted.with

each rainstorm input if the user wishes to vary depression

storage between storms.

If the user does not enter any rainfall loss adjustment factors

,(leave 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 ~o

permit the user to account for the effects of antecedent

precipitation on rainfall abstractions •.

infiltration decay rate and depression storage values entered

'wftW:bas1n data. For example, if the user wishes to use Horton's

<' equationWi'thfi "3.{) fincheslhour,.AJj' '! ,0.5 inchesAhQUr and, a ..

,'-

4.

;3.'

'n ;!~;.

L'<

. \ L

~_ 1

iI;Ii

initial infiltration rate in inches/hour
'I" :"

final infiltration rate in inches/hour

; ~

f i =
f =o
a = decay coefficient in per second units

t = time in seconds

,~> Q f ~ r

A va~iable infiltration rate based on Horton's equation can
"; "/,

be calculated.

Horton's equation is f = fo + (fi - f ) - at
, ,'d, :'l, 0

Where f = infiltration rate in inches/hour

needs to enter only the initial infiltration rate (INFL).

b)

The infiltration rate can be handled in two ways for each basin~1.

algorithm used by this program.,, '

-Runoff" chapter of the Criteria Manual for the excess precipitation
,:,!,'. I"

a) A constant infiltration rate throughout the storm can be

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

specified. To use a constant infiltration rate, the user

BASIC RELATIONSHIPS

detailed distribution is computed. " The user is referred to the Urban

Storm Drainage Criteria Manual for the recolllllended methodology of

developing a design storm. Once the design storm is input or

computed, rainfall losses are calculated by the' progra~'jn ~~cordance

with the Drainage Criteria Manual and account for retention and

depression storage and for infiltration. See Section 2 in the

detailed hyetograph or, as an option, as a i-hour depth from which a

,':" " -

The program requires the input ~f th~ design storm etthera~ a

A.

• •• • • •
,.
• • • • •• •
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B. Unit and Storm Hydrograph
, :.-- ! ~ :,.' .(., ~. "; =:.; i'; -J ~;

The computer program will generate a uni't hydrograph column matrix for .
" ".~: ..... " • . ',:"f " .t •.. i '~~>:~~I' "-

each basin. It will then set up an excess precipitation row matrix
jr ",> ,:. ~ '11\,:'1;" fJ,,:C';: . ~ "'. """ ;

for each storm called by the basin card which it then cross-multiplies
, ,
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the case,

if·~"~·!f."~;; _;- ij

" '~

:. :;. ".. ".J.' " ~ . :', ;

~ [.

~':~{it~\'~~I')~ ·.1~1'·" ~. ~·l. '':J~J .j"',L':' ?-::'~0fl <~'(\h,:()h4: '~J:Jr..~

~~ ':-~11r: t,.,.;~ ..; ,," '~;.'.! : ::'''_~ . l"

with CUHPD.

~'~ ~I'{: (",':; W':i~_ .. t'

Because Of the speed of 'the computer, it 1.s net necessary to.,vary the

unit durati.o.n ofthe.'unit hydi'ograph lnorder to save manual," 0, v

calculiltio'ra time'. 'It is reCOillnendeddthat'iI 5-minute, unit hydrogr~ph'

be used 'for all'worJ(;' fiowever, the Oserlhas the 'option pf using any i

unit time provfded"the iraH\fall data,used has"the same, unit time and a

hyetograpli'isdefined 'by the, user; ",' .'

Unlike the earlier version (i.e. CUHPD), CUHPE/PC utilizes the

following equation for tp as found in the 1984 revision to the

Cri teria Manua1:

t p = Ci (Llca/ff)0.48.

It'is no long'er necessary to DXldify the Ct coefficient as was

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 equations in the Urban

Storm Drainage Criteria Manual as revised in 1984. As an option, the

values of Cp and Ct , if known or predetermined, can be input directly'

to override the values computed using the Criteria Manual procedure.

If the l;li.<h6!J1" rainfall! irtjiut 'Option is used, the user may choose

either 5- or l'Oi·i'mhlute'unit' wt'atiOll; only;; however the 5-minute

duratioll )'/s·'recbmmendell···'fbt',a11" 2-hw,.;' storm.s.~;

The user ne'i!'tts' to 'input' the fonol~,ing basin'panalhet~s tp"gene..liate a"un\..t ..

and-stonn t(yUrog~f'ia:ph': ~1~~1"i' t~!' '"V ':l~'.~£-- i~, ;!<'. .q,,'(.!. 'J~!.H~~~ ~-" ,t .. ~::.>~,r(;:.",

,:,. ~ f·

~ .,--f.~.

,~~_1 r:' :

U u:,,; , . fl" "~ ~ i;' , I ; ; ..; 1 .' ," ;;: i. ,. r ',. f" • ,>

A user may input up to 99 rainstorms. Any consecutive block of
.t-: .i.! t:':)l' ';." ~;ql~'.iji. H ;':1 ~';(C~

rainstorms may be called for processing by the basin cards. It
:., •. ;. ::~. t. ", \.1 ,,", ~ r S',' t ."I~~ ... '.~11'

is possible to input several sets of rainstorms developed for
,y '~"~ , p" . T~':;·;.r-' .. tt'(Jr~f~'lj/-I'

different parts of the metropolitan area and then to specify the
, '. '., .; ~ ':..;' ( . '. .

specific rainstorms to be used by a given basin. It is aiso
, ;::"': "'1 • f"'V, -.-,

possible to input 5-minute and lO-minute rainstorms and then call
. , '.i' ~ r .'; i ~. . 1'"'

the appropriate ones, depending on the unit hydrograph used, for

rll., ~' :-S;·'~.d ¥:h.'~.;~·i!'.~

a given bas in.

Up to 72 rainfall increments may be input for each storm

hyetograph. 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 I-hour depth input option is to be used, the user needs to

identify the design storm and then enter the I-hour depth and the

return period (i.e. ?-, 5-, 10-, 50-, or lOG-year). The design
; '., <l ; ; •. '. I ,~ , I -," - ,

hyetograph will then be computed by the program using the 2-hour
. ;J,,:~· .. !!.i \U~~! .:~' j ;1'

storm distribution recommended in the District's Urban Storm
i,I.... 1"" . "';',"b .:

Drainage Criteria Manual. The unit ti~. specified·.under basin

data (use only 5-minute or 10-minute unit time with the'l-hour

option) has to be consistent with the time increment used for the
l.:l"i 1\ ,,; \ r- L:i '. :;" -j , '~'.' :;"''i~ r):;

tabulation of the design storm. Namely, if a 5-minute unit
. ~." . f • ,A.. 1'" ': f ,- 'lI' • r , .

hydrograph is to be used, then the rain'fall' data should also be
:':"':(~f n.,' ,,)" " ;:,',.qn;"

entered using 5-minute time increments.

6.

5.

!' ., II,
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1. Input Parameters. The following basin parameters are needed for

Impervious re~~ntion - Maximum depres~ion storage on imper-
.' -/

vious surfaces in inches.

surfaces 1n inches.

Pervious retention - MaximuM depress10n storage on pervious9)

h)

,'" ,·,..,,. .._w·," .~., -,-- .>' " ~",. ,._,-_.. -.., ...~ -,,. _ ..... -'''",'''. '" ....__• .,." ...., ,,<>._ ......~'._~.b· -~. J-·...x ..·
-<o
:0
@
ro
(,)Basin Length - The length in miles from the dOwnstream

program to generate a unit and storm hydrograph.
O!"::""~: .i:t "-·!~~f':.r,::~ .f~'· .-",;;. "'(j' ." ;:t:~"~~':f,jl}U

Area - Basin area in square miles
'(~'.: s'; ""~:; ~ 1 \" I!I. ",'d, n!,; ',. J '

a)

b)

the

design point of the basin or sub-basin along the rnain
OJ''. ll' ·P'el' •... ;-, ;un ; iIi''"'!'

drainageway to the high point on its respective basin or
,~t':; !' (!; l "_'0. • ~"." i"-; ,)

sub-basin. When a basin is subdivided into a series of

the farthest poi.nt i.n the,sub-"basin.
~ !"C .. i~"~~ ';'J r "-J ,"; ~.n ;l :)t':~llJ.' ;"'.. ,J :''1' ,.:ir)'<'! ..

c) Centroid Distance - Distance in miles from the design point
j!W:J~; LC-~j, ~,'.. ;. ':,1. U.;'h.' Ul~; .~fq'("T";"" "'" l' (i,

of the basin or sub-basin along the main drainageway to its
'''', ',' r....;?jll{ . ,"'-;/ q ~,"{?uc';" f' l~'

respective basin or sub-basin centroid.
.,""" 1. ~.. , ;'L,," \. ...1 ,.1 ,; t~, , .. ' .r;rL::}t~ ')fF, (~.:' qf I ;.. "'qL -};!<

d) Percent Impervious - The portion of the basin surface which
r·.lL~":"!·' :1;."(;' ,i ..ic';!",:f·~>,.9t~!' h:·~~C:~:n.j {('f:~~h; -;1,1, :r.j'

is impervious in percent.

e) Basin S19Pll .. The weight(!~ ...~verage slope of the basin in feet
~:"'~~ ,'~1 ',,;~;r·.:".!'''l '.ri:("~; ~: ... ,:::1 !''1'f:,i:tf.lt·,n!'
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tion rate in Horton's equation.

Final infiltration - Finill infiltration rate 1n Horton's

surfaces in th~ basin in inches per hour. If this entry is

used by it~~l~r.,~t.will be used as a constant infiltration

rate throughout the storm. If the next two entries are
i'ni~": ':";>

made, then this value will be used as the init1al infiltra-

Infiltration rate - Initial infiltration rate for pervious
~0

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

the widths at 50~ and 75X of the unithydrograph peak. The

The shaping of the unit hydrograph also relies on proportioning

k)

hydrograph is developed by the computer using the algorithm used
• ", ; " " ")"; " ", ,.-'". , ~./ 0 ' .. ~ " , ; ~. "";;', ,oj: c

1,11 th~1984 revisi,on of the Urban~t~rm Drainage Crite~ia M~~ual.

As noted before, the coefficients Ct and Cp are computed by the

program. however, they can be specified by the user as an option .

eq~ation in inches per hour.
-" ",!' ".,.

n. NulHHer of Rajn(al), .Lqs.s.Adjulitment Factors E!ltered with" .' ).: .. I:t ~ '''''i;~''': ,;,.• ,.,...\.: ,,:,,": ':"~ ~"" ,,: __"t"~,' __ ;" ",

Rainfall - To be used .if rainfall loss adjustment factors
!,'! (.; '!tVj;·,.~ 1 i.r·;!'~Y-( J..'>;;l",; P',':\Jq , "'!".',"';;.' ".'-i~ ~''':''j,;

entered with rainfall data are to be nullified (optional).
!j j q;~" "~ :.;"', "\~.:__ ; !\iU_ (,",j t.' ), f"(~!j! ~".,', ". :,"; jl' ,1C~",,'

qPtion~LInput Parameters For Hy!lrograph Shaping•. The. unit

1)

j~""Drcay,,~Jxpfl~~~~1a,1)I~fa,J~?etfi~i~nt,1n Horton's equation

(l i~,,-p~r ~~f~'l~~;llni.ts·l',,~, ,I'. "

2.

'1' f'.,<.' !

sub-basins, the sub-basin length used shall include the
/H,;" .l!.. :", I \,." ... '1"'C t: Ii., ..., (. ,.;1

displayed using both the CUHP method and the Rational

Formula. This option will be exercised only if the I-hour

rainfall option is used for Card' 82.

per foot. See instructions in the Urban Storm Drainage

Criteria Manual to determine the weighted slope.

As an option for small urbanized a~eas, (e.g. less ,than gO
, \:;.;,; >"';'. !:d ,'; V'·:'pqn ~11,1 : ;J,\rn. '~<~, ,t l ·,'

acres), you may enter time of concentration in minutes.
,I:! ;\" ,,;,- ....,; \ ,~\ '\ \. :"~l ,i ! r'f.~.; H!. " .. '" ·'L t ., !

Procedure for'estimating time of concentration is given in
:':;\\,';' J;.':.l., ,:.~ {.': }',!~ ',t, \ ~";: if !-..~; - . '.'~

the Criteria ,Man~al. 8y specifying the time of
.,",' '~:'I! i\~' 5;'~'~' ',' ~ f'"

concentration, hydrograph peaks will be computed and
'to,.' ,'. "

distance required for runoff to reach the major channel from
~ :,i( .," ~~~ ;'U{ .• , • "i ?' -' '-';.,.:

f)
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CUHPE/PC version. an optional routine is incorporated which computes
':'V-1_',n. _~'i • :,." " ,',' ~ ... ,. 'J,- a~-':.':: ',~;. ;"';~HH; i~'

The Colorado Urban HJdrograph Procedure (CUHP) iS,applicable for
,'}:~ ~ ;"'.,~.: i~~'·'··~.l\·~"t'" ;,!~l.: iHH..,~~,';\: ,\)1; ~! ...... - ":';.~'.icr .f-I,~.'~'_;'

basins that are generally larger than 90 acres. When the procedure is
q~" ~""':.' ~..,i'.., '~~"i\:::O;"J>' 'J.:Ot'·U. ;t~

applied to smaller basins. it has a tendency to overe5timate or
-".,I 0t j·~..l i '~'. 7·.p~~ .'\"·',5U :.IV;~~ ~!;f ~t'i' l .ae ".) \ r., ~~2

underestimate peak runoff rates. The Colorado Urban Drainage and
~ 1 : fl. ';~.c,¥.~ ;·)~:;;r·.:. y ,q21:J "~t-o ~ .. , ~!~fJf.~t It .. :., ,I,' l~'_;' J~'l ~'fJJ~i

Flood Control District's NUrban Storm DrainaQe Criteria Manual N
.~!..... ~~l~.f: <) ;",-'.I'if :'1; r~H.. ,~-'l""~ln

suggests the use of the Rational Method for such small basins. In the
.,~,;:;, ·t::, ll..-"':-·i~':: ,: -'~.\ .1' - ,-;:,.!'''' J ~._~.,•.,

peak runoff rates based on the Rational Method. In addition to basin
• "''';' t.? ,,'t.. ~. ....;...... " :; ~f~1. _;f,~ f~t.

parameters required for the CUHP. the user may specify the time of
.-'I.y"! ~ : .. - !fJ~:' /}0,; i ~> J ti:-' L~, ;'! .:": ~I~. qJ vI

concentration for the basin of interest and the CUHPE/PC will then
;~ t'r:~ •. , '.-<,.$:<I"'" ~,. j"" ,it., 2HP t~("L'1"<'~ .j",. ~'l::" ~:Kj~i'

compute and display both peak runoff. rates- as computed by the CUHP and
;'1 ~,~H;;':YO 'r,~ ;·~-1~,-,,,-:-~.,i~.

the Rational Method for comparison purposes. The program also
\ ~ (" ~ - p..; -: J t) ~ ._,~. '" ~ t·· " .,).~:; "':. ; '~;';\

contains a routine which modifies the CUHP procedure for generating
·-·f . ,":·d' :~'.;; co dr'~l'f.~t!;it; '!,:l 'f)~~{:" ilL·'; Jr(H.!t~ p. ~t..il 'f~(~b .
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The r~in~p.!1 t~~~n~it~~~~ration relationship specified

~Jorm,,9rainagf,W,~~~1~JH~r~~J i~,,~~ ,foll()ws,: ;l'""''l,<

The Rational Method is based on the following formula:

In which. Q is defined as the maximum rate of runoff in cubic
1·- n;~, 1 \i' ~~>~.,' ";, ·itJL . ?f" '~:J" ~;, ~,;'~ ,:.'~;~.?:h"·

fe~f"p!!.r,,~e~?n~;,\f l'fs,~ r~n?!f c.9,~~.n~1er~!. J li~; the,~~en~.e'l;:"

;1f't'ft~:ity, ~f;,f.a!r~~lJ; in.irf~e;\-f!er:,~~ur, ~?r~ ~!lrnjo~"equa1 to

the t~!JIl!.pt.Jc~nfFnm~!8?r ~~~, A,,,i~ }hei)~ra~~~g!!}~eil).?,~,cre,.

To es~j~~f~ifeaki[unpff,rat~f ~~i~g ~~el~~ovt.~~~~pnal fQrmula.

~~e f~P?I!~~g, r~}a~1~~~~.lfsf~~re~~~~1~p,~ ~rd, i,~~orp?rat~d,.~ni

the CU~P'~(PC: '" IV,,'S "Ij,

hydrographs in such a way that their peaks become compatible with

those by the Rational Method for small drainage areas.

1. Calcul~tion of Peak Runoff Rates Based on the Rational Method.

t" ~. :;Q .~:{

.~-' f:'~:"'J! ~'.t ~~"

~,'.-~.: .J; ~~, 1:;'" t:~ ..("p v: ..

. ~.li nh":. Mf,!(lfcf

?~f" Pi; :"~'·ftf':·· ! .. ' ;-:~t:, fjl.t.<

~"hjP~1' ~ I," ":.1

(t' ~:! .,.::;:~..;., .p';: 4..t}J;Q..···,p~a .... :J~ gJ hf','

A- ... ~:"J\,~\)(~"" .~... ~;;.: .•.. ,

J~;~. ;j,n"l'

I'

accordi ngly.

Rational Formula Option For Small Catchments
"J:' ',~\. j~ " ;".:f ~ H\~~.. ll,.~~~~.11< l~ ::':':'i(.~~ '~)h; 2J~;'

being ahead of the Ntime to peakN• These proportioning factors

were selected after observing a number of unit hydrographs

derived from the rainfall/runoff data collected by the U.S.6.S.

for the District. It is ,possible for the user to overridge the

unit hydrograph widths and the proportioning of these widths
,n' ' ,;"

built into the program. For ,drainage and flood studies within
.. ., ':L: ".}I'II !,c. .-' t"'" • '; -

the District. the program values shall be used. If the user has
. , ..• ~ "'J:~lJ~'\~~ :~-.", .'~: ,< 1 io.Jl.,I\~ ). '.

derived unit hydrographs from reliable rainfall-runoff d~ta for a
"'\'<.., )'.".'::. '~.'.;.;~, " (:-. 1'. f':'~:'_ ,It" ,/..,~:f;.r:;, ,-'I

study basin and can develop a NcalibratedNunit hydrograph for
. T., ,.,::'\"'. ,;.:n.(~:>. 1~~:'\- (h t::_lttt.t:';i.,(~ : t.··~ ". t',l~ntf(.~··"

this basin. this option permits reshaping the unit hydrograph
~" ·l,,;,~.~.~ -;1lp9cJ,i ;q 9"~.1.:<. ' ',;;';} ';~·:ql ,~;.1
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Storm Drainage Criteria Manual.

Based on the above relationship, the average intensity for

aduiatfoll of,;'t!'mill'llteS't'·ct; h.the'rati",duration in, min\ltes;

; arilfl6'o' is the '¥ain depth in ·iillches ·fp.!",a lrhour.duratipn•...
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In the CUIlPE/PC. the above relationship is incorporHlld to

estimate the time to peak for a given value of the time of

concentration provided by the user, replacing the CUHP for

estimating the time to peak. This optional procedure should

lnt:which. t p';iii- tbe,tlllle:;tp ,peit-k.. i~:"i,,,utes, I c ~J 1;~t. tilf\~'c'

of concentration, in"mi nutes.•. andfj! d s· t.~e, j.mperv1.Q\!s.. area"

J

~, . as a, fraction"

',!.!(" .'.',

(

F.2_0.36F.+O.07
p;; :,·";u;,,r;l"o ;"'t'''',';':o; 3~ ,,,,1' '\" ~. l' '-6f:)' ,! "U

'. "P," ·F.Z-O.49F.±O.14 C 1
I Ll'-""; Hl',r''-1';\····hu b';?" ,.?, .:1"1,..4 ·l.l,~,!, n 'i:,' .J':-,

' .. ! i'~

"

"'.,1 ·':r.' ;,'!

~ !i1~ Ii

drainage area larger than 160 acres, which'is not recommended

by District. a warning statement will appear in the output

along with the estimated peak.

When the user specifices the time of concentration and the

I-hour rain depth, the CUHPE/PC will automatically calculate

and display a peak runoff rate based on the above Rational
,

procedure. However, when this procedure is used for a

2. Modification of the CUHP Procedure

As mentioned earlier. the peak runoff rates developed by the

CUHP may not be consistent with those by the Rational Method

for smaller drainage areas. This inconsistency results from

1:'" ,t.W"" j" ~if~~f~~~Jfro.c~ed!lres U~~d,~o ,~~l~lul.,~al}el'the tim,,~q ~o peak used
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any given duration can be estimited by:
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. A V41ue of t~e runoff coefficient as determined by the above
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imperviousness, depression loss. and the Horton's
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infiltration,~quationparameters. On the other hand, the
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runoff ~oeff)c~nt~,s~ecified in the Urban Storm Drainage
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Criteria ~anual only vary with imperviousness and storm
. i.' "~~'-:i~ p'1. ~'~"\~':'I', I ~nt" iHY·;··~l."-'!;' ; t j

,frequency '" i~owrv~r. when typical val ues of ra infa 11

intensity for a given frequency and depression loss are

used, t~e runoff coefficients generated by the program
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generally agree with the values of C specified in the Urban
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.., T~e urya.n Storm Drainage Criteria Manual provides a table
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specifytogvalues of the runoff coefficient. C, to be used
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~UHP~~PC.,~~ese values are approximated by
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'" . raJp,fa11 for a Z~hour storm ~s ~sed .in th~ CUHP method.
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be only utilized for small drainage areas (the recommended

threshold drainage area is 90 acres). When the procedure 1s

utilized for larger drainage areas greater than 90 acres, a
-,', " • -,l.ff-. '-.",-\"

•
I

1~_._

l' ,
r -'~

oIe
. Ii
\-0
t ")
~ \._-

I. -"':3.-
;

f .<

I
-<o
:Do
r
o
G)

o
.$:
'0
o
~m

'r
lZ.'I ':"
0.

\U"J..{.,
I ,.;.,J,-n,o
io';:0:.
~ r._:.:...

l-rt'-
'rr'l
~·o·::·tt..

:0<,
'G)'

lr t

;~:I ,'», .,,'.'
i :o~,
~ ~"'.J,
i '.. -~.

" 'l~f~ .

,~ .. '~.(nl,~l; "(~r~',,' lti~::': ~tJ·.Wl.. ~~.;. ,:;::,_ -.'» "¥~f":!!~....:,

~:~. :.11 ",p ;.-1 .~ p.-, ::·.lJ~t.!3 ~:f~·P;'I.\fC~":, ~ l ~ :-':;; ';~

j{~V' ,,-';1"'.",,~~- •• t (.~ '~~'. -t 'h~ ..! It.} '. ~ ~ h·: ;J-j"r,·

~::,;ry: 1l?O]vn ~ ~'t.<H" ~,i~l!O::,.(~ i1~'t n~~,-;..(..f~ :.'h Ql.r' ';J}t1 ., .,:{:... rH~;;'.;.

-q- "*,,::"~ ·1,~ 1h ~.~~bi~· iJtC " Ii. 7-"\~), T!J" ·.if'{/"r'> ',-'4';3'-", ~:~J':'~~'"

USE OF CUHPO WITH HEC-l

. f'tU ~;a ~T t~{··:"'~ \'. ;~~ ·~H i':u.- h~ ~,qP~ ~ ~~ ni?f;~i ~t.t ~
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~}nih -1,'11, ff(1:~ pF (: :.·:·~';:f"-'''J: d;::.,-, .fW\:->j-~ :.', ';'~:-< ~;~ !0tJ':1~ .l..~JW)t!

f ..~·· j .,,(; t,:;t1:~Jt.;;::

In converting the .P,~8Pf,~~,~0.~v.~r~/ir,C ,,~~"1~':"}0 ~,~"o~~:~,ty,p,e eqU,iP:~~),' the

HEC-l output option was -'lot fully tested and may require further work to
~"" tl'.f-~_. ,: ·,.d ~ ·., .... i ,:~;~ ~;;," r/'··lr.Ar.~' p(.,~,.OL~. J~k j. n;. >..;1'~4';;.

generate output f~r u~e with ma.i~frame or PC compatible HEC-l program. The text
'1" ,t.H,.JI·:.: ~t,~.: llJl"!.;··\~; 0(;1. Z:-1t~!;.~~Hf~":;~'fC\) ~')' ":f(H,.'l:'.

that follows is, for the mo~t part, foundin the CUHPO User Manual. " ,.
-:;,!.p;l,Oi'( ~,····~~\.ph.' ;'i:?'!..~ ft) v,·,,,.lij'k f~"i ," I>' \ ... '1:':- '._~~)1j
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The Urban Drainage and Flood ControlOistrict's CUHPO program was modified in

February 1983 to provide a user~sele~ted option ofwr1ting storm hydrographs to

an output disk file,for'subsequent use witht~e multi~plan met~od of r1~~r.

routing available with HEC-l (flood hydrograph program of the U.S. Army Corps of

Engineers). AT that time, the"acronym for the Olstrict's program was changed to

CUHPO to distinguish this-. version"from· previ.Qus yer;;lons pt;t~.e.,pr()g.ril.",.,_The

user ·of the HEC-l tputfl"t,of 1:001'0 ~j$. ad!l~;sell:,to.,.qrf!JUJ1.YI1,revjet"t~l! ~~,~-.I;M.sers

Manual (H[C-l Flood Hydrograph Packag~ Users Man~al, U. S. Army Corps of
\, .f " .'~, l(~}'1~" J"? ~.c .

Eng i neers Wa ter Rese:-urces Support\) teli~e,r~ 1g8~'~i .b~t~~~}l*Oc'et!dj ng with such use.
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Rational Method Options.
. A,

; ~-+·U',·.'~~lr:r '~'...Jj ;-h.!}j,.J,?~

warning sta,~~en~.win appear in the output.
, ,~ .. ·.l~' ,,~-:: ~_.".: ~>.)'~<;"1!
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The CUHPE/PC program has two options under which it will
~ ',' .• )" • ~';_l;·'.~ -~!"Jl\ "I.·:;'_t~;. pj :'•. fwi>: Ai~fi:"".. "I,' '"d'~'

generate peak flowsusin~ the R~tio~al Method. Unde~ the'
~ 't.~ ·.,Jt":,...!~: ,:; ~"~r.;l~·~;r,. ~u JUt=.: nLV..:fU : ,i 1)1"(1<;

first ?pt~on, ~~ ..,ef.'1IH~ ~ R~~~,,~~~[~,C) 'Olifn~:~,u,se~~?,~,~. n~t,
input a time of concentration (T ), the program will only

,r; I','. a;;, If. ,.J..,( •. , ~ J(.'~' J If? ., \:.''1 ''':~{: 1<'.;,\. ~,

gener~t~! ~')~y~r09t~C~;1'us ,i narj~.~ei ~;~!a_n; S~~,~, ,~~~ i nage

Criter,i~, M}nyal (USOCM) procedure; however, 'if the u~er
-: .... ) .... tJ.- {:"- _"WI"t:- 'I}t· t H:.~·; ~;.; '=!? "::~n:'~_~':.~,t, tt '< :r(~'~'l-t.

inputs a value of TC and the I-hour rainfall depth, the '"

pro~~am.l!i11 .g~neratea hydrograph us ing the USOCM procedure
'i'l" ~ "!; ...... l. ~~ ~ ..p.",<~ 2':"f"~':·< t,J"l f'i~·a~ H: nJ~ ,'·!':,l~. ':<;.I.~lnq'

and ,"tnLa,1s.o :lGll15ul~~,t,e ,~~~P~~~ ~~~~~~~~nt~he<R~:i~n~l . "

Method as exp~ain~~\~~rlier. Under the second option (i.e•.

ICIA~ 1.01l·Car!! C) theuser is required to ,provide an input
~",~bt ,t.;" ';;'jv't.,. ~~ ":',~_ ',H-, ~<hb,-~;y,~,../SfGQ ;;j..

valp~for TC,a.nd the I-hour rainfall depth. The program
,"-~" ;'l:;f~~,l.' ~~) ~~' ,. '~"""b :<l ~:. ,,~ I,.JIJ' 4!33':'~jl;.~~~c]i ,:~~> ~'t·; ,t_~,p ;'

wi1;l ,Jh~?" ~~re~~ ~~ .. ~s,~or.1," h~~;'??,~a(p'~~ ~.h~;i,"~?iS. beent.mo~ff~~~~
USi~\L th!!,,i.~p~t.,:rC and .will also calculate the peak flow

.{... '("'-~" (....~- ••. ~ ~r~_· ~."..'<: .,' Il ·P:<~... '\" "~~HO'~~ h A'?'OP"',

using the Rational Method. This second option is recommended

only for areas smaller than gO acres and should not be used at

alf"i'or;'areas larger than 160·aQltll.s",,, 1\1;$0, ~hj;~ se~J.ld.qfl~ion

has~ onW"bt!l!h ·t>eS'ted·foreare.as' 'larger;"1laall:,10.ac·re~ iq,,~j-fe.. !

and'''sl\ould nclt be used .foJ"SiIlallers'ub-'.cat;cl)me!lts.
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