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® UNIT HYDROGRAPHS FOR SITES
WITH LIMITED DATA

(SEC. 8-9 of FERC Guidelines on the Determination
of Probable Maximum Flood)

Materials under TAB 19 in Volume 2 of the Notebook

This is part of the Guidelines related to the
development of unit hydrograph for basins with
limited data - Sec 8.9 of the FERC Guidelines

GENERAL APPROACH

e conduct a search for regional studies which have
developed synthetic unit hydrograph parameters
applicable to the basin of interest

e perform a regional study to develop synthetic unit
hydrograph parameters

e |f there are no suitable data available for a
regional study, use one of the existing
approaches such as those developed by Snyder,
Clark, SCS, or others

o for drainage areas smaller than 20 square miles,
it is acceptable to use the SCS dimensionless

unit hydrograph




APPLICABLE UNIT HYDROGRAPH PARAMETERS

source of data: local, state and federal agencies

U.S. Army Corps of Engineers - Chief Engineer’s
Office in Washington, D.C. or the District Offices

U.S. Army Corps of Engineers Report on
Civil Works Investigation Project No. CW-
153; Unit Hydrograph Compilations,Volumes
1 through 4. Volumes 1, 2 and 3 were
published in 1949 and Volume 4 in 1954
published by the Office of the District
Engineer, Washington District

This publication contains the Snyder’s C; and
Cp of 146 watersheds primarily in the areas
west of the Mississippi Valley

Los Angeles District has developed
dimensionless unit hydrographs for parts of
Arizona, California, Colorado, Nevada and
New Mexico which are under its jurisdiction

The U.S. Army Corps of Engineers
Hydrologic Engineering Center at Davis,
California also has selected study results for
many regions

U.S Bureau of Reclamation Flood Hydrology
Manual (1989) - It contains dimensionless unit
hydrographs for regions in the Rocky Mountains;
the Great Plains; Southwest Desert, Great Basin
and Colorado Plateau; Sierra Nevada, Coast and
Cascade Ranges; and urban basins




e« U.S. Geological Survey published a number
statewide regional studies in cooperation with
the state departments of transportation. Data
are available for Alabama, Georgia, lllinois,
South Carolina and Tennessee

e Illlinois Water Survey has data for lllinois

e« Some state universities may also have regional
study results funded by state agencies.
Pennsylvania State University has data for
Pennsylvania

CAUTION:

. e must assess if the basin of interest is hydro-
meteorologically similar to the those used in
the regional study

 lag time and channel or basin slopes are
often defined differently in the various
methodologies. They must be consistent
with the methodology used

e the developed relationships must be verified
using data available in the basin of interest,
or in the region, if applicable
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REGIONAL STUDY sk 0 4

must be performed if no applicable unit
hydrograph parameters are available and the
watershed is larger than 100 square miles

this is an expensive undertaking

it involves the development of unit hydrographs
for gaged basins in the region, if they have not
already been developed

need continuous streamflow records of major
floods in the region and their corresponding
hyetographs
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GENERAL APPROACH

“hydro-meteorologically similar” gaged basins in
the region need to be identified

unit hydrographs for these gaged basins are
developed using observed hyetographs and
corresponding flood hydrographs

unit hydrograph parameters, such as lag time,
T¢, storage coefficient (R), Snyder’s C; and C,

are derived from these unit hydrographs

develop generalized regional relationships
between the unit hydrograph parameters of these
gaged basins and their physical characteristics
using regression and correlation analyses

the basin characteristics used in the regression
analyses should be those which can be defined
easily, such as drainage area, length of principal
watercourse, average channel slope, percentage
of impervious area, percent of area covered by
forest and or lakes. etc

the general rule in selecting the appropriate
regression relationship is to use the coefficient of
determination (R2) and the standard error of
estimate (Se) as the guide and select the
relationship with the fewest independent
variables and the largest R2 and smallest S¢

values.

need to assure that the selected regression
relationship meet at least a 90% confidence level




the physical characteristics of the basin of
interest are then developed

unit hydrograph parameters of the basin of
interest are developed using the established
regional relationships

the value of R/(T.+R) estimated using the Clark
unit hydrograph parameters, T, and R, was found

to be near a constant for a hydro-
meteorologically similar region

the developed relationships must be verified
using data available in the basin of interest, if
possible, or in the region



° REGIONAL STUDY

STATISTICAL CORRELATION
Suppose:
Q= C, G{IrOA

p
T, = Cy (LLca)®?

1)Construct unit hydrographs for
® each available storm and flood.

2 )Calculate Cp, and Ct for each unit
hydrograph. |
3) Identify physical parameters for

each basin
S, L, Lca
Drainage Density
4) Co=CiAM+CL"™ +CLE +. .-




REGIONAL STUDY FOR
PENNSYLVANIA BY MILLER

Cp= 0.907 + 0.0020(L-Lca) -
0.130(DD) - 0.0613(SCE)
— 0.0352(LEXT)

Cr= 18.6 + 0.0108(L-Lca) —1.29(DD)
— 0.464(SCE) — 0.468(LMAX)
—0.150(CN)

DD = drainage density (1/mi)

SCE = Maximum Elev Diff

Maximum Stream Length in a
St. Line top to bottom




Table 2.--Summary of

lagtime estimating equations.

Area Equation Standard error
of regression
(percent)
North of the Fall T, = 4.64A°495--21 + 31
[.Line (rural)
South of the Fall T, = 13.64435-+31 + 25
Line (rural)
Metropolltan T, = 161A+225-:6674-.67 + 19
Atlanta
(urban)

Coefficient of
determination,
R2

.96

.94
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G Location t  (hours DA (sq mi Gage Location t_ (hours DA (sq mi
Gage Location _t, (hours) . Gage Location | _t; (hours) (sq mi)
1 Pohopoco Creek near Parryville 7.1 109.0 14 Schuylkill River at Landingville 6.0 133.0
2 Aquashicola Creek at Palmerton 10.2 76.7 15 Little Schuylkill River at Tamaqua 2.9 42.9
3 Lehigh River at Walnutport 13.4 889.0 16 Schuylkill River at Berne 9.2 355.0
4 Little Lehigh River near Allentown 5.5 80.8 17 Tulpehocken Creek at Reading 7.1 211.0
5 Jordan Creek at Allentown 12.3 75.8 18 Schuylkill River at Pottstown 22.8 1,147.0
6 Monocacy Creck at Bethlehem 10.2 44.5 19 Perkiomen Creek at Graterford 6.0 279.0
7 Lehigh River at Belhlehemn 17.0 1,279.0 20 Ridley Creek at Moylan 3.9 31.9
8 Saucon Creek at lanark 2.4 12.0 21 Brandywine Creek at Chadds Ford 9.2 287.0
9 So. Branch Saucun Cr. at Friedensville 2.0 10.6 22 Chester Creek at U.5.G.S. gage 6.4 61.1
10 Saucon Creek at Friedensville 5.0 . 26.6 23 Maiden Creek Tributary at Lenhartsville 3.7 © 1.5
11 Tohickon Creck near Pipersville 3.1 97.4 24 French Creek near Phoenixville 5.7 59.1
12 Neshaminy Creek near Langhorne 10.2 210.0 25 Skippack Creek near Collegeville 5.1 53.7
13 Sch'uylkill River at Pottsville 5.0 53.4 26 Pickering Creek near Chester Springs 3.1 6.0
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Rancocas Ck, NJ

SUBAREA PHYSICAL AND UNITGRAPHVCHARACTERISTICS

Subarea Drainage 1970 sggg;n Lengfh Lakes
Index Arca Popu- Density Impervi- to & R :
Number D.A. lation Per sq mi  ousness Length Center Slope Swamps TC+R — TC R
P : D I L LL., 510-85 St TC+R
(sq mi) (%) (mi) (mi)  (ft/mi) (%)

36 3.58 1340 374 ' 7.0 2.4 1.2 9.0 2 16 .75 4 12
a1 1.87 930 479 8.4 2.9 1ad 15.8 4 15 .75 4 11
“ag 5.17 7200 1392 15 4.0 1.8 14.8 10 22 .75 5 17

39 5.41 640 118 3.4 3.6 1.6 12.1 B 12 oD 3 9

40 4.04 21750 5380 30 3.9 2.6 17.4 .5 6.4 .75 1.6 _ 4.8

41 1.91 15200 7960 38 2.9 1.7 16.9 7 12 .75 3 9

42 6 4.4 7 22

.06 14000 2310 19 3.0 8.5 17 29 .75

Total 351.86

0.792 - 0.03% log D

1 0.117D

"

.28

foen = 21 (0A/8)°22 (st)+ 3 (3D’

i}

AThese values reflect a 50 percent increase over the regional values as required
to reconstitute observed hydrographs at the Pemberton gage.

»*9)1i1adelphia District February 1978 revised population estimates. s e =



SUMMARY OF REGRESSION RESULTS

Standard Error of
Estimate in

Equation Dependent Independent Function 2 2 % of Mean of
. No. Varijable Variables Type R R Dependent Variable

1 TC St,L,S,A Linear 0.226 0.019 67.6

2 TC L,A,St,{S) ILog 0.327 0.200 376

3 R St,A,L,S Linear 0.581 0.469 55.4

4 R St,A,(S) Linear 0.570: 0.520 52.7

5* R St.L,AS Log 0.466 0.324 28.2

6* R St,A,(S) Log 0.402 0.331 28.1

7 LAG St,L,S,A Linear 0.462 0.319 51.6

8 LAG St,A,S Linear 0.394 0.281 53.0

gk LAG St,A,L,(S) Log 0.467 0.367 27.6

10* 'LAG St,A,(S) Log 0.460 0.397 27.0

11 cP S,(A,L,St)" Linear 0.028 0. 43.9

12 CP St.S,(A,L) Log 0.045 0. 84.9
13% (TC+R) St,L,S,{A) Linear 0.689 0.631 31.6 - :
14*  (TC+R)  St,A,S Linear  0.636 0.567 34.2 i
15%* (TC+R) St,A Linear 0.619 0.574 33.9 g
16* (TC+R) St,A/S Linear 0.652 0.611 32.4 }
17* (TC+R) A,St,S,L Log 0.713 0.594 10.1 :
16« (TC+R)  A,St,S Log 0.692 0.597 10.0 %
19* (TC+R) A,St Log 0.679 0.606 9.9 |
20* (TC+R) St,A/S Log 0.582 0.533 10.8 |
21 R/(TC+R) = S,(A,L,St) Linear 0.046 0. 53..3 :
22 R/(TC+R)  St,A,L,(S) Log 0.091 O. 83.8 '

. 23 R/(TC+R)  St,A,(S) Log 0.054 O. 83.0

*Indicates equations selected for detailed analysis.

( )Indicates independent variables that were not included in the equation

by the stepwise regression program because they
improve the results as described in the text.

did not significantly

The final regression equations were then:

(TC+R)

R

7.52*A'215*St'425

3.30x4- 155,54 775




When regression analysis is used to determine equations relating the
various model parameters, the standard error of estimate and the coefficient
of determination are computed for each equation. Typical results of such an
analysis are tabulated in the/Tab%es, fhere values of S and R? are given
for each equation. The general rule is to use R and4§€3 as _a guide and

select the equation with the fewest independent variables and the best values
of R and Sg+

TYPICAL RESULTS OF MULTIPLE REGRESSION ANALYSIS
FOR REGIONALIZATION OF MODEL PARAMETERS

(Several Basins in New Jersey and Pennsylvania)

Standard Coefficient

Error of Correlation of

Estimate Coefficient Determination

Se R RZ

TC = 26.19 170-33570.29 (p4y0.23 0.0495 0.9710 0.9428
TC = 19.84 170" 5° (0A/s)0+26 : 0.0358 0.9849 0.9701
TC = 8.29 K™1+28 (pp/s)0-28 * 0.0269 0.5915 0.9831
TC = 4.14 (DAss)0-39 0.1296 0.7800 0.6084
(TC + R)= 122.64 1042 §70-55(pp0.09 0.1442 0.6844 0.4684
(TC + R) = 15.69 10-2L(pass)0-34 0.1161 0.8094 0.6552
(TC + R) = 11.52 K 0-67 (pass)0:33 * 0.1054 0.8461 0.7159
(TC + R) = 7.98 (DA/5)C+37 0.1093 0.8333 0.6944

* K=1.0 + 0.031



SEMINAR AGENDA

DETERMINATION OF PROBABLE MAXIMUM FLOOD

ASSOCIATION OF STATE DAM SAFETY OFFICIALS

1. Seminar Agenda
2. General Information
3. Instructor Resumes
Monday
Time Description
4, 8:00 Welcome - Introduction - Announcements

. An Overview

Objective - To provide a reasonable approach for uniform
application in determining the probable maximum flood (PMF)
hydrograph

PMF Guidelines Section 8-1
5. 8:30 Introduction to Runoff Analysis - The Hydrologic Cycle

Nature of Runoff Hydrographs
Basin Rainfall

(1
2
(8) Effective Rainfall

(4) Loss Analysis
6. 9:00 Preliminary Review of Hydrologic Data
PMF Guidelines Section 8-2
7. 9:20 Development of Hydrologic Criteria of the PMF

PMF Guidelines Section 8-3
9:40 COFFEE BREAK
10:00 Data Acquisition

@

PMF Guidelines Section 8-4

A132A009\A132-93C\7-94 1




Time Description

. 9. 10:20 Review and Assessment of Data

PMF Guidelines Section 8-5
10. 10:40 Subdivision and Drainage Area

PMF Guidelines Section 8-6
11. 11:00 Approach to Tasks for PMF Development

PMF Guidelines Section 8-7

12. 11:20 Unit Hydrograph Theory - Theory of Unit Hydrograph for
Gaged Watersheds - Assumptions and Limitations

PMF Guidelines Section 8-8

(1)  Definition

(2) Base Flow Separation

(8) Duration of the Unit Hydrograph

(4) Computation Time Increments - How Important

12:00 LUNCH
. 13. 1:00 Methods of Calculating Infiltration

(1)  Uniform Loss Function - Time Index

(2) Soil Conservation Service’s Curve Number Method
(8) Horton Equation

(4) Green and Ampt Infiltration Equation

(5) Physically Based Methodology

14. 1:45 Time of Concentration

(1) Regression Methods
(2) Hydraulic Methods
(3) Hydrograph Method

15. 2:05 Clark Method for Deriving Unit Hydrographs

(1) Conceptual Models of the Unit Hydrographs
(@) Concept of the Instantaneous Unit Hydrograph (IUH)

2:45 COFFEE BREAK
16. 3:05 Flood Hydrograph for Gaged Watershed - Sabrina Example
5:00 Adjourn

A132A009\A132-93C\7-94 2




Tuesday

Time Description
17 8:00 Review and Questions
18. 8:30 Synthetic Unit Hydrography Theory for Ungaged Watersheds

(1)  Snyder Synthetic Unit Hydrograph
(@) Soil Conservation Service Dimensionless Unit
Hydrograph

Developing Watershed Parameters for Ungaged Watersheds
(1) Clark Instantaneous Unit Hydrograph

(2) Snyder’s Synthetic Unit Hydrograph
(8) SCS Dimensionless Unit Graph

9:30 COFFEE BREAK
9:45 Continuation of Previous Lecture

19. 10:30 Unit Hydrographs for Sites with Limited Data
PMF Guidelines Section 8-9

(1) Search for Applicable Unit Hydrographs

(2) Regional Analysis

(8) Data Required

(4) Rainfall Analysis

(5) Development of Generalized Regional Relationships

20. 11:00 Introduction to Flood Routing
PMF Guidelines Section 8-11

(1) Hydraulic

(2) Hydrologic
(@) Muskingum
(b) Muskingum Cunge
(c) Reservoir Routing

12:00 LUNCH
21. 1:00 Probable Maximum Flood (PMF) Development

PMF Guidelines Section 8-10

22. 1:30 Data Collection for Ungaged Watersheds - Sensitivity
23. 2:00 Example: Corsorona Rapids

3:00 COFFEE BREAK

3:20 Continuation of Example Discussion

5:00 Adjourn

A132A009\A132-93C\7-94 3




Wednesday

. Time Description

24. 8:00 Review and Questions

25, 8:30 Ungaged Watersheds - No Data (Bishopsville Example)
9:30 COFFEE BREAK

26. 9.50 Glossary, Terms, and Report Formats

27, 10:10 Review and Questions

28. 11:00 Limitations of Unit Hydrograph Theory

29. 11:20 Hydrology

(1)  Future Models

(2) GIS Databases

(8) Kinematic Wave

(4) New Research Being Developed

12:00 LUNCH

30. 1:00 Example: Austen
3:00 COFFEE BREAK
. 31. 3:20 Special Considerations

(1) Dam Break Parameters

(2) Antecedent Conditions

(8) Start Q at Beginning of Flow
(4) Reservoir Levels

(6) Gate Operations

(6) Sediment

4:00 Summary
4:30 Evaluations
5:00 Adjourn

A132A009\A132-93C\7-94 4







UNIT HYDROGRAPHS FOR SITES WITH LIMITED DATA
PMF GUIDELINES SECTION 8-9

Tuesday 10:30 a.m.




Unit Hydrographs for Sites with Limited Data

For this chapter an "ungaged" site is one for which there is either no data available from
gages within the basin, or the available streamflow and rainfall data are insufficient in either
quality or quantity to provide confidence in developing applicable unit hydrographs. When
such a site is encountered, a unit hydrograph must be developed synthetically. One of the
following approaches should be followed.

° Conduct a search for regional studies that have developed synthetic unit-hydrograph
procedures applicable to the basin.

° Perform a regional study to develop synthetic unit-hydrograph procedures. The
study could develop either a new approach or coefficients for an existing one.

o If there are no suitable data available for a regional study, use one of the existing
approaches such as those developed by Snyder, Clark, the SCS, or others. In this
situation, the required coefficients must be selected empirically based on coefficients
developed for other regions. The applicability of the adopted coefficients must be
justified and documented.

. For drainage areas smaller than 20 square miles, it is acceptable to use the SCS
dimensionless unit hydrograph; however, adjustments may be necessary depending
on basin characteristics (e.g., steep slopes). For basins larger than 20 square miles,
an aggregate method can be used.

In a regional analysis. unit hydrographs are developed for gaged drainage basins in the
region. A unit-hydrograph model is adopted. Relationships between the parameters of the

_unit-hydrograph model and the physical characteristics of the basin are developed. Synthetic

unit hydrographs are estimated for ungaged basins by means of the established relationship
between parameters of the unit-hydrograph model and the physical characteristics of the
basin.

Caution: The applicability of any method to an ungaged site is always subject 10 question
because of the fundamental uncertainty in predicting basin response in terms of defined
physical characteristics. In general, any synthetic unit hydrograph should not be used
unless:

o The parameters for the unit hydrograph are well defined and correlated with
quantifiable basin characteristics.

. The unit hydrographs used in developing the relationships have been verified by
reproducing the largest floods of record in the database.

Use any historic rainfall or peak flow data from within the basin to verify regional synthetic
hydrographs and determine their applicability to the basin. Thus, it is always important to
use all data available from stations within the basin when developing an inflow PMF

hydrograph.

8-46 October, 1993




. 8-9.1 Applicable Unit Hydrograph for Each Basin/Subbasin Procedures

Many general studies have been performed by local, state, and federal agencies to
develop synthetic unit-hydrograph procedures, or coefficients for existing ones,
applicable to a particular region. The following are a few examples of regional
studies available from federal, state, and local agencies for developing synthetic
unit-hydrograph procedures for ungaged sites.

The COE has developed coefficients for use in computing Snyder and Clark unit
hydrographs for many areas in the United States. There is no single source for the
COE-developed information, but district offices of the COE can provide information
on the results of any studies conducted in the region.

The USBR has developed a set of lag-time equations, dimensionless unit hydrographs,
and S-graphs for different parts of the western states [Cudworth 1989].

The USGS has performed a number of statewide regional studies for the development
of unit hydrographs in cooperation with state departments of transportation. These
are published as USGS water resources investigation reports. Several, but not all,
are referenced in Section 8-12 [USGS 1982, 1986, 1988, 1990].

Caution: Any information obtained must be carefully reviewed to determine if it is
applicable to the project basin.

y

K. o A first check is to assess whether the basin of interest is hydrologically
similar to those used in the regional study. If the available regional study
was developed for basins in a rural setting, the study’s applicability to
watersheds in an urban environment would be questionable, or vice versa.

Caution: The reviewer must keep in mind that adjoining basins are often
not hydrologically similar even though they may adjoin. Any differences in
drainage area, cover, soil type, orientation, or geology should be identified.

. Storm and flood data used in the regional study should meet the same
quality requirements as set forth in Section 8-8 for the development of unit
hydrographs for "gaged" sites, including the consideration of adjusting unit
hydrographs for possible nonlinearity.

o In addition, the terminology used to define the various unit hydrograph and
basin parameters in the regional swudy should be clearly
understood—particularly the definitions of lag time and channel slope, since
a misunderstanding could lead to development of an invalid unit
hydrograph.

Caution: Lag time and channel or basin slope are often defined differently
in the various methodologies. The definition of the parameter must be
(. consistent with the methodology used.
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8-9.2

. In the Snyder unit hydrograph (Equation 8-9.3), the lag time is defined as
the elapsed time from the centroid of the rainfall to the unit-hydrograph
peak, which is the same definition used by the SCS.

. The USBR defines the lag time as the time from the center of the unit
rainfall excess to the time that 50 percent of the volume of the unit runoff
from the basin has passed the concentration point.

Caution: The hydrologic engineer must have a clear understanding of the definitions
of all parameters involved, if using methodologies or studies developed by others.

The capability of a developed unit hydrograph to reconstitute major historic flood
hydrographs must be assessed. If reconstitutions were successfully performed in the
available study, the unit hydrograph may be acceptable for application to the basin
of interest. It will also be desirable to use the unit hydrograph to reconstitute a major
historic flood hydrograph if data are available. If the results of that reconstitution are
satisfactory, the unit hydrograph may be acceptable.

Upon obtaining parameters from an acceptable regional study, unit hydrographs for
each subbasin should be developed in accordance with the application of the regional
study or, in the absence of specific directions, according to common unit-hydrograph
theory.

Regional Analysis

If the search for applicable synthetic unit-hydrograph procedures proves fruitless, and
the drainage area is larger than 100 miles, a regional analysis will be required.

A regional study could be either relatively easy or require a substantial effort,
depending on available regional data. For regions where systematic records of both
rainfall and streamflow have been carefully kept and are readily available, the effort
may be as simple as plotting graphs of peak-flow rate and lag time against drainage
area; otherwise, the effort can involve significant time and expenditure.

Regional unit-hydrograph studies are generally performed by developing unit
hydrographs for historic storms on "gaged" basins within the region. The process
of developing unit hydrographs for gaged basins is described in Section 8-8 for basins
with adequate data. In the final analysis, the parameters defining the developed unit
hydrographs are correlated with measurable basin characteristics to determine if an
analytical relationship can be formulated. If the hydrograph parameters correlate well
with basin characteristics, the results can then be used to generate unit hydrographs
for the ungaged basin of interest.

To conduct a regional study, "gaged" basins in the region need to be identified. The
needs for, and sources of, data for development of unit hydrographs for such basins
in the region are the same as given in Section 8-3. Data review should follow the
procedures given in Section 8-4.
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8-9.2.1 Data Required

To evaluate the hydrograph parameters needed for input to HEC-1, an
analysis of data for "gaged" basins in the region is required. Rainfall and
flood records for all basins in the region should be obtained and examined.

Caution: It is desirable to limit the basins examined to those with gaged
areas about the same size and slope as the basin of interest, since the
effects of the various parameters cannot be accurately quantified. In
practice, it will be necessary to consider both larger and smaller basins.
Data and basin selection should be justified.

Since the objective is to develop a unit hydrograph that can be used to
determine the inflow PMF hydrograph, the data obtained should include:

e Available topographic, soil, and geologic maps for each basin.
. Drainage area.

. Location and history of all stream gages in each of the basins.
o Location and history of all rain gages in each of the basins.

i Location, history, and data available for snow courses in the basins,
( . if the PMF is apt to be influenced by snowmelt.

. Continuous streamflow records for major floods of interest. It is
desirable to have records for at least three or four floods and
concurrent rainfall data for each basin to provide confidence in the
representative unit hydrograph for each basin. However, since the
analysis is being done regionally, all large floods for which data are
available should be analyzed.

. Rainfall records for storms that produced the historic floods for which
flood-flow data have been obtained.

. Aerial photographs of the basins.

The basins should be visited to obtain information on land use, cover, and
the physical characteristics of any dams and reservoirs. If there are dams
in any of the basins, information on reservoir area and volume, spillway
and outlet works capacity, and operation during historic floods should be
obtained.

The following parameters have been found to be useful for correlation of
unit-hydrograph parameters in regional analyses:

.

® Drainage area (A).
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8-9.2.2

8-9.2.3

e Length of the longest watercourse in miles from the basin outlet to the
upper limit of the basin (L).

L Length of the main watercourse in miles from the basin outlet to the
point nearest the centroid of the basin area (Lca).

] Channel slope (S).

o Percent impervious area (Ap.

e  Percent of area covered by forest.

e  Percent of area covered by lakes or marshes.

For each basin analyzed, the following parameters should be computed.

e An estimate of lag time T, and time of concentration Tc for each basin
based on applicable equations obtained from the local flood-control
agencies, or calculated as described in Section 8-8.

. The maximum time increment of rainfall to be used in the
unit-hydrograph analysis is T;/4 rounded to the next lower even
number.

e Infiltration rates for each basin/subbasin using methods described in
Sections 8-8.3.2 and 8-8.7.

Caution: Subdivision to areas smaller than that represented by a recording
stream gage cannot be done, because the object of the study is to develop
unit hydrographs.

Rainfall Analysis

Basin average rainfall should be computed using the procedures described
in Section 8-8.2.

Temporal distribution of rainfall for each storm should be developed for
each basin using the procedures described in Section 8-8.6.

Development of Generalized Regional Relationships

HEC-1 and the Clark unit-hydrograph method should be used to develop
representative unit hydrographs for the selected basins with available data.
The selection of the basins should be justified. In general, it is desirable
to have gage data for at least four basins in the region. Parameters for use
with the Clark unit hydrograph should be developed from the basin data,
including Clark’s storage coefficient R, and the time of concentration Te.
In addition, it will be necessary to evaluate the HEC-1 baseflow separation
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parameters STRTQ, RTIOR, and QRCSN. Procedures for calculating these
parameters are given in Sections 8-8.4 and 8-8.5. Once all input
information has been entered, HEC-1 should be used to optimize a unit
hydrograph for each selected basin. The HEC-1 runs for each basin should
be programmed to optimize the hydrograph parameters while allowing
R/(Te + R) to vary. A representative unit hydrograph must be developed
for each basin analyzed.

Once a representative unit hydrograph has been developed for each basin
analyzed, the values of R/(Tc + R) for all of the basins should be used in
a regression analysis against basin parameters. A very simple regression
analysis could be performed by plotting values of peak flow and lag time
against drainage area on semi-log or log-log paper. If a well-defined
relationship is found, the results can be used to develop a representative unit
hydrograph for the project basin.

If a well-defined relationship is not found in the simple regression analysis,
it may be that parameters other than drainage area have a strong influence
in determining the peak flow rate and lag time for basins in the region. In
that case, it will be necessary to perform a multiple linear regression of Te
and R/(Te + R) against identifiable basin parameters, such as S, L, Leca,
and A, or combinations of these parameters. If a portion of the basin is
impervious, a measure of that parameter—such as the basin’s percentage of
impervious drainage area—should be included in the regression analysis.
If lakes or marshes exist in the basins, it may also be necessary to include
the percent of drainage area occupied and controlled by lakes and marshes
as an independent parameter.

A multiple linear regression program will yield values of the coefficient of
determination, which provides a measure of the degree to which the
independent variables influence the value of the dependent variable. The
regression analysis should be started using all independent parameters and
then eliminating those with little influence on the value of the dependent
parameter. For basins where impervious areas are small enough to be
considered insignificant, the resulting equation for Tc or (Tc + R) may
have the form

T'C.-.(;'l(_g)q (8-9.1)

where C1 and C2 are constants determined in the regression. Ideally, the
value of the coefficient of determination will be equal to or greater than
0.9; a perfect correlation would yield a value of 1.

Caution: In actuality, the value of the coefficient of determination will often

range from 0.6 to 0.8. Different values of the regression constants will be
determined for each set of independent variables included in the regression.
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The hydrologic engineer should review the derived relarionships for
consistency and use the equation that yields the smallest value of standard
error of estimate and the largest value of the coefficient of determination.

Caution: Since R/(Tc + R) tends to be constant for a region, it may not be
statistically significant in a regression analysis. In that case, an average
value for the region should be computed from the regional results and used
for the analysis of the project basin. In either event, the selected values
should be justified.

Once the regression analysis has been completed, the values of Te, R, and
R/(Tc + R) can be computed for the project basin in terms of the computed
basin parameters identified as important in the regression analysis. All
parameters are then available for use in the Clark unit-hydrograph option
in HEC-1 and can be used to develop the inflow PMF hydrograph.

8-9.3 Empirical Coefficients for Synthetic Unit-Hydrograph Procedures

Failing to find applicable procedures or data to perform a regional analysis,
consideration should be given to using empirical coefficients for one of the existing
procedures. Empirical coefficients for computing a synthetic unit hydrograph are
often presented in technical literature as being applicable to basins described only in
general terms, such as rolling hills or coastal plains. These unit hydrographs are
often used to design minor civil works projects. However, synthetic unit hydrographs
and empirical equations for lag time and time to peak are not acceptable for use in
PMF-hydrograph computations, unless there is documented evidence of their
applicability, or proof that applicability can be developed. Such justification may
exist in the form of special regional studies.

In this chapter the Clark, Snyder, and SCS unit hydrographs are the only
ones recommended, but only because the HEC-1 program includes these
methods.

Other synthetic unit hydrographs may be available from other studies or
technical references and may be applicable to the project. If they are used,
full documentation must be provided and their use justified.

Always check and explain regional results by comparison to TR 55
calculated time of concentration [SCS 1986].

Most synthetic unit hydrographs have been developed for a particular storm
duration in keeping with unit-hydrograph theory. It will be necessary to
know the duration for any unit-hydrograph considered and to adjust that unit
hydrograph to fit the duration required for the basin being considered
(required duration must not be more than the lag time divided by 5).
Methods for making such adjustments, such as use of the S-Curve, are
covered in standard hydrology textbooks. The Snyder parameters employed
by HEC-1 are the "standard" lag, tp, and peaking coefficient, Cp. HEC-1

8-52 October, 1993




8-9.3.1

8-9.3.2

sets the unit duration of a developed unit hydrograph equal to the
computation interval (A t) using equations based on the Snyder "standard”
parameters.

Snyder Unit Hydrograph

Many regional studies performed in the United States have concentrated on
computing coefficients for the Snyder unit hydrograph in terms of
measurable basin parameters. The equations used for the Snyder unit
hydrograph are [HEC 1990a]:

£, = Co(L * L )0 (8-9.2)
. o oy %p (8-9.3)

D
P (640 x A)

where: tp Time to peak measured from the onset of
precipitation excess (hours)

Length of the main watercourse (miles)

Length along the main watercourse measured
upstream to the point opposite the centroid of the
basin (miles)

Peak flow rate of the unit hydrograph (cfs)
Drainage area (square miles)

L
Leca

Qp
A

The coefficients Ct and Cp are strictly empirical values often recommended
as applicable to specific regions. Ct accounts for storage and slope of the
watershed, and Cp is a function of flood wave velocity and storage.

Caution: Snyder’s original development was performed for large basins in
the Appalachian region [Smyder 1938]. If information from detailed
regional studies give values of Ct and Cp in terms of definable parameters
for regional drainage basins, use of the Snyder equations may provide
satisfactory results. The acceptability of the Snyder method and parameters,
or any other method, must be documented and justified.

Clark Unit Hydrograph

The Clark unit hydrograph uses a time-area curve for the basin. Since the
unit hydrographs appear to be relatively insensitive to the shape of this
time-area curve unless the basin is one with little storage, the automatic
generalized curve in HEC-1 can be used. Values for Tc and R should be
estimated as described in Section 8-8. The calculated value of R/(Te + R)
should be fixed in HEC-1 for the development of the unit hydrograph.
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: Caution: The means of estimating Tc and R are by no means infallible; it

. is extremely important that the hydrologic engineer doing this estimation
have substantial experience so as to understand the hydrologic behavior of
the basin. Although analyrical techniques are indispensable when working
on ungaged basins, the judgment of the experienced hydrologic engineer is
of extreme importance. The values selected for Tc and R should be
Jjustified.

Snyder unit-hydrograph parameters may be entered in the HEC-1 program
if acceptable generalized values are available for the region. The Snyder
unit-hydrograph relationships define only the unit-hydrograph peak
discharge and the time to peak tp. Recommended widths of the unit
hydrograph at 50 percent and 75 percent of the peak flow can be computed
in terms of estimated values of Ct and Cp for the basin [COE 1946].
However, when using HEC-1, this is not required since the program
computes a Clark unit hydrograph by estimating Tc and R from the tp and
Cp values of the Snyder unit hydrograph.

Caution: Unless a regional study has been performed for the selection of
appropriate tp and Cp values as a function of definable basin
characteristics, their selection would be entirely judgmental based on the
hydrologic engineer’s personal impression of basin conditions—a procedure
which is not recommended. Selected values for t, and Cp should be

(,, . documented and justified.
8-9.4 SCS Dimensionless Unit Hydrograph

If applicable methods from regional studies .are not available, the SCS
unit-hydrograph method for ungaged sites—which is described fully in the
SCS National Engineering Handbook [SCS 1985]—may be used for basins with total
areas not exceeding 100 square miles. (This upper limit on total area size only
applies to ungaged sites.) However, subbasins should not exceed 20 square miles if
the SCS method is used. The only analytical requirement for application of this
method is estimation of the lag time for the basin. In HEC-1, the SCS dimensionless
unit hydrograph is fully defined by one parameter—the SCS lag time—and is assumed
equal to 0.6 Te.

Caution: Many empirical equations have been published for estimating Tc, but all are
subject to large uncertainties; the hydraulic method of calculating Tec, as
recommended in Section 8-8, should be used. The value, method, and equation
selected for computation of Tc must be justified and consistent with the respective
methodologies.
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APPLICATION OF REGIONALIZATION PROCEDURE
TO UNIT HYDROGRAPH PARAMETERS AND FREQUENCY STATISTICS

1. Application of Regionalization Procedure to Unit Hydrograph and Loss
Rate Parameters

a. Select study area.
(1) Should be large enough to have several gaged basins

(2) Gaged basins need not be in the same watershed as the
ungaged sites for which parameters are desired

(3) Area should be as nearly hydrologically and meteorologically
homogeneous as possible.

b. Derive unit hydrograph and loss rate parameters

(1) The Flood Hydrograph Package (HEC-1) computer program can
be used to develop the best parameters for historic floods.

(2) Derived results should be review for consistency and an
appropriate value adoped for each parameter for each basin.

c. Select basin variables for regression analysis

(1) Time of concentration (TC) and Clark's storage relation (R)
are interrelated; therefore, best to correlate TC + R

(2) Possible basin variables are drainage area (DA), slope (S);
and !engph (L). Vvarious investigators have proposed different
combinations of these: L/ vS (NAD), LL /#% (sPp), '

L MA/S (Linsley) , and there are otherSS

(3) Usually the logarithmic transformation is appropriate
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d.

e.

®

Make multiple regression analyses.

(1)

(2)

(3)

A graphical analysis could be used for one or two independent
variables.

Select the best equation with the fewest possible independent
variables.

The residuals can be obtained from most computer regression
packages.

Map the residuals

(1) Linear relations

(
(

(

a)
b)

c)

Residual is observed value minus computed.

Plot residuals at centroid of basin area and draw lines
of equal residual. :

Prediction equation becomes: Y = Cp + byXy + bpXp +

. « . + bpX, where: Cp is the map coefficient, note that
“a“ has been added to the residual to reduce the number
of constants.

(2) Logarithmic relations

H-40

(a)

(b)
(c)
(d)

Regression equation is log Y = a + b, 1log X 1t b2
log X gt b, log X, or tranlforms to

= i o b] . bZ . N bn
Y = antilog (a) Xl Xz T Xn

Residual is observed divided by computed ;

Plot residuals

Prediction equation becomes Y = C_° X?l 3 xgz GRS
m
D
* x°n
xn
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where C_ is map coefficient, note antilog (a) has been
nultipl@d by the ratio of observed to computed to reduce
tne number of constants.

f. Ratio of R/(TC + R)

If TC + R has been the parameter, an average R/(TC + R) may be
adopted or repeat steps C thur e.

g. Loss Rate Parameters
(1) HEC-1 loss rate coefficients ERAIN and RTIOL can generally
be assumed constant for a given study area; however, the
coefficients. STRKR AND DKTKR will vary with each storm event.
(2) STRKR and DLTKR can be generalized for synthetic events.

(3) Initial and constant loss rate values could be used, but
the optimum values cannot be automatically derived by HEC-1.

Application of Regionalization Procedure to Flood Frequency Relations
a. Select study area

Same criteria as in Sec 4a.
b. Process information

(1) Logarithmic transformation usually appropriate for annual
flood peaks

(2) The log Pearson Type III distribution requires, computation of
the mean, standard deviation, and the skew coefficient of
the logs. ‘

(3) The Regional Frequency Computation computer program facilitates
the required computations.

c. Select appropriate basin variables.
(1) The logarithmic transformation is usually appropriate
for the independent variables, elevation is an example of
of an exception.
(2) Do not transform the mean log or standard deviation.

(3) Regression techiques are not appropriate for the skew
coefficient (see Sec 5f)
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. d. Hake multiple regression analyses
Same comments as in Sec 4d.
e. Map the residuals
Same comments as in Sec 4e.
f. Regional skew values.

(1) If the area is sufficiently small, an adopted skew
coefficient may be reasonable. -

(2) For large areas, the individual frequency curves should be
screened for reasonable skew values. The values can then be
plotted on a map and lines of equal skew determined. Skew
coefficients for ungaged sites can be estimated from the map.
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Chapter 16
Ungaged Basin Analysis

16-1. General

a. Problem Definition. Earlier chapters of this manual describe various flood-runoff analysis
models. Some of the models are causal: They are based on the laws of thermodynamics and laws of
conservation of mass, momentum, and energy. The St. Venant equations described in chapter 9 are
an example. Other models are empirical: They represent only the numerical relationship of observed
output to observed input data. A linear regression model that relates runoff volume to rainfall depth is

an empirical model.

To use either a causal or empirical flood-runoff analysis model, the analyst must identify model
parameters for the catchment or channel in question. Section 7.3.e describes a method for finding
rainfall-runoff parameters for existing conditions in a gaged catchment. Through systematic search,
parameter values are found to yield computed runoff hydrographs that best match observed
hydrographs caused by observed rainfall. With these parameter values, runoff from other rainfall
events can be estimated with the model. A similar search can be conducted for routing model
parameters, given channel inflow and outfiow hydrographs.

Unfortunately, as Loague and Freeze (1985) point out, *...when it comes to models and data
sets, there is a surprisingly small intersecting set.* The rainfall and runoff data necessary to search for
the existing-condition calibration parameters often are not available. Streamflow data may be missing,
rainfall data may be sparse, or the available data may be unreliable. Furthermore, for USACE civil-
works project evaluation, runoff estimates are required for the forecasted future and for with-project
conditions. Rainfall and runoff data never are available for these conditions. In the absence of data
required for parameter estimation, for either existing or future conditions, the stream and contributing
catchment are declared ungaged. This chapter presents alternatives for parameter estimation for
such catchments.

b. Summary of Solutions. To estimate runoff from an ungaged catchment, for existing or
forecasted-future conditions, the analyst can

1. Use a model that includes only parameters that can be observed or inferred from
measurements;

2 Extrapolate parameters from parameters found for gaged catchments within the same
region.

In practice, some combination of these solutions typically is employed, because most models include
both physically-based and calibration parameters.

c. Using Models With Physically-Based Parameters. Model parameters may be classified as
physically-based parameters or as calibration parameters. Physically-based parameters are those that
can be observed or estimated directly from measurements of catchment or channei characteristics.
Calibration parameters, on the other hand, are lumped, single-valued parameters that have no direct

. physical significance. They must be estimated from rainfall and runoff data.

If data necessary for estimating the calibration parameters are not available, one solution is to
use a flood-runoff analysis model that has only physically-based parameters. For example, the
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parameters of the Muskingum-Cunge routing model described in section 9.3.e are channel geometry,
reach length, roughness coefficient, and slope. These parameters may be estimated with topographic
maps, field surveys, photographs, and site visits. Therefore, that model may be used for analysis of
an ungaged catchment.

d. Extrapolating Calibration Parameters. If the necessary rainfall or runoff data are not
available to estimate calibration parameters using a search procedure such as that described in
Section 7.3.e, the parameters may be estimated indirectly through extrapolation of gaged-catchment
results. This extrapolation is accomplished by developing equations that predict the calibration
parameters for the gaged catchments as a function of measurable catchment characteristics. The
assumption is that the resutting predictive equations apply for catchments other than those from which

data are drawn for development of the equations.

The steps in developing predictive relationships for calibration parameters for a rainfall-runoff
model are as follows:

(1). Collect rainfall and discharge data for gaged catchments in the region. The catchments
selected should have hydrological characteristics similar to the ungaged catchment of interest. For
example, the gaged and ungaged catchments should have similar geomorphological and
topographical characteristics. They should have similar land use, vegetative cover, and agricuttural
practices. The catchments should be of similar size. Rainfall distribution and magnitude and factors
affecting rainfall losses should be similar. If possible, data should be collected for several flood
events. These rainfall and discharge data should represent, if possible, events consistent with the
intended use of the model of the ungaged catchment. If the rainfall-runoff model will be used to
predict runoff from large design storms, data from large historical storms should be used to estimate

the calibration parameters.

(2). For each gaged catchment individually, use the data to estimate the calibration parameters
for the selected rainfall-runoff model. The procedure is described in chapter 7, and guidelines for
application of the procedure are presented in chapter 13 of this document.

(3). Select and measure or estimate physiographic characteristics of the gaged catchments to
which the rainfall-runoff model parameters may be related. Table 16-1 lists candidate catchment
characteristics. Some of these characteristics, such as the catchment area, are directly measured.
Others, such as the Horton ratios, are computed from measured characteristics.

(4). Develop predictive equations that relate the calibration parameters found in step 2 with
characteristics measured or estimated in step 3. In a simple case, the results of steps 2 and 3 may be
plotted, with the ordinate a rainfall-runoff model parameter and the abscissa a catchment
characteristic selected in step 3. Each point of the plot will represent the value of the parameter and
the selected characteristic for one gaged catchment. With such a plot, a relationship can be *fitted
by eye* and sketched on the plot. Regression analysis is an altemative to the subjective graphical
approach to defining a predictive relationship. Regression procedures determine numerically the
optimal predictive equation. Details of regression analysis are presented in EM 1110-2-1415 and in
most statistics texts, including those by Haan (1977) and McCuen and Snyder (1986).

To apply a parameter-predictive equation for an ungaged catchment, the independent
variables in the equation are measured or estimated for the ungaged catchment. Solution of the
equation with these values yields the desired flood runoff model parameter. This parameter is used
with the same model to predict runoff from the ungaged catchment.
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TABLE 16.1
Catchment Characteristics for Regression Models

Total catchment area
Area below lowest detention storage

Stream length
Steam length to catchment centroid

Average catchment slope

Average conveyance slope

Conveyance slope measured at 10% and 85% of stream length (from mouth)
Height differential

Elevation of catchment centroid

Average of elevation of points at 10% and 85% of stream length

Permeability of soil profile
Soil-moisture capacity average over soil profile
Hydrologic soil group

Population density

Street density

Impervious area

Directly-connected impervious area
Area drained by storm sewer system
Land use

Detention storage

Rainfall depth for specified frequency, duration
Rainfall intensity for specified frequency, duration

Horton's ratios (Horton, 1945)
Drainage density (Smart, 1972)
Length of overiand flow (Smart, 1972)

16-2. Loss-Model Parameter Estimates

a. Options. Two of the rainfall loss models described in chapter 6 of this document are
particularty useful for ungaged catchment analysis: the Green-Ampt model and the Soil Conservation
Service (SCS) model. The Green-Ampt model is a causal model with quasi-physically-based
parameters. The SCS loss model is an empirical model with parameters that have been related to

catchment characteristics.

Other loss models may be used if parameter-predictive equations are developed from gaged
catchment data.
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b. Physically-Based Parameter Estimates for Green-Ampt Model. The Green-Ampt model is
derived from Darcy’s law for flow in porous media. The model predicts infittration as a function of time
with three parameters: volumetric moisture deficit, wetting-front suction, and hydraulic conductivity. In
application, an initial loss may be included to represent interception and depression storage.
Additional details of the Green-Ampt model are presented in chapter €.

Brakensiek and Onstad (1977), McCuen et al. (1981), and Rawts, et al. (1982, 1983, 1985)
propose relationships of the Green-Ampt model parameters to observable catchment characteristics,
thus permitting application of the model to an ungaged catchment. The relationships define model
parameters as a function of soil texture class. Texture class, in tum, ts a function of soil particle size
distribution. This distribution can be estimated from a sample of catchment soil. For example, a soil
that is 80% sand, 5% clay, and 10% silt is classified as a loamy sand. For this texture class, Rawls, et
al. (1982) suggest that the average saturated hydraulic conductivity is 6.11 cm/hr. The other
parameters can be estimated similarly from the soil sample.

c. Predictive Equations for SCS Model Parameters. The SCS loss model, described in detail
in chapter 6, is an empirical model with two parameters: initial abstraction and maximum watershed
retention (maximum loss). Often both parameters are related to a singie parameter, the curve number
(CN). Using data from gaged catchments in the U.S, the SCS developed a tabular relationship that
predicts CN as a function of catchment soil type, land use/ground cover, and antecedent moisture.

Table 16.2 is an excerpt from this table (USDA, 1986).

To apply the SCS loss model to an ungaged catchment, the analyst determines soil type from
a catchment soil survey. For many locations in the U.S., the SCS has conducted such surveys and
published soil maps. The analyst determines existing-condition land use/ground cover from on-site
inspection or through remote sensing. In the case of forecasted future condition, the land use/ground
cover may be determined from development plans. The analyst selects an appropriate antecedent
moisture condition for catchment conditions to be modeled (wet, dry, or average). With these three
catchment characteristics estimated, the tabular relationship may be used to estimate CN. For
example, for a residential catchment with 2-acre lots on hydrologic soi group C, the curve number
found in Table 16.2 for average antecedent moisture is 77. With this curve number, the initial
abstraction and maximum watershed retention can be estimated, and the loss from any storm can be

predicted.

Publications from the SCS provide additional details for estimaing the curve number for more
complex cases.

16-3. Runoff-Model Parameter Estimates

a. Options. Chapter 7 presents a variety of models for estimzzng runoff due to excess
rainfall. For an ungaged catchment, the analyst may use:

1. The kinematic-wave model;

2. A UH model with physically-based parameters; or
3. A UH model with predictive equations for the calibration parameters.
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TABLE 16.2
Excerpt from SCS Curve Number Relationship
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b. Physically-Based Parameter Estimates for Kinematic Wave Model. The kinematic-wave
model described in chapter 7 is particularty well suited to analysis of an ungaged urban catchment.
This causal model, which is described in further detail in HEC documents (USACE, 1979, 1982, 1990),
represents the catchment rainfall-runoff process by solving theoretical equations for flow over planes.
Catchment runoff is estimated by accumulating the flow from many such planes.

Application of the model requires identification of the following parameters: catchment area,
flow length, slope, and overland-flow roughness factor. The area, length, and slope are physically-
based and are estimated for existing catchment conditions from maps, photographs, or inspection.
For forecasted-future condition, these parameters are forecasted from development plans. The
overiand-flow roughness factor is a quasi-physically-based parameter that describes resistance to flow
as a function of surface characteristics. Published relationships, based on hydraulic experimentation,
are used to select this coefficient for existing or forecasted conditions. Thus all parameters of the
kinematic wave model can be estimated without gaged data.

c. Physically-Based Parameter Estimates for Clark’'s IUH and SCS UH. Parameters of Clark’s
and the SCS empirical UH models have a strong link to the physical processes and thus can be
estimated from observation or measurement of catchment characteristics. Clark’s IUH accounts for
translation and attenuation of overland and channel flow. Translation is described with the time-
discharge histogram. To develop this histogram, the time of concentration is estimated and
contributing areas are measured. Likewise, the SCS UH hydrograph peak and time to peak are
estimated as a function of the time of concentration.

The time of concentration, t,, can be estimated for an ungaged catchment with principles of
hydraulics. The Soil Conservation Service (SCS) suggests that t_ is the sum of travel times for all
consecutive components of the drainage conveyance system (U.S. Dept. of Agriculture, 1986). That
is,

to=t +t + .ty (16.1)

in which t; = travel time for component i: and m = number of components. Each component is
categorized by the type of flow. In the headwaters of streams, the flow is sheet flow across a plane.
Sheet-flow travel time is estimated via solution of the kinematic-wave equations. The SCS suggests a
simplified solution. When flow from several planes combines, the result is shallow concentrated flow.
The travel time for shallow concentrated flow is estimated with an open-channel flow model, such as
Manning's equation. Shallow concentrated flow ultimately enters a channel. The travel time for
channel flow is estimated also with Manning's equation or an equivalent model.

d. Predictive Equations for UH Calibration Parameters. The procedure described in section
16.1.d can be used to develop predictive equations for UH model calibration parameters for ungaged
catchments. For example, Snyder (1938) related unit hydrograph lag, t,, to a catchment shape factor
using the following equation:

S A B (162)

in which b= basin lag, hr; C, = predictive-equation parameter, L = length of main stream, mi; L, =
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length from outlet to point on stream nearest centroid of catchment, mi. T
he value of C, is found via linear regression analysis with data from gaged catchments.

A wide variety of predictive equations for UH model calibration parameters have been
developed by analysts. Table 16.3 shows example equations for Snyder's and Clark's UH parameters.
In general, these equations should not be used in regions other than those for which they were
developed. If they are, the analyst must be especially cautious. He or she should review derivation of
the equations. Conditions under which the equations were derived should be examined and
compared with conditions of the catchments of interest.

TABLE 16.3
Example UH ParameterPrediction Equations

Equation Reference

G = 7B SSTS Wright-McLaughlin
Engineers (1969)

C, = 0.89 C.045 Wright-McLaughlin
Engineers (1969)

R=cT, Russell, Kenning,
Sunnell (1979)

T./R = 1.46 - 0.0867 LY/A Sabol (1988)

T, = 8.29 (1.00 + )28 (A/5)%2%® USACE (1982)

Note: In the above equations, C, = calibration coefficient for Snyder's UH (see Section 7.3.c); Cp =
calibration coefficient for Snyder's UH (see Section 7.3.c); T, = time of concentration, hr; R = Clark's
IUH storage coefficient, hr; | = impervious area, %; L = length of channel/ditch from headwater to
outlet, mi; S = average watershed slope, ft/ft; c = calibration parameter, for forested catchments = 8-
12, for rural catchments = 1.5-2.8, and for developed catchments = 1.1-2.1; A = catchment area, sq

mi.
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16-4. Routing-Model Parameter Estimates

a. Candidate Models. The routing models described in chapter 9 account for flood flow in
channels. Of the models presented, the Muskingum-Cunge, modified Puls, and kinematic-wave are
most easily applied in ungaged catchments. Parameters of each of these models are quasi-physically

based and can be estimated from channel characteristics.

b. Physically-Based Parameter Estimates for Modified Puls Routing Model. The modified Puls
(level-pool) routing model is described in detail in sections 9.3.a and 9.3.b. The parameters of this
model, as it is applied to a river channel, include the channel storage v. outflow relationship and the
number of steps (subreaches). The former is considered a physically-based parameter, while the

latter is a calibration parameter.

For an ungaged catchment, the channel storage v. outflow relationship can be developed with
normal depth calculations or steady-flow profile computations. In either case, channel cross sections
are required. These may be measured in the field, or they may be determined from previous mapping
or aerial photography. Both procedures require also estimates of the channel roughness. Again, this
may be estimated from field inspection or from photographs. With principles of hydraulics, water-
surface elevations are estimated for selected discharges. From the elevations, the storage volume is
estimated with solid geometry. Repetition yields the necessary storage v. outflow relationship. These
computations can be accomplished conveniently with a water-surface profile computer program, such

as HEC-2 (USACE, 1990).

The second parameter, the number of steps, is, in fact, a calibration parameter. Section 9.3.b
suggests estimating the number of steps as channel reach length / velocity of the flood wave / time
interval (see Eq. 9.13). Strelkoff (1980) suggests that if the fiow is controlled heavily from downstream,
one step should be used. For locally-controlled flow typical of steeper channels, he suggests the
more steps, the better. He reports that in numerical experiments with such a channel, the best peak

reproduction was observed with:

S
NSTPS =2 L T" (16.3)

(<]

in which NSTPS = number of steps; L = entire reach length, in mi; S, = bottom slope, in ft/mi; and Y,
= baseflow normal depth, in ft. So, for example, for a 12.4 mi reach with slope 2.4 ft/mi and Y, = 4 ft,
the number of steps would be estimated as 15.

c. Physically-Based Parameter Estimates for Kinematic Wave Model. The physical basis of the
kinematic-wave model parameters makes that model useful for some ungaged channels. In particular,
if the channels are steep, well-defined channels, with insignificant backwater effects, the kinematic-
wave model works well. These limitations are met most frequently in channels in urban catchments.

The parameters of the kinematic-wave channel routing model include the channel geometry
and channel roughness factor. The necessary channel geometry parameters include channel cross
section and slope data. As these are physically-based, they may be estimated for existing conditions
from topographic maps or field survey. For modified channel conditions, the geometry data are
specified by the proposed design. The roughness generalty is expressed in terms of Manning's n.
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This is a quasi-physically-based parameter that describes resistance to flow as a function of surface
characteristics. Published relationships predict this coefficient for existing or modified conditions.

d. Physically-Based Parameter Estimates for Muskingum-Cunge Model. If the channel of
interest is not a steep, well-defined channel, as required for application of the kinematic-wave channel
routing model, a diffusion model may be used instead. In the case of an ungaged channel, the
Muskingum-Cunge model is a convenient choice, as the parameters are physically-based.

Parameters of the Muskingum-Cunge channel routing model include the channel geometry
and channel roughness factor. The necessary channel geometry parameters include channel cross
section and slope data, which may be estimated for existing conditions from topographic maps or field
survey. For modified channel conditions, the geometry data are specified by the proposed design.
The roughness is expressed in terms of Manning's n.

16-5. Statistical-Model Parameter Estimates

In some hydrologic-engineering studies, the goal is limited to definition of discharge-frequency
relationships. EM 1110-2-1415 describes procedures for USACE flood-frequency studies. Chapter 12
of this document summarizes those procedures and describes the statistical models used. All the

models described are empirical. Observed data are necessary for calibration. Consequently, these
statistical models cannot be applied directly to an ungaged catchment.

Options available to the analyst requiring frequency estimates for an ungaged stream include
1. Develop frequency-distribution parameter predictive equations; or

2. Develop distribution quantile predictive equations.

a. Parameter Predictive Equations. The log-Pearson type lll distribution (model) is used for
USACE annual maximum discharge frequency studies. As described in chapter 12, this model has
three parameters. These are estimated from the mean, standard deviation, and skew coefficient of the

logarithms of observed peak discharges.

In the absence of flow data, regional frequency analysis procedures described in section
12.5.c may be applied to develop distribution parameter predictive equations. As with the equations
for rainfall-runoff model parameters, these equations relate model parameters to catchment
characteristics. For example, for the Shellpot creek catchment, Delaware, the following predictive

equation was developed (USACE, 1982):

S =0311 -005log A (16.4)

in which S = standard deviation of logarithms; and A = catchment drainage area, in sq mi. With
similar equations, other parameters can be estimated.

To apply a distribution parameter-predictive equation for an ungaged catchment, the

independent variables in the equation are measured or estimated for the ungaged catchment.
Solution of the equation with these values yields the desired statistical distribution parameter. The
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frequency curve is then computed as described in EM 1110-2-1415 and chapter 12.

c. Quantile Predictive Equations. The frequency distribution quantiles for an ungaged
catchment also may be defined with predictive equations. Such a predictive equation is developed by
defining the frequency distributions for streams with gaged data, identifying from the distributions
specified quantiles, and using regression analysis procedures to derive a predictive equation. For
example, for the Red Lion creek catchment, Delaware, the following quantile predictive equation was
developed (USACE, 1982):

Qq00 = 1040 A%¥' (16.5)

in which Q,, = 100-year (0.01 probability) discharge.

16-6. Reliability of Estimates

The reliability of a runoff estimate made for an ungaged catchment is a function of the
following:

1. The reliability of the flood-runoff model.
2. The form of and coefficients found for the predictive equations;

3. The talents and experience of the analyst.

a. Model Reliability. Linsley (1986) relates the resutts of a 1981 pilot test by the Hydrology
Committee of the U.S. Water Resources Council that found that all runoff models tested were subject
to very large errors and exhibited a pronounced bias to overestimate. He shows that errors of plus or
minus 10% in estimating discharge for a desired 100-year (0.01 probability) event may, in fact, yield an
event as small as a 30-year event or as large as a 190-year event for design. Lettenmaier (1984)
categorizes the sources of error as model error, input error, and parameter error. Model error is the
inability of a model to predict runoff accurately, even given the correct parameters and input. Input
error is the resutt of error in specifying rainfall for predicting runoff, or in specifying rainfall and runoff
for estimating the model parameters. This input error may be due to measurement errors or timing
errors. Parameter error is the result of inability to measure property physically-based parameters or to
estimate properly calibration parameters. The net impact of these errors is impossible to quantify.
They are identified here only to indicate sources of uncertainty in discharge prediction.

b. Predictive Equation Reliability. Predictive equations are subject to the same errors as runoff
models. The form of and parameters of the equations are not known and must be found by trial and
error. The sample size upon which the decision must be based is very small by statistical standards,
because data are available for relatively few gaged catchments. Overton and Meadows (1976) go so
far as to suggest that the reliability of a regionalized model can always be improved by incorporating a
larger data base into the analysis. Predictive equations are subject also to input error. Many of the
catchment characteristics used in predictive equations have considerable uncertainty in their
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measured values. For example, the accuracy of stream length and slope estimates are a function of
map scale (Pilgrim, 1986). Furthermore, many of the characteristics are strongly correlated, thus
increasing the risk of invalid and illogical relationships.

c. Role of Hydrologic Engineer. Loague and Freeze (1985) suggest that hydrologic modeling
is more an art than a science. Consequently the usefulness of the results depends in large measure
on the talents and experience of the hydrologic engineer and her or his understanding of the
mathematical nuances of a particular model and the hydrologic nuances of a particular catchment.
This is especially true in estimation of runoff from an ungaged catchment. The hydrologic engineer
must exercise wisdom in selecting data for gaged catchments, in estimating flood-runoff mode!
parameters for these catchments, in establishing predictive relationships, and finally, in applying the

relationships.
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SIMULATION OF FLOOD HYDROGRAPHS FOR GEORGIA STREAMS
By E. J. Inman and J. T. Armbruster
ABSTRACT

Flood hydrographs are needed for the design of many highway drainage
structures and emnbankments. A method for simulating these flood hydrographs
at urban and rural ungaged sites in Georgia 1is presented in this report.

The 0'Donnell method was used to compute unit hvdrographs from 355 flood
events from 80 stations. An average unit hydrograph and an average lagtime
were computed for each station. These average unit hydrographs were trans-
formed to unit hvdrographs having durations of one-fourth, one-third, one-
half, and three-fourths lagtime, then reduced to dimensionless terms by divid-
ing the time by lagtime and the discharge by peak discharge. Hydrographs were
simulated for these 355 flood events and their widths were compared with the
widths of the observed hydrographs at 50 and 75 percent of peak flow. The
dimensionless hvdrograph based on one-half-lagtime duration provided the
best fit of the observed data.

Multiple-regression analysis was used to define relations between lag-
time and certain physical basin characteristics, of which drainage area and
slope were significant for the rural eauations, with impervious area being
added for the Atlanta urban equation.

A hydrogrash can be simulated from the dimensionless hydrograph, peak
discharge of a svecific recurrence interval, and lagtime obtained from re-
gression equations for any site of less than 500 mi2 in Georgia.

For simulating hydrographs at sites larger than 500 miz, the U.S. Geo-
logical Survey ccaputer model CONROUT, can be used. CONROUT produces a simu-—
lated outflow discharge hydrograph with a peak discharge of a specific
recurrence intervzl. The diffusion analogy routing method with single

linearization was used in this study.
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INTRODUCT ION
The design of many highway drainage structures and embankments requires

an evaluation of the flood-related risk to the structures and to the

surrounding propertv. Risk analyses of alternate designs are necessary to

determine the design with the least total expected cost. In order to fully

evaluate these risks, a runoff hydrograph with a peak discharge of specific
recurrence interval may be necessary to estimate the length of time of
inundation of specific features, for example, roads and bridges. For ungaged

streams, this information is difficult to obtain; therefore, there is a need
for a method based on Georgia hydrologic data to estimate the flood

hydrograph associated with a design discharge. The objective of this study

was to define techniques for simulating flood hydrographs for specific design
discharges at ungaged sites in Georgia. The scope of this study was

statewide for rural basins, and the Atlanta metropolitan area for urban

basins up to 25 miZ.

HYDROGRAPH SIMULATION PROCEDURE
Several traditional methods for simulating a hydrograph for a flood of
selected recurrence interval at an ungaged watershed were considered for
this study. However, a new procedure based on observed streamflow data
was developed for this study and is presented in this section.

Basins less than 500 saquare miles

A dimensionless hydrograph was developed for use in basins up to 500
mi2. Peak discharge of a selected recurrence interval and lagtime are neces-—

sary parameters to convert the dimensionless hydrograoh to a simulated

hydrograph for a given basin. Price (;) presents a technique for estimating
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the peak discharge of a selected recurrence interval for rural streams in
Georgia. Inman (g) presents a technique for estimating the peak discharge

of a selected recurrence interval for basins less than 25 mi2 in the Atlanta
urban area. Lagtime-—estimating equations were developed for Georgia streams
as part of the present study and will be presented in a later section.

The dimensionless hvdrograph was developed from observed flood hydro-
graphs. Using data from 80 basins having drainage areas less than 20 miz,
the method is as follows:

(1) Compute a unit hydrograph and lagtice for three to five storms for
each of the 80 gaging stations. All unit hydrographs should be for
the same time interval (duration) at a station. Lagtime is computed
as the time at the centroid of the unit hydrograph minus one-half
the time of the computation interval (duration). The unit
hydrograph computation method is by 0'Donnell (3).

(2) Eliminate the unit hydrographs with inconsistent shapes and compute
additional unit hydrographs if needed.

(3) Compute an average unit hydrograph for each station by aligning the
peaks and averaging each ordinate of discharge for the final selec-
tion of unit hydrographs. The correct timing of the average unit
hydrograph is obtained by averaging the time of the center of mass
of the individual unit hydrographs and plotting the average center
of mass at this average time. The time of the center of mass of the
discharge hydrograph is obtained by adding one-half tﬂe unit

hydrograph computation interval (durztion) to that hydrograph's

lagtime.
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(4) Transform the average unit hydrographs computed in step 3 to hydro-
graphs having durations of one-fourth, one-third, one-half, and
three-fourths lagtime. These durations must be to the nearest mul-
tiple of the original duration (computation interval). These
transformed unit hvdrographs will have durations of 2-times, 3—
times, 4-times, and 6-times the duration of the original unit hydro-
graph. The transformation of a short duration unit hvdrograph to a
long duration unit hvdrograph (for instance, a 5-minute duration to
a 20-minute duration) can be accomplished through the use of the
following equations:

D/at EQUAT ION

2 TUHD(t)=1/2[TUH(t)+TUH(t-1)] (1)

3 TUHD(t)=1/3([TUH(t)+TUH(t-1)+TUH(t-2)] (2)

4  TUHD(t)=1/4[TUH(t)+TUH(t-1)+TUH(t-2)+ TUH(t-3)] (3

n  TUHD(t)=1/n[TUH(t)+TUH(t-1) ... TUH(t-n+l)], ' (4)
where At = computation interval, (the original unit hydrograph has an actual

and

duration equal to At),

D = design duration of the unit hydrograph, (this must be a multiple

of At),

TUHD(t) = ordinates of the desired unit hydrograph at time ¢,

TUH(t), TUH(t-1), etc. = ordinates of the original unit hydrograph
at times t, t-1, t-2, etc.

Duration may be thought of as actual duration or design duration, so

a distinction must be made between the two. Actual duration which

is highly variable mav be defined as the time during which precipi-
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tation falls at a rate greater than the existing infiltration capac-
ity. It 1is the actual time during which rainfall excess is occurring.

Design duration is that duration which is most convenient for use on

any particular basin. The design duration is that for which the

unit hydrograph is computed. For this report, design duration is ex-

pressed as a fractional part of lagtime, such as one-fourth, one-
third, one—half, an three-fourths lagtime. It is later shown that
the design duration of one-half lagtime provides the best fit of
observed data.

Reduce the one-fourth, one-third, one—half, and three-fourths lagtime
hydrographs to dimensionless terms by dividing the time by lagtime
and the discharge by peak discharge.

For Hydrologic Regions 1, 2, and 3, as defined by Price (;) and the
Atlanta urban area as reported by Inman (g), compute an average
dimensionless hydrograph by using the dimensionless hydrographs at

the stations within that area or region. The hydrographs were

computed by aligning the peaks and averaging each ordinate of

the discharge ratio, Q/Qp-

Steps 1 through 5 were done for all stations having data in the U.S.

Geological Survey WATSTORE unit-values file, which had hydrographs plotted

from earlier studies. A total of 355 unit hydrographs from 80 stationms,

including 19 Atlanta urban sites, were used to develop the one-fourth, one-

third, one-half, and three—fourths lagtime duration dimensionless hydrographs.

A statistical analysis to select the hest fitting design duration was done bv

comparing the widths of hydrographs estimated (or computed) from the one-

fourth, one-third, one-half, and three-fourths lagtime duration dimensionless
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hydrographs from each region or area with the observed hydrograph widths from

their respective regions or area. The one—half-lagtime duration was the best

fit of width at 50 percent of peak flow and at 75 percent of peak flow.
Figure 1 illustrates plots of the one-half-lagtime duration dimensionless
hvdrograph for Regions 1, 2, and 3, and for the Atlanta urbhan area. Rased on
these plots, one dimensionless hvdrograph was selected for both rural and
urban conditions for the entire State as shown in figure 2 and table 1.

Another statistical analysis to test the accuracv of the dimensionless
hydrograph application techniaque was done by comparing the simulated hydrograph
widths at 50 and 75 percent of peak flow from simulated hydrographs using the
statewide one-half lagtime duration dimensionless hydrograph with the 355
observed hydrographs. Figure 3 illustrates one example of this comparison.
The results were: The 50 percent of peak-flow width comparison had a standard
error of estimate of + 31.8 percent and the 75-percent comparison had a
standard error of estimate of + 35.9 percent. The standard error of estimate
of the width comparisons is based on mean-square difference between observed
and simulated widths. Based on verification and bias testing, which are
presented in a later section, this dimensionless hydrograph can be used for
flood-hydrograph simulation for ungaged bhasins up to 500 mi2. Steps 3 through
6 of the dimensionless hydrograph development and the statistical analyses

were programmed for computer use by S. E. Ryan (U.S. Geological Survey,

written commun., 1985).

Basins Greater Than 500 Sauare Miles

The method for simulating a hydrograph at basins greater than 500 m12

uses the U.S. Geological Survey computer model, CONROUT. The model routes
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streamflow from an upstream channel location to a user—defined location
downstream. CONROUT is described in detail by Doyle and others (4).
CONROUT provides the user with two methods of routing: diffusion analogy

and storage-continuity. The diffusion analogy method with single lineariza-

tion as recommended by Keefer (5), was used in this study.

TESTING OF DIMENSIONLESS HYDROGRAPHS
Four tests are generally required to establish the soundness of models.

The first test is the standard error of estimate which has been explained and

presented in prior sections of this report. The other tests are for verifica-

tion, bias, and sensitivity.

Verification

| For verification, the dimensionless hydrograph was applied to other hy-
drographs not used in its development. This test included the use of 138
flood events from 37 stations having drainage areas of 20-500 miZ located
throughout the State. The average station lagtime and peak discharge for

each flood event were used to simulate a theoretical flood hydrograph, which

was compared to the observed hydrograph. At the 50 and 75 percent of peak

flow widths the standard errors of estimate were + 39.5 percent and * 43.6

percent, respectively. Figure 4 illustrates an example of this comparison.

An additional verification, or test, of the entire simulation procedure
was conducted on the highest peaks (simple or compound) having unit values
available in the Georgia District and a station flood—-freauencv curve.
Thirtv-one stations having drainage areas of 20-500 mil were tested as fol-
lows. The recurrence interval of this observed peak discharge (0), was deter-

mined from the station-frequency curve. The appropriate regional frequency
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equation from Price (i) was used to compute the corresponding peak discharge
for this recurrence inzerval. The lagtime (TL) for this station was computed

from the appropriate regional lagtime equation. The regression Q and regres-

sion Ty were then used o simulate a flood hydrograph. A comparison of the

simulatea and observed nydrograph widths at 50 and 75 percent of peak flow

ylelded standard errors of estimate of + 51.7 percent and *+ 57.1 percent,

respectively. Figure 3 illustrates an example of this comparison.
Bias

Two tests for bias were conducted, one for simulated versus observed

hydrograph width, and the other for geographical bias. The width-bias test

was performed on the wiiths at 50 percent and 75 percent of peak flow at the

31 stations used in the additional verification step. As explained earlier,

these were the highest zvailable floods at these stations. The average
recurrence interval was about 30 years. The mean error,.;, indicated that

there was a positive error (simulated greater than observed) in the hydrograph

widths at 50 percent of peak flow and a negative error (observed greater than

simulated) in the hydrograph widths at 75 percent of peak flow. Also, there

was a negative error (estimated less than observed) in the comparison of peak
Q froo regional regression equations and peak Q from station frequency curves.
However, the students t-:est indicated that these errors are not statistically

significant at the 0.0l l=vel of significance, and therefore, the simulated

hydrograph widths are nor biased.

The test for geogrzphical bias was done by comparing the widths at 50
percent and 75 percent of the ratio, Q/Qp, of the dimensionless hydrographs
simulated for Regions 1, 2, and 3 as defined by Price (1), and shown in
figure 6, and for the Atlzata metropolitan area with the widths of the state-

wide dimensionless hydrogrzph. Figure 1 illustrates these four dimensionless
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hydrographs. There was no significant bias. In fact, the mean error, x,

was very small in both the 50 percent and the 75 percent test, which further
confirmed the decision to use one dimensionless hydrograph statewide for
basins up to 500 miZ.
Sensitivity
The fourth test was to analyze the sensitivity of the simulated hydrograph

widths to errors in the two independent variables (Q and Ty ) that are used to

simulate the hydrograph. This test was done by holding one variable constant

and varying the other by + 10 percent, and + 20 percent at the hydrograph
widths corresponding to 50 percent and 75 percent of peak flow. When peak Q

was varied, the test results indicated that the hydrograph width did not
change at 50 percent or 75 percent of that varied peak Q. When lagtime was

varied, the test results indicated that the hydrograph width varied by the

same percentage.

REGRESSION ANALYSIS OF LAGTIME

So that lagtime could be estimated for ungaged sites, the average sta-
tion lagtimes obtained from the stations used in the dimensionless hydrograph
development were related to their basin characteristics. This was done by
the linear, multiple-regression method described by Riggs (6). Lagtimes were
computed for each flood event with the same program that computed the t-hour
unit hydrographs. These storm-event lagtimes were then averaged to compute
an average station lagtime, which was in turn used in the regression analyses.

Lagtime is generally considered to be constant for a basin and is defined by

Stricker and Sauer (Z) as the time from the centroid of rainfall excess to

the centroid of the runoff hydrograph. Lagtimz for the 19 Atlanta urban
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stations was analyzed separately, owing to the effect of urbanization on
lagtime.
The regression equations provide a mathematical relation between the
charac-

dependent variable (lagtime) and the independent variables (the basin

teristics found to be statistically significant). All variables were trans-—

formed into logarithms before analysis to: (1) obtain a linear regression

model, and (2) achieve equal variance about the regression line throughout
the range. In the analyses performed, a 95-percent confidence limit was
specified to select the significant independent variables.

The independent variables, or physical basin characteristics, are defined
in the following paragraphs.

Lagtime (T;).—-The elapsed time, in hours, from the centroid of rainfall
excess to the centroid of the resultant runoff hydrograph. Lagtime is compu-=

ted from the unit hydrograph.

Drainage area (A).——Area of the basin, in square miles, planimetered

from U.S. Geological Survey 7 1/2-minute topographic maps. Basin boundaries

were all field checked.

Channel slope (S).--The main channel slope, in feet per mile, as deter-

mined from topographic maps. The main channel slope was computed as the
difference in elevation, in feet, at the 10- and 85-percent points divided by

the length, in miles, between the two points.

Channel length (L).—-The length of the main channel, in miles, as mea-=

sured from the gaging station upstream along the channel to the basin divide.

L/S0.5,—-A ratio, where L and S have heen previously defined.
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Measured total impervious area (IA).--The percentage of drainage area

that is impervious to infiltration of rainfall. This parameter was deter-

mined by a grid-overlay method using aerial photography. According to Coch-

ran (8) a minimum of 200 points, or grid intersections, per area or subbasin

will provide a confidence level of 0.10. Three counts of at least 200 points

per subbasin were obtained and the results averaged for the final value of

measured total impervious area. On several of the larger basins where some

development occurred during the period of data collection, this parameter was
determined from aerial photographs made in 1972 (near the beginning of data
collection), and then averaged with the values obtained from aerial photo-

graphs made in 1978 (near the end of data collection).

Measured effective impervious area (MEIA).——The percentage of impervious

area which is directly connected to the channel drainage system. Noneffec-

tive impervious area, such as house rooftops that drain onto a lawn, are sub-
tracted from this total. This parameter was obtained in conjunction with

measured total impervious area. When the minimum of 200 points were counted,

three totals per subbasin were obtained. The first total was pervious points,
the second definite impervious points such as streets and parking lots, and
the third rooftops. One building out of three was field checked to determine
the percentage of effective impervious area of its roof and gutter system.

An average percent effective impervious area was determined for the buildings
field checked in the subbasin, and this factor was multiplied by the total
number of building points. The resulting product was added to the definite
impervious points, and this total of effective impervious area points was

divided by the total number of points counted in the subbasins to determine

the MEIA percentage.
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Regionalization

The initial regression run utilized data from 91 rural stations, of less

than 500 miz, located throughout the State. A geographical bias was detected.

The area north of the Fall Line, consisting of Regions 1 and 2 as defined by
Price (1), and shown in figure 6, tended to overpredict lagtime, whereas, the
area south of the Fall Line, consisting of Regions 3, 4, and S as defined by
Price (l), and shown in figure 6, tended to underpredict lagtime.

The next step was to make separate regression runs for each of the five
regions. Region 1 had no equations with two or more variables significant at

the 95-percent confidence limit. The standard error of estimate of the

regression using only one variable ranged from 43 to 51 percent. Such large

standard errors are not desirable. Region 2, also, had no equations with

two or more variables significant at the 95-percent confidence limit. The
standard error of estimate of the regression using only one variable ranged
from 34 to 37 percent, with a tendency to overpredict on the lower end of

the curve and underpredict on the upper end.

Regions 1 and 2 were combined and analyzed as one region. Two equations

each have two variables significant at the 95-percent confidence limit. The

equation selected was lagtime (TL) = 4.64A0'49 S_O'ZI. Region &4 had (5)

only five stations, and Region 5 only three. Therefore, neither region could

be analyzed separately. Regions 3, 4, and 5 were combined and analyzed as

one region. Only one equation had two variables significant at the 95-percent

0.43 ¢-0.31, 6)

confidence limit. The equation was T; = 13.6A
The Atlanta urban area was analyzed separately due to the effects of ur-

IA and MEIA were added as independent variables in the

0.22 ¢-0.66 1,-0.67 (7

banization on lagtime.

analysis. The equation that was selecteﬂ, Ly & 161A




@

Inman, E. J. Page 15

is gimilar to the rural equations, in that both rural and urban equations

nave area and slope as independent variables. Impervious area accounts for

the urbanization effect. Drainage area, (A), had a significance level of

5.8 percent, but was retained in order to provide continuity with the rural

equations. The Atlanta urban eauation (7) should be considered preliminary,

and subject to revision after more urban data are analyzed in the Rome,

Athens, Augusta, and Columbus metropolitan areas. If these additional data

show the same regionalization pattern as the rural data north of the Fall

Line, then these data will be analyzed with the Atlanta data, which could

possibly change the Atlanta urban equation.

The accuracy of regression equations can be expressed by two standard
statistical measures: The coefficient of determination, R-sauare.(the cor—
relation coefficient squared); and the standard error of regression. R-
square measures how much variation in the dependent variable can be accounted

for by the independent variables. For example, an R-square of 0.94 would

indicate that 94 percent of the variation is accounted for by the independent

variables, and that 6 percent is due to other factors. The standard error of

regression (or estimate) is, by definition, one standard deviation on each
side of the regression line and contains about two-thirds of the data within

this range. A summary of the lagtime equations and their related statistics

are given in table 2.

Limits of Independent Variables

The effective usable range of basin characteristics for the rural equa-

tions are as follows:
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North of the Fall Line

Variable Minimum Maximum Units
A 053 500 square miles
S 5.0 200 feet per mile

South of the Fall Line

Variable Minimum Maximum Units
A 0.2 500 square miles
S le3 60 feet per mile

The effective usable range of basin characteristics for the Atlanta

urban equation is as follows:

Variable Minimum .Maximum Units
A 0.2 25 square miles
S 13 175 feet per mile
IA 14 50 percent

TESTING OF LAGTIME REGRESSION EQUAT IONS
The lagtime regression equations were tested with the same four tests as
the dimensionless hydrograph. The standard error of estimate has been ex-—
plained and presented in a prior section of this report. Verification,

bias, and sensitivity are the other tests.

Verification

Split-sample testing is the process by which part of a data set 1is used

for calibration and the remaining part Zor verification or prediction. The

standard error of estimate, obtained from the calibration phase, is a meas-—
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ure of how well the regression equations will estimate the dependent variable

at the sites used to calibrate them. The standard error of prediction, on

the other hand, is a measure of how well the regression equations will esti-
mate the dependent variable at other than calibration sites according to
Sauer and others (9). Split-sample testing was used for verification of the

regression equations, both north and south of the Fall Line. It was also

used to estimate the magnitude of the average prediction error, and to

determine whether the same variables were significant. The stations from

each region were divided into two groups of about equal size. The sites were

arrayved in ascending order according to drainage-area magnitude. The odd-

nuobered events made up the first sample and the even—numbered events the

second sample. Multiple-regression analyses were performed on both regions

using only the sites in one of the samples, then recalibrated using the sites
in the other sample. The results were all acceptable, as shown in table 3.
The regression analyses yielded new regression equations similar to the

equations originally developed using all the sites in each region.

The first set of equations tentatively selected had area (A) and L/s0.5

as the two independent variables. The standard errors of regression were

about the same as for the eaquations with A and slope (S) as independent

variables for both regions. However, when split-sample testing was performed,

1/50+5 was not significant zt the 95-percent confidence limit for either

odd or even sample above the Fall Line. The equation with A and L/SO'5

was split-sample tested for the area south of the Fall Line with A not being
significant at the 95-percent confidence limit for either the odd or even

sacple. No attempt was made co analyze the Atlanta urban equation with

split-sample testing because of the limited number of stations available.
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Bias

. Two tests for bias were performed, cne for variable bias and the other

_for geographical bias. The variable-bias tests were made by plotting the

residuals (difference hetween observed and predicted lagtime) versus each of

the independent variables for all stations. These plots were visually in-

spected to determine whether there was a consistent overprediction or under-—

prediction within the range of any of the independent variables. These plots

also verified the linearity assumptions of the equations. The equations were

found to be free of variable bias throughout the range of all independent

variables.
Geographical bias was tested by plotting the residuals of observed lag-

times minus predicted lagtimes on a State map. The plot was visually in-

spected to determine if any area of the State consistently overestimated or
\. underestimated. Because this test indicated no consistent overestimation or

underestimation in any part of the State, it can be concluded that no geo=

graphical bias exists.

The same bias analyses were perfomed on the Atlanta urban equation.

There was no geographical or variable bias.

Sensitivity

The fourth test was to analyze the sensitivity of lagtime to errors in
the two independent variables in the regression equations. The computation

of these independent variables is subject to errors in measurement and judge-

ment. To illustrate the effect of such errors, the equations were tested to

determine how much error was introduced into the computed lagtime from speci-

fied percentage errors in the independent variahles. The test results are

These tables were computed by assuming that all in-

shown in tables 4 and 5.

. dependent variables were constant, except the one being tested for sensitivity.
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The Atlanta urhan equation was tested for sensitivity of lzgrtime to
errors in the three independent variables in the same manner &= the two rural

equations. The test results are shown in tahle 6.

SUMMARY
A dimensionless hydrograph was developed for Georgia streaas having
drainage areas of less than 500 mi2. This dimensionless hydrozraph can be

used to simulate flood hydrographs at ungaged sites for both r:ral and urban

streams statewide. Over 350 observed flood hydrographs were usad for its

development. For verification, the dimensionless hydrograph was applied to
169 flood hydrographs not used in its development.

Multiple-regression analysis was used to define relations tetween lagtime
and selected basin characteristics, of which drainage area and slope were
significant for the rural basins, and drainage area, slope, anc impervious
area were significant for the Atlanta urban basins. The rural squation was
regionalized into one equation for the area north of the Fall line, and one
equation for the area south of the Fall Line. Both rural equations were
verified by split—sample testing. There was no variable or geccraphical bias
in either the rural equation or the Atlanta urban equation. Sexsitivity
tests indicated drainage area as the most sensitive basin charzzzeristic in
the rural equations, and impervious area as the most sensitive Ia the Atlanta
urban equation.

A simulated flood hydrograph may be computed by applying laztime, obtained
from the proper regression equation, and peak discharge of a spscific recur-
rence interval, to the dimensionless hvdrograph. The coordinatzs of the

runoff hydrograph can be computed by rmultiplying lagtime by the :zime ratios

and peak discharge bv the discharge ratios in table 1.
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For basins larger than 500 miZ the U.S. Geological Survey computer model
CONROUT is used for simulating flood hvdrographs. CONROUT routes streamflow

from an upstream channel location to a user—defined location downstream. The

product of CONROUT is a simulated outflow discharge hvdrograph with a neak

of a specific recurrence interval at the end of a reach.
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Table 1.--Time and discharge ratios of the statewide

dimensionless hydrograph.

Time ratio
(t/fTy)

0.25
.30
.35
.40
.45
.50
«55
.60
.65
.70
75
.80
.85

.90

Discharge ratio

(Q/Qp)
0.12
.16
.21
.26
.33
.40
.49
.58
.67
.76
.84
.90

.95

.92
.86
.80
.74

.68
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Table l1.--Time and discharge ratics of the statewide

dimensionless hydrograph--continued.

Time ratio
(t/Ty)

Discharge ratio

(Q/Qp)
.62
.56
.51
.47
.43
«39
.36
.33
.30
.28
«26
.24
.22
.20
.19
.17
.16
.15
.14
«13
o 12

<1k
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Table 2.--Summary of lagtime estimating equations.

Area

North of the Fall
Line (rural)

South of the Fall
Line (rural)

Metropolitan
Atlanta

(urban)

Equation Standard error Coefficient of
of regression determination,
(percent) R2
Ty = g.648"3 52l + 31 0.94
Tlo= 14 A%~ ] + 25 .96
T, = 161A+225--6614-.67 + 19 .94
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Table 3.--Lagtime equations split-sample test results.
Number Standard error Standard error Coefficient of
of of regression of prediction determination,
Area stations Equation (percent) (percent) R2
North of the 25 Ty = 4.8840-485-0.22 + 32 2L 0.94
Fall Line
(odd)
North of the 24 - - + 32 .93
Fall Line
(even)
North of the 24 T = 4.5140-505-0.21 + 31 on .94
Fall Line
(even)
North of the 25 s - + 32 .94
Fall Line
(odd)
South of the 21 T, = 36.840:355-0.57 + 18 o .08
Fall Line
(odd)
South of the 21 -— -- + 41 .92
Fall Line
(even)
South of the 21 T = 8.63A0-485-0.21 + 26 S .96
Fall Line
(even)
South of the 21 -- - + 29 .96

Fall Line
(odd)

—--Datan not applicable.
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Table 4.--Sensitivity of computed lagtime to errors

in independent variables with the

north of the Fall Line equation.

INDEPENDENT VARIABLES

Percent error (Percent error in computed lagtime)
in independent

variable Area Slope

+50 +21.9 -8.2

+25 +11.5 -4.6

-10 -5.0 +2.2

=50 -28.5 +15.7




Inman, E. J. Page 28

Table 5.--Sensitivity of computed lagtime to e€rrors

in independent variables with the

south of the Fall Line equation.

INDEPENDENT VARIABLES
Percent error (Percent error in computed lagtime)
in independent
variable Area Slope
+50 +19.2 -11.8
+10 +4.2 -2.9
-10 -4.5 +3.3
-50 -25.9 +24.1
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Table 6.--Sensitivity of computed lagtime tO €errors

in independent variables with the

Atlanta urban eguation.

INDEPENDENT VARIABLES
Percent error (Percent error in computed lagtime)
in independent
variable Area Slope Impervious area

+50 +9.9 -23.4 -23.9

+10 +2.7 -5.9 -6.3

-25 -5.9 +21.2 +21.2

-50 -14.0 +58.1 +59.0
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Figure 3.—Plot of observed and predicted
hydrographs showing width comparisons
at 50 and 75 percent of peak flow for
an Atlanta urban station.
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‘igure 4.—Plot of observed and predicted hydrographs for width
comparisons at 50 and 75 percent of peak flow for Spring
Creek near Iron City.
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UNIT HYDROGRAPHS FOR DEVELOPING
DESIGN FLOOD HYDROGRAPHS!

Krishan P. Singh?

ABSTRACT: In Illinois, a procedure has been developed to derive
unit hydrographs for generating 100-year and probable maximum
flood hydrographs, on the basis of 11 parameters that define the
hydrograph shape very well. Regional regressions of these
parameters with basin factors show very high correlation. Thus sat-
isfactory values of parameters can be determined for ungaged areas
or those with a few years’ record. The nonlinearity in unit hydro-
graphs derived from usual floods is largely attributed to mixing
within-channel and overbank-flow flood events. To minimize the
effects of nonlinearity and to derive unit hydrographs suitable for
calculating spillway design floods, use of the proposed method of
developing such hydrographs is recommended.

(KEY TERMS: unit hydrographs; 100-year flood; maximum proba-
ble flood; unit hydrograph peak; time to peak; time base; regional
study; regional analyses.)

@

INTRODUCTION

Dam failure caused by overtopping during very
high flood conditions results mainly from inadequate
spillway capacity and insufficient freeboard. The
Corps of Engineers and many state agencies have
been preparing inspection reports or having them pre-
pared by consultants to meet the goals of the National
Dam Safety Program under PL 92-367 — The National
Dam Inspection Act. These inspection reports contain
hydraulic and hydrologic evaluations of the adequacy
of the spillway and dam to handle floods of various
frequencies without endangering the structure or
causing dam failure due to overtopping. These evalua-
tions require information on storms of various fre-
quencies and probable maximum storms, their
depth-area-duration relations, and the soil moisture
conditions at the beginning of a design storm, as well
as suitable unit hydrographs for converting design
storms into flood hydrographs.

Most of the methods in use suffer from shortcom-
ings such as 1) not enough data to satisfactorily delin-
eate the unit hydrograph shape; 2) assumptions of
unique, linear storage-discharge relationship for both
in-channel and overbank flood flow; 3) use of only
some of the explanatory variables; 4) lack of adjust-
ments to make unit hydrographs suitable for simula-
tion of floods needed for dam safety evaluations and
dam design; and 5) adherence to functional relation-
ships developed in one area for use in other areas
with different climate, soils, and land topography.

Snyder (1938) analyzed a number of hydrographs
from drainage areas in the Appalachian Mountain
region and developed the following equations:

0.3
tp=Ct(LLc) (1)
t.= tp/ 5.5 2)
q,= 6400p/ t, 3)
tpR=tp+(125(tR-tr) (4)
=640C_/t (5)

U = 80C, /g
in which t, = lagtime from the midpoint of the effec-

tive rainfall of duration t. to the peak of the unit
hydrograph, hr; tg = duration of effective rainfall
other than standard t,, hr; thR = time lag with effec-
tive rainfall duration tg, hr; ap = peak discharge for

. 1Paper No. 89102 of the Water Resources Bulletin. Discussions are open until October 1, 1891.
2Director, Office of Surface Water Resources and Systems Analysis, Illinois State Water Survey, 2204 Griffith Dr., Champaign, Illinois

61820.

WATER RESOURCES BULLETIN




standard duration t, cfs/mi2 or cfsm; 4pR =peak dis-
" arge for duration tg; L = river length in miles from

! Q: given station to the upstream limit of the

ainage area; L, = river miles from the basin outlet
to the center of gravity of the drainage area; and Cy
and Cp are coefficients, depending on units and basin
characteristics. The t, (= tp - 0.5 t, in Figure 1
because Snyder’s to is f!?om center of effective rainfall

1inch

"'l tr}"

7
/ EFFECTIVE RAINFALL
7

Singh

to the hydrograph peak), t,, and gy, (or U, if effective
rainfall is 1 inch) are shown in Figure 1.
values of C¢ and C nave been found to be, respective-

6% in the fairly mountainous

ly, 2.0 and O
Appalachian Highlands.

Snyder’s equations give values only of tyg and 9pR
for a given tg. The U.S. Army Corps of Engineers
(COE, 1959) developed the following relations to help

in sketching a unit hvdrograph:

Up = unit-hydrograph peak
U = unit-hydrograph ordinz::z

t_ = duration of unit hydrog-aph, in

hours, equals duration cf
effective rainfall
t _ = time to unit-hydrograp- peak,
tp | in hours
M ~ = time base of unit hydrocraph, in hours

1.00 |—
t9.75= time to U/Up =0.7%, in hours
dg 75 = duration in hours for U/Up =0.75
(Similarly, for 10-50, dO.so, 10.25 and d0.25)

975 dg.75
0.75 P f >
a
=
o
10.50 do.50
0.50 e - >
t0.25 dg.25
0.25 je—>f< »
0
0
t |
I b |
TIME, hours

Figure 1. Unit Hydrograph Parameters — Definition Sketct.
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Unit Hydrographs for Developing Design Flood Hydrographs

1.08
pR

W75=440/q (6)

7
R )

in which Wqg and Wi are widths of the unit hydro-
graph in hours at discharges 75 percent and 50 per-
cent of the peak discharge. Widths are taken as
functions of peak discharge and not of the time base
because the latter is considerably affected by the
method of baseflow separation used as well as by
minor rainfall closely following a significant storm
event. Snyder (1938) proposed the following equation
to estimate the time base, tp, in days of the unit
hydrograph:

tb=3+tp/8 8

in which t,, is in hours. The shape of the unit hydro-
graph can only be roughly drawn from tg, 9pR; Wos,
W50, toRs and tp,. Assumptions of a minimum t, = 3
days and W5q = 1.75 Wy are open to question.

UNIT HYDROGRAPH FOR DAM
DESIGN AND SAFETY STUDIES

Presently used unit hydrograph procedures may be
suitable for deriving 1.1- to 5-year floods because of
the averaging processes inherent in these procedures
and the use of small to medium-sized flood events
used for deriving unit hydrographs. For spillway and
dam design and safety evaluations, unit hydrographs
suitable for deriving 100-year flood and probable max-
imum flood (PMF) hydrographs are needed. Notwith-
standing the principle of linearity of the unit
hydrograph, it is common knowledge that unit hydro-
graphs derived from very high floods generally yield
higher peaks and shorter times to the peak than those
derived from small- to medium-sized floods, although
the degree of increase in peak and decrease in time to
peak varies from basin to basin and region ‘o region,
depending on the physiographic, channel, and basin
factors. It can be assumed that the unit hydrograph
derived for developing a 100-year flood hydrograph
will also be satisfactory for developing a PMF hydro-
graph, because the portion of flood discharge carried
in bankfull channel section is rather small in compar-
ison with the 100-year flood. This is true also for the
PMF.

For satisfactory delineation of a unit hydrograph,
information is needed not only on the unit hydro-

903

graph widths at 75, 50, and 25 percent of the peak
discharge, but also on the time to reach these dis-
charges from the beginning of the unit hydrograph.
This provides coordinates for nine points in the dis-
charge-time space for satisfactory delineation of the
unit hydrograph. Obviously, the time base of the unit
hydrograph given by Equation (8) is too long for small
drainage basins and needs to be evaluated carefully.
The ratio of t% and t, is given a constant value of 5.5
by Snyder (1938), but this value depends on basin fac-
tors.

The desirable parameters for delineating a unit
hydrograph are shown in Figure 1. Effective rainfall
is 1 inch, as is the runoff under the unit hydrograph.
Conversion factors are: 1 inch = 25.4 mm; 1 ft9/sec =
0.0283 m3/sec; 1 cfs = 0.00155/A in/hr where A is
drainage area in sq. mi.

UNIT-HYDROGRAPH PARAMETERS

Hickory Creek above Lake Bloomington, Illinois, is
used here for illustrating the determination of unit-
hydrograph parameters. Pertinent data for the basin
above USGS (U.S. Geological Survey) gaging station
05565000 are:

Drainage Area 9.81 mi2
Main Channel Length 6.74 mi

Main Channel Slope  11.88 ft/mi

Flow Record 1939-1959

1690, 1460, 1050, 930, 890,
855, 820, and 680 cfs

Annual Maxima
(top 8 values)

The stage hydrographs and the storms associated
with the top eight floods were examined to select four
flood events such that their flood hydrographs
(obtained by transforming the stage hydrographs with
the rating tables) were well-defined and sharp-
peaked, and had low baseflow. High flood events were
chosen because suitable unit hydrographs for develop-
ing design flood hydrographs are needed.

A baseflow separation method (Singh and Stall,
1971) was then applied. This method considers the
baseflow recession curve (at the end of the flood
event) projected backwards to the time corresponding
to the inflection point on the falling limb of the flood
hydrograph. This corresponds to the peak of the base-
flow hydrograph. This is joined by a smooth curve to
the beginning point of the flood hydrograph. The
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(. runoff in inches; Qg and U
0

overall curve defines the baseflow hydrograph from
the beginning to the end of the flood hydrograph.

‘fter the baseflow separation, the surface runoff

ographs were derived for each of the four events.

e duration of the effective rainfall was estimated
from the basin hyetograph, and the rainfall intensity
was assumed uniform over the duration because of
the small-duration, intense storms. The rainfall
excess was obtained from the surface runoff hydro-
graph (or the flood hydrograph minus the baseflow
hydrograph).

A computer program calculated the unit hydro-
graph and the S-hydrograph (Chow, 1964) with dura-
tion of effective rainfall as well as with two durations
somewhat higher and two durations somewhat lower
than the effective rainfall duration. An S-hydrograph
is constructed by summing a series of identical unit
hydrographs spaced at intervals equal to the duration
of the effective rainfall. It corresponds to a continuous
effective rainfall at a constant rate of one inch per t,
hours for an indefinite period. A suitable unit-
hydrograph duration was selected based primarily on
closeness to the already estimated duration and the
smoothness of S-curves derived by assuming shorter
or longer durations. The derived unit hydrographs are
given below (Table 1).

The date refers to the day the observed flood peak
occurred; tp, tp, and ty, are in hours; SRO denotes sur-
are the surface

ff hydrograph peak and unit%xydrograph peak,
respectively, in cfs; and T is the recurrence interval in
years. The recurrence interval for the flood peak was
derived from the annual peak series, with record
length varying from about 25 to 65 years.

Unit hydrographs of the selected flood events were
examined to determine a suitable duration for all four
events by using the S-hydrograph method (Chow,
1964) from the unit hydrographs obtained earlier. An
effective rainfall duration of 1.25 hours was selected
from these analyses. The computed values of U, and

with this duration were plotted with respect to T,
and their values for T = 100 were determined by
extrapolating the fitted curves (Figure 2). The final
unit hydrograph with these expected values of Up and

Singh

tp for T = 100 is shown in Figure 2. This unit hydro-
graph is considered suitable for deriving 100-year
flood and PMF hydrographs because it reflects the
fully developed floodplain flow conditions.

The rate of change in unit-hydrograph peak flow
for a small change in the unit-hydrograph duration
(say from t, to tg) can be written as:

—a dt, = dU, (10)

integrating between t. and tg,

UyR = Uy —altg-t,) (11)
in which tg refers to the new duration and a is posi-
tive. Uy < Uy if tg > t; and vice versa. The values of
a are obtained by deriving unit hydrographs for vari-
ous values of tg with the S-hydrograph method. The
unit hydrograph parameters obtained from Figure 2
are t. = 1.25 hours; Up = 1200 cfs (from Up vs. T
curve); tg 25 = 1.75 hours; tg 50 = 2.15 hours; t9.75 =
2.60 hours, t,, = 3.50 hours; dg 75 = 2.50 hours, dg 59
= 4.45 hours; dg 95 = 7.60 hours, t}, = 18.5 hours; and
a = 120 cfs/hr. The hydrograph shape in the recession
for discharge 0.25 Uy, to zero should be approximated
by a curve asymptolic to the time axis and not by a
straight line.

REGIONALIZATION OF
UNIT-HYDROGRAPH PARAMETERS

Regionalization of unit-hydrograph parameters not
only reduces bias and errors associated with a single
station but also provides relationships for evaluating
these parameters for an ungaged area in a hydrologi-
cally and meteorologically homogeneous region. An
example is given here from a study (Singh, 1981) con-
ducted for derivation and regionalization of unit -
hydrograph parameters for Illinois. As shown in
Figure 3, the state was divided into eight hydrologi-
cally homogeneous regions on the basis of

TABLE 1. Unit Hydrographs for Four Flood Events.

t & ty SRO Q U, T
Date (hr) (hr) (hr) (inch) (cfs) (cfs) (yr)
April 22, 1944 1.00 4.5 21.0 1.08 1,037 960 7.3
April 25, 1950 2.00 5.0 29.0 0.95 783 824 3.7
; July 9, 1951 1.256 2.5 27.0 1.55 1,667 1,076 22.0
July 5, 1953 1.25 3.0 30.0 1.08 923 855 5.5
WATER RESOURCES BULLETIN 904
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Figure 2. Unit Hydrographs for Hickory Creek Above Lake Bloomington.
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Figure 3. Study Basins in Region 5.

alization study for Region 5 is briefly described. Table 2.
The rivers, streams, and tributaries included in

this region are shown in Figure 3, together with the

miles; and main channel slope, s, in f/mi are given in

locations of 26 gaging stations used for deriving the
unit-hydrograph parameters. These gaging stations;

Derived Unit-Hydrograph Parameters

" The derived unit-hydrograph parameters were

heir USGS numbers; drainage area, A, above the
' ing station, in mié; main channel length, L, in

WATER RESOURCES BULLETIN
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physiography, hydrology, and meteorology. The region-

derived at each of the 26 gaging stations as described
earlier. These are given in Table 3. The stepwise

906



Unit Hydrographs for Developing Design Flood Hydrographs

TABLE 2. Unit-Hydrograph Parameters for Region 5: Basin Factors.

Area Length Slope
No. Stream and Gaging Station USGS No. (mi?) (mi) (ft/mi)
L Mazon River near Coal City 05542000 455.00 36.27 4.33
2 North Fork Vermilion River Near Charlotte 05554000 186.00 23.00 5.39
3 Big Bureau Creek at Princeton 05556500 196.00 54.59 6.07
4 West Bureau Creek at Wyanet 053557000 86.70 22.54 9.03
6 East Bureau Creek near Bureau 05557500 99.00 23.50 12.72
6 Crow Creek (west) Near Henry 05358500 656.20 27.49 10.24
7 Gimlet Creek at Sparland 05559000 5.66 4.81 53.86
8 Crow Creek near Washburn 03559500 1156.00 27.68 6.07
9 Ackerman Creek at Farmdale 03561000 11.20 6.72 39.86
10 Farm Creek at East Peoria 03562000 61.20 18.60 18.90
11 Kickapoo Creek near Kickapoo 05563000 119.00 22.18 10.93
12 Kickapoo Creek near Peoria 05563500 297.00 39.36 7.50
13 Money Creek near Towanda 05564400 49.00 25.78 5.25
14 Money Creek above Lake Bloomington 05564500 53.10 29.20 491
15 Hickory Creek above Lake Bloomington 05565000 9.81 6.74 11.88
16 East Branch Panther Creek near Gridley 05566000 6.30 3.11 11.14
17 East Branch Panther Creek at El Paso 05566500 30.50 8.47 4.54
18 Panther Creek near El Paso 05567000 93.90 13.69 4.22
19 Wildeat Creek Tributary near Monticello 05572100 0.10 0.37 34.1
20 Sangamon River Tributary at Andrew 05577700 1.50 1.36 40.13
21 Lake Fork near Cornland 05579500 214.0 37.00 4.65
22 Kickapoo Creek at Waynesville 05580000 227.00 36.08 6.23
23 Kickapoo Creek at Lincoln 05580500 306.00 54.48 5.12
24 Salt Creek Tributary at Middletown 05580700 0.90 1.65 48.94
25 Sugar Creek near Hartsburg 05581500 333.00 42.77 5.76
26 Cabiness Creek Tributary near Petersburg 05582200 0.94 1.67 23.76
TABLE 3. Derived Unit-Hydrograph Parameters for Region 6.
tr tp Up tozs  do7s  toso doso  to2s do2s tb a
No. (hr) (hr) (cfs) (hr) (hr) (hr) (hr) (hr) (hr) (hr) (cfs/hr)
1 8.00 24.00 10400 17.30 14.70 1400 24.00 10.00 38.50 95.00 100
2 5.00 15.50 4300 1200 12.20 9.00  25.06 6.30 39.40 85.50 100
3 5.00 14.00 7000 7.20 10.30 6.00 15.00 4.00 23.50 69.00 100
4 3.00 9.00 5000 6.30 5.70 5.00 9.00 3.50 13.70 41.00 160
b5 3.00 7.50 6800 5.50 4.60 4.50 7.50 3.60 11.20 47.00 250
6 3.00 9.00 3350 6.50 6.30 5.20 9.30 3.50 14.80 39.00 150
i 1.00 1.50 2400 1.00 0.80 0.80 1.30 0.65 1.85 5.25 700
8 4.00 12.50 5000 9.20 7.50 7.60 11.90 5.50 19.70 56.00 100
9 1.00 2.33 3000 173 125 1.30 2.17 0.80 3.28 7.83 500
10 2.00 5.00 7000 4.00 3.25 3.50 5.00 2.50 7.60 21.00 350
11 4.00 8.00 10000 6.30 4.30 5.75 6.7 4.61 10.20 30.50 200
12 5.00 14.60 13000 11.20 8.80 9.20 12.80 6.50 20.60 47.60 160
13 3.00 9.00 2200 6.80 6.80 5.70 11.30 4.00 20.60 48.00 80
14 3.00 9.00 2200 7.00 6.90 5.75 13.26 4.50 25.70 50.00 80
16 1.25 3.50 1200 2.60 2.50 2.15 4.45 1.76 7.60 18.50 120
16 1.00 3.50 700 2.50 2.50 2.00 4.10 1.20 7.80 23.50 80
17 2.00 8.50 1600 6.00 5.50 4.90 8.60 3.50 16.80 43.00 50
18 4.00 13.00 3200 9.00 11.30 7.50 16.60 6.00 26.00 68.00 80
19 0.08 0.33 130 0.28 0.19 0.23 0.36 0.17 0.57 2.17 120
20 0.42 1.12 625 0.78 0.77 0.58 1.30 0.37 2.10 4.80 250
21 6.00 24.00 3600 1720 20.40 14.20 31.60 10.00 51.00 112.00 80
22 5.00 20.00 6000 14.50 12.40 11.50 19.70 8.30 33.20 76.00 120
23 6.00 21.00 7600 15.60 13.80 12.10 22.70 7.30 32.80 86.00 100
24 0.33 0.82 600 061 0.48 0.50 0.77 0.35 1.33 3.40 300
25 6.00 23.00 8200 16.90 12.30 13.50  20.30 8.30 36.50 83.00 100
26 0.33 1.09 450 0.84 0.62 0.67 1.02 0.49 2.00 5.58 150
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multiple correlation analyses yielded the following
best regressions for t. and a:

log t,=-0.324+ 0. 482 log A- 0.100 logs (12)
(S, =0.060;R = 0.993)
log a=0.577 + 0. 256 log A + 1 151 logs (13)

(§,=0.053; R =0.983)

in which S, = standard error estimate (same units as
the dependent variable) and R = multiple correlation
coefficient, both apply to regression on log-
transformed variables.

Modified Unit-Hydrograph Parameters

With the fitted values of t, and a (given as t.” and
a’ in the following equation), the remaining nine unit-
hydrograph parameters were modified for any differ-
ence between the derived and fitted values of these
two parameters. The following equations are used in
these modifications:

(. U, =U,-alt,-t) (14a)
ty g0 = bo.o5+ 0-5(t, —t;) (14b)
to.so’ =t, ot 0.5( t, -t.) (14¢)
b, ng = to. s+ 050ty ~ts) (14d)
ty=t,+0.5(t, ~t) (14e)
d o=dg o +0.50(t, —t) (149
d o=dg o+ 0Bt —t) (14g)
d=dg g+t —t) (14h)

. b=ty +(t -t (141)
WATER RESOURCES BULLETIN
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The significant regression equations obtained with
the stepwise multiple correlation analyses using the
log-transformed modified values of the parameters
are given below.

0.482 _
t = 0.474A s O
} determined from
Equations (12) and (13)
0.256 —~1.151
a=3.TTTA s
0.388 _
t,=4.59 A " s i (15a)
(S,=0.054; R=0.995)
0.071
U, =4.%A $0- 79, (15b)
(S,=0.080; R=0. 988)
. 0.374 _ o 469
t0.75 =3.600 A s : (15¢)
(S, = 0.065; R=0.992)
0.30 _o.503,
d0.75=4.561A s t (15d)
(S,=0.076; R=0.991)
0.374 _
ty g =306A s 0481 (15e)
(S, = 0.062; R=0.993)
0.34 _o.615,
do.ﬁo=9'184A s ; (15f)
(S,=0.083; R=0. 989)
~ 0.389 _( 493
to‘% =2.23 A S s (15g)
(S,=0.065; R=0.992)
0.29 _o.7%3,
do.%—m.40A S ; (15h)
(S,=0.088; R=0.987)
0.281 _ '
t,=5.BA s 0-7d (151)
(S,=0.070; R= 0. 991)
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Unit Hydrographs for Developing Design Flood Hydrographs

Fitted unit hydrograph parameters using Equations
(12), (13), and (15a) through (15i) are given in Table 4.

Similar analyses were conducted for all eight
regions shown in Figure 3. The results of these analy-
ses (Singh, 1981) show that the methodology devel-
oped and presented for Region 5 is equally applicable
over all the regions in Illinois and can be used in
other geographical regions and settings to develop
unit hydrographs for use in dam safety and other
studies requiring 100-year or higher flood hydro-

graphs.

COMPARISON WITH SNYDER'S EQUATIONS

Snyder (1938) indicated that tp/ty = 5.5. For this
study, tp/tr becomes 5.5 + 0.5, or 6 because tp in
Snyder’s equation is from midpoint of excess rainfall
duration t,. whereas in this study t, is taken from the
beginning of rainfall excess. The f.¥/tr ratios were cal-
culated for all stations in each of the eight regions
from tables similar to Table 4. The range of the ratios
in each region as well as the median values are given
in Table 5, which also contains the range of basin
drainage areas and number of basins in each region.
For all eight regions combined, the ratios range from

1.9 to 4.7 instead of 6 as per Snyder’s formulation.
The median values for all the regions vary from 2.9 to
3.9. The ratios generally increase with increase in
drainage area and/or decrease in channel slope.

Snyder (1938) gave q, as inversely proportional to

. Thus, Up/A will be inversely proportional to tps
given a constant value of C, for a homogeneous
region. In other words, the product of U_/A and
(comparable to q, x t, = 640 Cp in Snyder’s formula-
tion) should be the same for any drainage area in a
homogeneous region. The regional range of the prod-
ucts as well as the regional median values are given
in Table 5. The product varies considerably within
each region. Generally, the product decreases with
increase in drainage area and/or decrease in slope.
For all eight regions combined, the product varies
from 280 to 873. The median values for all the regions
vary from 395 to 552.

According to U.S. Army Corps of Engineers (1959),
the ratio of Wgq to Wyg is 1.75. This ratio equals
dg.50/dg.75- The range of this ratio as well as its
median value for the eight study regions are given in
Table 5. The regional median values vary from 1.57 to
1.74. High values of the ratio are usually associated
with drainage basins having large areas and/or less
slopes.

TABLE 4. Fitted Unit-Hydrograph Parameters for Region 5.

Basin tr tp Up to7s do7s toso doso  to2s do2s tp a
No. (hr) (hr) (cfe) (hr) (hr) (hr) (hr) (hr) (hr) (hr) (cfshr)
1 7.84 2505 9026 1788  17.29 1465 27.56  10.34 4481 11001 9
2 498 1604 5632 1155 1100 944 1775 6.67 2928 7327 97
3 505 1551 6356 1114 1046 909  16.73 6.42 27.15 6836 121
4 327 945 4757  6.82 6.16 553  9.86 3.90 1585  41.03 150
5 337 852 6657  6.10 527 493 826 3.46 1268 3340 229
6 262 755 3838 546 489 443 787 3.13 1270 3323 161
7 073 146 2494 106 080 084 125 0.59 1.85 538 584
8 3.90 1262 4374 9.3 863 745  14.00 5.27 2328 5885 102
9 105 218 3250 158 1.22 126 191 0.88 2.83 8.06 489
10 257 591 6293 423 350 341 546 2.39 8.16 2204 320
11 374 980 6800 7.2 6.16 568  9.69 3.99 1501  39.16 199
12 6.04 1656 9883 1179 1070 959  16.77 6.74 26.06  66.12 163
13 262 968 2170 110 6.92 580 1156 4.13 2033  51.33 72
14 276 1029 2189 755 741 618 1240 4.40 21.89  55.05 69
16 111 359 1254 265 2.39 215  3.99 1.53 685 1832  1l&
16 091 3.1 879 232 2.12 188 359 1.34 6.33  16.93 9
17 212 860 1404  6.36 6.36 521  10.84 3.73 19.80 4981 51
18 367 1375 2932 1003 9.95 822 1654 5.85 2897 7193 61
19 011 038 106 029 025 023  0.44 0.17 0.82 239 122
20 040  1.00 798 0.74 0.59 059  0.97 0.42 1.57 456 285
21 541 1811 5595 1304 1263  10.68  20.46 7.56 34.13 8463 88
22 540 1623 7177 1163  10.85 948 17.28 6.69 2777 69.93 124
23 6.36 1991 7698 1425 1357 - 1165 2167 8.22 35.16 8740 109
24 031 075 642 056 0.44 044 072 0.31 117 343 326
25 6.55 1951 8879 1392 1304 1137 2066 8.01 3293 8233 1%
26 034  1.06 396  0.80 068. 064 117 0.46 2.05 580 144

909

WATER RESOURCES BULLETIN




Singh

TABLE 6. Results From Regionalization of Unit-Hydrograph Parameters.

Ratio tpltr Product UP tP/A Ratio dg 5¢/dg 75 th,, days
i Region Range of A n Range Median Range Median Range Median Range
. 1 1.16-387 156 1.94.7 3.2 302873 482 1.49-1.76 1.67 0.14.9
2 0.07-324 20 3442 3.9 280-677 416 1.60-1.86 1.72 0.1-7.7
3 8.84-107 11 2.4-3.7 2.9 354-585 3956 1.66-2.03 1.72 2.1-3.5
4 0.24446 12 2.64.5 3.2 493-658 652 1.65-1.73 1.87 0.1-56.4
5 0.104556 26 2.04.1 3.1 396-643 502 1.66-1.76 161 0.14.6
6 1.06446 10 2.34.6 3.4 426-504 432 1.67-1.85 1.74 0464
7 0.08-319 19 2.14.2 3.3 363-662 461 1.54-1.76 1.69 0.16.9
8 0.08464 17 2.64.7 3.9 393861 483 1.50-1.71 1.67 0.1-5.9
Note: A = basin drainage area, mi2.
n = number of basins in a region.
Upty/A =  product, cfs hr/mi2.

‘@

The t;, was given by Snyder (1938) as 3 + t,/8 days
where HLp is in hours. Thus the lowest value for t}, is 3
days. However, the range for t}, values and number of
basins with t;, < 3 days for each region, as given in
Table 5, show that Snyder’s t;, values are not useful
in delineating unit-hydrograph shapes.

CONCLUSIONS

Satisfactory delineation of unit hydrographs suit-
.e for developing 100-year and up to PMF hydro-
graphs is essential for avoiding underestimation or
overestimation of design spillway capacity and free-
board, as well as for evaluating the hydrologic safety
of existing dams and reservoirs. Procedures for devel-
oping such unit hydrographs have been developed.
Eleven unit hydrograph parameters have been identi-
fied, which will lead to practically the same unit
hydrograph for a given basin no matter who delin-
eates it. Regionalization of these parameters in terms
of basin factors provides an easy and relatively accu-
rate determination of unit hydrograph for ungaged
areas (without reservoirs and other flow regulations)
in the region. The derived unit hydrographs do not
suffer from deficiencies inherent in those derived by
using many other methods in use. However, the fol-
lowing cautions should be exercised wherever applica-
ble.

1. In finalizing a unit hydrograph for an ungaged
area, the variation of the derived unit hydrographs
from the fitted unit hydrographs with regionalized
parameters for basins in the nearby area may be con-
sidered to refine the unit hydrograph.

2. Generally, a longer length and/or milder slope

. the main channel than that characterized by log

— Log A and log s — log A regional regressions
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increases the magnitude of time parameters and
reduces the peak, whereas a shorter length and/or
steeper slope decreases the magnitude of time param-
eters and increases the peak. Any effect on the unit
hydrograph parameters caused by considerable varia-
tion in L and s from values expected from regional
relations can be evaluated to some extent from the
information developed for basins in a given region.

3. Parameter a, one of the 11 unit hydrograph
parameters, serves the purpose of modifying the unit
hydrograph peak for a small change in the value of t.
If t, is to be changed significantly, a minor change
may be effected with a, and then the S-hydrograph
method may be used to determine the unit hydro-
graph of the desired duration.

4. If the basin for which a unit hydrograph is need-
ed has two major and distinct streams joining a rela-
tively small distance upstream of the point under
consideration, the unit hydrograph may be deter-
mined for each branch separately and then routed
through the main stem downstream of the junction to
obtain the desired unit hydrograph.

5. If the basin for which the unit hydrograph is to
be determined is near the boundary of a region, the
unit hydrographs may be determined from the equa-
tions of that basin and also from those for the adja-
cent basin. The supplementary information, together
with any physical or other data, may be considered in
deriving the desired unit hydrographs.
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8-11

Reservoir Routing to Obtain Qutflow Probable Maximum Flood

The preceding sections led to the development of the inflow PMF hydrograph, which must
be routed through the reservoir to determine the maximum reservoir elevation and peak
discharge that must pass the dam. Assumptions of reservoir starting elevation and initial flow
must be made. This section provides guidelines for making the necessary assumptions and
for performing the routing.

8-11.1 Initial Assumptions
The following assumptions should be made in performing routing of the PMF:

° Use the reservoir area-volume-elevation information as obtained and
reviewed in Sections 8-4 and 8-5, respectively.

° Use spillway and outlet-works capacities established in Section 8-5.5.2.
° Use the gate operating policy as established in Section 8-5.5.3.
8-11.2 Reservoir Starting Elevations

Considerations regarding reservoir starting elevations were given in Section 8-3.1 and
should be considered simultaneously with the gate and flashboard operations
established in Section 8-5.5.3 to determine the critical reservoir starting elevation.

. If the considerations with regard to operation of gates or failure or removal
of flashboards indicate a higher reservoir starting elevation than would be
given by the considerations in Section 8-3.1, the higher elevation should
be used.

8-11.3 Initial Flow

The flow rate of the river at the time the PMP begins should be consistent with the
antecedent approach selected from Section 8-3.1. Average monthly flow should be
obtained for the months during the season when the critical PMP would occur.
Tabulated monthly average data are available in USGS water data reports. The
average monthly flow for the month of the critical PMP should be added to the inflow
PMF hydrograph before routing through the reservoir. When using HEC-1, this
initial flow is the parameter STRTQ. For the particular case when the basin has been
subdivided, the initial flow will already have been added as described in
Section 8-10.5. For "ungaged" basins, the average monthly flow per square mile of
drainage area, obtained from records for nearby "gaged" basins, should be used to
compute the required initial flow.
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8-11.4 Routing Procedures

Level-pool-routing procedures can generally be used. Whether or not
level-pool-routing procedures are satisfactory will depend on the unit hydrograph used
to develop the PMF inflow hydrograph and the dynamic effect of the reservoir on
flood flows.

Caution: If reverse-reservoir routing was used to develop inflow hydrographs to the
reservoir during passage of the historic floods used in the unit-hydrograph analysis,
some of the dynamic effects will have already been implicitly included in the
developed inflow PMF hydrograph. Although dynamic effects during passage of a
PMF may be more dramatic than during the analyzed historic floods, t are
satisfactorily  approximated in  the  reverse-reservoir routing  process.
Level-pool-routing procedures can be used in these situations. Problems with data
will often make it impossible to derive an accurate inflow hydrograph by reverse
routing.

If the unit hydrograph used to develop the PMF inflow hydrograph at the dam site
is based on natural upstream channel conditions, a method may be needed to adjust
for the dynamic effect of the reservoir and the lost channel storage.
Level-pool-routing procedures can lead to errors. These procedures should be used
with caution and must be justified.

- An alternative is to use a distributed inflow procedure where all inflows to the

. reservoir at its rim are estimated. This requires developing PMF inflow hydrographs
at all major tributaries and the direct rainfall on the reservoir. The flows are then
routed through the reservoir using dynamic routing procedures or simple translation
with timing based on wave celerity calculations. Dynamic routing
procedures—although mathematically complex and sometimes difficult because of
numerical instability—can be accomplished using the NWS unsteady routing program
DAMBRK (Fread 1989).

The flood-passage operations should be reviewed after the initial routing of the inflow
—— PMF to assess sensitivity of resulting maximum outflow rate and reservoir elevation
to the reservoir starting elevation.
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FLOOD ROUTING IN STREAMS

A. INTRODUCTION TO FLOOD ROUTING
LN, Purpose

2. Nature of Flood Movement

BE. DERIVATION OF THE CONTINUITY AND MOMENTUM EQUATIONS
1. Methods of Flood Routing
a. Hydraulic Routing

b. Hydrologic Routing

( . G HYDROLOGIC TECHNIQUES FOR FLOOD ROUTING
1. Muskingum Method
2. Muskingum Cunge Method

3. Kinematic Wave Method for Channel Routing

4, Attenuated Kinematic Wave Method




INTRODUCTION TO FLOOD ROUTING

Purpose

Determine hydrograph at one location on a stream from known hydrograph at
upstream location.

Apply rainfall to area and
develop hydrograph at point
"A" from unit graph.

Route hydrograph from
point "A" to point "B."

Flood routing is a method for accounting for the change in hydraulic
characteristics of a food wave as it passes through a river.

1of7
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2.

L-34

Nature of Flood Wave Movement

a.

Effect of reservoir-type storage

DISCHARGE

STORAGE

INFLOW

£~ QUTFLOW

TIME

TIME

STORAGE

OUTFLOW
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b. Uniformly progressive wave
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3. Methods of Flood Routing
a. Hydraulic methods

These methods are based on solving the basic differential
equations that describe unsteady flow.

2
s _ v _ v /2y 1V
Sf So ox ox g ot Energy 2
Steady

Uniform Flow ]
Stezdy

Gradually Varied Flow

Unsteady

Gradually Varied Flow

Y y v ..
A %i + VB %i + 3 S% = q Continuity (2)

These are often calleZ the Saint Venant Equations.

1-34
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A typical set of input requirements for a computer program that solves the
. Saint Venant equations numerically is the following:

¢)) River cross sections

2) Manning’s 'n’ values

3) Water surface profile at t = 0

4) Inflow hydrograph

) Stage-discharge relation at downstream end

b Hydrologic Methods

Hydrologic methods of flood routing do not attempt a direct, complete solution
of the differential equations that describe unsteady flow. These methods solve
the continuity equation and a much simplified version of the energy equation.

(. The methods generally employ semi-empirical coefficients that must be
calibrated. Some hydrologic routing methods are the Modified Puls, Working
R&D, and Muskingum methods. Also to be included are the simpler
averaging and lagging methods such as the Successive Average-Lag (Tatum)
and Progressive Average-Lag (Straddle-Stagger) methods.

4. Modified-Puls Method

a. The Modified Puls method is a technique for solving the continuity equation,
given a unique relationship between outflow and storage. The procedure for
the Modified Puls method is illustrated in Handout H-41-5 and is summarized

below:

L-34 | 4 of 7




L-34

Given: Inflow hydrograph, routing interval, initial storage

Determine: Storage-outflow curve, outflow hydrograph

Procedure:

(1) Determine discharge rating curve at downstream end

2) Determine storage that goes with each discharge on the rating
curve and each elevation

3) Determine ZSI + .Czl vs. O curve.

4 Route inflow hydrograph through reach

%) Compare result with historical events to verify your model

6) Perform required study s

Application of Modified Puls Method to Rivers

1

5

Determine storage-outflow relation by compiling steady-flow
water surface profiles. This is illustrated on the following page.

Determine the number of routing steps

Total Distance Between Gages

k (i.e., Travel Time) = - =
V., (i.e., Velocity of Flood Wave)

NSTPS = —

S of 7




el Bottom

PROFILES
DIST _
o — ‘ l
P P 4774 I ;
P o
FLOOD PLAIN
CHANNEL

PLAN
. B
S
o - — fgdy
N7 7711171 //////<[/7/1[][/]/ 7717
k3
AV = Bdy(DIST/2)

CROSS SECTION A-a

Determination of Storage in A Routing Reach From
Geometry of Chanza2l and Flood Plain
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(3) Apply the Modified Puls method as for reservoir routing.

c. Problems observed in using Modified Puls method in rivers

(D) The amount of attenuation is affected by the number of routing
steps used.

(2)  Storage is related only to outflow and when calculated from
steady flow water surface profile, the "wedge” is not included.

REFERENCES

a. EM 1110-2-1408, "Routing of Floods Through River Channels," U.S. Army
Corps of Engineers, March 1960.
. b. Chow, Ven Te, Open Channel Hvdraulics, Chapter 20, pp. 604-613.
e. Henderson, F. M., Open Channel Flow, Chapter 9, MacMillan, 1966.
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HYDROLOGIC TECHNIQUES FOR FLOOD ROUTING

Definition of Hydrologic Techniques

Hydrologic techniques are techniques that do not attempt a direct, complete solution
of the basic differential equations of continuity and energy or momentum. They
include storaee routine methods such as the Modified Puls, Working R&D, and
Muskingum methods. They also include the simpler averaging and lagging methods
such as the straddle-stagger and Tatum methods.

Focus of Lecture

Discuss the basis of the Muskingum Method, how it is applied, and how required
routing parameters can be determined.

The Muskingum Method

a. Basis of Method

The relationship of storage in a river reach vs. discharge leaving the reach
(outflow) corresponding to the passage of a flood wave is typically a "loop"
relationship, as illustrated below.

OuZAbew - ¢ 75

SZorRgE




The loop reflects the influence of wedge storage. In the Muskingum method,
wedge storage is accounted for as follows:

/%afye 53 //n;fjé’

ﬁO

== (R =

S = total storage in reach = prism storage + wedge storage
S=KO+KX(I-0)

S=K[XI+ (1-X) 0]

where
( . O = rate of outflow from routing reach
I = rate of inflow to routing reach
K = travel time through routing reach
X = dimensionless constant that ranges between O and .5
If the above equation for total reach storage, S, is substituted in the continuity

equation, the following Muskingum routing equation results:

The subscripts 1 and 2 in this equation indicate the beginning and end,
respectively, of a time interval At. :




The routing coefficients -- C;, C,, and C; -- are defined as follows:

. C, = At - 2K X

2K (1 - X) + At

|

. At +2K X
2K (1 - X) + At

el IR R At
3 2K A -X) + At

d. Application of Muskingum Method

‘ See Example 1.
|

REFERENCES

a. EM 1110-2-1408, "Routing of Floods Through River Channels," U.S. Army
Corps of Engineers, March 1960.
b. Storage and Flood Routing, U.S. Geological Survey Water Supply Paper 1543-

. B, 1960.

c. Henderson, F. M., Open Channel Flow, Chapter 9, MacMillan, 1966.
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Muskineum-Cunge Channel Routing

. I. INTRODUCTION

The Muskingum-Cunge channel routing technique is a non-linear coefficient method that

" accounts for hydrograph diffusion based on physical channel properties and the inflowing
hydrograph. The advantages of this method over other hydrologic techniques are: (1) the
parameters of the model are physically based; (2) the method has been shown to compare well
against the full unsteady flow equations over a wide range of flow situations (Ponce, 1983); and
(3) the solution is independent of the user specified computation interval. The major limitations
of the Muskingum-Cunge technique are that (1) it cannot account for backwater effects; and (2)
the method begins to diverge from the full unsteady flow solution when very rapidly rising
hydrographs are routzd through flat channel sections (i.e., channel slopes less than 1 ft/mile).

II. DEVELOPMENT OF EQUATIONS

The basic formulation of the equations is derived from the continuity equation and the
diffusion form of the momentum equation:

% + % = q, (continuity) . . . .. .o vttt e @))
(,. S¢ = S, - = SO B0 . oot ben e by o a @)

Momentum equation)

By combining equations (1) and (2) and linearizing, the following convective diffusion
equation is formulated (Miller and Cunge, 1975):

pa 2
%%+c—g%=p§x%+cqx_ .............................. (3)

Where: Q = Discharge 1in cfs

A =  Flow area in fi*

t = Time 1n seconds .

;¥ = Distance along the channel in feet

Y = Depth of flow in feet

q = Lateral inflow per unit of channel length

St = Friction slope

S = Bed Slope

€ = The wave celerity in the x direction as defined below.

el | e et h b s b e ey B )

cx
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The hydraulic diffusivity (u) is expressed as follows:

‘ B o= ottt SEUCRIGL o BRI SR e s reate B T e et 5)

2BS

o

where B is the top width of the water surface.

Following a Muskingum-type formulation, with lateral inflow, the continuity equation (1)
is discretized on the x-t plane (Figure 1) to yield:

OFl =P +C2OM + Cy0Fy #C@y s v e i (6)
24! iad
Z e e
77 047
( 7| oz
. A)\/’ &2//‘/
77
> . ==X
v J7/
OrsFAncE
Figure 1: Discretization on x-t plane of the variable parameter

Muskingum-Cunge Model.

It is assumed that the storage in the reach is expressed as the classical Muskingum storage:

S=KXI+FN~-X)0] .iivaonuns s nwsvemmnsonissisasss @)
where: S = Channel storage

K = Cell travel time (seconds)

X = Weighing factor

I = Inflow

@) = Outflow
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Therefore, the coefficients can be expressed as follows:

At | oy At oy
C": K C: K
i At 2 At
At " Bt L5 (1 -X
K+2(:L X) X ( )
c3=2(1—X)——Ait- 2K——A—K—t-
C:
LY .2 (3-8 fOAt Lo 1)
K K
Q. = g Ax

In the Muskingum equation, the amount of diffusion is based on the value of X, which
varies between 0.0 and 0.5. The Muskingum X parameter is not directly related to physical
channel properties. The diffusion obtained with the Muskingum technique is a function of how
the equation is solved, and is therefore considered numerical diffusion rather than physical. In
the Muskingum-Cunge formulation, the amount of diffusion is controlled by forcing the
numerical diffusion to match the physical diffusion (k) from equations (3) and (5). The
Muskingum-Cunge equation is therefore considered an approximation of the convective diffusion
equation (3). As a result, the parameters K and X are expressed as follows (Cunge, 1969, and
Ponce, 1981):

el p iy TE e et e B Eg e e g L] s @)
C
ot 0
X 2( onch) .............................. )
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and

The routing coefficients for the non-linear diffusion method (Muskingum-Cunge) are then
expressed as follows:

_1+C-D
c, =
1 +=C +D
gl L =LTHSC 1D
1+C+D

/’\‘.
(@)
w

[

ey
+]1
Q0N
+ ]+
glg

N 2C
1+C+D

in which the dimensionless numbers C and D are expressed in terms of physical quantities (Q,
B, S,, and c) and the grid dimensions (Ax and At).
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II. SOLUTION OF THE EQUATIONS

The method is non-linear in that the flow hydraulics (Q, B, c), and therefore the routing
coefficients (C;, C,, Cs, and C,) are re-calculated for every Adistance step and At time step.
An iterative four-point averaging scheme is used to solve for ¢, B, and Q. This process has
been described in detail by Ponce (1986).

Values for At and Ax are chosen internally by the model for accuracy and stability.
First, At is evaluated by looking at the following three criteria and selecting the smallest value:

1. The user-defined computation interval, NMIN, from the first field of the IT
record.

2. The time of rise of the inflow hydrograph divided by 20 (Tr/20).
S The travel time of the channel reach.

Once At is chosen, Ax is evaluated as follows:

but Ax must also meet the following criteria to preserve consistency in the method (Ponce,
1983):

where Q, is the reference flow and Qg is the baseflow taken from the inflow hydrograph as:
Qo = Qg +0.05 (Qpeak B Qb)

Ax is chosen as the smaller value from the two criteria. The values chosen by the program for
Ax and At are printed in the output, along with the computed peak flow. Before the hydrograph
is used in subsequent operations, or printed in the hydrograph tables, it is converted back to the
user-specified computation interval. The user should always check to see if the interpolation
back to the user-specified computation interval has reduced the peak flow significantly. If the
peak flow computed from the internal computation interval is markedly greater than the
hydrograph interpolated back to the user-specified computation interval, the user-specified
computation interval should be reduced and the model should be executed again.

L-1277/GWB/1939 5




IV. DATA REQUIREMENTS
. Data for the Muskingum-Cunge method consist of the following:
1. Representative channel cross section.
2, Reach length, L
38 Manning roughness coefficients, n (for main channel and overbanks).
4. Channel bed slope, S,.
The method can be used with a simple cross section (i.e., trapezoid, rectangle, square, triangle,

or circular pipe), or a more detailed 8-point cross section can be provided. If one of the simple
channel configurations is used, Muskingum-Cunge routing can be accomplished through the use
of a single Rd record, as follows:

BE kil Station Computation Identifier
RD Muskingum-Cunge Data

(. If the more detailed 8-point cross section is used, enter the following sequence of records:

EEK - vadwes Station Computation Identifier

R %ssis Blank record to indicate Muskingum-Cunge routing
RC

RX msms 8-point Cross-Section Data

RY

When using the 8-point cross section, it is not necessary to fill out the data for the Rd record.
All of the necessary information is taken from the RC, RX, and RY records.

Yy
Iz

L-1277/GWB/1939 6




V. INPUT AND OUTPUT EXAMPLE

/

' . The use of Muskingum-Cunge channel routing is demonstrated here in the development
of a rainfall-runoff model for Kempton Creek. The watershed has been subdivided into three
separate catchments, as shown in Figure 2. Clark’s unit hydrograph and the SCS Curve Number
method were used to evaluate local runoff from each of the subbasins. Channel routing from
control point CP1 to CP2 and from CP2 to CP3 was accomplished with Muskingum-Cunge

routing.
KEMPTON CREEK WATERSHED
‘ Figure 2. Kempton Creek Watershed for Muskingum-Cunge channel routing
‘ example.
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TABLE 1

Example Problem : Input and Output

HEC-1 INPUT

TEST EXAMPLE NO. 15 HUSﬁlHGUH-CUHGE CHANKEL ROUTIKG EXAMPLE

GARY W. BRUNNER APRIL 18, 1989

15 1BAPRBY? 1100 60
5
SUB1
RUNOFF CALCULATION FOR SUB1
25.0
3.5
0.2 0.3 0.5 0.8 1.0 0.8 0.6 0.4
-1.0 -.05 1.02
0.5- - 65--
3.5 3.0
ROUT1 ;
ROUTE SUB1 KYDROGRAPH FROM CP1 TO CP2
1
31680 0.0008 0.015 TRAP 25 1.0
sus2
LOCAL RUNOFF FROM SUBBASIN SUB2
35.0
3.0
0.5 £ 35
2.8 2.4
sus2
COMSINE LOZAL SUS2 AND ROUTED SU31 KYDROGRAPHS
2
ROUT2
ROUTZ TOTAL FLOW AT SUS2 FROH4 CP2 TO CP3
1
0.06 0.03 0.05 29040 0.0307 %6
100 110 269 265 295 300 400 £10
100 90 g5 I8 & g5 2] 700
sue3
LOZAL RUNOFF FROM SUBBASIK SUEZ3
32.5
2.9
0.5 70
L.0 3.5
suz3
COMBINZ LOZAL SUE3 WITH ROUTED FROM SUSZ
> '
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0 KYDROGRAPH PACKAGE (HEC-1) *
» FEBRUARY 1981 » = THE KHYDROLOGIC ENSINEERING CENTER °
. REVISED 0S5 DEC &8 r . 609 SECOND STREET .
. - b DAVIS, CALIFORNIA 95616 *
« RUN DATE 05/01/1989 TIME 13:12:37 7 : (916) 551-174 .
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TEST EXAMPLE Hé. 15. MUSKINGUM-CUNGE CHANNEL ROUTING EXAMPLE
GARY W. BRUNKER APRIL 18, 1989

L 10 OUTPUT CONTROL VARIABLES

1PRNT 5 PRINT CONTROL
1PLOT 0 PLO7T CONTROL

CSCAL 0. HYDRDGRAPH PLOT SCALE

- IT HYDROGRAPH TIME DATA
NMIN 1S MINUTES IN COMPUTATION INTERVAL
IDATE 918APRBY STARTING DATE
ITIMZ 1100 STARTING TIMZ
NQ 60 NUMBER OF HYDROGRAPH DRDIKATEZS

KDDATE 19APRB? ENDING DATE

KDTIME 0145 ENDING TIMZ

ICENT 19 CENTURY MARK

COMPUTATION INTERVAL .25 HOURS
) TOTAL TIME BASE  14.75 HOURS

! <‘ ENGLISH UKITS
SQUARE KILES

DRAIRAGE AREA
PRECIPITATION DEPTH IKCHES

LZNGTH, ELEVATION FeeT

FLOW CUusIC FZZ7 PZR SECOKD
STORAGZ VOLUMZ ACRE-FEET

SURFACE ARZA AZRES

TEHMPERATURE DZGREES FAKRENHEIT

T rr TET FTRXY WHE WEFF FEE WER FER WEW WER FER WET WEE WEw www wes wwow rry FHT FTWS WET FTET WEE WPV TEE Fww wwy www wwr wwy wws wwy wws
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R S e ROUTY =
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15 X0 OUTPUT COKTROL VARIABLES
JPRKT 1 PRINT COKWTROL
1PLOT 0 PLOT COWNTROL
CSCAL 0. HYDROGRAPH PLOT SCALE

HYDROGRAPH ROUTING DATA

16 RD HUSK1NGUH-CUNGE CHANNEL ROUTING
L 31680, CHANNEL LENGTHK
S .0008 SLOPE .
N .D15 CHANNEL ROUGHKESS COZFFICIENT
CA .00 COKTRIBUTING AREA
SHAPE TRAP CHANNEL SHAPE
W 25.00 BOTTOK WIDTK OR DIAMETER
Z 1.00 SIDE SLOPE
DXMIN 2 MINIMUM NUMBER OF DX IKTERVALS
wew
PROGRAM COMPUTED DELTA-T = 12.00 MIK.
‘ PROGRAM COHPUTED DELTA-X = 2880. FT.
INFLOW VOLUMZ + BASEFLOW IN CHANNEL = 1435.133 ACRE-FEET

1434.975 ACRE-FEET

OUTFLOW VOLUMZ + VOLUME LEFT JK CHANKEL

COHMPUTED PZAK FLOW = 3330.35 CFs

HYDROGRAPK AT STATIOK ROUTY

.'vrv--- - reTrerwrey T rTre wwwwww wwwwwew T F R T T AT AT TRTT TN ww:

- - -
DA KON KRMN ORD FLOW ™ DA MON KRMN ORD FLOZd ¥ DA HON KRMK ORD FLOW = - DA MOR HRMN ORD FLOY
- - .
18 AP2 1100 1 25. el 18 APR 1445 16 2085, * 18 APR 1E30 31 185E. ¥ 18 APR 225 48 697.
18 APR 1115 4 23. % 18 APR 1500 7 2LE1. % 1E APR 1845 32 w2k, = 18 APR 2230 &7 582,
18 AP 13130 3 2. ¥ 18 APR 1515 18 281E. * 18 APR 1900 33 1594, = 18 APR Z24F LB Sz&.
18 APR 1935 L S, * 18 APR 1530 19 3077. T 15 APR 1915 34 9479, % 1B APR 2300 49 <87.
18 APR 1200 5 S.  * 18 APR 1545 20 3246, 18 APR 1930 = BT ¥ £ APR 2315 50 455,
18 APR 1215 6 25. * 1B APR 1600 21 I330. 18 APR 1943 35 iZ7TY. T 18 APR 2330 I 25,
1€ APR 1230 7 25, * 1B APR 1615 22 I45.  * 18 APR 2000 37 1179. = 1E APR 2345 52 39¢.
18 APR 1245 ) ST 18 APR 1430 23 3226. * iE APR 2015 3B 109.. * 19 APR 0000 53 359
18 APR 1300 9 25 . 18 APR 1615 24 3085, * 18 APk 2030 39 10%¢. ¥ 19 AFR 0015 s >,
i€ APR 1335 90 25, * 1€ APR 1700 25 2957, ¥ 18 APR 2045 -0 943, = 19 APR 0030 55 22%.
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18 AR 1335 2 3. e 18 APR 730 27 25¢2: ~ 18 APR 2115 < E13. i 19 APR 0100 57 280.
38 APR 9500 I3 384 - 18 APR 745 2¢ 2537. 1€ APR 2130 L3 756. r 19 APR 031 3 29%.
18 APR 1215 i< 10<3. b 16 APR 1800 29 216, T 1€ APR 2345 L 7C2. . 19 APR 0330 59 245.
38 APR 1830 15 1593« ¥ 18 KPR 1E15 30 2005. * 18 APR 2200 45 €53. *° 19 APR 0145 60 238,
FIAK FLOW TIKZ MAX. KUY AVIRAGE FLOY
6-H% 2<-H? T2-HR 14.75-HR
= (ZFS) (KR)
(CFS)

- 3330. 5.00 2268. 148, 1945, 1146,

(IKZHES) &3 1.0L8 1.0<8 1.0<E

(AZ-FT) 2. 1397, 1397, 1397.

[ . CUMULATIVE ARZA =  25.00 SQ Ml
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. xx *  ROUT2

ecevecsrrEwROIRR

25 KO OUTPUT COWTROL VARIABLES
1PRNT 1 PRINT CONTROL
1PLOT 0 PLOT CONTROL
CSCAL 0. HYDROGRAPH PLOT SCALE

KYDROGRAPH ROUTING DATA

MUSK]KGUX-CUNGE CHANRNEL ROUTING

29 RD
30 RC KORMAL DEPTH CHANKEL
ARL .060 LEFT OVERBANK N-VALUZ
ANCH .030 MAIN CHANNEL N-VALUE
AKR .050 RIGHT OVERBAKK K-VALUE
RLNTHK 29040. REACK LENGTH
. SEL .0007 ENERGY SLOPE
ELKAX 95.0 MAX. ELEV. FOR STORAGE/OUTFLOW CALCULATION
CROSS-SECTION DATA
—-- LEFT OVERBANK === + ====== KAIN CHANKEL ==-==°= + === RIGHT OVERBANK ---
32 RY ELEVATION 100.00 90.00 £5.00 75.00 75.00 85.00 ©0.00 100.00
31 RX DISTANCE 100.00 110.00 260.00 265.00 295.00 300.00 400.00 £10.00
L2 ad
COMPUTED SIORAGE-WTFLO-’-ELEVATIDN DATA
STORAGE .00 22.51 45.8% 69.98 9L.94 120.71 147.29 174.69

y CUTFLOW
ELEVATION

STORAGE 279.87 368.49 L97.82 657.88 875.05

OUTFLOW 1984.99  2443.41 3029.47 3774.70 L75L.58 59B5.67 7359.58 8951.15 106562.2%

ELEVATION

PROSRAY COMPUTED DILTA-T
PRCOSRAM COMPUTID DILTA-X

JRFLOJ VOLUHI « BASEZFLOZ 1K CHAKNKEL
QUTFLOW VOLUMI + VOLUMI LEFT IK CHANREL

COMPUTED PZAK FLOW =

t+

e

626.66 5.0.79 1078.0% 1

.00 45.55 141.88 274.39 437.13
82.7%

.00 76.11 77.21 Te.32 79.52 80.53 81.63
1090.26 1307.08  1525.54 1

£5.05 57.16 B8L.26 89.37 90.47 91.58 G2.68 @3.7?
= 12.00 MIK.
= 3630. fT.
= L788.254L ACRE-FIIT
= L747.T17 ATRE-FIZT
999L.17 CFS
12

-1277/GW5/19€9

202.90
337.3¢

E3.84
745.62

9..89

231.93
1618.12
BL.95

1967.33
42515.79
954.00
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DA MON HRKN ORD FLOW - DA KO HRMN ORD FLOW  * DA KON HRMK ORD FLOW DA KON HRMN DORD FLOM
- ”
18 APR 1100 1 60. g 18 APR 1445 16 3055. *~ 18 APR 1830 31 7873. 18 APR 2215 L6 2296.
15 APR 1115 2 60, - 18 AP 1500 17 809. * 1B APR 1245 32 7428. - 18 APR 2230 47 1864,
T PR IO o« e AR 1515 1B 4B, o 1B APR 1900 33 6997. = 1B APR 2245 4B 1569.
18 APR 1145 13 60. ' 18 APR 1530 19 6116, 7 18 APR 1915 34 £590. o 18 APR 2300 49 1385.
18 APR 1200 S O« isaPR 1565 20 73S, v 1BAPR 1930 3 6206. ~ 1L APR 2315 50  1267.
18 APR 3215 é 60. - 18 APR 1600 21 BLLY. g 18 APR 1945 36 SB4S. - 18 APR 2330 S1 1180.
18 APR 1230 7 60. = 1B A°R 1615 22 9221. 18 APR 2000 37 5506, = 18 APR 2345 52 M13s
18 APR 1245 ) 60. * 18 APR 1630 23 9721, 18 APR 2015 38 S184. i 19 APR 0000 53 1059.
18 APR 1300 9 60. * 1B APR 1645 24 965, 18 APR 2030 39 LE76. = 19 APR DD15 54 1014,
18 APR 1315 10 122. - 18 APR 1700 25 3. T 18 APR 2045 L0 £569. T 19 APR 0030 55 Q7L.
18 APR 1330 11 519, * 18 APR 1715 26 ©829. * 18 APR 2100 &1 4259. = 19 APR DD45 56 93E.
18 APR 1345 12 1112. % 1B APR 1730 27 ©5L7. = 1B APR 2115 42 3937. * 19 APR D100 57 @0S.
18 APR 1400 13 1660. * 18 APR 1745 28 918,. * 18 APR 2130 &3 I591., * 19 APR 0115 58 B75.
15 APR 1415 1. 2077. v 1B ASR 180D 29  B769. T 1B APR 215 &% 3211, = 19 APR 0130 59 827.
18 APR 1430 15 2503. * 18 A% 1815 30 g32L. * 18 APR 2200 L5 TTRTT7. " 19 APR 0145 -60 E36.
- - -
PEAK FLOW TIME HAXIMUM AVERAGE FLOW
6-KR 24-HR T2-HR 14.75-KR
+ (CFS) (HR)
(CFS)
- 9973. 6.00 _ 7352: 3784, 376~ 3784.
(INCHES) 1.139 1.441 1.4 1,461
(. (AC-FT) 3648, L613. L5613, 4613,
CUMULATIVE AREA = 60.00 sQ Ml
RUNDFF SUMMARY
FLOW 1K CU3I1C FEET PER SECORD
TIMZ 1IN HOURS, ARZA IN SQUARZ MILES
pPzaX  TIMZ OF AVERAGEZ FLOW FOR MAXIMUX PERICO BASIK FAXTHUK TIKZ Of
OPZRATION STATIOK - FLOS PEZAK ARZA STAGE MKAX STACE
6-HOUL  24-HOUR  T2-KOUR
HYDROGRAPE AT
sus1 =381, 4.50 2288, 1169. 1169. 25.00
ROUTED 70
ROUT 33z2. 5.00 Z2:E 1146, 1946. 25.00
HYDROGRAPK AT
sus2 9332 3.75 58ié 2743. 2763, 35.00
2 COHMEIKZID AT
Sus?2 253 L.00 7EO7 3909. 3909. 60.00
ROJTED 70 s
ROUT2 90Tz, 6.00 7352 3784. 3784, 69.00
HYDROGRAPE AT.
suz3 367 5.00 2225, 1202. 1202. 32.50
2 COM3SIKZID AT
Suz3 2755, 5D §i22 L985. L985. 92.50
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YPARISON WITH THE COMPLETE UNSTELADY FLOVW EQUATIORS

1n an effort to quantify the applicability and ligitactions of the
cechnique, & comparison vith the complere unsteacly

Tnis analysis consisted of comparisons o<

as vell as more detailecd

Muskingum-Cunge routing
flow equations was undertaken.
prismatic channels of recctangular cross section,

(8 point cross sections). Tne anzlysis encompassed a
varying from 42 ft/mi o 1 ft/mi. Rapidly
hydrographs weTe routed through long

compound CIOSS sections
channel slopes,
raphs as vell as slov rising

ons with no lateral inflow. Tnis analysis represents a VveIy

h is necessary to make & clear comparison

ch
Muckingum-Cunge method &nd the complete

vide range of
rising hydrog
chaznnel sectil
concrolled Tout
he variable coefficient

ing situation, vni

becween
unscteacdy £low equations.

of tests were for a rectangular channel with the following

re

-~ <9 -
ihe I1rst se

c¢imensions:

Channel Length = 95040 ft.

anning’'s n - 0.03

»

-

Chznnel Slopes = 1 zo 10 fr/mi.

Tigure 5. Rectengu-.aT chznonel seczion with varying chznnel slopes.

with the Musikinguz-Cunge Touting zechnigue in EIC-1.

nvérogrzpns wele ~hen znzlyzec with Ine ¥zzionzal WweetTne:s
This model wzs chosen 2s the SIancaIc Zoz cocZpaIison

ionzlly acceptec and 1Is consicerec one oI The mOST
e “or one cimensionzl chamnel fiow. ZIsxTreme caIe ¥&s
e best pocsidble answeI was obtzined with the DAMBZX
Tlow and respective outilow hvérogzapns aTe shown 10

£s showm in The plots, The Muskinguz-Cunge meThoC

S gn
cozpzres very weil with The cozpleze unsteady Ilow eguations (DAYSRX model).
The Yuskingum-Cunge meInhoc begins <o dive-ge Zroz The DAMERX ansver “nen Inhe
chznmel siope s reduced To 1 IT/ml oI iess. Tne civergencze is due To The
Zzz= thzt the ine-ctizl terms in 1ne cozplete unstealdy Ilow ecguaTiomns &T€
becozing more dominent, CoOmparec o -ne bed slope, &s The channel siope -s
Gecrecsed. Tne Muskinguz-Cunge methoC coes not sccouns fTor The inertial
efeczs, zndé conseguently The meIhod Tencs O shov moze ciffusion than whal
zzy actually occur.
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£ tests, the effects of varying the rise Time

che inflow hydrograph, as vell as channel slope, were analyzed. In this
analysis two different inflow hydrographs were used. Tne first inflow
hydrograph has a time of rise of 45 minutes, peak flow of 70,622 cfs, and a
cimc base of runoff equal to 2 hours. The second inflow hydrograph has a time
of rise of 2 hours, peak flov of 70,622 cfs, and a Time base of runoff equal
c0 6 hours. Channel slopes for this example were varied from 42 fr/mi to l
ft/mi. The channel section was rectangular with the following hydrualic

characteristics:

In the second series o

Channel length = 82,025 ft.
Manning's n = 0.04

Channel slopes = 1 to 42 fr/mi

—

+h

(e
)

L%f 984

- channel with slopes from &2 fr/mi to 1 ft/mi.

'

routed wizh the Muskingum-Cunge me=hod as well as Tthe KWS
figures 12 through 12.
=

Bydrographs welre
The resulting hydrographs aTte shown in =i
for this series o

Iy az
AMSRI progre=.
in genezzl, the Muskingum-Cunge method compared very well
ces=s. From review of the hydrograph plots, it is evidenz that the model
siow rising nycrographs ThIrough Ssteep chznnel sections.
—iver reaches, the

of éiffusion.

| 7

A
o
v

pezforms better for
Tcr -zpicdliy zising hycrographs Touted through flat
Muskinguz-Cunge method will tend tTo over precict the amount
£lThough, the answers produced by the Muskingum-Cunge method mzy be within

practical engineering lizics. tiso, these tests weTe pec-formecd oI veIy long
vhich is more of a cam breach Type o

couting reaches with no laterzl inllow,
inflow will be zdded to the

Slood events, where laterz

a2nziysis. TfoT matura
] over 2 wider cange of chznnel slopes.

el
szrezr, che model will perioIm bezter

(=
(a0)
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_the Traditionzl Muskingum method begins To

rformed for compound channel cross sectilons.

-e how well the Muskingum-Cunge
lov equations for channels wit
different compound

-

4 third set of tests was pe¢
4 licited number of tests were ITun ©oO analy
pare to the full unsteady f
Showvn in figures 20 through 25 are three
nd the respective hydrograpns Irom DAMEBRK and the Muskingum-
he plots, the Muskingum-Cunge method matches the
DAMBRY hydrographs extremely well.  HoweverI, for compound CIOSS ceczions with
very flat overbanks, the variable parameterl Muskingum-Cunge mecthod tends to
lose volume. In general, variable coefficient methods have & tendency not tO
error in mass conservation tends TO be small (0 to &

considered a significent probler.

me-hod would com
overbank flows.

cross sections a
Cunge method. AS shown in €

conserve MmA&SS. The
pezcent) and is not

The final set of tests COmp&Ie rhe Muskingum-Cunge method with the
craditional Muskingum method and the Normal Depth routing technique in HEC-1.
The rectangular channel Irom (Figure 5) was used in
this analysis. The resulting hydrogzaphs are shown in figures 26 and 27.
Boch the Muskingum method and the Normal Depth routing technique had to be
calibrated in order to match the results from DAMBRK. With the Muskingum
method, it is necessary to celibrate all three parameters, K (travel time of
the channel), X (weighting factor), and NSTPS (number of routing steps). TIne
Muskingum method is consicered a linear routing technique in that the
parameters remzin constant during the routing computations. Because of the
linezr nzture oI the craditional Muskingum mecthod, it was not possible tTo

metch the shape of the DAMBRK hydrograph. Tnis is evident in Zigure 25, where
rise much sooner than the DAMBRK

is typiczl of linear coefficient

she first series of tests

2nd the Muskingum-Cunge hydrograpns. Tnis
models. '

The Normzl Dept=h routing cechnigue was &ble To match the DAMSRX
hvé-oc—zph exc-emely well. Tne only CZav pack of this methoc is thz

> g-er b Y
—zved. An eguation for esTimaTing RET

parazmeter NSIZS nhad to be calibrat
provided iIn the ESC-1 manual. jmfortunzzely, this equation only ensuTes
nupericsl stabilicy duxing the computation, =nd does nNoOT EuzIanTy &ccuracy.

VII. SIMRARY AKD CONCLUSIORS
Myusizingum-Cunge channel routing

~—

- & nume=iczl zné physiczl basis IoT the
resn —echniogue is consiaerec & mon-

~echnigue were presented herein. Tnis routing
linezr coeificient method That accounts for hycérogTraph giffusion tasec o
poysieal channel T <he inSlowing NyYCIOEIEDPD. The acdvzntages oI

i~ tecanigues zaTe: (1) the peaTametecs oZ tThe
~herefore this meThod will mzite foz z good
feged routing tecanigue; (2) the meznod w2s Deen shown TO compare well
zinst the cozplete unsteady Ilow eguztions Zor one cimensionzl Flow; and (2)
e solu-ion is independent oI tThe useX speciZled computation interval. The
pejor limizations oI =he Muskiingum-Cunge Technigue &2 ~nzz: (1) tThe meInhod
czn noT account Ior backwater esfeczs; znd (2) the mechod begins To CiVeIge
-a2pidly rising hyérogzeapns

-0z the cozplete uncteady

“

Slow soluzion wnen ver

7
=iz< chanmnel secTions (Z.e. cneznnel sicpes less tThan kf

zze Touted ThIOUEN

S=/ei) e

-1377 GV /2988 -




. Channel length = 95,040 ft
Channel slope = 10 fr/mi

| 20 it Shm i

Figure 20. Compound cross section No. 1
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‘. Channel length = 95,040 ft
Channel slope = 10 fr/mi

n = 0.06
4

Figure 22. Compound cross section No. 2
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Channel length = 82,025 ft
Channel slope = 10 ft/ci

n = 0.06 n = 0.04

l n = 0.06

§—— 656 ft —p

Hh

12.47

FTigure 24. Compound CIOSS section No. 3
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SUSKING IO ROUTING COPARISDN = RECTAAUL AR Ol
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Figure 26. Comparison with tradirional Muskingum method.
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COMPARISON OF DIFFERENT ROUTING METHODS

. REQUIREMENTS AND RESULTS
I Introduction to Unsteady Flow Models
A. Solve the complete St. Venant equations for one-dimensional free surface flow.

These equations are generally considered appropriate governing equations for
dam break floods (even instantaneous failures). If bores are present, special
equations in addition to the St. Venant equations are necessary.

L. The equations are generally written:

Continuity: % . B% _q=0 )

and

Energy or

Momentum: q— + —

B N N a5 Ly @)
X ' & T A

where: = Discharge

Distance

Surface width

Surface elevation

Time

Lateral inflow or outflow
Gravitational acceleration
Cross sectional area

= Friction slope, given by

I
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= Manning's n
Hydraulic radius
= Velocity

where:
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2. The principal assumptions made in deriving the St. Venant equations

. are:
a. the pressure distribution is hydrostatic
b. the velocity at each section is uniform
c. the water surface is horizontal across each cross-section
d. the slope of the channel bottom is small
€. n values for steady flow are applicable

B. Why use an unsteady flow model?
1 Theoretical soundness lends credibility to the answers.

2. Obtain complete hydrograph of both stage and discharge at ail
computation points in a single simulation.

3 Avoid extrapolation of empirical coefficients (except Manning’s) to
~ outside range of calibration.

(. 4. The event and stream geometry may be such that none of the terms in
the St. Venant equations can be ignored.
C. Why not use an unsteady flow model?
v Currently available, generalized, unsteady flow models are not "robust"

enough to handle dam break floods reliably (i.e., without program
aborts and stops).

2 Substantial experience with, or support of, an unsteady flow model is
required to guide the user when problems do arise.

3. Computer costs may become significant, particularly if many runs are
required to overcome difficulties.

D. Data requirements for unsteady flow models - similar to requirements for any
procedure that routes a hydrograph and determines stages at multiple
downstream points.

1. Outflow hydrograph from the structure (= inflow hydrograph to study
reach).




2. Geometric description of reach (cross-sections, distances between

I sections.
3 Roughness coefficients
4. Downstream boundary condition (usually a rating curve).

3. Tributary or local inflow hydrographs, if any.
II. Available Unsteady Flow Models
A. "Gradually Varied Unsteady Flow Profiles"(!)
1 A generalized unsteady flow model.

2, Can be applied to dam break flow analysis though was not developed
for such.

3 Explicit solution - computational time step less than 1 minute for dam
break flood simulation.

4. Geometric data input in HEC-2 format.

.

] . 3. Supported by HEC.

6. Guidance for application of this program to dam-break floodwaves may
be found in references (2) and (3).

B. National Weather Service (NWS) Dam Break Model®

1. A specialized unsteady flow model developed for analyzing dam break
floods exclusively.

2. Specific features which are attractive for dam break modeling:
a. User provides inflow hydrograph to reservoir - failure of
structure begins at preselected pool elevation - breach develops
in time (as specified by user).

b. Can handle structures in tandem (domino effect).

c. Can handle supercritical flow (user must determine where and
if, however).

3. Implicit solution - computational time step several minutes for dam
‘ . break flood solution.




4.

5

Internal adjustment of time step.

Lack of experience, training, and support of this model within the
Corps.

C. Hydraulics Module of "Water Quality for Rivers and Reservoirs (HEC Stream
Hydraulics Package)"

1.

9.

A generalized unsteady flow program originally developed for watar
quality simulation.

User has choice of four routing methods:
a. Muskingum

b. Modified Puls

c. Kinematic Wave

d. St. Venant equations

Geometric data input in HEC-2 format

Implicit (finite element) solution, computational time step of several
minutes for dam-break flood simulation using St. Venant equations.

HEC has recently incorporated the dam breach outflow hydrograph
generator portion of the NWS model into this package.

Supported by HEC.
Documentation is being prepared.
Internal adjustment of time step.

Allows usage of nonuniform longitudinal (AX) element lengths.

II.  When to Use Unsteady Flow Models

A. Strelkoff®

1

2.

Used WES flume tests (6) to evaluate accuracy of various techniquss.

Found that accuracy of simplified techniques can be related to a
characteristic Froude number:
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where: A, y, and Q are the area, depth and normal discharge at
that depth, at a location just behind the dam prior to
failure. Kinematic wave provided good solutions for
F, > 1.6 and poor solutions for F, < 0.3.

3. The results were based on prismatic flume data. The Modified Puls
technique with backwater-developed storage outflow relationships was
not evaluated.

When using triangular hydrographs with Modified Puls routing (either normal
depth or backwater developed storage-outflow functions), in some cases the
water level immediately downstream of the dam associated with the computed
peak discharge may be higher than the lake level. At some distance
downstream, however, this initial error may not impact calculated water
levels. Such conditions may indicate the need for an unsteady flow model.

Submergence of the breach by tailwater.

IV.  Comparison of Dam-Break Flood Routing Procedures . . . - - - .. .

A.

Reconstitution of the Teton event (2) using an unsteady flow model (1) and
Modified Puls (HEC-1) yielded comparable results.

Analysis of Oak Dam

1. Models used:
a. HEC-1
b.  "Gradually Varied Unsteady Flow Profiles"®
C. HEC Stream Hydraulics Package

d. NwWS®




A COMPARISON OF FLOOD ROUTING METHODS

METHOD

ADVANTAGES

DISADVANTAGES

Complete solution of basic
equations of energy and
continuity (St. Venant Eq.)

A complete analysis of the
hydraulics of flow and
includes all energy
components (potential,
pressure, Kinetic, inertial)
plus continuity integrated in
both time and space

Measures the impact of
changes in flood plain
storage directly in terms of
the response of discharge
and water surface elevation

Measures the impact of
changes to the size or
efficiency of conveyance
channels directly in terms of
response of discharge and
water surface elevation

No coefficients required

" other than hydraulic

roughness values

Requires lots of computer
time

Works from a detailed
description of geometry (x-
sections and reach lengths)
and hydraulic roughness
values in the channel and
overbanks

Simplified versions of St.
Venant Eq.

Storage routing

Measures changes in flood
plain storage in terms of
water discharge

Can be done by hand
calculations

Faster than A

Does not consider the
energy equation directly but
infers knowledge about it

Does not consider
hydraulics of wave itself

Muskingum

Purely analytical and does
not require curves or table
look-up in its solution

Requires two empirical
coefficients, one of which
comes from reproducing
known events

Requires a linear
relationship between storage
and discharge

Modified Puls

Does not require a linear
relationship between storage
and discharge

Can relate storage to inflow
and outflow

Does not provide a
coefficient for manipulating
the impact of complicated
hydraulics on the energy
equation

1 of 2




‘@

METHOD

ADVANTAGES

DISADVANTAGES

Storage Routing (cont’d)

Working R & D

Has the advantage of two
above. It is a Modified Puls
technique that has a
coefficient to better relate
storage to energy of the flow

Requires the determination
of one empirical coefficient

Has limitations when
storage varies with inflow
and outflow

_

d. Averaging and Lagging

Simple and fast

Does not consider storage

Implies knowledge of both
energy and storage

Implies knowledge of
hydraulics of wave itself

20of2



Table 4b
DAMBRK - Teton

. Peak Water Surface Elevations |
Distance Maximum Water Surface Elevations in Feet
From Dam . )
(Miles) Manning N Increased Breach Time
by 50% by 100% 0.5 hr. 2.0 hr. 5.0 hr.
0 5119.5 5131.0 5106.7 5096.7 5083.3
2.75 5073.9 5082.2 5064.2 5056.0 5045.2
4.17 5044.2 5050.5 5037.2 5031.2 5022.8
6.63 4992 .9 4995.2 4990.0 4988.9 4985.2
9.47 4948.1 4949.5 4946.0 4945.6 4943 4
13.26 4897.2 4898.1 4895.7 4895.5 4893.8
18.27 4850.2 4850.9 4848.9 - 4848.6 4847.1
25.57 4831.4 4832.0 4830.6 4830.4 4829.8
29.55 4822.9 4823.5 4822.1 4821.9 4821.4
35.98 4790.1 4790.6 4789.6 4789.4 4789.0
41.10 4779.5 4780.0 4778.9 4778.7 4778.3
48.86 4766.9 4767.4 4766.4 4766.0 4765.4
- 53.79 - 4746.1 4745.8 " 4745.5~ | " 47449 47439 )
58.71 4711.6 4712.1 4711.0 4710.3 4709.1
( . 68.65 4628.6 4629.1 4628.2 4627.3 4625.6
79.17 4561.4 4562.7 4561.2 4560.2 4559.7
84.09 4530.4 4531.5 4529.5 4529.2 4529.2
89.02 4500.5 4502.0 4497.9 4497.8 4497.8
94.32 4462.7 4463.7 4461.4 4461.4 4461.4 |
98.48 4435.0 4436.0 44338 4433.8 4433.8 |
101.89 4421.2 4422.5 4419.5 4419.5 4419.5




Table 5b
DAMBRK - Teton
Maximum Flood Depths

Distance Maximum Depth in Feet
From Dam ) )
(Miles) Manning N Increased Breach Time
by 50% by 100% 0.5 hr. 2.0 hr. 5.0 hr.
0 89.5 101.0 76.7 66.7 33.3
2.75 68.9 77.2 39.2 51.0 40.2
4.17 59.2 65.5 52.2 46.2 37.8
6.63 29.9 32.2 27.0 25.9 22.2
9.47 23.1 24.5 21.0 20.6 18.4
13.26 17.2 18.1 15.7 15.5 13.8
18.27 25.2 25.9 23.9 23.6 22.1
25.57 23.4 24.0 22.6 24.0 21.8
29.55 20.9 21.5 20.1 19.9 19.4
35.98 17.1 17.6 16.6 16.4 16.0
41.10 17.5 18.0 16.9 16.7 16.3
48.86 16.9 17.3 16.4 16.0 15.4
53.79 - - 28.1 27.8° 275" 7 26.9 259
58.71 28.6 251 28.0 27.3 26.1
68.65 28.6 29:1 28.2 27.3 25.6
79.17 9.4 10.7 9.2 8.2 11
84.09 8.4 2.5 7.5 73 T2
89.02 10.5 12.0 1.9 7.8 7.8
94.32 7 8.7 6.4 6.4 6.4
98.48 10.0 11.0 8.8 8.8 8.8
101.89 6.2 1D 4.5 4.5 4.5
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Table 6
DAMBRK - Teton
Time to Crest Elevation

Time to Maximum Elevation in Hours
Distance
From Without Without Manning N Increased Breach Time
Dam Base Volume Inactive '

(Miles) Measured Run Losses Areas By 50% | By 100% 0.5 hr. 2.0 hr. 3.0 hr.
0.00 --- 1.00 1.00 1.00 - 1.00 1.05 0.52 2.00 5.00
2.:54 2 1.10 1.10 1.10 1.15 1.15 0.60 2.00 5.00
8.86 2.5 2.65 2.653 1.60 3.25 3. 73 2.30 3.50 6.25

20.43 --= 6.13 6.13 4.53 8.25 10.33 5.76 6.90 9.25
30.09 -- 10.25 10.25 1.73 14.30 18.02 9.90 11.10 13.25
53.79 31 24.98 24.66 18.85 135.22 45.58 24.61 25.69 28.25
67.54 36 27,72 21.55 21.76 39.54 50.78 27.27 28.50 31.26




Table 3
DAMBRK - Tcton
Peak Discharges

Maximum Discharges in 1,000 cfs
Distance
Pt Without Without Manning N Increased Breach Time
Dam Basc Volume Inactive
(Miles) Measured Run Losses Areas By 50% | By 100% 0.5 hr. 2.0 br. 5.0 hr.
0.00 -=- 2,004 2,004 2,006 2,004 2,004 2,231 1,428 830
2.54 | 2,300 1,890 1,894 1,892 1,847 1,795 2,031 1,404 798
8.86 1,060 1,011 1,020 1,587 887 793 1,023 956 092
20.43 696 713 827 540 439 698 678 561
30.09 --- 344 359 412 258 210 346 337 313
53.79 90.5 168 203 213 127 105 171 156 131
67.54 67.3 117 200 192 90.9 76.9 123 97 64
Notes:

Time to maximum breach size is 1.0 hour for base run.

Runs with time to maximum breach size of 0.05 hour and 0.20 hour resulted in nonconvergence.

Runs with breach bottom widths increased from 50 feet to 500 feet and 300 feet resulted in nonconvergence.

Runs decreasing Manning N by 50% and 205 resulted in nonconQergence.

Cross-section at mile 6.63 was removed to achieve convergence for the without inactive areas case.
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RESERVOIR ROUTING BY THE

“ . STORAGE INDICATION (MODIFIED-PULS) METHOD

BASIC EQUATIONS

The storage indication method consists of the repetitive solution of the continuity equation

and is based on the assumption that the reservoir water surface remains horizontal and

that outflow from the reservoir is a unique function of storage.

The continuity equation may be expressed as:

1-0=45 1)
Ar

‘@

where
T = mean inflow into reservoir during routing period At,
O = mean outflow from reservoir during routing period At,
AS = change in reservoir storage during routing period At.

Equation (1) may be approximated by:

(h = h) _(01+0) _(52-5) @)

2 At

2




where subscripts 1 and 2 denote the beginning and end, respectively, of a routing period,

\ . At.

The assumption implicit in Equation (2) is that discharge varies linearly with time during

a routing period At. This assumption must be borne in mind when selecting a routing

period.

Equation (2) may be restated as follows:

25, 25, (3)
Gl e O = s

In Equation (3), all terms on the left-hand side are known from preceding routing

computations. The terms on the right-hand side involving S, and O, are unknown and

must be determined by storage routing.




ROUTING PROCEDURE

. - given hydrograph of pre-development conditions from which the maximum basin outflow
is determined
given the post-development hydrograph which is to be routed through the proposed
detention basin
assume a size and shape for the first trial basin and outlet works
compute a table and/or curve of water depth versus storage (a function of basin
geometry), water depth is measured above the spillway or outflow pipe invert.
compute a table and/or curve of water depth versus outflow (stage discharge relationships

are a function of the outlet structure)

select a routing period At such that there are five or six points on the rising side of the

inflow hydrog'raph,. one' of which coin;:ides witﬁ the inflow peak -

2S

construct a graph of (ZE + O) versus O

S = storage volume
At = routing period

O = outflow rate

the routing procedure is now accomplished, using a tabular method for the solution

Modified-Puls equation:




compare the maximum outflow rate with the allowable rate of discharge from the

. drainage area

adjust size, shape, and/or outlet structure if the maximum outflow rate is greater than the

allowable

repeat the design procedure for alternative design solutions




@

EXAMPLE - RESERVOIR ROUTING BY STORAGE INDICATION METHOD

M

@

3)

@

®)

(6)
O

(8)

-6 = 10 mi:

Given the pre- and post-development hydrographs - Figure 1. The problem is to size
the detention basin and outlet works to reduce the development flood peak (249 cfs)
back to the pre-development level of 100 cfs.

Given the storage-elevation curve for the proposed site of the detention facility -
Figure 2. The outlet invert is assumed to be at elevation 1060.0 feet.

Given the hydraulic performance curve for a 48-inch C.M.P. culvert with projecting
inlet flowing under inlet control - Figure 3. This is an assumed size and flow
condition.

Select the routing interval At such that there are five or six points on the rising limb of

the inflow hydrograph, one of which coincides with the inflow peak. From Figure I,

Construct a graph of (_f\_i + 0| versus O using Figures 2 and 3 and At = 10 min. -
Figure 4.

Organize a routing table to solve Equation (3), using Figures 1 and 4 - Table 1.
Compare the maximum outflow rate, 128 cfs, with the allowable rate, 100 cfs. Since
this design results in maximum outflow rate greater than the pre-development flow
ﬁte, an alternative design must be investigated, i.e., modify the outlet structure.

Repeat the design procedure for alternative designs.
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250=
200-
Qo5
150 ~ 25 .
Developed .Gondihon
Discharge
cfs | i
_— Max. outflow for developed condition
100+ based on Qo5 . '
Qo5 .
50~ Existing Condition
O - f l 1 s I I
10.0 1.0 -~ 12.0 13.0 - 14.0 150 16.0

Time in hours

Figure 1. Comparlson of outfllow hyduoglnphs by SCS Tabular Method for existing and
developed condlitions. .
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Figure 2. Storage-evaluation curve for proposed site.



@ HYDRAULIC PERFORMANCE CURVES
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4, Develop i% + 0 vs. O for 48-inch C¥ pipe culvert wiIn 4T = 1U miaules.
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Table 1. Routing Table and Detention Storage Analysis.

1) ) 3) 4) ®) (6)
Time I, I, +1, 28 _ g 2S8 | 4 O,
Hrs:Min (cfs) (cfs) At At (cfs)
(cfs) (cfs)
11:00 0 5 0 0 0
11:10 5 15 3 5 1
11:20 10 26 14 18 2
11:30 16 66 34 40 3
11:40 50 230 82 100 9
11:50 180 429 208 312 52
12:00 249 429 425 637 106
12:10 180 320 608 854 123
12:20 140 222 672 928 128
12:30 82 142 644 894 125
12:40 60 105 550 786 118
12:50 45 79 439 655 108
13:00 34 64 340 518 89
13:10 30 97 252 404 76
e 13320 . 27 . .50 203 . . .-309 .- 53
13:30 23 44 173 253 40
13:40 21 40 161 217 28
13:50 19 3 149 201 26
14:00 18 36 140 186 23
14:10 18 35 132 176 22
14:20 17 34 125 167 21
14:30 17 33 121 159 19
14:40 16 32 120 154 17
14:50 16 31 120 152 16
15:00 15 30 119 151 16
NOTES: (1) Max outflow of 128 exceeds max allowable of ~ 100 cfs for pre-

@)

development Q,s. Requires modified outlet structure.

Max storage occurs at max outflow at time 12:20. Since 28/At + O =

928 cfs at this time, S = 66.80 cfs.hrs = 5.56 AF. From storage-
elevation curve, this produces a max depth of 8.4 feet at elevation

1068.4.

10




WORKSHOP I SOLUTION

' ' DETENTION BASIN ANALYSIS FOR 36-INCH OUTLET PIPE
Step (1): Develop 2S/At + O vs. O table for At = 10 minutes using 36-inch culvert
performance curve.
ELEV STORAGE, AF | STORAGE, cfs.hrs O cfs 28 . ¢
AT

1060 0 0 0 0
1061 0.40 4.8 10 68
1062 1.00 12.0 21 165
1063 1.50 18.0 35 251
1064 2.00 24.0 al 339
1065 2.60 31.2 64 438
1066 3.40 40.8 73 563
1067 4.20 50.4 82 687
1068 5.40 64.8 88 866
1069 7.20 86.4 94 1131
1070 10.00 120.0 . 100 1540




Step (2): Routing Table and Detention Storage Analysis for 36-inch Culvert Pipe
L
(1) 2) ®) 4) ©) (6)
Time I I, +1, 25 _ 4 25 | 4 0,
Hrs:Min (cfs) (cfs) At At (cfs)
(cfs) (cfs)
11:00 0 5 0 0 0
11:10 5 15 3 3 1
11:20 10 26 14 18 2
11:30 16 66 34 40 3
11:40 50 230 82 100 9
11:50 180 429 214 312 49
12:00 249 429 437 643 78
12:10 180 320 738 916 89
12:20 140 222 874 1058 92
12:30 82 142 910 1096 93
12:40 60 105 868 1052 92
12:50 45 79 793 973 90
13:00 34 64 696 872 88
g A3 4 = 30 - | 590 ~760-- - 8 -
13:20 27 50 491 647 78
. 13:30 23 44 395 541 73
13:40 21 40
13:50 19 37
14:00 18 36
14:10 18 35
14:20 17 34
14:30 17 33
14:40 16 32
14:50 16 31
15:00 15 30

NOTES: (1) Max storage occurs at max outflow at time 12:30. Since 2S/At + O =
1096 cfs at this time, S = 83.6 cfs.hrs = 6.97 AF. From storage-elevation
curve, this produces a max depth of 8.9 feet at elevation 1068.9.

(2) From TR.55 (Chapter 7), we can also estimate the storage required to
reduce outflow peak to 93 cfs:

V_ = T inflows = 245 cfs.hrs = 20.39 AF
Q; = 249 cfs; Q, = 93 cfs; Q,/D=Q; = 0.37
. V/V, = 0.38 from Fig. 7-2

.= 0.38x20.39 = 7.75 AF







PROBABLE MAXIMUM FLOOD DEVELOPMENT

PMF GUIDELINES SECTION 8-10

Tuesday 1:00 p.m.
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8-10

Probable Maximum Flood Development

Sections 8-7, 8-8, and 8-9 described the process of developing the necessary runoff model
for use in computing the inflow PMF hydrograph. For simple basins, this runoff model will
consist of a single representative unit hydrograph. For more complex basins, the runoff
model will consist of a combination of unit hydrographs for subbasins and a
streamflow-routing process. The runoff model is used to calculate the inflow PMF
hydrograph. This section provides guidelines for calculating the PMF including parameters
related to the PMP, basin losses, antecedent hydrologic conditions, snowmelt, base flow, and
channel routing. In addition, guidelines for sensitivity analysis of the calculated inflow PMF
are provided in Section 8-10.7.

8-10.1 Spatial Distribution and Disaggregation of the Probable Maximum Precipitation

To compute the inflow PMF, it is necessary to arrange both a temporal and spatial
distribution of the PMP on the project basin.

8-10.1.1 Storm Duration

A primary assumption on which this chapter is based is that complete
depth-duration information is available for the PMP for both general and
local storms, so that the necessary design storms can be constructed. A
local storm is one with a relatively small area of influence such as a
thunderstorm. General storms can be assumed to cover over 1,000 square
miles at any particular instant. In general, local storms will be of short
duration and high intensity and, hence, may produce larger rates of peak
runoff and smaller total runoff volumes than general storms. However, for
some combinations of reservoir volume and spillway capacity, the inflow
PMF produced by a long-duration general storm, when routed through the
reservoir, will result in higher reservoir levels and may produce the largest
rate of outflow. Thus, it is necessary to develop inflow hydrographs for
both general and local seasonal PMPs to establish the PMF event.

8-10.1.2 Storm Spatial Distribution

Basin-average rainfall must be developed for the PMF. This will require
establishment of a spatial distribution for PMP within the basin. Rainfall
data are seldom available from a large enough number of rain gages to
allow construction of an accurate isohyetal map for each historic storm. If
a historic storm has been studied by the COE, USBR, or NWS, isohyetal
maps may have been developed from rainfall depth information obtained
during "bucket surveys.” If isohyetal maps are available for any of the
historic extreme storms that have occurred in the area, or if they can be
constructed from data available, they could be used in defining the spatial
distribution of storm rainfall for the PMP.

However, individual storm distribution may be biased because of a singular
feature of the storm. For that reason, this chapter recommends that the

8-55 October, 1993




elliptical isohyetal map produced by the NWS in Hydrometeorological
. Report No. 52 should be used [NWS 1982] in the region east of the 105th
meridian. For other areas, refer to the appropriate HMR or site specific
study. The isohyetal pattern covers areas from 10 to 60,000 square miles.
Orientation of the isohyetal map should be with its major axis parallel to the
direction of moisture flow, but rotations up to 40° are permitted without
reduction of PMP depths.

The storm pattern on the basin should be adjusted so that the maximum
rainfall volume falls on the drainage area. In general, this will require that
the area of greatest rainfall depth be approximately centered on the basin
and that the storm pattern be rotated (within the 40° limits) so that the basin
is covered to the greatest extent possible by the isohyets of greatest rainfall
depth. If, however, the basin is subdivided, the peak runoff rate might be
produced by different centering. A sensitivity analysis is required.

A computer program developed by the Hydrologic Engineering Center of
the COE can be used to apply the procedures contained in HMR 52 [COE
1984]; it is available through some private software vendors. In Wisconsin
and Michigan, the computer program WMPMS is available through Electric
Power Research Institute (EPRI). These programs automatically produce
a 72-hour storm. However, the storm totals are balanced so that lesser
durations are also PMP values for the storm size.

(. For locations where the areal distribution of the storm cannot be generalized
as readily due to orographic influences or unique storm patterns, such as in
the western states, dependence must be placed on the patterns produced by
the historic storm and annual rainfall depths in the region. If insufficient
data exist to provide for development of an isohyetal pattern, a uniform
distribution over the basin may be assumed. The method used by the
USBR, known as successive substraction, can be used to advantage
[Cudworth 1989].

8-10.1.3 Temporal Distribution of the Probable Maximum Precipitation

The depth—duration relationship for the PMP should be taken from the
envelope-curve included in the PMP data. Time distribution of severe
rainfall has been shown to follow no particular pattern. In general, if the
peak period of rainfall is placed at the beginning of the storm, the peak rate
of runoff will be minimized because the largest rates of infiltration and
initial abstraction will act to reduce the peak rate of rainfall. If, however,
the peak period of rainfall is placed at the end of the storm, the peak rate
of runoff will be maximized. For this chapter, it is recommended that the
peak 6-hour period of rainfall be placed between the half and two-thirds
point of the storm and that the remaining 6-hour increments be arranged in
alternating descending order on each side of the peak, beginning with the

time period that precedes the peak 6-hour period. Hourly increments of
(. rainfall should also be taken from the PMP envelope curve and distributed
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so as to provide a smooth temporal curve. Reference should be made to the
appropriate HMR or site specific study.

8-10.2 Coincident Snowmelt Conditions

For basins and seasons where the PMF will have a snowmelt contribution, it is
necessary to adopt temperature and snowpack criteria for use in developing the PMF.
The following steps should be followed:

Identify the area that may be covered by snowpack at the time the PMP
begins by considering the data on historic snowpack coverage obtained in
Section 8-4.

Assume a 100-year snowpack water equivalent and snowpack areal
distribution.

Develop the coincident temperature sequence and temperature—elevation
distribution from data analyzed in Section 8-5. In California and the
Northwestern states, the temperature sequence coincident with PMP can be
found in NWS HMR Nos. 36 and 43, respectively. For other areas, the
maximum temperature sequence observed in the area for the season of the
critical PMP is recommended.

In areas east of the 103™ Meridian, seasonal PMP values can be obtained
from HMR 33 where an updated site-specific study of seasonal PMP values
is not available.

8-10.2.1 Snowmelt Estimates

Three items of data are required as follows:

Temperature sequence
Depth of snow on the ground
e  Water-equivalent of the snow on the ground

Each of the above parameters is season-dependent. The temperature
sequence is selected from historic temperature sequence data, with the
qualification that the sequence was associated with simultaneous occurrence
of rainfall and snow on the ground. The maximum temperature sequence
is obtained by comparing average daily temperatures above 34°F during
periods of rainfall. This temperature sequence is assumed to optunally
coincide with the probable maximum storm (PMS).

Establish combinations of temperature sequence, snowpack depth, and
rainfall intensity for time periods under consideration (e.g., monthly).

Determine for each time period (e.g., monthly) the availability of snowpack
depth data from climatological data stations. Snowpack water equivalent is
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generally not recorded, but data should be compiled and used, if available.
If data is not available for seasonally appropriate water equivalent values,
regional references may be used with water equivalent values doubled to
provide a conservative estimate [Gray and Prowse 1992].

The degree-day method is then used to develop the snowmelt-runoff
component. Where climarological stations are located in the basin,
temperature data records will usually be available. Snowpack depths may
not be as readily available. In that case, assume an unlimited snowpack and
melt as much depth as the temperature sequence will allow, then convert to
water equivalent using references as discussed above.

Absent temperature sequence data and snowpack depths, in non-
mountainous regions, seasonal, 100-year 3-day flood peak discharge may
be used in lieu of the snowmelt component. This uniform flow should be
added in with normal base flow covering the entire time base of the
hydrograph. Combine this value with seasonal rain on seasonal,
frost-conditioned soils. '

8-10.3 Loss Rates for Subbasins

It will be necessary to assume a saturated infiltration rate be used in the PMF
computation. The infiltration rate should be assumed in accordance with recognizable
characteristics of the drainage area. The initial abstraction obtained from analysis of
historical floods can be used; however, in most cases, this is not a significant
parameter in developing the PMF. If the SCS loss function is used, Antecedent
Moisture Condition (AMC) II must be assumed when establishing the runoff curve
number.

* Caugion:  Use of nonsaturated infiliration rates may be appropriate in arid and

semi-arid regions, but must be justified.
8-10.3.1 Approximate Method

For PMF runoff computations, the soil should be assumed to be saturated
with infiltration occurring a1 the minimum rate applicable to the average soil
type covering each subbasin. Soil data for the basin should be examined,
and the major soil classifications in the basin should be delineated on the
drainage area. An average soil classification should be established for each
subbasin that can be identified with an SCS Hydrologic Soil Classification
(A, B, C, or D). Minimum infiltration rates for the average hydrologic soil
classification should be selected from the information provided in the 1955
Yearbook of Agriculture [USDA 1955]. Table 8-10.1 provides the general
soil characteristics and minimum infiltration rates taken from the USDA
reference. The value of uniform infiltration calculated by HEC-1 for the
historical floods will be a guide to assessing the suitability of the chosen
infiltration rates.
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* Caution.: Application of this approach can lead to overly conservative
. results when soils in the area in question have permeabilities in excess of
the values listed in Table 8-10.1. For comparison on specific soil, check
SCS National Engineering Handbook (NEH-4) Chapter 7, page 7.7, 1985,
and specific soil descriptions.

%' Caution: Infiliration rates, as determined by use of HEC-1 in analyzing
historic floods, can only be used as a guide since they can be quite variable
depending upon the rainfall intensity and the accuracy with which other
input to HEC-1 (particularly rainfall distribution) is known. In addition,
antecedent conditions will be different prior to the PMF than for historic
storms.

8-10.3.2 Detailed Method

The SCS STATSGO database can be used to give a more detailed estimate
of the infiltration rate for a basin or subbasin.? This procedure is of
particular use when soil types and their associated infiltration rates vary
widely within the basin. For each soil series in the SCS STATSGO
database, the geometric mean permeability of the limiting (least permeable)
soil layer should be used as the representative infiltration rate. The
following steps provide a means to estimate excess precipitation while
taking into account the variation of infiltration within the basin:

. (1) Calculate PMP rainfall in hourly increments.

(2) Use a basin (subbasin) delineation to identify the area, the STATSGO
database to determine the percentage of the basin covered by each soil
association identified within the basin, and Land Use and Land Cover
maps to identify forested and wetland areas.

(3) Using the STATSGO database to determine, for each soil association,
the soil series percentage composition of each soil unit.

(4) Use the STATSGO database to identify the soil profile layer in each
soil series with the minimum geometric mean value (i.e., the limiting
layer), and use that layer’s range geometric mean permeability to
represent that soil series’ infiltration rate.

(5) Use the results of steps (2), (3), and (4) to calculate the total area of
the basin represented by each limiting geometric mean permeability,
and formulate values of percent of total basin area with limiting
geometric mean permeability values.

. 2 See Appendix 8-C for a detailed explanation of applying STATSGO data to determine infiltration

rates.
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(6) For each hour of the PMP, calculate the depth of excess rainfall for
. each limiting geometric mean infiltration rate category separately,
multiply by the appropriate percentage of basin area, and sum the
volumes by hour—thus calculating basin runoff for each storm hour
from each soil series’ limiting layer infiltration rate.

(7) Use the results of step (6) as the rainfall input, and set the loss
function to zero in HEC-1.

'/ Caution., This method assumes that the overlying layer of soils controls the
rate at which infiltration takes place in terms of soil permeability. Cases
exist for which this may not be true, such as for areas underlain with
shallow, impermeable bedrock or areas having a groundwater table very
near the surface.

8-10.3.3 Infiltration Characteristics of Potentially Frozen Soils

It is well understood that the structure type of soil frost has a strong
influence on the rate of infiltration of soil [Trimble, et al. 1987]. Because
of different vegetation cover and surface soil characteristics, soils will
respond differently to freezing, producing different types of soil frost
structures. These structures are most commonly classified as either
concrete or granular frost. Soils with concrete frost are identified by dense
thin ice lenses and ice crystals. Soils with concrete frost allow very little

. infiltration. Granular frost, typically found in woodland soils, consists of
small frost particles intermingled with soil particles. Typically, soils
classified as having granular frost have higher infiltration rates than the
same soil unfrozen [Blackburn and Wood 1990].

Frost structures are related to the moisture content of the frozen soil [Post
and Dreibelbis 1942]. Soils frozen at low moisture content may become
granulated and provide little impediment to infiltration. Conversely, soils
frozen at high moisture contents often freeze into massive, dense,
concrete-like structures that are nearly impermeable to water [Zuzel and
Pikul 1987].

Reduced levels of moisture content are found in forested areas because of
interception and evapotranspiration [Kane and Stein 1983]. These low
moisture contents result in granular frost structures in the winter.

Many researchers have identified the effects of soil freezing on the
infiltration capability of soils. Type of frost, soil structure, and antecedent
soil moisture content have all been noted as factors influencing frozen soil
infiltration.

In Engelmark’s set of laboratory experiments [Engelmark 1987], infiltration
. rates were measured in a fine sand. The grain-size curve of the fine sand
indicated 84 percent passing a #40 sieve and 5 percent passing a #200 sieve.

8-60 September 1994




Infiltration rates obtained for this soil in the frozen state were between
1-2 mm/min. (2.4-4.7 in/hr).

Another experiment executed by Blackburn and Wood [Blackburn and
Wood 1990] provided a range of infiltration rates of 0.42-1.08 mm/min
(1-2.4 in/hr), depending on the type of frost that existed. This experiment
was performed on a sandy soil of the Larimer series.

When the soil type is combined with the vegetation, a low soil moisture
content can be predicted. Even during the PMP, the rainfall rate may not
exceed the rate of infiltration in soils and they will not be saturated. With
these conditions, a granular soil frost will predominate in the winter.
Granular soil frost is far from impervious; it typically has infiltration rates
the same as, or higher than, the soil in an unfrozen condition [Blackburn
and Wood 1990].

° Wetlands should be modeled as impervious elements. These soils,
although sandy, may intersect the seasonal high water table and thus
have a higher potential to produce a concrete type of frost.

. Infiltration rates for granular soils, such as sand and sandy loam,
should be assumed equal to the unfrozen condition.

. Soils with high silt content associated with high groundwater tables
should be assumed to be impervious.

. Clays should also be assumed to be impervious.

. Forested soils or soils with a minimum 4-inch humus depth should
have unfrozen condition infiltration rates applied [Kane and
Stein 1983].

. Nonforested soils, other than sands or sandy loams, should be
considered impervious when they occur within the historical maximum
frost depth.

8-10.4 Reservoir and Channel-Routing Approach

This section provides guidance for routing the flood hydrographs from subbasins to
the dam site. This routing will generally be through natural channels, but it may also
involve routing inflow hydrographs through upstream reservoirs. The following
procedures should be used:

Assume a level pool when routing the flood hydrograph through any
upstream reservoirs. (Use dynamic routing, if appropriate.)

Use the Muskingum-Cunge method, as incorporated in HEC-1 to perform
any channel routing from subbasins to the basin outlet. Cross sections of
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the channels, along with Manning’s roughness coefficients, will be required

. to use the Muskingum-Cunge routing method. For most cases, cross
sections sufficiently accurate for routing the PMF can be obtained from
7' -minute USGS quadrangle maps. HEC-1 has the capability to compute
and combine hydrographs from side areas with the routed channel
hydrographs.

Caution: Muskingum-Cunge uses a single (represeniative) cross section
defined by eight coordinate points for each routing reach. The method
cannot accommodate for backwater effects and should not be used when
attenuation of the hydrograph is expected. An example of where this
technique might be used is when translating a hydrograph from an upstream
location to a downstream point where off-channel storage is insignificant.
Where the intention is to properly model the artenuation of the hydrograph,
the dynamic wave routing is the preferred method (e.g., when the river is
expanding or contracting or where there is natural storage).

° If evidence is available with regard to channel loss rates occurring during
passage of floods, those rates may be used in the routing process.
However, their effect is usually small compared to PMF flow and often can

be neglected.
. Consider large natural constrictions as control points for channel routing.
< . 8-10.5 Base Flow Coincident with Probable Maximum Flood

The flow rate is the river for basins or subbasins at the time the PMP begins should
be consistent with the antecedent approach selected from Section 8-3.1. Average
monthly flow should be obtained for the months during the season when the critical
PMP would occur. Tabulated monthly average flow data are available in USGS
water data reports. The average monthly flow for the month of the critical PMP
should be used flow and added to the inflow PMF hydrograph before routing through
the reservoir, or combining or routing subbasin hydrographs. When using HEC-1
this initial flow is the parameter STRTQ. For "ungaged" basins, the average monthly
flow per square mile of drainage area, obtained from records for nearby "gaged"
basins, should be used to compute the required base flow. If the 100-year, 3-day
snowmelt option, as delineated in Section 8-10.2.1, is used, there is no need for an
additional base flow component as that component is already included in the data
record used for the statistical analysis.

8-10.6 Inflow PMF Hydrograph

Use the input developed in Sections 8-10.1 through 8-10.4 and run HEC-1 for
computation of the inflow PMF hydrograph.
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8-10.7 Review and Sensitivity Analysis of Representative PMF Hydrograph

. 8-10.7.1 General Considerations

The_first computed inflow PMF hydrograph should be considered as
preliminary, . Reviews of the assumptions seen to have a significant effect
on the PMF should be made to assess their sensitivity.

. If uncertainty exists with regard to the assumptions, a sensitivity
analysis should be made to determine the degree to which key
parameters affect the PMF.

. If the PMF is particularly sensitive to the magnitude of a parameter,
the source of the parameter determination should be reviewed to
ensure that the value chosen is reasonable.

° The results of the sensitivity analysis and the selection of the
parameter should be documented and justified.

8-10.7.2 Nonlinear Effects and the Representative Unit Hydrograph

The predicted peak flow of the inflow PMF may be too low (or too high)
as a result of nonlinear effects in the runoff and channel-flow process that
(‘ violate the unit-hydrograph assumption of linearity between streamflow and
. excess rainfall. Studies related to these nonlinear effects have been
inconclusive [Pilgrim 1988]. However, if the historic floods used in
developing the representative unit hydrographs are large, nonlinear effects
may not be significant; if the historic floods used are small. Those effects
can be important. To provide guidance for adjustments to compensate for
possible nonlinear effects, the following recommendations are provided:

. Where historic floods used in developing unit hydrographs were large
and clearly overbank throughout the channels in the basin, no
correction is necessary.

. If the historic floods, used in developing unit hydrographs, were small
and clearly not out of banks, the following adjustments should be
considered:

— Where valleys in the basin are V-shaped with little overbank
storage, the unit-hydrograph peak should be increased by 20
percent [Pilgrim 1988].  This requires adjustment to
unit-hydrograph ordinates to obtain 1 inch of runoff over the

drainage area in volume under the unit hydrograph.
e e s el

——

— Where valleys in the basin have overbank storage, the

. unit-hydrograph peak should be increased by 15 percent
ﬁlg?i%l‘%%]./'ﬂis requires adjustment to unit-hydrograph
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ordinates to obtain 1 inch of runoff over the drainage area in
. volume under the unit hydrograph.

— If the spillway flood flow ~i§_y‘c_)lumer-dependem, a peak
adjustment will probably not be important,

- If the peak of the routed PMF will depend on peak inflow, an
adjustment will be important. The effect of this correction for
nonlinear effects should be considered during sensitivity
analyses described in Section 8-10.1.

The above does not generate an inflow PMF hydrograph for a reservoir!
The hydrologic engineer must apply PMP (PMS), initial loss, uniform loss,
baseflow, snowmelt, unit hydrograph, initial reservoir level, spillway rating
curves, and turbine flow rating (if appropriate) with the HEC-1 program to
obtain the inflow PMF hydrograph.

B I. - um.
Hydrologic Infiltration
Group Rate (in/hr) Soil Description
- A 0.30 to 0.45 | Deep sand, deep loess, aggregated silts
(. B 0.15 to 0.30 | Shallow loess, sandy loam
Clay loams, shallow loam, soils low in
C 0.05 to 0.15 | organic content, soils usually high in clay
Soils that swell significantly when wet, heavy
D 0 to 0.05 plastic clays, certain saline soils
*  Within the Approximate Method, use low values unless values up to the
maximum within the hydrologic group can be justified.

Table 8-10.1 Minimum Infiltration Rates for Hydrologic Soil Groups [USDA 1955].
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MEAD &.MT, INC.
FERC Chapter VIl Engineering Guideline Applications

L Previous | PMF New i

Project -PMF Guidelines FERC Status
. =
Mio 2448 Consumers Power Co. Au Sable River 1300 1 45,000 20,570 Pending '
Alcona 2447 Consumers Power Co. Au Sable River 1520 2 53,200 22,100 Approved !
Lord 2449 Consumers Power Co. Au Sable River 1620 2 56,000 23,270 Approved :
Five Channels 2453 Consumers Power Co. Au Sable River 1630 2 56,000 23,270 Approved l
Cooke 2450 Consumers Power Co. Au Sable River 1650 2 56,000 23,270 Approved I
Foote 2436 Consumers Power Co. Au Sable River 1675 2 56,000 23,270 Approved I
Webber 2566 Consumers Power Co. Grand River 1737 6 87,000 62,500 Sent to client l
Croton 2468 Consumers Power Co. Muskegon 2300 2 54,500 46,400 Pending |
Hardy 2452 Consumers Power Co. Muskegon 1910 1 54,000 38,200 Pending !
Rogers 2451 Consumers Power Co. Muskegon 1800 1 65,100 39,400 Pending :
Tippy 2589 Consumers Power Co. Manistee 1400 2 39,700 18,700 Pending i
Hodenpy! 2599 Consumers Power Co. Manistee 1000 1 33,000 12,700 Pending l
Dairyland Flambeau 1960 Dairyland Power Coop. Flambeau 1840 4 100,000 75,700 Pending i
Big Falls 2390 Northern States Power Flambeau 1790 3 125,000 77,800 Pending :
Upper Park Falls 2640 Flambeau Paper Co. Flambeau 750 3 90,850 54,400 Pending !
Lower Park Falls 2421 Flambeau Paper Co. Flambeau 758 3 90,850 54,400 Pending !
Pixley 2395 Flambeau Paper Co. Flambeau 786 3 90,800 54,600 Pending i
Crowley 2473 Flambeau Paper Co. Flambeau 820 3 90,000 51,400 Pending l
Rainbow 21183 Wis. Valley Improvement Co. Wisconsin 740 1 56,600 33,000 Pending ||
Otter Rapids 1957 Wisconsin Public Service Corp. Wisconsin 535 1 55,000 35,600 | Sent to client ‘
Jersey 2476 Wis. Valley Improvement Co. Tomahawk 554 2 31,700 18,000 Sent to client '
Rice 2113 Wis. Valley Improvement Co. Wisconsin 544 2 32,900 17,200 Pending l
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PMF New

® —

Guidelines FERC Status

Spirit 2113 Wis. Valley Improvement Co. Wisconsin 153 1 20,000 17,500 Pending

Willow 21183 Wis. Valley Improvement Co. Wisconsin 310 1 38,300 12,300 Pending

Alexander 1979 Wisconsin Public Service Corp. Wisconsin 2484 8 188,000 68,500 Sent to client

Hat Rapids 1968 Wisconsin Public Service Corp. Wisconsin 1153 3 42,600 Sent to client

Grandmother 2180 Packaging Corp. of America Wisconsin 2246 8 ’ 140,050 70,900 Sent to client

Grandfather 1966 Wisconsin Public Service Corp. Wisconsin 2269 8 140,050 71,200 Sent to client

Tomahawk 1994 Wisconsin Public Service Corp. Wisconsin 2020 6 130,000 63,600 Sent to client

Kings 2239 Tomahawk Power & Pulp Wisconsin 1320 3 64,000 40,300 Pending

Merrill 1989 Wisconsin Public Service Corp. Wisconsin 2720 9 193,000 80,500 Sent to client

Wausau 1999 Wisconsin Public Service Corp. Wisconsin 3056 10 162,600 115,200 Sent to client

Castle Rock 1984b Wisconsin River Power Co. Wisconsin 7038 22 292,000 221,000 Sent to client

Petenwell 1984a Wisconsin River Power Co. Wisconsin 5964 19 328,000 214,000 Sent to client

Brown Bridge 2978 Traverse City Light & Power Boardman 151 1 40,800 7,000 Draft sent to client

Boardman 2979 Traverse City Light & Power Boardman 237 2 58,100 10,000 Draft sent to client

Sabin 2980 Traverse City Light & Power Boardman 239 2 58,100 10,000 Draft sent to client

Hatfield 10805 Midwest Hydraulics Black River 1280 1 180,000 117,000 Pending

Upper 2589 Marquette Light & Power Dead 153 8 42,300 30,300 Pending

Lower 2589 Marquette Light & Power Dead 159 9 43,300 30,300 Pending

High Falls 2595 Wisconsin Public Service Corp. Peshtigo 537 2 44,000 21,800 Pending

Caldron Falls 2525 Wisconsin Public Service Corp. Peshtigo 465 1 40,000 20,500 Pending

Oconto Falls 2523 North American Hydro Oconto 739 1 35,700 17,800 | Pending since 5/93 |

Sturgeon 2471 Wisconsin Electric Power Co. Sturgeon 305 1 16,800 9,900 Pending since 2/93 !

IN PROGRESS: - i

Chippewa Reservoir 8286 Northern States Power Chippewa 763 * 75,000 * i |

Cornell 2639 Northern States Power Chippewa 3400 * 323,000 * *
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L ! ) ﬁ‘revlous PMF New ‘ |
_ Project | Projec I Glent. | Rierly) _ (sq.mi) | Subbasins | PMF | Guidelines FERC Status |
Jim Falls 2491 Northern States Power Chippewa 3450 B 330,000 * * I
Holcombe 1982 Northern States Power Chippewa 3300 * 329,000 * * l.
Wissota 2567 Northern States Power Chippewa 5548 e 367,000 * * ]I
Edenville 10808 Wolverine Power Coop. Tittabawassee 933 7 73,600 *
Sanford 2785 Wolverine Power Coop. Tittabawassee 968 8 131,400 73,200 * |
Secord 10809 Wolverine Power Coop. Tittabawassee 190 2 27,800 x I
Smallwood 10810 Wolverine Power Coop. Tittabawassee 308 4 41,300 = |
Big Eau Pleine 2113 Wis. Valley Improvement Co. Eau Pleine 377 1 115,000 82,900 FERC reviewing !
Riverdale 9003 Northern States Power Co. Apple River 300 25 32,000 o * }
Apple River Falls 9002 Northern States Power Co. Apple River 303 26 32,700 14,400 * |
Lake Nacimiento * Monterey Cnty Water Resources Salinas River * 2 * x * |
San Antonio Lake * Monterey Cnty Water Resources * * X * o * !

Project in progress; information is not yet available.
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. 8-10.7 Review and Sensitivity Analysis of Representative PMF Hydrograph

8-10.7.1 General Considerations

The first computed inflow PMF hydrograph should be considered as
preliminary. Reviews of the assumptions seen to have a significant effect
on the PMF should be made to assess their sensitivity.

. If uncertainty exists with regard to the assumptions, a sensitivity
analysis should be made to determine the degree to which key
parameters affect the PMF.

. If the PMF is particularly sensitive to the magnitude of a parameter,
the source of the parameter determination should be reviewed to
ensure that the value chosen is reasonable.

° The results of the sensitivity analysis and the selection of the
parameter should be documented and justified.

8-10.7.2 Nonlinear Effects and the Representative Unit Hydrograph

The predicted peak flow of the inflow PMF may be too low (or too high)
as a result of nonlinear effects in the runoff and channel-flow process that
. violate the unit-hydrograph assumption of linearity between streamflow and
excess rainfall. Studies related to these nonlinear effects have been
inconclusive [Pilgrim 1988]. However, if the historic floods used in
developing the representative unit hydrographs are large, nonlinear effects
may not be significant; if the historic floods used are small. Those effects
can be important. To provide guidance for adjustments to compensate for
possible nonlinear effects, the following recommendations are provided:

° Where historic floods used in developing unit hydrographs were large
and clearly overbank throughout the channels in the basin, no
| correction is necessary.

. If the historic floods, used in developing unit hydrographs, were small
and clearly not out of banks, the following adjustments should be
considered:

— Where valleys in the basin are V-shaped with little overbank
storage, the unit-hydrograph peak should be increased by 20
percent [Pilgrim 1988].  This requires adjustment to
unit-hydrograph ordinates to obtain 1 inch of runoff over the
drainage area in volume under the unit hydrograph.

— Where valleys in the basin have overbank storage, the
. unit-hydrograph peak should be increased by 15 percent
[Pilgrim 1988]. This requires adjustment to unit-hydrograph
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‘ ordinates to obtain 1 inch of runoff over the drainage area in
volume under the unit hydrograph.

- If the spillway flood flow is volume-dependent, a peak
adjustment will probably not be important.

— If the peak of the routed PMF will depend on peak inflow, an
adjustment will be important. The effect of this correction for
nonlinear effects should be considered during sensitivity
analyses described in Section 8-10.1.

The above does not generate an inflow PMF hydrograph for a reservoir!
The hydrologic engineer must apply PMP (PMS), initial loss, uniform loss,
baseflow, snowmelt, unit hydrograph, initial reservoir level, spillway rating
curves, and turbine flow rating (if appropriate) with the HEC-1 program to
obtain the inflow PMF hydrograph.

|
|
| Minimum®
Hydrologic Infiltration
Group Rate (in/hr) Soil Description
“ A 0.30 to 0.45 | Deep sand, deep loess, aggregated silts
. \' B 0.15 to 0.30 | Shallow loess, sandy loam
Clay loams, shallow loam, soils low in
C 0.05 t0 0.15 | organic content, soils usually high in clay
Soils that swell significantly when wet, heavy
D 0 to 0.05 plastic clays, certain saline soils
*  Within the Approximate Method, use low values unless values up to the
maximum within the hydrologic group can be justified.

Table 8-10.1 Minimum Infiltration Rates for Hydrologic Soil Groups [USDA 1955].
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EXAMPLE: CORSORONA RAPIDS

Tuesday 2:00 p.m.




Probable Maximum Flood Studies

Example 3: Corsorona Rapids Hydroelectric Project

June 1994

Purpose:  To illustrate a multi-subbasin PMF study for an ungaged basin
with a regional unit hydrograph study.

Summary
Subbasin Division: Eight subbasins
. Routing: COE UNET model
Unit Hydrograph Analysis: Regional study
Loss Rates: Detailed method using STATSGO data
Initial Reservoir Level Annual maximum normal operating

level at run-of-river project
Snowpack: 100-year snowpack

Snowmelt: 10-day melt sequence including 3-day
record high temperatures

Sensitivity Analysis: None




Example 3
Corsorona Rapids Hydroelectric Project
Probable Maximum Flood

June 1994
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CASE STUDY
CORSORONA HYDRO PROJECT

to illustrate a multi-basin PMF study for an ungaged
watershed that requires a regional unit hydrograph
study

Materials in TAB 23 in Volume 2 of Notebook




@ Probable Maximum Flood Studies

Example 4: Corsorona Hydroelectric Project

March 1994

Purpose: To illustrate a multi-subbasin PMF study for an ungaged basin
with a regional unit hydrograph study.

Summary
Subbasin Division: Eight subbasins
. Routing: COE UNET model
Unit Hydrograph Analysis: Regional study
Loss Rates: Detailed method using STATSGO data
Initial Reservoir Level Annual maximum normal operating

level at run-of-river project
Snowpack: 100-year snowpack

Snowmelt: 10-day melt sequence including 3-day
record high temperatures

Sensitivity Analysis: None




PMF STUDY REPORT OUTLINE

UNGAGED BASINS

PROJECT DESCRIPTION

moOwy

PROJECT DIAtE. "0 e & b 5 5 50 om0 et w2 o oL o 8-2.1-28-2.3, 8-5.5
Basin Hydrologic Data . . . ... ... ............... 8-2.1-8-2.3, 84.5
UpSHEarn DAmNS “woca v e s s v iivsii s om0 oo o m o mdae o e i 8-2.2, 8-4.7
DIl WISIE e e Bethsse = i ol e A o T e e b 8-2.3
Previous SIIEIES » o« . . cie o g cie e v r s oy e e e e 8-2.1-8-2.2, 8-4.1

WATERSHED MODEL AND SUBDIVISION

A

B.
C.

Watershed Model Methodology . . .. .. ... ... . ... ... .. ... .. . 8-1.2
Subbasin Definition . . . .. ...... ... ... ... . ....... 8-6.1 - 8-6.2
Channel Routing Method . .. .. ..................... 8-8.9, 8-10.4

HISTORIC FLOOD RECORDS

A.
B.

SUEAM GATES. ' i g b waloln o o o o 3 s 5 b e 5 e 8 8-4.2
HistoricFloods .. ...........0iiieimeeeennn. 8-4.2,8-5.1-852

UNIT HYDROGRAPH DEVELOPMENT

A. Discussion of Approach and Tasks . .................... 8-7.1-8-7.2
B. EXISHAG SUAES. « « s 4 s 5 2 b n s ot llet st ol ot st st s 8-9.1
C. Regional Analysis (include details as Appendix) . .. .............. 8-9.2
(1) Gaged Basins Used in Analysis
2) Cold-Season Considerations
3) Regional Relationship for Unit Hydrograph Parameters
OR
Synthetic Unit Hydrographs . .. .......................... 8-9.3
OR
C. SCS Dimensionless Unit Hydrograph . . ... ... ................ 8-9.4
UNIT HYDROGRAPH VERIFICATION . . . . ... ... .. .. 8-8.10

PROBABLE MAXIMUM STORM

A.
B.

Probable Maximum Precipitation Data . . .. .............. 8-4.4, 8-10.1
Candidate Storms for PMF . . ... ... .. ... ... ... . ... .. . .... 8-10.1
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VIII.

LOSS RATES
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CORSORONA HYDROELECTRIC PROJECT
PROBABLE MAXIMUM FLOOD

PROJECT DATA

« 195-foot long concrete overflow dam

« Tainter gate section with twelve 24-
foot wide by 18-foot high gates

» Concrete and masonry powerhouse

« 40-foot high concrete gravity dam
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CORSORONA PROJECT DATA (continued)

- Total spillway capacity of dam -
88,000 cfs when pool is at top of right
gravity dam (elevation 1,282 feet)

- Reservoir surface area - 190 acres

« Total storage volume at max. normal
operating level - 3,600 acre-feet

« Operated in run-of-river mode
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CORSORONA PROJECT DATA (continued)
« Operating level - 1,278.5 feet
- Tolerance of 0.5 foot
« Visited twice daily by operator
- Headwater/tailwater levels monitored
from Edwards City control center

- Spill gates operated by two moveable

electric hoists
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CORSORONA PROJECT DATA (continued)

« Maximum height of dam above riverbed
- 44 feet

« No earth dikes

« Annual max. normal headwater level -
1,278.5 feet

« Normal Tailwater - 1,242 feet



. . | ‘
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CORSORONA PROJECT DATA (continued)
- Backup generator on-site to power

hoists in event of electric failure



@ Radial Gates
Powerhouse

@ 1278.5'

fime =

e

SECTION

Q Spillway = 88000 cfs
Reservoir Elevation = 1282 ft
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CORSORONA BASIN HYDROLOGIC DATA

- Drainage area approx. 2,721 sq. miles

« Approx. 95 miles from headwaters of
basin to Corsorona Rapids project

 Northern portion of basin - small lakes,
wetlands, forested

« Southern 1/3 of basin used more for

agriculture but 50% forested
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BASIN HYDROLOGIC DATA (continued)

- Basin relief is moderate - elev. from
1,278.5 feet at project to 1,859 at
upper basin divide

- U.S. Geological Survey steam gage
(Blue River near Mercy Creek) approx.
7 miles downstream of project at

drainage area of 2,823 sq. miles




FIELD VISIT

the operator was interviewed to confirm project
operation during flood conditions

spillway gates are tested annually and are in
good working order

information on project works, reservoir storage
capacity and operations of upstream dams was
obtained through telephone interviewed with
project owner and review of previous
consultant’s inspection reports



PREVIOUS FLOOD STUDIES

No previous PMF studies for the Corsorona
Hydro Project exist.

There are two previous PMF studies on the Blue
River Basin upstream of the Corsorona Rapids
Project:a 1981 study for the Badger Butte Dam
predicted a PMF peak of 45,000 cfs and a 1984
study for Reis Dam yielded a PMF of 16,700 cfs

There are some reverse reservoir routing studies
performed by the state geological survey for
some of the hydro projects in the Blue River
Basin

Federal flood insurance study reports are also
available from FEMA for some of the surrounding
counties
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TABLE 4
Blue River at Corsorona Rapids
Stream Gages In and Near Blue River Basin

Blue River near Mercy Creek
| (No. 60982200)' 2,821 1938-1988

Sister River near Hyannis
(No. 60873330) 545 1930-1974

Blue River near Reis
(No. 60880000) 757 1936-present

| Beef River at Beef Rapids
(No. 60845600)

1979-present

Outside basin, 7 miles downstream of Corsorona Rapids project.



TABLE 1
Largest Floods Recorded at Blue River
Near Mercy Creek Stream Gage

" April 23, 1963
September 29, 1943 29,900

| March 21, 1948 29,300
May 3, 1985 28,400
May 1, 1977 27,500
October 15, 1950 25,500
October 11, 1957 25,500
April 27, 1958 24,900




TABLE 5
Historic Floods in Blue River Basin

Gage Name and Nu

Blue River near Mercy Creek

(No. 60982200) 32,000 4/23/63

Sister River near Hyannis

(No. 60873330) 5,200 10/5/84 ,
I~

Blue River near Reis

(No. 60880000) 6,000 4/11/63

Beef River at Beef Rapids

(No. 60845600) 4,200 6/3/87




TABLE 2
Upstream Dams and Reservoirs

rainage

Reis Dam BRHC Blue River 753

Frenchman Lake Dam | City of Victoria Blue River 878

Elbow Rapids Rivers of the North Blue River 1,160

Corporation (RONCO)

Badger Butte Dam Western Hydro Co. Blue River 1,320 14,000

Upper Sister Dam BRHC Sister River 544 38,000
|| Lower Sister Dam RONCO Sister River 553 2,200

Hyannis Dam Western Hydro Co. Blue River 2,030 19,000

Barnum Dam Big Top Paper Co. Blue River 2,250 6,700
' Bailey Dam ' Big Top Paper Co. Blue River 2,270 3,200




WATERSHED MODEL METHODOLOGY

e use a program called TSPMP which is based on
U.S. Army Corps of Engineers’ HMR 52
approach to determine the Probable Maximum
Storm (PMS) distribution for the watershed

e use HEC-1 for PMF development
e useU.S. Army Corps of Engineers’ UNET

dynamic routing program to route the floods from
the mouths of the tributary basins to the project



SUBDIVISION OF WATERSHED INTO SUB-BASINS

the 2,721-square mile watershed was subdivided
into eight sub-basins ranging in size from 136 sq.
mi. to 753 sq. mi. according to the locations of
the existing dams and reservoirs



TABLE 3
Subbasins Used to Model PMF

1 Blue River (above Reis) 753
lr 2 Everett River 265 |
| 3 Blue River (Reis to Lake Somo) 313
| 4 Sister River 554
5 Wildrice River 136
6 Beef River 168 |
7 Cadillac River 295 Ii
8 Lenapee River B 237




UNIT HYDROGRAPH DEVELOPMENT

this is an ungaged basin larger than 100 sq. mi.

only unit hydrograph study identified is the one
performed by local state water resources
department at Landro Levee, some 23 miles
downstream of the Corsorona Rapids Project.
This study was performed to estimate the 100-
and 500-year flood hydrographs for proposed
levee works

must use regional approach to develop unit
hydrograph

eight basins in the region, including three
upstream of the project in the Blue River Basin,
were selected and used in the regional study

they were selected for having drainage areas,
topography, climate and geological
characteristics similar to the Blue River sub-
basins

Note that the FERC guidelines recommend the
use of at least 10 gaged basins in a regional
study. Justifications must be given if using fewer
than recommended

In this case, other gaged basins in the region are
suitable due to different land use pattern,
topography and soil conditions

the time-area curves for each gaged basin were
developed from the 7.5-minute USGS quadrangle

sheets



the Clark's coefficients T, and R were estimated

for one to three floods on each basin with
additional historical floods being used for
verification

the Clark coefficients T, and R for all eight

basins were regressed against their physical
basin characteristics



TABLE A-1

‘Gaged Basins Used in Regional Analysis

Drainage | o e Goihha
e -Area at Gage | © Period of - Flood Dates
Name of Basin (sq. mi.) -+~ Record Used in Analysis
October 1953
oe:Hiver ook Heis 757 1936- t | September-October 1969
(No. 6 ) presen eptember-October
June 1990
; . : June 1958
(Sh'f;e;sa“’?i;ggar bysanis 545 1930-1974
: ) October 1968
Beef River at Beef Rapids
(No. 60845600) 82 | 1978-present | Anvil 1980
April-May 1973
Edwards River near Athens 1914-1928,
(No. 60896000) e 1938-present | June 1979
June 1990
September 1959
: o September 1969
zﬁ:t :0"::7';23') Sl 375 | 1939-present
) October 1986
June 1990
May 1968
Sweetwater River at Yale
(No. 60411400) 224 1937-present | June 1972
June 1986
May 1968
Muddy River at Bradley i
Landing (No. 60499900) 215 1944-present | April-May 1973
September 1980
June 1968
FaL May 1973
Br\'f‘:k:g;"??o“é%' figanorEey 749 | 1913-present
(No. ) September 1980
October 1986

A-2
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Gages Used in Regional Analysis
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L ®
TABLE A-2
Clark Parameters Estimated in Regional Study
Clark T, [Clark R] _R

(hrs.) | (hrs.) | Te+R .
Blue River (No. 60880000) 35 50 0.59 ||
Sister River (No. 60873330) 54 72 0.57 n
Beef River (No. 608454600) 21.5 25 0.54 ||
Edwards River (No. 6089600) 30.5 62 0.67 "
Lost River (No. 60967000) 46 45 0.49 ||
Sweetwater River (No. 60411400) 11.5 11.5
Muddy River (No. 60499900) 28 32
Blackbird River (No. 60675000) 35 28



® RESULTS OF REGRESSION
ANALYSIS

Tc = 0.189 Lo.75 Fo.58

R= 1.95 Lo44 S Tos

® L = Length of Longest
Flow Path
F = Percent Forested

ST = Percent Covered by
Lakes and Wetlands




TABLE A-3
Regional Unit Hydrograph Analysis:
Regression Parameters and Predicted T, and R

Blue River 58.0 28.1 63.5 35 42.6 50 60.9 J
Sister River 64.4 28.6 64.7 54 46.5 72 64.3
Beef River 18.8 17.2 73.6 21.5 20.0 25 29.1
Edwards River 40.2 23.2 66.4 27.5 33.2 57 47 1
Lost River 63.5 11.4 49.8 46 39.6 45 404 |
Sweetwater River 50.2 4.9 27.5 28 23.6 32 23.9
Muddy River 32.3 1.9 16.1 115 125 11.5 12.3
Blackbird River : 88.0 » 7.3_ 30.8 _35 o 38.3 28 37.3
By calibration.

2 By regression.



TABLE 6
Estimated Clark Unit Hydrograph Parameters
for Model Subbasins

1 Upper Blue River 58 28 64 43 61
2 Everett River 34 38 51 25 55
" 3 Blue River 58 23 62 42 55
4 Sister River 70 28 65 49 66
5 | Wildrice River 26 22 68 24 8 |
6 Beef River 34 14 74 31 34
7 | Cadillac River 22 12 72 22 26
8 Lenapee River e 49r 11 5 64 37 35




UNIT HYDROGRAPH VERIFICATION

Cold-season Considerations

None of the calibrated or verified floods had
a significant snowmelt component

snowmelt flood is an important element in
PMF development for this project

must perform validity check of the estimated
unit hydrograph parameters for snowmelt
floods

three snowmelt floods were used: two at the
Sister River basin and one in the Beef River
Basin




TABLE 7
Estimates of T for Snowmelt Floods

. River

_and Date | Flow (cfs) | Flow (cts) | Snowm
“ Sister River 1800 hrs. 0300 hrs.
4/25/56 1,340 1,990 April 23 April 26 57 47
Sister River 1800 hrs. 2100 hrs.
r: 3/11/89 1,080 1,520 March 9 March 11 51 47
Beef River 1800 hrs. 1100 hrs.
4/1/64 450 710 March 31 April 1 17 20




the results shows that the T.s for the

snowmelt floods are lower than those for
non-snowmelt floods

using warm-season T, for the development
of cold-season floods would be conservative



TABLE 8
Probable Maximum Precipitation
Depth-Area-Duration Values (Warm Season)

200 13.2 15.9 18.1 20.0 21.2 I
500 11.9 14.4 16.6 18.5 19.7
1,000 10.4 12.8 15.0 16.9 18.1
5,000 6.9 8.8 10.5 12.4 13.6

10,000 5.3 7.0 8.7 10.6 11.8

|




TABLE 9
Probable Maximum Precipitation
Depth-Area-Duration Values (Cool Season)

500 5.0 6.3 7.5 8.7 9.9
1,000 4.7 6.0 7.2 8.4 9.6
5,000 3.8 5.1 6.3 7.5 8.7

I
\
_|

10,000 3.3 4.6 5.8 71 8.3
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. PROBABLE MAXIMUM STORM

the isohyetal pattern should be moved around to
center at different parts of the watershed to
maximize the PMP and to affect the development
of a critical PMF hydrograph for the project

the program TSPMP was used to develop the
various PMPs for the sub-basins

the critical pattern was found to be the warm-
season PMP centering in the Lenapee, Beef and
Cadillac sub-basins and oriented 150 degrees
from the north



.

Storm Orientation: 216.7 degrees from north
Storm Area: 6500 sq. miles
tered over whole basin

Storm cen

Probable Maximum Storm Isohyets
Cool Season

ZING.



lllllll

Probable Maximum Storm Isohyets

Storm Orientation: 150 degrees from north
Storm Area: 700 sq. miles
Storm centered the Wild Rice, Beef,

and Cadillac River basins

Warm Season

| |
LONG. LONG.

LAT.

LAT.

LAT.
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Corsorona Rapids STATSGO Soil Associatizns

LEGEND

- Water




LOSS RATES

initial losses set at zero

warm-season loss rates:

developed from the STATSGO data base

STATSGO gives the permeability rate for
each soil layer of each soil association down
to approximately 60 inches

the minimum average permeability among all
these soil layers was identified and assumed
to be the controlling rate

GIS was used to estimate the weighted
average value for each basin

GIS was also used to identified land cover
pattern, such as lake and wetlands

cold-season loss rate:

all soils with the potential to be impervious
frozen were assumed to be impervious

to be impervious, soils other than sand or
loamy sand must occur in the top 24 inches
of the soil profile

imperviously frozen soils will not occur in
natural or managed forests where humus
depth is adequate to prevent frost from
forming




. - all lakes and wetlands are assumed to be
frozen




COINCIDENT HYDRO-METEOROLOGICAL
@ conDITIONS

J Reservoir level - annual maximum normal
operating pool at El 1,278.5 feet

. Baseflow:

- 1 cfs per sg. mi. for sub-basins with a
storage area of 25% or more of their
drainage areas

- 0.5 cfs per sq. mi. for sub-basins with a
storage area of less than 5% of their
drainage areas

- for storage areas between 5 and 25%,
. linearly interpolate between the 0.5 and 1.0
cfs per sq. mi.

o QRCSN value:

-  start recession flow at 15% of the peak flow
for sub-basins with storage areas 20% or
more

- for sub-basins with storage areas equal to
10% or less, start recession flow at 7%

- linearly interpolate the QRCSN between 7
and 15% for sub-basins with storage areas
between 10 and 20%

e RTIOR used is 1.008, the average of all the
. hydrographs analyzed




Snowpack

assume typical water equivalent being 25%

100-year snowpack in mid-March is 28
inches, or 7 inches water equivalent

100-year snowpack in mid-April is 11 inches,
or 2.25 inches water equivalent

Snowmelt Computations

Daily average temperature data at Hyannis,
Reis Dam and Elder Lake were reviewed

a 10-day snowmelt period was used to
coincide with the PMF duration

the critical period was assumed to be a 3-day
period superimposed on the 72-hour PMP

the critical 3-day temperature sequence was
taken as the maximum recorded 3-day
sequence with rain on at least one day

the temperature sequence for remaining 7
days was assumed to be average
temperature equal to the 10-year 10-day high
temperature for the month of interest

for March, 3-day sequence is 48°, 53° and
47° F and the remaining 7 days at 42° F

for April, 3-day sequence is 61°, 67° and 60°
F and the remaining 7 days at 54° F




¢

degree-day method was used to estimate
snowmelt



PMF HYDROGRAPHS
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SENSITIVITY ANALYSIS

No sensitivity analysis wagferformed

used worst-case scenario\/temperature sequence
for snowmelt computation

soils were assumed to be saturated at the
inception of PMF

unit hydrograph parameters in the regional study
were developed from large floods - most of which
having overbank flows
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RESERVOIR FLOOD ROUTING

starting reservoir water level at annual maximum
normal operating pool of 1,278.5 feet

no significant attenuation of peak flow because
the reservoir is small

outflow PMFs equal to inflow PMFs
-  Warm-season outflow PMF is 69,100 cfs

- Cold-season outflow PMF is 59,700 cfs



Example 3
Corsorona Rapids Hydroelectric Project
Probable Maximum Flood

June 1994

Summary

This study was performed to estimate the Probable Maximum Flood (PMF) at the Corsorona
Rapids Hydroelectric Project, Federal Energy Regulatory Commission (FERC) Project
No. CCCC. The project is located on the Blue River in Anystate. The PMF study was
conducted in accordance with Chapter VIl of the FERC Engineering Guidelines for the
Evaluation of Hydropower Projects (Reference 1). The peak PMF inflow to the project is
approximately 69,100 cubic feet per second (cfs), and peak outflow is also approximately
69,100 cfs. The peak stage at the project during the PMF would be 1,278.5 feet, which is
the annual maximum normal operating level. The PMF is less than the spillway capacity of
88,000 cfs; therefore, no further hazard studies are needed.

l.  Project Description
A. Project Data

Data on project structures and operations were obtained from the 1989 CFR Part 12
Report on Inspection for the Corsorona Rapids project (Reference 2). All elevations
given in this report are referenced to the National Geodetic Vertical Datum (NGVD).

The Corsorona Rapids Hydroelectric Project is on the Blue River in northern Edwards
County, Anystate. From left to right looking downstream, the project structures consist
of a 195-foot concrete overflow dam; a tainter gate section with twelve 24-foot-wide by
18-foot-high gates; a concrete and masonry powerhouse; and a 40-foot concrete
gravity dam. The maximum height of the dam above the riverbed is 44 feet. There are
no earth dikes associated with the project. Annual maximum normal headwater level
is 1,278.5 feet, and normal tailwater is 1,242 feet. The total spillway capacity of the
dam is 88,000 cfs when the pool is at the top of the right gravity dam (elevation
1,282 feet). The reservoir surface area is 190 acres and the total storage volume at the
maximum normal operating level is 3,600 acre-feet.
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The project is operated in a run-of river mode, with an operating level of 1,278.5 feet
and tolerance of +0.5 foot. The project is visited twice daily by an operator. The
hydroelectric units are controlled, and the headwater and tailwater levels monitored,
from the licensee’s control center in Edwards City. The spill gates are operated by two
moveable electric hoists. A backup generator is kept on-site to power the hoists in the
event of an electrical failure.

B. Basin Hydrologic Data

The project is located at a drainage area of approximately 2,721 square miles. The
Blue River flows from north to south, a distance of approximately 95 miles from the
headwaters of the basin to the Corsorona Rapids project. The northern portion of the
basin contains many small lakes and wetlands and is mostly forested. The southern
one-third of the basin is used more intensively for agriculture than the northern part,
but is still 50 percent or more forested (Reference 3). The basin relief is moderate, with
elevations ranging from 1,278.5 feet at the project to 1,859 feet at the upper basin
divide.

Thereis aU.S. Geological Survey (USGS) stream gage (No. 60982200, Blue River near
Mercy Creek) approximately 7 miles downstream of the project at a drainage area of
2,823 square miles. The eight largest floods recorded at this gage are shown in
Table 1.
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TABLE 1
Largest Floods Recorded at Blue River
Near Mercy Creek Stream Gage

Date of Flood Peak Flow (cfs)
April 23, 1963 32,000
September 29, 1943 29,900
March 21, 1948 29,300
May 3, 1985 28,400
May 1, 1977 27,500
October 15, 1950 25,500
October 11, 1957 25,500
April 27, 1958 24,900

Many major historical floods have occurred in mid- to late spring. Most of these were
caused by extreme precipitation events combined with either snowmelt or saturated
ground due to earlier snowmelt. During a normal spring, however, flooding is
moderated by storage in the Blue River Hydropower Cooperative reservoirs in the basin
headwaters (see Section I.C.).

Hourly recording rain gages are located at Badger Butte Dam and Columbus, and
there are nonrecording rain gages at Hyannis, Rys Dam, and Eider Lake. Daily
maximum and minimum temperatures are collected at these three stations, as well.
Daily snowpack data are collected at the Hyannis and Columbus stations.

A basin map showing the project location, major tributaries, stream gages, and weather
stations is shown in Exhibit 1.

C. Upstream Dams

In the headwaters of the Blue River basin, a drainage area of approximately
1,300 square miles is controlled by two storage reservoirs owned by the Blue River
Hydropower Cooperative (BRHC). All hydropower project owners on the river are
members of the cooperative, which operates the reservoirs for the benefit of power
generation throughout the system. In addition to the storage reservoirs, there are
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seven other hydroelectric dams on the Blue River and its tributaries upstream of the
Corsorona Rapids project. Table 2 lists upstream storage reservoirs and other dams.

TABLE 2
Upstream Dams and Reservoirs
Drainage

L : Area Storage

- Name of Dam Owner River (sq. mi.) {acre-ft.)
Rys Dam BRHC Blue River 753 63,600
Frenchman Lake Dam City of Victoria Blue River 878 21,500
Elbow Rapids Rivers of the North Blue River 1,160 7,500

Corporation (RONCO)

Badger Butte Dam Western Hydro Co. Blue River 1,320 14,000
Upper Sister Dam BRHC Sister River 544 38,000
Lower Sister Dam RONCO Sister River 553 2,200
Hyannis Dam Western Hydro Co. Blue River 2,030 19,000
Barnum Dam Big Top Paper Co. Blue River 2,250 6,700
Bailey Dam Big Top Paper Co. Blue River 2,270 3,200

The locations of the upstream dams and reservoirs are shown in Exhibit 1.
D. Field Visit

The project hydrologists familiarized themselves with the basin by an aerial and ground
reconnaissance on September 11 and 12, 1993. The project itself was visited on
September 11, 1993. The operator was interviewed to confirm project operation during
flood conditions. All of the spill gates are tested annually and are in good working
condition.

Information on the project works, storage capacity, and operation of upstream projects
was obtained through telephone contacts with project owners and review of previous
consultants’ inspection reports.
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E. Previous Studies

No previous PMF studies for the Corsorona Rapids project exist. However, there are
two previous PMF studies on the Blue River in the basin above the Corsorona Rapids
project. The first, an estimate of the PMF at the Badger Butte Dam, was prepared by
Horris-Mampton Engineering in 1981 (Reference 4). A PMF study for the Rys Dam was
also conducted in 1984 by the firm of Spotsmer & Gath (Reference 5). However, the
only data taken directly from either of these two studies for this analysis were spillway
rating curve data for the Badger Butte and Rys dams. The Horris-Mampton
Engineering PMF analysis predicted a PMF of 45,000 cfs at the Badger Butte Dam.
The Spotsmer & Gath study estimated a PMF of 16,700 cfs at Rys Dam.

Other studies were used in estimating unit hydrograph parameters and developing the
river hydraulic model. These include a basinwide study by the Anystate Geological
Survey (AGS), in which regulated flows measured at various gages were back-routed
through the BRHC reservoirs to estimate flows that would occur for unregulated
conditions (Reference 6). Also, flood routing models used in flood insurance studies
for Blue Lake, Lenapee, Thomas, and Forest Counties were obtained from the Federal
Emergency Management Agency (FEMA). The river cross sections used in those
studies were adapted for the flood routing model used in this one.

Watershed Model and Subdivision
A. Watershed Model Methodology

Hydrologic simulation of runoff from the Corsorona Rapids watershed was performed
with the U.S. Army Corps of Engineers (COE) HEC-1 computer model. Since there is
significant floodplain storage upstream of the Corsorona Rapids project, potentially
attenuating the PMF, the COE’s UNET dynamic routing model was also used to route
the flood from the mouths of tributary basins to the project. Input files for the HEC-1
and UNET models are shown in Exhibits 2 and 3, respectively.

In addition to the HEC-1 and UNET models, a program based on the COE’s HMR52
program was used to calculate the Probable Maximum Storm (PMS) distribution. The
program (called TSPMP, or Tri-State PMP) was developed in 1991 at the University of
Otherstate. Since it is not in general circulation at this time, an executable copy of the
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TSPMP program is included in Exhibit 4 on diskette." The three models were linked
. in a job file so that output from one program was written directly into the input file of
the next.

B. Subbasin Definition

The 2,721-square-mile watershed was divided into eight subbasins ranging in size from
136 square miles to 753 square miles. The subbasins were selected to capture the
effects of storage in the BRHC reservoirs and differences in subbasin timing, soils, and
topography. Because the UNET model accepts a distributed lateral inflow along a
reach, in some cases a dam can be located in the middle of a UNET reach and need
not be the downstream end of a subbasin.

The eight subbasins modeled are listed in Table 3.

TABLE 3
Subbasins Used to Model PMF
_Subbasin |  Major | Drainage Area -1
. . No. | Telbutarles (sq. mi.)
1 Blue River (above Rys) 753
2 Everett River 265
3 Blue River (Rys to Lake Somo) 313
4 Sister River 554
5 Wildrice River 136
6 Beef River 168
7 Cadillac River 295
8 Lenapee River 237

The eight subbasins used in the HEC-1 model are mapped in Exhibit 5.

. ' Executable code on diskette should be included when a program is not in general use. No diskette
is provided with this example.
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C. Channel Routing Method

. The COE UNET model was used to route flows through the 81-mile reach of river from
the Rys Dam to the project. Cross-section data used in the UNET model were
provided by the FEMA from input files used in the Blue Lake, Lenapee, Thomas, and
Forest County Flood Insurance Studies. Information on dams and reservoirs in the
routing reach was obtained from the BRHC and independent consultants’ safety
inspection reports submitted to the FERC (References 4, 7, 8, 9, 10, and 11).

lll. Historic Flood Records
A. Stream Gages

Stream gages in the basin and their drainage areas and periods of record are listed
in Table 4.

TABLE 4
Blue River at Corsorona Rapids
Stream Gages In and Near Blue River Basin

S Di;a'inage A:r:eaﬁ?"' - Period
Gage Name and Number (sq.mi.) | of Record

Blue River near Mercy Creek
(No. 60982200)" 2,821 1938-1988
Sister River near Hyannis
(No. 60873330) 545 1930-1974
Blue River near Rys
(No. 60880000) 757 1936—present
Beef River at Beef Rapids
(No. 60845600) 82 1979—present

1 Outside basin, 7 miles downstream of Corsorona Rapids project.

B. Historic Floods

Table 5 lists the floods of record at each gage.
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IV.

TABLE 5
Historic Floods in Blue River Basin

Peak Flow of Date of Peak
Gage Name and Number Record (cfs) Flow

Blue River near Mercy Creek
(No. 60982200) 32,000 4/23/63

Sister River near Hyannis
(No. 60873330) 5,200 10/5/84

Blue River near Rys
(No. 60880000) 6,000 4/11/63

Beef River at Beef Rapids
(No. 60845600) 4,200 6/3/87

Only three of the eight subbasins used in the HEC-1 model were gaged. Since
subdivision was necessary to account for storage in the BRHC reservoirs upstream
from the project, unit hydrograph parameters were required for the remaining five
subbasins. No gage data were available for these subbasins. Therefore, to develop
unit hydrograph parameters for the ungaged subbasins, a regional study was
conducted as described in the following section.

Unit Hydrograph Development
A. Discussion of Approach and Tasks

The Blue River basin is considered "ungaged" for the purposes of unit hydrograph
analyses, because only three of the eight subbasins have adequate hydrograph data
for calibration of unit hydrograph parameters. Since these three basins vary
considerably in hydrologic characteristics such as storage and forest cover, they were
not considered to be adequate sources for unit hydrograph parameters for the rest of
the basin. Therefore, a regional study was conducted as described in the following
paragraphs and Appendix A. Parameters developed from the regional study were also
applied to one of the gaged subbasins, for which the flow data were imprecise and did
not yield a reliable calibration.
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B. Existing Studies
@

Inquiries for existing unit hydrograph studies were made to the COE, the Anystate
Water Regulation Department (AWRD), the USGS, and the National Weather Service.
The only study identified in this search was a unit hydrograph study done by the
AWRD at the Landro Levee, 23 miles downstream of the Corsorona Rapids project.
This study was done to estimate the 100-year and 500-year flood hydrograph at the
proposed levee location. However, the study does not provide information relevant to
smaller subbasins and is incompletely documented.

C. Regional Analysis

A regional analysis of unit hydrograph parameters was conducted to obtain equations
relating physical characteristics of a drainage basin to the Clark unit hydrograph
parameters T, (time of concentration) and R. The regional analysis, documented fully
in Appendix A, considered eight gaged, unregulated basins. Three of these—the
upper Blue, the Sister, and the Beef Rivers—are within the Corsorona Rapids drainage
basin. Four of the remaining five are tributaries to the Blue River below the project.
. The eighth basin is in another drainage but is adjacent to the Blue River drainage.

The eight basins used in the analysis were selected for having drainage areas,
topography, climate, and geological characteristics similar to the Blue River subbasins.
Although the Guidelines recommend that 10 or more basins be included in a regional
study (Reference 1, Section 8-9.2), these eight were the only basins in the region that
could be considered similar to the study basin. To the south and east of the eight
gaged basins selected for analysis, intensive agriculture replaces the forest and less
intensive land use of the Blue River region. To the north and west, topography
becomes considerably more mountainous and the soils thinner.

(Note: The Engineering Guidelines (Reference 1, Section 8-9.2) recommend the use
of at least 10 gaged basins in a regional study. In this case, the use of fewer gaged
basins is justified by the physical limits of the hydrologic region.)

The eight gaged basins and floods used in the analysis are summarized in Appendix A.
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A time-area curve was constructed for each gaged basin from 7.5-minute quadrangle
. maps. The HEC-1 model was used to optimize Clark parameters for one to three
floods on each basin, with an additional historic flood being used for verification.

Finally, the calibrated Clark parameters T, and R for all eight basins were regressed
against their physical parameters, such as drainage area, channel length, slope,
storage, and soil permeability. Due to the small sample size, each final equation was
limited to two independent variables. The final equations used to estimate T, and R

are:
T, = 019L%°F%®
R = 108L%%gy %
where:
L = Length of the longest flow path in miles
F = Percent of basin covered by forest
ST = Percent of basin covered by lake and wetland storage.
. Appendix A gives details of the calibration and regression analysis for each gaged
basin.

The regression equations were applied to each of the eight subbasins in the watershed
model, including those with gages. Of the three gaged basins in the Corsorona Rapids
basin, only one (the upper Blue River) is gaged at the downstream end of the subbasin
defined for the model study (the Rys Dam gage). Therefore, only the upper Blue River
could potentially be analyzed using gage calibrations directly; all of the other basins
would require some transfer or synthesis of hydrograph parameters.

Of the eight gaged basins analyzed in the regional study, the calibrated parameters for
the Blue and Sister Rivers were considered to be the most uncertain. Since flow data
for these two gages were daily only, some subjectivity was unavoidable in selecting the
"best" parameters for these basins. To minimize this subjectivity in the final PMF
modeling, all subbasin unit hydrograph parameters were estimated from the regression ‘
equations. Table 6 summarizes the estimated Clark parameters for each subbasin.
(Note that the Sister and Beef Rivers, as listed in Table 6, are defined at the mouth of
the river instead of at the gage site and therefore have larger watersheds than the
‘ gaged basins discussed in Appendix A.)
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TABLE 6
. Estimated Clark Unit Hydrograph Parameters
for Model Subbasins

Independent Dependent
, Variables Variables
No. | Subbasin Name 2
L (mi.) ST (%) F (%) T, (hrs.) R (hrs.)
1 Upper Blue River 58 28 64 43 61
2 Everett River 34 38 51 25 55
3 Blue River 58 23 62 42 55
4 Sister River 70 28 65 49 66
5 Wildrice River 26 22 68 24 38
6 Beef River 34 14 74 31 34
7 Cadillac River 22 12 72 22 26
8 Lenapee River 49 11 64 37 35

V. Unit Hydrograph Verification

. All but one set of unit hydrograph parameters calibrated in the regional study were
verified against another flood on the same basin, as discussed in Appendix A. The unit
hydrograph parameters calibrated for the eight gaged basins in the regional analysis
are also compared to those predicted by the regression equations in Appendix A.
Since none of the subbasins in the study basin are gaged, the only option other than
the use of regional parameters is the use of synthetic equations (Reference 1,
Section 8-9). The regression equations, developed from similar basins in the
immediate region, are preferable to synthetic equations for estimating unit hydrograph
parameters in the Corsorona Rapids basin. This approach is consistent with the FERC
Guidelines (Reference 1, Section 8-9).

Cold-Season Considerations—None of the calibrated or verified floods had a

significant snowmelt component, because snowpack data are available only in one-day

intervals and only as depth of snow (not water equivalent). Therefore, there is no |
reliable way to estimate the water equivalent melted, either on a daily or an hourly

basis. Furthermore, almost all spring flood hydrographs are long and flat and have no

distinct peak.
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As a rough check on the validity of the estimated unit hydrograph parameters for
snowmelt floods, T, was estimated for two snowmelt events at the Sister River gage
and one at the Beef River gage. Each of these events resulted from a one-day rise in
temperatures with snowpack present. Nighttime temperatures before and after each
day’s melt were below freezing. The event on the Beef River also included intermittent
precipitation throughout the day. The hydrograph peaks resulting from these events
were small—less than two times the antecedent flow in the river. The end of effective
rainfall and/or snowmelt was assumed to be 6:00 p.m. on the day of the melt
(approximately the time of sunset in the late winter months). The end of direct runoff
was estimated by plotting the logarithms of the hydrograph ordinates against time and
identifying the beginning of the straight-line recession (Reference 1, Section 8-8.4).
The resulting estimates of T, associated with snowmelt are summarized in Table 7.

TABLE 7
Estimates of T_ for Snowmelt Floods

EstEnd | | Est. T, from
| Peak of Effective | Est. End | Snowmelt | Regression
Flow {(cfs) Snowmelt of Runoff | Flood (hrs.) T. (hrs))
Sister River 1800 hrs. 0300 hrs.
. 4/25/56 1,340 1,990 April 23 April 26 57 47
Sister River 1800 hrs. 2100 hrs.
3/11/89 1,080 1,520 March 9 March 11 51 47
Beef River 1800 hrs. 1100 hrs.
4/1/64 450 710 March 31 April 1 17 20

These estimates show that the T, estimated from nonsnowmelt floods is reasonable
when applied to snowmelt floods. If anything, T, is generally longer for snowmelt
floods. Since the project’s storage volume is relatively small, it is expected that peak
flow rather than volume will control the PMF at the project. Using the warm-season T,
for cool-season floods is slightly conservative, because it simulates a higher peak for

the same volume of runoff than a longer cold-season T..
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VI. Probable Maximum Storm

A. Probable Maximum Precipitation Data

Probable Maximum Precipitation (PMP) data for the Corsorona Rapids basin were
obtained from the TSPMP study (Reference 12), which supersedes HMR52 for
Anystate, Otherstate, and Thirdstate. The study provides maps of the 6- through
72-hour PMP for storm areas from 100 to 10,000 square miles and for warm and cool
seasons. The depth-area-duration values for the centroid of the entire Corsorona
Rapids basin were selected from these maps. The depth-area-duration relationships
for warm and cool seasons are shown in Tables 8 and 9, and depth-area-duration
curves are plotted in Exhibit 6.

TABLE 8
Probable Maximum Precipitation
Depth-Area-Duration Values (Warm Season)

 Area | Ghour | 12-hour | 2a-hour | 48-hour | 72-hour
- {sq. mi.) PMP (in.) | PMP (in.)) | PMP (in.) | PMP (in.) PMP (in.)
100 13.9 16.6 18.8 20.7 21.9
200 13.2 15.9 18.1 20.0 21.2
500 11.9 14.4 16.6 18.5 19.7
1,000 10.4 12.8 15.0 16.9 18.1
5,000 6.9 8.8 10.5 12.4 13.6
10,000 5.3 7.0 8.7 10.6 11.8
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TABLE 9
. Probable Maximum Precipitation
Depth-Area-Duration Values (Cool Season)

Area 6-hour 12-hour 24-hour 48-hour 72-hour
(sq. mi) | PMP (in) | PMP (in) | PMP (in) | PMP (in) | PMP (in)
100 5.3 6.6 7.8 9.0 10.2
200 5.2 6.5 7.7 8.9 10.1
500 5.0 6.3 7.5 8.7 9.9

1,000 4.7 6.0 7.2 8.4 9.6
5,000 3.8 5.1 6.3 75 8.7
10,000 3.3 4.6 5.8 7.1 8.3

B. Candidate Storms for the PMF

Various PMS sizes, centerings, and orientations were analyzed to identify the storm
configuration that would produce the greatest outflow from the Corsorona Rapids

. project. Analyses were conducted with TSPMP, a program similar to the COE’s
HMR52 program for optimizing PMS rainfall on a basin, or set of basins. The program
requires as input the boundary coordinates for the basin and the regional
depth-area-duration relationship and constructs various storms consistent with the
depth-area-duration values. The precipitation distribution for each subbasin is
computed for a given storm size, orientation, and centering, and the storm
configuration that maximizes precipitation over a given basin, or group of basins, is
chosen.

For this analysis, the program was run to maximize precipitation for the following:
e Each of the eight subbasins
e The entire basin at Corsorona Rapids

e Subbasins 5, 6, 7 and 8 (the four southernmost subbasins, chosen because they
have less forest and less permeable soils than the northern ones)
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VII.

e Subbasins 2, 3, 5, 6, 7, and 8 (excluding subbasins 1 and 4 because of the
storage effects of the BRHC reservoirs).

The storm causing the PMF at the Corsorona Rapids project proved to be a
warm-season, 700-square-mile PMP, centered on the Lenapee, Beef, and Cadillac
subbasins and oriented 150 degrees from north. The isohyetal pattern for this storm
is shown in Exhibit 7.

Loss Rates
A. Discussion of Loss Rate Methodology

The detailed method of estimating losses from rainfall was adopted for this study
(Reference 1, Section 8-10.3.2). This method involved identifying the infiltration rate of
the least permeable layer in each soil unit in each subbasin. Areas occupied by soils
with like infiltration rates were then aggregated for each subbasin. The hourly PMS
distribution for the subbasin was then applied to the various soil classes and the rainfall
excess determined for each hour. Each hourly increment of rainfall excess for each
unit was then weighted by subbasin area occupied by the unit and summed over the
basin area to produce the hourly increment of runoff for the entire subbasin.

All of the preceding computations were performed in a database calculation. The
hourly runoff sequence was then applied, as precipitation, in the subbasin HEC-1
model. Infiltration losses in the HEC-1 model were set to zero, as losses had already
been subtracted in the spreadsheet. Initial losses were assumed to be negligible and
were set to zero.

B. Warm-Season

Warm-season loss rates were estimated for each soil unit by reference to the STATSGO
database for Anystate. This database gives, for each soil association, the permeability
range for each layer down to approximately 60 inches. Geographic Information System
(GIS) software was used to calculate the subbasin areas occupied by each soail
association and assign each soil association a percentage composition by soil unit.
For each soil unit, the layer with the minimum average permeability was identified.
Infiltration into the soil unit was assumed to be controlled by that minimum rate. Since
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STATSGO gives a range of permeabilities for each layer, the representative
permeability was defined as the geometric average of the range.

A separate layer of information in the GIS analysis identified lakes and wetlands from
a state land cover map (Reference 3). All areas designated "lake" or "wetland" were
assumed to be impervious, which is appropriate for lakes and conservative for
wetlands. Many wetlands are usually less than saturated and, furthermore, have
significant depression storage that must be satisfied before runoff begins. These
factors were conservatively ignored in this analysis. Again, this corresponds to an
assumption of basin saturation before the onset of the PMS.

The STATSGO database and state geological maps (Reference 13) indicate that the
regional bedrock is generally overlain by 10to 30 feet of soils and other
unconsolidated glacial material. Therefore, it is not likely that bedrock near the surface
would impede infiltration of precipitation, and the use of the STATSGO infiltration rates
is justified.

The distribution of assumed warm-season infiltration rates in each subbasin is
summarized in Exhibit 8.

C. Cool Season

The assignment of cool-season loss rates to each soil unit was similar to the
warm-season procedure, except that it was assumed that all soils with the potential to
be imperviously frozen were indeed impervious. For this study, these soils were
identified by the following criteria:

e To be impervious, soils other than sand or loamy sand must occur in the top
24 inches of the soil profile. Twenty-four inches is a maximum expected frost
depth, based on analyses by the Anystate Office of Climatology (Reference 14).

e Imperviously frozen soils will not occur in natural or managed forests, where the
humus depth is adequate to prevent concrete frosts from forming (Reference 1,
Section 8-10.3.3).

e All lakes and wetlands are imperviously frozen, whether or not they are forested
(Reference 1, Section 8-10.3.3).
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VIII.

For this analysis, sands and loamy sands were defined to be those soils with an
average infiltration rate of 10 inches per hour or more. The infiltration rates for sands
and loamy sands were taken from properties listed for these soils in the STATSGO
database.

The distribution of assumed cold-season infiltration rates in each subbasin is
summarized in Exhibit 8.

Coincident Hydrometeorological and Hydrological Conditions
for the Probable Maximum Flood

A. Reservoir Level

The Corsorona Rapids project is operated in a run-of-river mode with an operating
tolerance of +0.5 foot. Therefore, the annual maximum normal operating level is
0.5 foot above the target headwater elevation, or 1,278.5 feet.

B. Baseflow

The gage data used to develop the regional study indicate that the initial baseflow is
related to the amount of lake and wetland storage in the subbasin, with higher
baseflows occurring in basins with greater amounts of storage. An initial baseflow of
1 cfs per square mile was used for the subbasins in the Corsorona Rapids watershed
with a storage area of 25 percent or more of the drainage area. For basins with
storage areas under 5 percent, such as the Beef River, the baseflow was determined
to be 0.5 cfs per square mile. For storage areas between 5 and 25 percent, the initial
baseflow was linearly interpolated between 0.5 cfs per square mile and 1 cfs per
square mile.

The flow hydrograph data for the gaged basins also indicate that the flow at the start
of recession QRCSN is approximately 15 percent of the peak flow for subbasins with
storage areas 20 percent or more of the basin area. The QRCSN parameter was found
to be 7 percent for basins with storage areas equal to 10 percent or less. For other
basins with storage areas between 10 and 20 percent, QRCSN was linearly
interpolated.

E116A025/E116-93A/6-94 17




The value of the recession constant, RTIOR, varied considerably for the observed flow
. hydrographs. A value of 1.008 (the average over all the hydrographs analyzed) was
adopted for all the basins.

C. Snowpack

A frequency analysis of snowpack in March and April was conducted. These months
were selected based on the flood records for the basin, which show that spring
flooding typically begins in March and subsides by the end of April. Earlier in the
season, temperatures rarely rise above freezing. Beyond April, snowpack is
nonexistent.

The frequency analysis was conducted by the state climatologist (Reference 14) for
snowpacks at the Hyannis weather station at mid-March and mid-April. Water
equivalent was not recorded systematically, but data from other climatological stations
in the area suggested that a late-winter water equivalent of 10 to 15 percent was
common. As suggested in the Engineering Guidelines (Reference 1, Section 8-10.2.1),
the typical water equivalent was doubled to 25 percent. The 100-year snowpack in
mid-March is 28 inches snow depth, or 7 inches water equivalent. The 100-year
. snowpack in mid-April is 11 inches snow depth, or 2.25 inches water equivalent.

D. Snowmelt

An estimate of the highest probable temperature sequence was made for March and
April. Daily average temperature data at the Hyannis, Rys Dam, and Eider Lake
weather stations were reviewed. The critical period was assumed to be a 3-day period
superimposed on the 72-hour PMS. However, a total snowmelt period of 10 days was
modeled to coincide with the entire duration of the PMF hydrograph. The critical 3-day
temperature sequence for each month was taken to be the maximum recorded 3-day
sequence that coincided with rain on at least one day. The remaining 7 days were
assumed to maintain an average temperature equal to the ten-year, ten-day high
temperature for the month. These data were also obtained from analyses by the state
climatologist (Reference 15). The snowmelt temperature sequences for each month
are as follows:

March: 3-day sequence: average temperatures of 48, 53, and 47 degrees
. Remaining 7-day average temperature: 42 degrees
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April: ~ 3-day sequence: average temperatures of 61, 67, and 60 degrees
. Remaining 7-day average temperature: 54 degrees

The 10-day temperature sequence for each month was applied to the 100-year
snowpack for the month. One of the following two daily melt equations given by Chow
(Reference 16) was used for each subbasin, depending on whether the subbasin was
mostly forested or mostly open:

(1) For forested areas:

M = 0.05 (T, — 32)
and
(2) For open areas:
M = 0.06 (t,., — 24)
. where:
M = daily melt rate (inches)
Toean = daily mean temperature in degrees Fahrenheit

The April high temperatures were found to melt the April snowpack early in the second
day. The March high temperatures melted approximately 6.1 inches, less than the
100-year snowpack. The snowmelt flood caused by the March temperatures and
snowpack was found to be greater than that caused by the April snowpack-
temperature combination. Therefore, March conditions were assumed to coincide with
the cool-season PMS.
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IX.

PMF Hydrographs
A. Inflow PMF Hydrograph

The entire sequence of PMS analysis, HEC-1 modeling of each subbasin, and UNET
routing was carried out for each storm optimization. The warm-season PMF at the
project is caused by a 700-square-mile storm centered on the Lenapee, Beef, and
Cadillac River subbasin group and oriented 150 degrees from north. Input and output
files for HEC-1, UNET, and TSPMP are found in Exhibits 2, 3, and 4, respectively.

Since routing through the Corsorona Rapids reservoir was accomplished by dynamic
routing in the UNET model, the inflow hydrograph is defined as the hydrograph at the
most upstream cross section in the reservoir. The peak of the warm-season
PMF inflow hydrograph is 69,100 cfs. The warm-season PMF inflow hydrograph is
plotted in Exhibit 9.

The cool-season PMF at the project is caused by a 6,500-square-mile storm centered
on the entire basin and oriented 217 degrees from north. The peak of the cool-season
inflow PMF hydrograph is 59,700 cfs. The cool-season inflow hydrograph is plotted in
Exhibit 10.

B. Sensitivity Analysis

In general, when assumptions were required in this study, they were made to maximize
the estimate of the PMF. For example, a worst-case temperature sequence was
assumed to coincide with a 100-year snowpack and a PMS. Soils were also
conservatively assumed to be saturated, with no initial losses. Finally, unit hydrograph
parameters in the regional study were estimated from large floods—most of which were
overbank events—and further adjustment for linearity is not needed. Therefore, no
sensitivity analyses were conducted.

C. Reservoir PMF Outflow

The PMF was routed through the Corsorona Rapids reservoir using dynamic routing
in the UNET model. Due to the reservoir's small size, there would be no significant
attenuation of the peak flow. The warm-season PMF outflow hydrograph would have
a peak flow of 69,100 cfs, which could be passed at the annual maximum normal
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operation level of 1,278.5 feet. The cool-season PMF outflow would be 59,700 cfs and
. would also be passed at headwater elevation 1,278.5 feet.

The warm-season and cool-season outflow hydrographs are essentially equivalent to
the inflow hydrographs, which are plotted in Exhibits 9 and 10, respectively.
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EXHIBIT 1

Basin Map
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EXHIBIT 2

HEC-1 Input/Output Data

Note: Complete HEC-1 input and output have been omitted in this example to conserve
space and paper. Actual study submittals should contain hard copy input and output
. data and a 3.5-inch diskette containing complete input and output data.
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EXHIBIT 3

UNET Input/Output Data

Note: Complete UNET input and output have been omitted in this example to conserve space
and paper. Actual study submittals should contain hard copy input and output data
and a 3.5-inch diskette containing complete input and output
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EXHIBIT 4

TSPMP Input and Output

Note: Complete TSPMP input and output have been omitted in this example to conserve
space and paper. Actual study submittals should contain hard copy input and output
data and a 3.5-inch diskette containing complete input and output data.
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EXHIBIT 5

Subbasin Map
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EXHIBIT 6

Depth-Area-Duration Curves
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EXHIBIT 7

Probable Maximum Storm Isohyets
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. Storm Orientation: 150 degrees from north
Storm Area: 700 sq. miles
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Storm Orientation: 216.7 degrees from north
Storm Area: 6300 sq. miles
Storm centered over whole basin

Probable Maximum Storm Isohyets
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EXHIBIT 8

Subbasin Soil Infiltration (STATSGO)
Map and Distributions
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. : % of
Map Unit -~ Sequence Map Unit 60" 24"
2 1 10 0.03 0.03
2 2 19 0.03 0.03
2 3 6 0.03 0.03
2 4 9 1.30 1.30
2 5 4 1.30 1.30
2 6 10 1.10 1.10
2 7 7 1.10 1.10
2 8 6 0.00 0.00
2 9 5 3.10 3.10
2 10 5 3.10 3.10
2 11 4 1.30 1.30
2 12 2 0.40 0.40
2 13 1 0.40 0.40
2 14 1 4.00 4.00
2 15 2 4.00 4.00
2 16 3 1.10 1.10
2 17 3 3.30 3.30
2 18 2 0.13 0.13
2 19 1 0.04 0.04
3 1 17 3.10 3.10
3 2 13 3.10 3.10
3 3 12 1.10 1.10
3 4 12 3.10 3.10
3 5 9 1.30 3.10
3 6 8 0.40 0.40
3 7 7 13.00 13.00
3 8 6 3.30 3.30
3 9 5 4.00 4.00
3 10 4 13.00 13.00
3 11 4 0.40 0.40
3 12 3 13.00 13.00
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% of
Map Unit Sequence Map Unit 60" 24"
4 1 9 0.03 0.03
4 2 22 0.08 0.03
4 3 28 0.08 0.03
4 4 8 4.00 4.00
4 L 8 4.00 4.00
4 6 6 3.10 3.10
4 7 6 3.10 3.10
4 8 5 3.10 3.10
4 9 5 1.30 1.30
4 10 3 1.30 1.30
5 1 5 4.00 4.00
5 2 14 4.00 4.00
5 3 12 4.00 4.00
S5 4 4 13.00 13.00
5 5 6 13.00 13.00
5 6 12 13.00 13.00
5 7 6 13.00 13.00
5 8 11 13.00 13.00
5 9 2 3.30 4.00
5 10 4 3.30 4.00
5 11 6 3.30 3.30
5 12 5 3.10 3.10
5 13 4 3.10 3.10
5 14 4 1.30 3.10
5 15 2 3.10 3.10
5 16 2 4.00 4.00
5 17 1 13.00 13.00
6 1 14 3.30 3.30
6 2 11 3.30 3.30
6 3 23 3.30 3.30
6 4 5 4.00 4.00
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G % of
-~ Map Unit Sequence Map Unit 60" 24"
6 S 7 4.00 4.00
6 6 10 4.00 4.00
6 7 8 3.30 3.30
6 8 7 3.10 3.10
6 9 5 4.00 4.00
6 10 2 1.30 3.10
6 11 2 1.10 1.10
6 12 2 1.30 1.30
6 13 2 0.40 1.10
6 14 1 3.10 3.10
6 15 1 0.40 0.40
9 1 16 13.00 13.00
9 2 14 13.00 13.00
9 3 14 13.00 13.00
9 4 11 3.10 3.10
9 5 9 3.10 3.10
9 6 7 1.30 3.10
9 7 5 4.00 4.00-
9 8 4 3.30 3.30
9 9 4 3.10 3.10
9 10 4 13.00 13.00
9 11 4 13.00 13.00
9 12 3 4.00 4.00
9 13 1 3.30 3.30
9 14 4 0.00 0.00
15 1 36 0.03 0.13
15 2 12 0.13 0.13
15 3 6 0.13 0.13
15 4 3 1.30 1.30
15 5 5 1.30 1.30
15 6 6 1.10 1.10
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e % of :
~Map Unit | Sequence Map Unit 60" 24"
15 7 5 0.40 1.10
15 8 5 0.33 0.33
15 9 4 1.10 1.10
15 10 3 0.40 1.10
15 11 3 0.03 1.30
15 12 2 1.30 1.30
15 13 2 1.30 1.30
15 14 2 13.00 13.00
15 15 2 3.10 3.10
15 16 1 1.30 1.30
15 17 1 1.30 1.30
15 18 1 1.10 1.10
15 19 1 13.00 13.00
16 1 10 3.30 4.00
16 2 18 3.30 4.00
16 3 11 3.30 4.00
16 4 8 1.30 1.30
16 5 8 1.30 1.30
16 6 3 1.30 1.30
16 7 6 4.00 4.00
16 8 3 4.00 4.00
16 9 6 4.00 4.00
16 10 2 4.00 4.00
16 11 6 3.10 3.10
16 12 4 1.30 1.30
16 13 4 3.30 3.30
16 14 2 13.00 13.00
16 15 1 13.00 13.00
16 16 2 1.30 3.10
16 17 2 3.10 3.10
16 18 1 1.10 1.10
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b . % of .

Map Unit | Sequence Map Unit | 60" 24"
16 19 1 3.30 3.30
16 20 1 1.30 1.30
16 21 1 0.04 1.30
17 1 8 0.03 0.03
17 2 10 0.03 0.03
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