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UNIT HYDR€DGRAPHS FeR 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

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

• perform a regional study to develop synthetic unit
hydrograph parameters

• If 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

• 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 Hydro9.@Ph 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 Ct and
Cp of 146 watersheds primarily in the areas

• Wf ~ 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
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• u.s. Geological Survey published a number
statewide regional studies in cooperation with
the state departments of transportation. Data
are available for Alabama, Georgia, Illinois,
South Carolina and Tennessee

• Illinois Water Survey has data for Illinois

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

CAUTION:

• 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

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



• REGIONAL STUDY

•

•

• 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



• 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,
Tc, storage coefficient (R), Snyder's Ct and Cp
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 Se
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/(Tc+R) estimated using the Clark
unit hydrograph parameters, Tc 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 640Ap- p Tp

Tp = CT (LLcA)o.3

•

•

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, LeA
Drainage Density

4) cp = C, An, + CzLnz + C3L~ + ...



• REGIONAL STUDY FOR
PENNSYLVANIA BY MILLER

Cp = 0.907 + 0.0020(L·LcA)
0.130(00) ~ 0.0613(SCE)
- 0.0352(LEXT)

CT = 18.6 + O.0108(L·LcA) -1.29(00)
- 0.464(SCE) - O.468(LMAX)

• -0.150(CN)

DO = drainage density (1/mi)

•

SCE = Maximum Elev Diff
Maximum Stream Length in a

St. Line top to bottom
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Gaye loca t I o.!!. ~!:ll OA (S9 11I1) Gage location t Jhours) pA {SI} Ill)--p -

1 rllhopoco 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 1a..qu. 2.9 42.9
3 lehigh River at Walnutport 13.4 889.0 16 Schuy1k III Rher at Berne 9.2 355.0
4 little lehigh River near AllentoWn 5.5 80.8 17 1ulpehocken 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 Creek at Uethleh~ 10.2 44.5 19 Perklomen Creek it Graterford 6.0 279.0
7 lchl'lh River at OethlehelR 17 .0 1,279.0 20 Ridley Creek at ~ylan 3.9 31. 9
0 Saucon Creek at I.anark 2.4 12.0 21 Brandywine Creek .t ChaddS ford 9.2 287.0
9 So. IIranch Saucon Cr. at frledensvl1le 2.0 10.6 21 Chester Creek at U.S.G.S. gage 6.4 61.1

10 Saucon Creek at friedensville 5.0 26.6 23 Halde~ Creek Tributary at lenhartsville 3.7 . 7.5
II Tohlckon Creck near Pipersville 3.1 91.4 24 french Creek near Phoenixville 5.7 59.1
12 Neshallliny Creek near langhorne 10.2 210.0 25 Skippack Creek near Collegeville 5.1 53.1
13 Scliuylklll 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 UNITGRAPH CHARACTERISTICS

Popu-
Subcll'ea Ora inage 1970 1at;on Length Lakes

Index Area Popu- Dens ity Imper'l;- to & R

NUlllller 0./\. 1at ion Per sq mi ousne5S Length Center Slope Swamps TC+R TC R

0 I L LLca SlO-85 St TC+R

(sq mi) (%) (mil (mil (ft/mi) (%)

36 3.58 1340 374 7.0 2.4 1.2 9.0 2 16 .75 4 12

1-" :l7 1. 07 930 479 8.4 2.9 1.7 15.8 4 15 .75 4 11

~-'

38 5.17 7200 1392 15 4.0 1.8 14.8 10 22 .75 5 17

31
) 5.41 640 118 3.4 3.6 1.6 12.1 .5 12 .75 3 9

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

111 1. 91 15200 7960 38 2.9 1.7 16.9 7 12 .75 3 9

'12 6.06 14000 2310 19 4.4 3.0 8.5 17 29 .75 7 22

Total 351.86

I = 0.11700.792 - 0.039 log D

TC+H = 21 (0/\/5)·22 (5t),33 (1+.31)-·28

~These values reflect a 50 percent increase over the regional values as required

to reconstitute observed hydrograph~ at the Pemberton gage.

u:JlJil:ldelphia District February 1978 revised population estilllc1tes.



SU~~~Y OF REGRESSION RESULTS

Standard Error of
Estimate in

• Equation Dependent Independent Function
R2 ~

%of Mean of
No. Variable Variables Type Dependent Variable

1 TC St,L,S,A Linear 0.226 0.019 67.6
2 TC l,A,St,(S) Log 0.327 0.200 37.6
3 R St,A,L,S Li near 0.581 0.469 55.4
4 R St,A,(S) Linear 0.570 0.520 52.7
5* R St,L,A,S log 0.466 0.324 28.2
6* R St,A, (5) 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
9* t-AG 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 O. 43.9
12 CP St.S.(A.L) Log 0.045 O. 84.9
13* (TC+R) St.L.S,{A) Linear . 0.689 0.631 31.6 .
14* ~TC+R) St,A,S Linea:- 0.636 0.!l67 34.2
15* (TC+R) St,A Linear 0.619 0.574 33.9
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
18* (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 O. 53.3 .,

22 R/(TC+R) St,A,l,($) 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 t~e equation
by the stepwise regression program because they did not significantly
improve the results as described in the text. .

The final regression equations were then:

(TC+R) = 7.52*A·2l5*St·425

R = 3. 30*A ~ l55*St ..775

• 10



•
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

1 . 1 . .. following 1 f 5 d R2 .ana ys~s are tabu ated ~n the/Tables, where va ues 0 e an are g~ven

for each equation. The general rule is to use R2 and Se as a guide ana
select the equation with the fewest indepenaent variables and the best values

2of Rand See

TYPICAt. RESULTS OF twlULTIPLE REGRESSION ANALYSIS
FOR REGIONALIZATION OF MODEL PARAMETERS

(Several Basins in New Jersay and Pennsylvania)

Coefficient
Correlation of
COefficient Determination

R R2

• 'TC =26.19 1-0.535-0.29 (DA)0.23

Te = 19.84 1-0•50 (OA/S)0.26

TC = 8.29 K-1.28 (DA/S)O.28 *
TC = 4.14 (DA/S)0.39

(TC + R)= 122.64 10.42 S~0.55(DA)0.09

(TC + R) = 15.69 1-0•21 (DA/S)0.34

(TC + R) =11.52 K-0.67 (OA/S)0.33 *
(TC + R) =7.98 (DA/S)0.39

* K = 1.0 + 0.031

9

Standara
Error of
Estimate

Se

0.0495

0.0358

0.0269

0.1296

0.1442

0.1161

0.1054

0.109.3

0.9710

0.9849

0.9915

0.7800

0.6844

0.8094

0.8461

0.833)

0.9428

0.9701

0.9fj)1

0.6084

0.4684

0.6.5.5L

0.71.59

U.0944



• 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

(1 ) Nature of Runoff Hydrographs
(2) Basin Rainfall
(3) 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

• 8. 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
(3) 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
(3) 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
(2) 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
(2) Soil Conservation Service Dimensionless Unit

Hydrograph

Developing Watershed Parameters for Ungaged Watersheds

(1 ) Clark Instantaneous Unit Hydrograph
(2) Snyder's Synthetic Unit Hydrograph
(3) 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
(3) 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

(a) 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

A 132A009\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
(3) 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
(3) Start Q at Beginning of Flow
(4) Reservoir Levels
(5) Gate Operations
(6) Sediment

4:00 Summary

4:30 Evaluations

5:00 Adjourn

•
A132A009\A132-93C\7-94 4
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•

•

•

UNIT HYDROGRAPHS FOR SITES WITH LIMITED DATA

PMF GUIDELINES SECTION 8-9

Tuesday 10:30 a.m.



• 8-9 Unit Hydrographs for Sites with Limited Data

For this chapter an Wungagedw 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.

• 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 to question
because of the fundamental uncenainty in predicting basin response in terms of defined
physical characteristics. In general, any synthetic unit hydrograph should not be used
unless:

• The parameters for the unit hydrograph are well defmed 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~eveloped 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-tirne 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 detennine if it is
applicable to the project basin.ce

•

•

•

•

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 dijferences 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.

In addition, the terminology used to defme the various unit hydrograph and
basin parameters in the regional srudy 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 slo~ are often defined dijfereJUly
in the various methodologies. The definition of the parameter must be
consistent with the methodology used.

8-47 October, 1993



e • 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.

ce

ce

• The USBR defmes 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 ofthe 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.

8-9.2 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 fmal analysis, the parameters defining the developed unit
hydrographs are correlated with measurable basin characteristics to detennine 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.

8-48 October, 1993



8-9.2.1 Data Required

To evaluate the hydrograph parameters needed for input to HEC-l, 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.

CauIion: It is desirable to limit the basins examined to those with gaged
areas aboUl 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:

• Available topographic, soil, and geologic maps for each basin.

• Drainage area.

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

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

ce • 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).

8-49 October, 1993



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

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

• Channel slope (S).

• Percent impervious area (AJ.

• Percent of area covered by forest.

• Percent of area covered by lakes or marshes.

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

• An estimate of lag time TL and time of concentration Tc for each basin
based on applicable equations obtained from the local flood~ntrol

agencies, or calculated as described in Section 8-8.

• The maximum time increment of rainfall to be used in the
unit-hydrograph analysis is Td4 rounded to the next lower even
number.

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

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

8-9.2.2 Rainfall Analysis

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

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

8-9.2.3 Development of Generalized Regional Relationships

HEC-l 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-l 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-l should be used to optimize a unit
hydrograph for each selected basin. The HEC-l runs for each basin should
be progranuned to optimize the hydrograph parameters while allowing
R/(Tc + 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-defmed
relationship is found, the results can be used to develop a representative unit
hydrograph for the project basin.

If a well-defmed 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 Tc
and R/(Tc + R) against identifiable basin parameters, such as S, L, Lea,
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 =cCA)C:z
C 1 S (8-9.1)

where Cl 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 ofthe coefficient ofdetermination will often
range from 0.6 to 0.8. Different values of the regression constants will be
determined for each set ofindependent variables included in the regression.

8-51 October, 1993



•

c.

The hydrologic engineer should review the derived relaIionships for
consistency and use the equation that yields the smallest value ofstandard
error of estil1Ul1e and the largest value of the coefficient ofdetermination.

Caution: Since R/(Tc + R) tends to be constantfor 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 resulIs and used
for the analysis of the project basin. In either event, the seleaed values
should be justified.

Once the regression analysis has been completed, the values of Te, R, and
R/(Te + 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-l and can be used to develop the inflow PMF hydrograph.

8-9.3 Empirical Coefficients for Synthetic Unit-Hydrograph Procedures

Failing to fmd applicable procedures or data to perfonn 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 descnbed 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 fonn 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 smdies 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 stomi
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~urve, are
covered in standard hydrology textbooks. The Snyder parameters employed
by HEC-1 are the ·standard· lag, tp, and peaking coefficient, Cp. HEC-l

8-52 October, 1993



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

8-9.3.1 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]:

t = C (L * L ) 0.3
P e ca (8-9.2)

c =p
Qp * t p

(640 * A)
(8-9.3)

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

L = Length of the main watercourse (miles)
Lea = Length along the main watercourse measured

upstream to the point opposite the centroid of the
basin (miles)

Qp = Peak flow rate of the unit hydrograph (cfs)
A - Drainage area (square miles)

ce

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 perfonnedfor large basins in
the Appalachian region [Snyder 1938J. If information from detailed
regional studies give values of Ct and Cp in tenns ofdefinable parameters
for regional drainage basins, use of the Snyder equations may provide
satisfactory results. The acceptability ofthe Snyder method and parameters,
or any other method, must be documented and justified.

8-9.3.2 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-l can be used. Values for Tc and R should be
estimated as described in Section 8-8. The calculated value of R/(Tc + R)
should be fixed in HEC-l for the development of the unit hydrograph.
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Caution: The means of estimating Te and R are by no means infallible; it
is extremely important that the hydrologic engineer doing this estimation
have substantial experience so as to undersuuuJ the hydrologic behavior of
the basin. Although analytical techniques are indispensable when working
on ungaged basins, thejudgmem of the experienced hydrologic engineer is
of extreme imponance. The values selected for Tc and R should be
justified.

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 Te and R from -the tp and
Cp values of the Snyder unit hydrograph.

Caution: Unless a regional study has been peifonned 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 ofbasin conditions-a procedure
which is not recommended. Selected values for tp 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 defmed by one parameter-the SCS lag time-and is assumed
equal to 0.6 Te.

Caution: Many empirical equations have been publishedfor estimating Te, but all are
subject to large uncenainties; the hydraulic method of calculating Te, 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 REGIONALlLATION PROCEDURE
TO UNIT HYDROGRAPH PARAMETERS ;.:m FREQUENCY STATISTICS

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

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 whi en parameters a re des; red

(3) Area should be as nearly hydrologically and mete9rologically
homogeneous as possible.

b. Derive unit hydrograph and loss rate parameters

(1) The Flood Hydrograph Package (HEC-l) 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 Te + R

(2) Possible basin variables are drainage area (OA), slope (S).
and !eng~ (L). Various investigators have eroposed different
connnatl0ns of these: II IS (NAD) , lL 1"5 (SPO) .
l rDNS (Linsley) • and there are otherg~ . '

(3) Usually the logarithmic transformation is appropriate
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d. Make multiple regression analyses.

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

(2) Select the best equation with the fewest possible independent
variables.

(3) The residuals can be obtained from most computer regression
packages.

e. Map the residuals

(1) Linear relations
(a) Residual is observed value minus computed.

(b) Plot residuals at centroid of basin area and draw lines
of equal residual.

(c) Prediction equation becomes: Ya em + bl Xl + b2X2 +
••• + bnXn where: em is the map coefficient, note that
..a" has been added to the res idua1 to reduce the numer
of .constants.

(2) Logarithmic relations

( a) Regression equation is log Y• a + b, log X1 + bZ
log X ~ + • •• + b log X or tran$forms to, n n

Y = antilog (a) • x~l . X~2 ••••• x~n

(b) Residual is observed divided by computed

(c) Plot residuals

(d) Prediction equation beccnes Y s em· X~l • X~· •••

• xOn
n

re
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where C is map coefficient, note antilog (a) has been
multiplWd by the ratio of observed to computed to reduce
the nunber of constants. -

f. Ratio of RI(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.

(l) 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-l.

2. Application of Regionalizatlon Procedure to Flood Frequency Relations

a. Select study area

Same CM teria as in Sec ·4a.

b. Process infonnation

(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 requi red 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 ~ appropriate for the S(£W
coefficient (see Sec Sf)
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• d. Make 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.

(l) 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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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 thennodynamics 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 concfltions 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 outftow 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 cMJ
works project evaluation, runoff estimates are required for the forecasted Mure 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 channel 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 anatysis model that has only physicalty-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 anatysis 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 gage<:k:atchment
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 resulting 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 raintall;unoff
model are as follows:

(1). Collect rainfall and discharge data for gaged catchments in the region. The catchments
selected should have hydroiogical 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 agricultural
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 raintalkunoff 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;unoff 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 -rrtted
by eye" and sketched on the plot. Regression analysis is an alternative 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-predietive 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
Soll-rnoisture 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 overland flow (Smart, 1972)

16-2. Loss-Model Parameter Estimates

B. Options. Two of the rainfall loss models described in chapter 6 of this document are
particularly 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 MadeJ. The Green-Ampt model is
derived from Darcy's law for flow in porous media The model predicts infiltration 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 6.

Brakensiek and Onstad (1977), McCuen et aI. (1981), and Rawis, et aI. (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, is a function of soil particle size
distribution. This distribution can be estimated from a sample of catdrnent 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 similar1y 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 singje 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 Mure 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 soil group C, the curve number
found in Table 16.2 for average antecedent moisture is n. With this c:JrVe 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 estima:ing the curve number for more
complex cases.

16-3. Runoff-Model Parameter Estimates

a. Options. Chapter 7 presents a variety of models for estima:ing 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 pa:-c:meters.
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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-runoft 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 over1and-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
overland-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 empiricaJ 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. Ukewise. the SCS UH hydrograph peak and time to peak are
estimated as a function of the time of concentration.

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

(16.1)

in which t j = 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, tp' to a catchment shape factor
using the following equation:

(16.2)

in which tp = basin lag, hr, Ct = predietive-equation parameter, L = length of main stream, mi; Lea =
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length from outlet to point on stream nearest centroid of catchment, mi. T
he value of Ct 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 ClaJ1<'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 Yrittl conditions of the catchments of interest.

TABlE 16.3
Example UH ParameterPredlctlon Equations

Equation

Ct = 7.81 II 0-78

R=cTc

Reference

Wright-McLaughlin
Engineers (1969)

Wright-Mclaughlin
Engineers (1969)

Russell, Kenning.
Sunnell (1979)

Sabol (1988)

USACE (1982)

•

Note: In the above equations, Ct = calibration coefficient for Snyder's UH (see Section 7.3.c); Cp =
calibration coefficient for Snyder's UH (see Section 7.3.c); Tc = time of concentration. hr; R = Clark's
IUH storage coefficient, hr; I = impervious area, %; L = length of channeVditch 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 Puis, 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 PuIs Routing Model. The modified Puis
~evel-pooQ ro.uting 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 fonner 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
nonnal 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 paranieter, the number of steps, is, in fact, a calibration parameter. Section 9.3.b
suggests estimating the number of steps as channel reach length I velocity of the flood WaNe I time
interval (see Eq. 9.13). Strelkoff (1980) suggests that if the flow is controlled heavily from downstream,
one step should be used. For JocaJly-controlied 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 ~

Yo
(16.3)

in which NSTPS = number of steps; L = entire reach length, in mi; So = bottom slope, in ftlmi; and Yo
= baseflow nonnal depth, in ft. So, for example, for a 12.4 mi reach with slope 2.4 ft/mi and Yo = 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 generally is expressed in tenns 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 Muskingurn-Cunge Model. If the channel of
interest is not a steep, well~efined 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 f100d-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 anaJyst requiring frequency estimates for an ungaged stream include

1; Develop frequency-distribution parameter pre<flCtive equations; or

2. Develop distribution quantile predictive equations.

a. Parameter Predictive Equations. The log-Pearson type 11/ distribution (modeQ 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 eatdlment, Delaware, the following predictive
equation was developed (USACE, 1982):

s ~ 0.311 - 0.05 log 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 Uon creek catchment, Delaware, the following quantile predictive equation was
developed (USACE, 1982):

(16.5)

(e

in which 0100 = 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 f100d-runoff model.

2. The form of and coefficients found for the predictive equations;

3. The talents and experience of the analyst.

B. Model Reliability. Unsley (1986) relates the results 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 result 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 property 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

16-10



c.e

EM 1110-2-9021
13 August 1991

measured values. For example, the accuracy of stream length and slope estimates are a function of
map scale (Pilgrim, 1986). Furthennore, 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 f100ckunoff model
parameters for these catchments, in establishing predictive relationships, and finally, in applying the
relationships.
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Flood hydr~graphs are needed for the design of many highway drainage

structures and e~hankments. A method for simulating these flood hydrographs

at urban and ru"al ungaged sites in Georgia is presented in this report.

The O'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 ~ydrographs 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 hydrograph based on one-half-Iagtime duration provided the

best fit of the observed data.

Multiple-regression analysis was used to define relations between lag

time and certain ohysical basin characteristics, of which drainage area and

slope were significant for the rural e~uations, with impervious area being

added for the Atlanta urban equation.

A hydrogra~h can be simulated from the dimensionless hydrograph, peak

discharge of a specific recurrence interval, and lagtime obtained from re

gression eQuatio~s for any site of less than 500 mi2 in Georgia.

For simulat:~g hydrographs at sites larger than 500 mi 2 , the U.S. Geo

logical Survey cc~puter model CONROUT, can be used. CONROUT produces a simu

lated outflow dis=harge hydrograph with a peak discharge of a specific

recurrence interval. The diffusion analogy routing method with single

linearization was used in this study.
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INTRODUCTION

The design of many highway drainage structures and emhankments requires

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

surrounding property. 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 mi 2•

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 square miles

A dimensionless hydrograph was developed for use in basins up to 500

mi 2• 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 hasin. Price (1) presents a technique for estimating
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the peak discharge of a selected recurrence interval for rural streams in

Georgia. Inman (~) presents a technique for estimating the peak discharge

of a selected recurrence interval for basins less than 25 mi 2 in the Atlanta

urban area. Lagtime-estimating equations we~e develooed for Georgia streams

as part of the present study and will be presented in a later section.

The dimensionless hydro~raph was developed from observed flood hydro

~raphs. Using data from 80 basins havin~ drainage areas less than 20 mi2 ,

the method is as follows:

(1) Compute a unit hydrograph and lagt1c~ 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 hvdrograph minus one-half

the time of the computation interval (duration). The unit

hvdrograph cooputation method is by O'Donnell (l).

Eliminate the unit hydrographs with inconsistent shapes and compute

•

•

additional unit hydro~raphs 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 avera~ing the time of the center of mass

of the individual unit hydrographs and plotting the average center

of mass at this average time. The ti~e of the center of mass of the

discharge hydrograph is obtained by adding one-half the unit

hydro graph coooutation interval (duration) 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 hvdro

graoh. The transformation of a short duration unit hvdrograph to a

long duration unit hydrograph (for instance, a S-minute duration to

a 20-minute duration) can be accomplished through the use of the

following eauations:

EQUATION

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

3 TUHD(t)=I/3[TUH(t)+TUH(t-I)+TUR(t-2)] (2)(. 4 TUHD(t)=I/4[TUH(t)+Tl~(t-l)+TUH(t-2)+ TUH(t-3)] (3)

n TUHD(t)=I/n[TUH(t)+Tl~(t-I) TUH(t-n+I)], (4)

where At computation interval, (the original unit hydrograph has an actual

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 hvdrograph at time t,

and

•

TUH(t), TUH(t-I), etc. = ordinates of the original unit hydrograph

at times t, t-I, t-2, etc.

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

a distinction must he ~ade between the two. Actual duration which

is highly variable may be defined as the time during which precipi-



fourth, one-third, one-half, and three-fourths lagtime duration dimensionless

tation falls at a rate greater than the existing infiltration caoac

ity. It is the actual time during which rainfall excess is occurring.

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

anv 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 hest fit of

observed data.

(5) 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 hy peak discharge.

(6) For Hydrologic Regions 1, 2, and 3, as defined bv Price (l) and the

Atlanta urban area as reported by Inman (l), 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, O/Op.

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 stations,

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 analvsis to select the hest fitting design duration was done bv

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

•

•
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hvdrographs from each region or area with the observed hvdrograph widths from

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

fit of width at 50 percent of peak flow ann at 75 percent of peak flow.

Figure I illustrates plots of the one-half-lagtime duration dimensionless

hvdrograph for Regions 1, 2, and 3, and for the Atlanta urhan area. Rased on

these plots, one dimensionless hvdrograph was selected for both rural and

urhan conditions for the entire State as shown in figure 2 and table 1.

Another statistical analysis to test the accuracy of the dimensionless

hvdrograph application techniaue 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-sauare 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 has ins up to 500 mi 2• Steps 3 through

6 of the dimensionless hydrograph development and the statistical analyses

were programmed for computer use hy S. E. Ryan CU.S. Geological Survey,

written commun., 1985).

•

•
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Basins Greater Than 500 Sauare Miles

The method for simulating a hydrograph at hasins greater than 500 mi 2

uses the U.S. Geological Survey computer model, CO~~OUT. The model routes
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streamflow from an upstream channel location to a user-defined location
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downstream. CONROUT is described in detail by Doyle and others (~).

CONROUT provides the user with two methods of routing: diffusion analogy

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

tion as recommended hv Keefer (2), 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 mi 2 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 mi 2 were tested as fol

lows. The recurrence interval of this observed peak discharge (0), was deter

mined from the station-freauency curve. The appropriate regional frequency



equation from Price (~; was used to compute the corresponding peak discharge

for this recurrence i~:erval. The lagtime (TL) for this station was computed

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

sion TL were then used :0 simulate a flood hydrograph. A comparison of the

simulated and observed ~ydrograph widths at 50 and 75 percent of peak flow

yielded standard errors of estimate of + 51.7 percent and + 57.1 percent,

respectively. Figure 5 illustrates an example of this comparison.

Bias

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

hydrograph width, and t~e other for geographical bias. The width-bias test

was performed on the wicths 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 available floods at these stations. The average

recurrence interval was about 30 years. The mean error, x, indicated that

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

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

simulated) in the hydrog=aph widths at 75 percent of peak flow. Also, there

was a negative error (es:imated less than observed) in the comparison of peak

Q froc 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 0.01 :evel of significance, and therefore, the simulated

hydrograph widths are not biased.

The test for geogra?hical bias was done by comparing the widths at 50

perce~t and 75 percent 0: the ratio, Q/Qp, of the dimensionless hydrographs

simulated for Regions 1, =, and 3 as defined by Price (!), and shown in

figure 6, and for the Atlanta metropolitan area with the widths of the state

wide cimensionless hydrog=aph. Figure 1 illustrates these four dimensionless



hydrographs. There was no significant bias. In fact, the mean error, x,•
Inman, E. J • Page 11

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 mi 2 •

Sensitivity

The fourth test was to analyze the sensitivity of the simulated hydrograph

widths to errors in the two independent variables (Q and TL) 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 (7) as the time from the centroid of rainfall excess to

• the centroid of the runoff hydrograph. Lagtit:2 for the 19 Atlanta urban
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stations was analyzed separately, owing to the effect of urhanization on

lagtime.

The regression e~uations provide a mathematical relation between the

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

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 r ).--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, p1animetered

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 8S-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 hasin divide.

L/SO,S.--A ratio, where Land Shave heen previously defined •
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Measured total imoervious 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 (~) 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 suhhasins to determine

the MEIA percentage •



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

than 500 mi 2 , located throughout the State. A geographical bias was detected.

•
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Regionalization
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The area north of the Fall Line, consisting of Regions 1 and 2 as defined by

Price (l), and shown in figure 6, tended to overpredict lagtime, whereas, the

area south of the Fall Line, consisting of Regions 3, 4, and 5 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 eauations with two or more variables significant at

the 9S-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 9S-percent confidence limit. The

equation selected was lagtime (T L) = 4.64AO. 49 5-0 •21 • 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 9S-percent

confidence limit. The eauation was TL = 13.6AO. 43 S-0.3l. (6)

The Atlanta urban area was analyzed separately due to the effects of ur-

banization on lagtime. IA and ~!EIA were arlded as inrlependent variables in the

, 0 22 -0 66 -0 67
analysis. The equation that was selected, TL = l6lA· S • IA· , (7)



:s similar to the rural equations, in that both rural and urban eauations

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

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

6.8 percent, hut was retained in order to provide continuitv with the rural

equations. The Atlanta urhan equation (7) should be considered preliminary,

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

Athens, Au~usta, 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 chan~e the Atlanta urban equation.

The accuracy of re~ression equations can be expressed by two standard

statistical measures: The coefficient of determination, R-sQuare (the cor

relation coefficient squared); and the standard error of regression. R

s~uare 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

~ariables, 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 re~ression line and contains about two-thirds of the data within

this range. A summary of the la~time equations and their related statistics

are given in table 2.

e

ce
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Limits of Independent Variables

The effective usable range of basin characteristics for the rural eaua

tions are as follows:
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Variable Minimum Maximul'l Units

A 0.3 500 square miles

S 5.0 200 feet per mile

South of the Fall Line

Variable

A

S

Minimum

0.2

1.3

Maximum

500

60

Units

square miles

feet per mile

The effective usable ran~e of basin characteristics for the Atlanta

urban eauation is as follows:

Variable

A

S

IA

Minimum

0.2

13

14

Maximum

25

175

50

Units

square miles

feet per mile

percent

•

TESTING OF LAGTIME REGRESSION EQUATIONS

The la~time re~ression 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 is used

for calibration and the remaining part :or verification or pred1.ction. The

standard error of estimate, obtained f~orn the calibration phase. is a meas-



ure of how well the regression eouations 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

arrayed 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 analvses were performed on both regions

using onlv 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/SO.S

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

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

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

L/SO.S was not significant at the 95-percent confidence limit for either

odd or even sample above the Fall Line. The eQuation with A and L/SO.S

was split-sample tested for the area south of the Fall Line with A not being

significant at the 9S-percent confidence limit for either the odd or even

sacple. No atteopt was made to analyze the Atlanta urhan eouation with

solit-sample testing because of the limited numher of stations available.

•
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Two tests for bias were performed, one for variable bias ann the other•
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for geographical bias. The variable-bias tests were made bv 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 subiect to errors in measurement and judge-

mente 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

shown in tahles 4 and 5. These tables were computed hy assuming that all in-

deoendent variables were constant, except the one heing tested for sensitivity.



The Atlanta urhan eauation was tested for sensitivitv of :=ztime to

errors in the three independent variahles in the same manner c~ the two rural

eauations. ~he test results are shown in tahle 6.

e
Inman, E. J. Page 19

ce

SUMMARY

A dimensionless hydrograph was developed for Georgia strea~ having

drainage areas of less than 500 mi 2 • This dimensionless hydro~~aph can be

used to simulate flood hydrographs at ungaged sites for both r~~al and urban

streams statewide. Over 350 observed flood hydrographs were used 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 t~tween 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 eauation was

regionalized into one equation for the area north of the Fall l~ne, and one

equation for the area south of the Fall Line. Both rural eQuat~ons were

verified by split-sample testing. There was no variahle or gec~~aphical hias

in either the rural equation or the Atlanta urban eauation. Se=sitivity

tests indicated drainage area as the most sensitive basin charc::eristic in

the rural equations. and impervious area as the most sensitive :~ the Atlanta

urban equation.

A simulated flood hydrograph may be computed by applying l~~~ime. obtained

from the proper regression equation, and peak discharge of a spe:ific recur

rence interval. to the dimensionless hvdrograph. The coordinates of the

runoff hydrograph can be computed by nultiplying lagtime by the.:ime ratios

and peak discharge bv the discharge ratios in table 1.
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For basins larger than 500 mi 2 the U.S. Geological Survey comnuter model

CONROl~ is used for simulating flood hvdrographs. CONROUT routes streamflow

froo an upstream channel location to a user-rlefinerl location downstream. The

oroduct of CONROUT is a simulated outflow discharge hvdrogranh with a peak

of a soecific recurrence interval at the end of a reach.

ACKNOWLEDGMENTS

This study was carried out by the U.S. Geological Survey in cooperation

with the Geor~ia Department of Transportation. Hourly rainfall records were

obtained from monthly publications of the National Climatic Data Center.

The guidance and technical assistance of hydrologists in the U.S. Geo

logical Survey and particularly Vernon B. Sauer are recognized and greatly

appreciated. Also, the computer programming contributions of S. E. Ryan,

(:~ Hydrologist, U.S. Geological Survey, have been invaluable to this study.

~



Page 21

REFERENCES

Inman, E. J.

(1) Price, McGlone, 1979, Floods in Georgia, magnitude and frequency: U.S.

Geological Survey ~ater-Resources Investigations 78-137, 269 o.

(2) Inman, E. J., 1983, Flood-frequency relations for urban streams in

•
metropolitan Atlanta, Georgia: U.S. Geological Survey Water

Resources Investigations 83-4203, 38 p.

(3) O'Donnell, Terrance, 1960, Instantaneous unit hydro~raoh derivation by

harmonic analysis: Commission of Surface Waters, Publ. 51, Inter

national Association of Scientific Hydrology, p. 546-557.

(4) Doyle, H. W., Sherman, J. D., Stiltner, G. J., and Krug, W. R~, 1983, A

digital model for streamflow routing by convolution methods: U.S.

Geological Survey Water-Resources Investigations 83-4160, 130 p.

(5) Keefer, W. R., 1976, Conoarison of linear systems and finite difference

flow routing techniques: Water Resources Research, v. 12, no. 5,

p. 997-1006.

(6) Ri~gs, H. C., 1968, Sone statistical tools in hydrology: U.S. Geologi

cal Survey Techniques of Water-Resources Investigations, hook 4,

chapter AI, 39 p.

(7) Stricker, V. A., and Sauer, V. B., 1982, Techniques for estimating

flood hydrographs for ungaged urban watersheds: U.S. Geological

Survey Open-File Report 82-365, 24 p.

(8) Cochran, W. G., 1963, Sanpling techniques: New York, John Wiley, p.

71-86.

(9) Sauer, V. B., Thomas, ~. 0., Stricker, V. A. and Wilson, K. V., 1983,

Flood characteristics of urban watersheds in the United States:

U.S. Geological Survey Water-Supply Paoer 2207, 63 p.



Inman, E. J.

LIST OF T ABLE5

Page 22

Page

Table

Tahle

Table

Table

1. Time ann discharge ratios of the statewide dimen-

s10nless hydrograoh •••••••••••••••••••••••••••••••.

2. Su~ry of lagtime estimating eouations ••••••••••••••••

3. Lagti~e eouations split-sample test results ••••••••••••

4. Sensitivity of computed lagtime to errors in inne

pendent variables with the north of the Fall Line

23

25

26

Table

(e Table

eauation............................................ 27

5. Sensitivity of computed lagtime to errors in inde

pendent variables with the south of the Fall Line

eauation............................................ 28

6. Sensitivity of computed lagtime to errors in inde

pendent variables with the Atlanta urban

ecuation............................................ 29



dimensionless hydrograph.

Table l.--Time and discharge ratios of the statewide:.
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Time ratio Discharge ratio

(t/Tl) (Q/Qp)

0.25 0.12

.30 .16

.35 .21

.40 .26

.45 .33

.50 .40

.55 .49

.60 .58

C. .65 .67

.70 .76

.75 .84

.80 .90

.85 .95

.90 .98

.95 1.00

1. 00 .99

1.05 .96

1.10 .92

1.15 .86

1. 20 .80

1.25 .74r. 1. 30 .68
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Table l.--Time and dischar?e ratics of the statewide

dimensionless hydrograpb--continued.



• i
Table 2.--Summary of lagtime estimating eguations.

•
I-l
;:l
EI
til
;:l.

Area

North of the Fall
Line (rural)

~outh of the Fall
Line (rural)

Metropolitan
Atlanta
(nrhan)

Equation

TL = 4.64A· 49S-· 21

TL = l3.6A· 43 S-· 31

TL = l6lA·22S-·66IA-·67

Standard error
of regression
~~~ent)

+ 31

+ 25

+ 19

Coefficient of
determination,

~---- "-----

0.94

.96

.94

M

t....

'"d
til

()Q

I'D

N
0.



• •Table 3.--Lagtime equations split-sample test results.

'-,

•
Area

North of the
Fall Line
(odd)

Number
of

stations

25

Equation

T
L

= 4.88AO.48S-0.22

Standard error
of regression

(percent)

+ 32

Standard error
of prediction

(percent}

Coefficient of
determination,

R2
---

0.94

H
::1

~
='.
M

c.....

North of the
Fall Line
(even)

North of the
Fall Line
(even)

North of the
FA.ll Line
(odd)

Routh of the
Fall Line
(odd)

f)ollth of the
Fltll Line
(even)

f)outh of the
Fall Line
(even)

24

24

25

21

21

21

T
L

= 4.51AO.50S-0.21

T
L

~ 36.8AO.35S-0.G7

T
L

= 8.G3AO.4RS-O.21

+ 31

+ 18

+ 26

+ 32

+ 32

+ 41

.93

.94

.94

.DH

.92

.96

--- -~ ----_. __ .- --- ------- --_._---

f)ollth of the
Fall Line
(odd)

21 + 29

.._._--_.._-_.--_ .._. _.- ----- --_.----- -_.- - _.._-_.__.~--.. --- - _... -

.96
'"I:l
tlJ

JQ
rb

IV
(I,

__ ()a tIt not up p 11 cub 1c.
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Table 4.--Sensitivity of computed lagtine to errors

in independent variables with the

north of the Fall Line eouation.

•

Percent error
in independent

variable

+50

+25

+10

-10

-25

-50

INDEPENDENT VARIABLES
(Percent error in computed lagtime

Area Slope

+21.9 -8.2

+11.5 -4.6

+4.8 -2.0

-5.0 +2.2

-13.1 +6.2

-28.5 +15.7
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Table 5.--Sensitivity of computed lagtime to errors

in independent variables with the

south of the Fall Line eauation.

Page 28

•

••

Percent error
in independent

variable

+50

+25

+10

-10

-25

-50

INDEPENDENT VARIABLES
(Percent error in computed la time

Area Slope

+19.2 -11.8

+10.1 -6.7

+4.2 -2.9

-4.5 +3.3

-11.7 +9.4

-25.9 +24.1
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Table 6.--Sensitivity of computed lagtime to errors

in independen~ variables with the

Atlanta urban eauation.

Page 29

INDEPENDENT VARIABLES
Percent error (Percen~ error in computed lagtime

in independen~

variable Area Slope Impervious area

+50 +9.9 -23.4 -23.9

+25 +5.4 -13.5 -14.0

+10 +2.7 -5.9 -6.3

-10 -2.2 +7.2 +7.2

-25 -5.9 +21.2 +21.2(. -50 -14.0 +58.1 +59.0

•
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ABSTRACT: In Dlinoia, 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 mrrelation. Thus sat
isfactory values of parameters can be determined. for uogaged areas
or those with a few years' record. The nonlinearity in unit hydro
graphs derived. from usual floods is largely attributed to mixing
within<hannel and overbank-flow flood eventa. 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.)

(e
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
Darn Safety Program under PL 92-367 - The National
Darn Inspection Act. These inspection reports contain
hydraulic and hydrologic evaluations of the adequacy
of the spillway and darn to handle floods of various
frequencies' without endangering the structure or
causing darn 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
darn 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(LL c) (1)

t r =tp /5.5 (2)

q p = 640 C p / t p (3)

t pR = t p + Q 25 (t
R

- t r ) (4)

qpR = 64OC p / tpR (5)

in which ~ =lagtime from the midpoint of the effec
tive rainfall of duration tr to the peak of the unit
hydrograph, hr; tR = duration of effective rainfall
other than standard t.r. hr; tpR = time lag with effec
tive rainfall duration tR, hr; qp =peak discharge for

I ,e 'Pope, No. BO'O' o[lb. WolE, R,,,,,,,,,,, BuI1<tin. DiR<_;o~ ....,open until October I, 1991.. '. .
2Di..re<:tor, Office of Surface Water Resources and Systems AnalysIs, llhnOIB State Water Survey, 2204 Griffith Dr., ChampaJgn, lllinOis

61820.
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s~andard duration ty.. efslmi2 or efsm; QpR =peak dis-

•
'lrg~ for duration tR; L = river length in miles from
~ gIven station to the upstream limit of the

. ainage area; Lc = river miles from the basin outlet
to the center of gravity of the drainage area; and Ct
and Cp are coefficients, depending on units and basin
characteristics. The t (= tp - 0.5 t r in Figure 1
because Snyder's tp is £fom center of effective rainfall

to the hydrograph peak), ty.. and Qp (or U if effective
rainfall is 1 inch) are shown in Figure 1. Jfhe average
values of Ct and CJl have been found to be, respective
ly, 2.0 and 0.63 in the fairly mountainous
Appalachian Highlands.

Sny~er's equations give values only of toR and QpR
for a gIVen tR- The U.S. Army Corps o{Engineers
(COE, 1959) developed the following relations to help
in sketching a unit hydrograph:

~ 1 inch

~ EFFECTIVE RAINFALL

+-1 t r ~

dO.25

TIME, hours

-----------tb---------··I

Up =unit-hydrograph peak

U = unit-hydrograph ordinc:':

tr = duration of unit hydr09~aph, in
hours, equals duration cf
effective rainfall

tp = time to unit-hydrograp:- peak,
in hours

tb = time base of unit hydro;raph, in hours

to.75;: time to U/Up = 0.75. in hours

dO.75 = duration in hours fo~ U/Up =0.75

(Similarly, for to.50' dO.50· ta.25 and dO.25)

0.25 I+'----.~-----------.,\.

tp

1.00(.
to.75

0.75

Co
::::>--::::>

to.50 dO.50
0.50

• Figure 1. Unit Hydrograph Parameters- Definition Sketd..
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Unit Hydrographs for Developing Design Flood Hydrographs

in which W75 and W50 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, tb, in days of the unit
hydrograph:

•
W =440/ 1.00

75 qpR

W = 770/ 1.00
fi) qpR

(6)

(7)

(8)

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 tn and tr is given a constant value of 5.5
by Snyder (19'38), 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 ~nder the unit hydroKaph.
Conversion factors are: 1 Inch =25.4 mm; 1 ft. /sec =
0.0283 m3/sec; 1 cfs =0.00155/A inlhr where A is
drainage area in sq. mi.

in which tp is in hours. The shape of the unit hydro
graph can only be roughly drawn from tR, qpR' W75'
W50, tpR, and %. Assumptions of a minim.um % =3
days and W50 =1.75 W75 are open to questIon.

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:

Main Channel Length 6.74 mi

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•

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 :0 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
grap'h, 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-

Drainage Area

Main Channel Slope

Flow Record

Annual Maxima
(top 8 values)

9.81 mi2

11.88 ftJmi

1939-1959

1690,1460,1050,930,890,
855, 820, and 680 cfs
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REGIONALIZATION OF
UNIT-HYDROGRAPH PARAMETERS

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 tr to tR) can be written as:

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

(10)

(11)UpR =Up - a(tR-tT)

integrating between tr and tR,

in which tR refers to the new duration and a is posi
tive. U R < U if tR > tr and vice versa. The values of
a are o~tainedby deriving unit hydrographs for vari
ous values of tR with the S-hydrograph method. The
unit hydrograph parameters obtained from Figure 2
are t r =1.25 hours; Up =1200 cfs (from Up vs. T
curve); to.25 =1.75 hours; to.50 =2.15 hours; 1:.0.75 =
2.60 hours, tp = 3.50 hours; dO.75 = 2.50 hours, do.50
=4.45 hours; dO.25 =7.60 hours, tn =18.5 hours; and
a =120 cfslhr. The hydrograph shape in the recession
for discharge 0.25 Up to zero should be approximated
by a curve asymptolic to the time axis and not by a
straight line.

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

. +ler the baseflow separation, the surface runoff

•
Jgraphs 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 tr
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; ty., ~, and %are in hours; SRO denotes sur-

C
". runoff in inches; Qs and Up are the surface

off hydrograph peak and unit hydrograph peak,
respectively, incfs; 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 Up and
tp 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

TABLE 1. Unit Hydrographs for Four Flood Events.

tx- ~ tb SRO Qs Up T
Date (hr) (hr) (hr) (inch) (ds) (ds) (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 1.25 2.5 27.0 1.55 1,667 1,075 22.0
July 5,1953 1.25 3.0 30.0 1.08 923 855 5.5

WATER RESOURCES BULLETIN 904



5010 20
T, years

5

Unit Hydrographs for Developing Design Flood Hydrographs

1200 6

a.

•• ./ 5

~~/ • U vs T

• p

Up (cfs) )7
• t

p
vs T

t. (hrs)

1000 4

~
900 3

T. ye.rs

7.3
3.7
22
5.5

Dall!
4/22/44

4/25150
7/9f51

7/5153

tr 1.25 hoUrl

No.

1

2
3
4

TIME AFTER PEAK, hours

FINAL
UNIT HYDROGRAPH

/'

11
('d:

2i :
I. ~,.;
I .'I . !
1/ ..
I '.I' .

"I ,::I,' .I 3
I, +

" I ·I +

b.

~1.0----.L....,.j~~..!...-o!.. ----5.....------1..o--....:.::::~·15"-a,;;.=-==='.:I20..-....:...:..:..:..:..:~~2-='5.......

1
1TIME BEFORE PEAK, hours

200

400

800

1200

'000

-£
w
Cl
a::
ex: 600
x
u
(I)

c

•
Figure 2. Unit Hyd.rographs for Hickory Creek Above Lake Bloomington.
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Lewistown

403020

SCALE OF MI LES

10o

•

Figure 3. Study Basins in Region 5.

physiography, hydrology, and meteorology. The region
alization study for Region 5 is briefly described.

The rivers, streams, and tributaries included in
this region are shown in Figure 3, together with the
locations 'of 26 gaging stations used for deriving the
unit-hydrograph parameters. These gaging stations;
~ir USGS numbers~drainage area, A, above the
r_-ing station, in mi ; main channel length, L, in

miles; and main channel slope, s, in ftlmi are given in
Table 2.

Derived Unit-Hydrograph Parameters

, The derived unit-hydrograph parameters were
derived at each of the 26 gaging stations as described
earlier. These are given in Table 3. The stepwise
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TABLE 2. Unit-Hydrograph Parameten for Region 6: Basin Factors.

Area Le~ Slope

• No. Stream and Gacinc Station GSGSNo• (mi2) (mi) (tt/mi)

1 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 Prinoeton 05556500 196.00 64.59 6.07
4 West Bureau Creek at WyllDet 05557000 86.70 22.54 9.03
6 East Bureau Creek near Bureau 05557600 99.00 23.50 12.72

6 Crow Creek (west) Near Henry 05558600 66.20 27.49 10.24
7 Gimlet Creek at Sparland 05559000 6.66 4.81 53.86
8 Crow Creek near Washburn 05559500 115.00 27.68 6.07
9 Ackerman Creek at Farmdale 05561000 11.20 6.72 39.86

10 Farm Creek at East Peoria 05562000 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'Ibwanda 05564400 49.00 25.78 6.25
14 Money Creek above Lake Bloomington 05504600 63.10 29.20 4.91
16 Hickory Creek above Lake Bloomington 05565000 9.81 6.74 11.88

16 East Branch Panther Creek Dear Gridley 05566000 6.30 3.11 11.14
17 Eut Branch Panther Creek • EI P8lIO 05666600 30.50 8.47 4.54
18 Panther Creek near El Pam 05501000 93.90 13.59 4.22
19 Wl1dcat Creek Tributary neuMonticello 05572100 0.10 0.37 34.11
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 05580600 306.00 64.48 5.12
24 Salt Creek Tributary at Middletown 05580700 0.90 1.56 48.94
25 Sugar Creek near Hartsburg 05581500 333.00 42.77 5.76
26 Cabiness Creek Tributary oem- Petersburg 05582200 0.94 1.57 23.76C.

TABLE 3. Derived Unit.Hydrograph Parametel'll for Region 6.

tr ;, Up to.76 ~.75 to.50 ~.50 to.26 ~.26 % •
No. (hr) (hr) (d.) (hr) (br) (br) (hr) (hr) (hr) (hr) (cf-'hr)

1 8.00 24.00 10400 17.30 14.70 14.00 24.00 10.00 38.60 95.00 100
2 5.00 15.50 4300 12.00 12.20 9.00 25.05 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
6 3.00 7.50 6800 6.50 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
7 1.00 1.60 2400 1.00 0.90 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 1.73 1.25 1.30 2.17 0.80 3.28 7.83 500

10 2.00 6.00 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 6.76 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 47.50 160
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 13.25 4.50 25.70 50.00 80
15 1.25 3.50 1200 2.60 2.50 2.15 4.46 1.75 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 1.12 626 0.78 0.77 0.58 1.30 0.37 2.10 4.80 250

21 6.00 24.00 3600 17.20 20.40 14.20 31.60 10.00 51.00 112.00 80
22 6.00 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 0.61 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 1.09 460 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 tr and a:

in which 8e =standard error estimate (same units as
the dependent variable) and R = multiple correlation
coefficient, both apply to regression on log
transformed variables.

The significant regression equations obtained with
the stepwise multiple correlation analyses using the
log-transformed modified values of the parameters
are given below.

} determined from
Equations (12) and (13)

(15b)

(15a)
0.388 0 453

t
p

= 4. 539 A s-. ;

(8 e = 0.<X>4; R= 0.995)

t = 0 474 A 0.482 s - O. 100
r .

0.071 0 OWV\

U =43 76 A s .1"".
p' ,

a = 3. Tn A 0.256 S - 1.151(13)

(12)

log a= 0.577 + O. 256logA + 1151logs

(8 e = O. 053; R = O. re.'3)

log t
r

= - O. 324+ O. 482logA- 0.100 logs

(8 e =O. 060; R = O. 993)
•

Modifzed Unit-Hydrograph Parameters (8 e =0.000; R= 0.988)

With the fitted values of ty. and a (given as ty.' 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 - aCt - t ) (14a)

If P r' r

t 0.25 = to. 25 + 0.5( tr' - t r )
(l4b)

t , = to 00 + 0.5( tr' - t r ) (14c)
0.00 .

t 5 = to + 0.5( tr' -t r ) (l4d)
0.7 .75

t p = t p + 0.5( tr' - t r ) (14e)

d 5=d +O.50(t -t r ) (14f)
0.7 0.75 r'

d , = do 00 + 0:75( tr' -t r )
(l4g)

0.50 .

d .=d +(t -t) (l4h)
0.25 0.25 r' r:. tj)=t

b
+(tr'-t r ) (l4i)
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0.374 0 469
t = 3. 600 A s-. .

0.75 '

O.:B) 0 cn<I

d =4. 561 A s - . .....,
0.75

(8 e = 0.<176; R= 0.991)

0.374 0 481
t =3. ()(X) A s-. .

0.00 '

0.334 0 645
d = 9. 184 A s - .

0.00

(8 e = 0.003; R = O. 989)

0.369 0 493
t = 2. 223 A s-. .

0.25 '

(8 e = 0.005; R = 0.992)

0.2B9 0 763
d =Z3.40A s-'

0.25

(8
e

= 0.008; R= 0.987)

o 281 .
t = 55 73 A' s-0.709.
b' ,

( 8 e = O. 070; R =O. 991)

(15c)

(l5d)

(l5e)

(15f)

(15g)

(15h)

(15i)
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Fitted unit hydrograph parameters using Equations 1.9 to 4.7 instead of 6 as per Snyder's formulation.
(12), (13), and (15a) through (l5i) are given in Table 4. The median values for all the regions vary from 2.9 to!. Similar analyses were conducted for all eight 3.9. The ratios generally increase with increase in
regions shown in Figure 3. The results of these analy- drainage area and/or decrease in channel slope.
ses (Singh, 1981) show that the methodology devel- Snyder (l938) gave qp as inversely proportional to
oped and presented for Region 5 is equally applicable tp. Thus, Up/A will be Inversely proportional to tp,
over all the regions in Illinois and can be used in gIven a constant value of Cp for a homogeneous
other geographical regions and settings to develop region. In other words, the pro~uct of Utr'A and tp
unit hydrographs for use in dam safety and other (comparable to q X tp ::;: 640 Cp 10 Snyders formula-
studies requiring 100-year or higher flood hydro- tion) should be fue same for any drainage area in a
graphs. 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

COMPARISON WITH SNYDER'S EQUATIONS
each region. Generally, the product decreases with
increase in drainage area and/or decrease in slope.
For all eight regions combined, the product varies

Snyder (1938) indicated that ytr ::;: 5.5. For this from 280 to 873. The median values for all the regions
study, tpltr becomes 5.5 + 0.5, or 6 because t p in vary from 395 to 552.
Snyder's equation is from midpoint of excess rainfall According to U.S. Army Corps of Engineers (1959),
duration tr whereas in this study tp is taken from the the ratio of W50 to W7S is 1.75. This ratio equals
beginning of rainfall excess. The Jltr ratios were cal- dO.SoldO.75· The range of this ratio as w.ell as its
culated for all stations in each 0 the eight regions median value for the eight study regions are given in
from tables similar to Table 4. The range of the ratios Table 5. The regional median values vary from 1.57 to

in each region as well as the median values are given 1.74. High values of the ratio are usually associated
in Table 5, which also contains the range of basin with drainage basins having large areas and/or less
drainage areas and number of basins in each region. slopes.
For all eight regions combined, the ratios range from(.

TABLE 4. Fitted Unit-Hydrograph Parameters for Region 6.

Baain tr ;, Up to.75 ~.75 to.60 dO.60 to.25 ~.25 tb •
No. (br) (br) (cfa) (hr) (hr) (hr) (br) (br) (br) (br) (cWbrl

1 7.84 25.06 9026 17.88 17.29 14.65 27.56 10.34 44.81 110.01 9-?
2 4.98 16.04 5632 11.55 11.00 9.44 17.75 6.67 29.28 73.27 9;
3 5.05 15.51 6356 11.14 10.45 9.09 16.73 6.42 27.15 68.36 121
4 3.27 9.45 4757 6.82 6.16 5.53 9.86 3.90 15.85 41.03 150
5 3.37 8.52 6657 6.10 5.27 4.93 8.26 3.46 12.68 33.40 229

6 2.62 7.55 3838 5.46 4.89 4.43 7.87 3.13 12.70 33.23 161
7 0.73 1.46 2494 1.06 0.80 0.84 1.25 0.59 1.85 5.38 ~

8 3.90 12.62 4374 9.13 8.63 7.45 14.00 5.27 23.28 58.85 102
9 1.05 2.18 3250 1.58 1.22 1.26 1.91 0.88 2.83 8.06 489

10 2.57 5.91 6293 4.23 3.50 3.41 5.45 2.39 8.16 22.04 320

11 3.74 9.80 6800 7.02 6.16 5.68 9.69 3.99 15.01 39.16 199
12 6.04 16.56 9883 11.79 10.70 9.59 16.77 6.74 26.06 66.12 163
13 2.62 9.68 2170 7.10 6.92 5.80 11.56 4.13 20.33 51.33 72
14 2.75 10.29 2189 7.56 7.41 6.18 12,40 4.40 21.89 55.05 69
16 1.11 3.59 1254 2.65 2.39 2.16 3.99 1.53 6.85 18.32 HE

16 0.91 3.11 879 2.32 2.12 1.88 3.59 1.34 6.33 16.93 94
17 2.12 8.60 1404 6.36 6.36 5.21 10.84 3.73 19.80 49.81 51
18 3.67 13.75 2932 10.03 9.95 8.22 16.54 5.85 28.97 71.93 61
19 0.11 0.38 106 0.29 0.25 0.23 0.44 0.17 0.82 2.39 122
20 0.40 1.00 798 0.74 0.59 0.59 0.97 0.42 1.57 4.56 285

21 6,41 18.11 6596 13.04 12.63 10.68 20.46 7.56 34.13 84.63 88
22 5.40 16.23 7177 11.63 10.85 9.48 17.28 6.69 27.77 69.93 l2?
23 6.36 19.91 7698 14.25 13.57 11.65 21.67 8.22 35.16 87.40 109•• 24 0.31 0.76 642 0.56 0.44 0.44 0.72 0.31 1.17 3.43 326
25 6.55 19.51 8879 13.92 13.04 11.37 20.66 8.01 32.93 82.33 124
26 0.34 1.06 396 0.80 0.68· 0.64 1.17 0.46 2.05 5.80 144
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Singh

TABLE 5. Results From Regionalization of Unit-Hydrograph Parametel"ll.

Ratio ytr Product Up yA Ratio ~.w'~.76 %- daya

• Repon RangeotA n Rance Median Range Median Raqe Median. Range

1 1.15-387 15 1.94.7 3.2 302-873 482 1.49-1.76 1.67 0.14.9
2 0.07-324 20 3.4-4.2 3.9 280-677 416 1.60-1.86 1.72 0.1-7.7
3 8.84-107 11 2.4-3.7 2.9 354-585 395 1.56-2.03 1.72 2.1-3.5
-4 0.24-445 12 2.64.5 3.2 493-658 552 1.55-1.73 1.57 0.1-5.4
5 0.10455 26 2.04.1 3.1 3!HH>43 502 1.56-1.76 1.61 0.14.6
6 1.05-4Ml 10 2.3-4.5 3.4 426-504 432 1.67-1.85 1.74 0.4-6.4
i 0.08-319 19 2.14.2 3.3 363-062 461 1.54-1.76 1.59 0.1-6.9
8 0.08-464 17 2.5-4.7 3.9 393-851 483 1.50-1.71 1.67 0.1-5.9

Note: A basin drainage area, mi2.
n = number of basina in a region.

TJpYA product, cfs hr/mi2.

The q, was given by Snyder (1938) as 3 + y8 days
where to is in hours. Thus the lowest value for tt> is 3
days. HOwever, the range for %values and number of
basins with % < 3 days for each region, as given in
Table 5, show that Snyder's tn values are not useful
in delineating unit-hydrograph shapes.

CONCLUSIONS

( • c;atisfactory delineation of unit hydrographs suit-
. .e for developing IOO-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 (v.ithout 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

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 Land 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 tT
If tr 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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INTRODUCTION TO FLOOD ROUTING

PMF GUIDELINES SECTION 8-11
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8-11 Reservoir Routing to Obtain Outflow 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 84 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-l, 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, they 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

1. . Purpose

2. Nature of Flood Movement

B. DERIVATION OF THE CONTINUITY AND MOMENTUM EQUATIONS

1. :Methods of Flood Routing

a. Hydraulic Routing

b. Hydrologic Routing

ce C. HYDROLOGIC TECHNIQUES FOR FLOOD ROUTING

1. Muskingum Method

2. Muskingum Cunge Method

3. Kinematic Wave Method far Channel Routing

4. Attenuated Kinematic Wave Method
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INTRODUCTION TO FLOOD ROlTTING

1. Purpose

Detennine 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.

2. 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.

L-34 1 of 7



• 2. Nature of Flood Wave Movement

a. Effect of reservoir-type storage
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• b. Uniformly progressive ~ave

TIME

3. Methods of Flood Routing

a. Hydraulic methods

These methods are based on solving the basic differential
equations that descri~e unsteady flo~.

Sf = So,-

~
Uniform Flo..

2
2v _ C(v /2g)
ax ax

Ste~d)'

1 Clv
g at Energy (1)

Gradually Va=~ed Flo~

Unsteady

These are often calle~ the Saint Venant Eauations.

Gradually Varied Flo~

•
L-34

av dY
A - + vB -~- +ax dX

dV
D - = qat

Continuity (2)
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b.

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

(l) River cross sections
(2) Manning's 'n' values
(3) Water surface profIle at t = 0
(4) Inflow hydrograph
(5) Stage-discharge relation at downstream end

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 PuIs, 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.

e

4. Modified-PuIs Method

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

L-34 4 of 7



I Given: Inflow hydrograph, routing interval, initial storage

• II Determine: Storage-outflow curve, outflow hydrograph

III Procedure:

(1)

(2)

(3)

(4)

(5)

(6)

Determine discharge rating curve at downstream end

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

D . saOetermme - + - vs. curve.
Lit 2

Route inflow hydrograph through reach

Compare result with historical events to verify your model

Perform required study

b. Application of Modified PuIs Method to Rivers

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

(2) Determine the number of routing steps

k (
. TIT·) Total Distance Between Ga!?:es. l.e., rave Ime = -

Vw (i.e., Velocity of Flood Wave)

•
L-34

NSTPS =
K
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a.

b.
c.

(3) Apply the Modified PuIs method as for reservoir routing.

c. Problems observed in using Modified PuIs method in rivers

(1) 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.

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

1. Defmition 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 storage routing methods such as the Modified PuIs, Working R&D, and
Muskingum methods. They also include the simpler averaging and lagging methods
such as the straddle-stagger and Tatum methods.

2. Focus of Lecture

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

• 3. 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.

•

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

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 0 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 Llt.



The routing coefficients -- C1, Cz, and C3 -- are defined as follows::.
C1 =

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

Cz= At +2K X
2K (1 - X) + At

C3
2K (l - X) - At

2K (l - X) + At

d. Application of Muskingum Method

See Example 1.

REFERENCES

a.

b.

c.

EM 1110-2-1408, "Routing of Floods Through River Channels," U.S. Army
Corps of Engineers, March 1960.
Storage and Flood Routing, U.S. Geological Survey Water Supply Paper 1543
B, 1960.
Henderson, F. M., Open Channel Flow, Chapter 9, MacMillan, 1966.
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• 1. 11\rrRODUCTION

Muskingllm-ClInge Channel Routing

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 limitatio!ls
of the Muskingum-Cunge technique are that (1) it cannot account for back"Water effects; and (2)
the method begins to diverge from the full unsteady flow solution when very rapidly rising
hydrographs are routed through flat channel sections (i.e., channel slopes less than 1 ft/mile).

II. DEVELOPlYfE.1'fT OF EQUATIONS

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

(continuity) (1)
aA aQ
at + ax = qL(. .....0(

Sf = So - c_-ex
(diffusion form of

Momentum equation)

.................... (2)

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

+ c cQ
dX

a2Q= I.l -- + cqi1x 2 L
.............................. (3)

'Where: Q =
A =
t =
x =
y

q! =
Sf =
Sc =
c =

c:~ Ic = '>!
c..::,. y.

L-1277/GWB11939

Discharge in cfs
Flow area in ft~

Time in seconds
Distance along the channel in feet
Depth of flow in feet
Lateral inflow per unit of channel length
Friction slope
Bed Slope
The wave celerily in the x direction as defined below.

............................. (4)



•
The hydraulic diffusivity (p,) is expressed as follows:

~ - 2~S (5)
o

where B is the top width of the water surface.

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

/Jr/ /7,.1
Q. ~j/J

/7 /7
6.)./ av'~/

---

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 = K [X I + (1 - X) 0] (7)

•
where: S

K
X
I
o

=

=

Channel storage
Cell travel time (seconds)
Weighing factor
Inflow
Outflow

L-1277/GWB/1939 2
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Therefore, the coefficients can be expressed as follows:

!1 t + 2X
K

L\ t + 2 (l - X)
K

C
3

= 2 (1 - X) - !1 t
K

L\t + 2 (I-X)
K

!1 t - 2X
K

!1t + 2 (1 - X)
K

2K _ !1 t
K

L\t + 2 (I-X)
K

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 fonnulation, the amount of diffusion is controlled by forcing the
numerical diffusion to match the physical diffusion (p.) 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):

K L\x
c

....................................... (8)

•

X= ~(1 - BXo~L\X) ................•............. (9)

Then, the Courant (C) and cell Reynolds (D) numbers can be defmed as:

!1tc = C L\x (10)

L-1277/GWB/1939 3
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and

D = Q
BSoCD.x

................................... (11)

c.

•

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

1 + C - D
~ + C + D

-1 + C + D
1 + C + D

1 - C + DC3 =
1 + C + D

2C
1 + C + D

in which the dimensionless numbers C and D are expressed in tenns of physical quantities (Q,
B, So' and c) and the grid dimensions (AX and At) .

L-1277/GWB/1939 4



m. SOLUTION OF TIrE EQUAnONS

'. The method is non-linear in that the flow hydraulics (Q, B, c), and therefore the routing
coefficients (C I , C2, C3, and C4) are re-calculated for every .1distance step and At time step.
An iterative four-point averaging scheme is used to solve for c, 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, ..1t 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).

3. The travel time of the channel reach.

Once i1t is chosen, AX is evaluated as follows:

AX = cAt (12)

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

l1x < ~( B~:C) (13)

where Qo is the reference flow and QB is the baseflow taken from the inflow hydrograph as:

(.

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



e
IV. DATA REQUIREMENTS

Data for the Muskingum-Cunge method consist of the following:

1. Representative channel cross section.

2. Reach length, L

3. Manning roughness coefficients, n (for main channel and overbanks).

4. Channel bed slope, So'

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:

KK
RD

Station Computation Identifier
Muskingum-Cunge Data

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

KK .. Station Computation Identifier
RD Blank record to indicate Muskingum-Cunge routing
RC

RX
RY

8-point Cross-Section Data

".'
/,'

\

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.

L-1277/GWBI1939 6



V. INPUT AND OlITPUT 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 CPI to CP2 and from CP2 to CP3 was accomplished with Muskingum-Cunge
routing.

KEMPTON CREEK WATERSHED

Figure 2.

L-1277/GWB/1939

Kempton Creek Watershed for Muskingum-Cunge channel routing
example.
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'. Subbasin 2 (SUE2) is ~eBvily urbani~ed vith comme~cial and residen~ial

land use. The channel fro= CPl to CP2 is a concrete lined ~rapezoidal cha~nel

~ith the folloYing dimensio~:

10 it

l~ 25 ft ~

Figure 3. Trapezoidal channel.

Both subbasins 1 and 3 are ~o~pletely undeveloped. The channel between C?2

and CP3 is in its natural s~te. A representa~ive 8-point cross section has

been fit to match the main ~~annel and overbank floys through the reach as

shown belo..-:

n :: 0.05

I
~10, 100

1'(, in Channel I
Right Overbank

1
I 0.05

n = 0.03 I
n ::

I 90
I

300, 85

100, 100
Left Overbank

~::l. 75

•

?i~~e~. S-poin~ C~oss Sec~io~

'.
Lis~ings of ~ne req~~rec '~~p~~ Ca~a and ~ne res~l~ing outpu~ are sno~~

i~ ~able 1. ?or ~ne cnan~e: rou~inb =ro~ CPl ~o C?2. i~ is only necessa~' ~o

have an p~ record. Use of ~,e p~ record by i~self mea~s ~nat tne chan~el

geometr~y can be described ~~~ a siwple geo~e~ric elemen~. such as a

trapezoid. ?or tne rou~i~~ reac~ be~~ee~ C?2 a~d CP3, ~~ is necessar~y ~o a~so

include Re, FJ:, and R: rec;r~ ~o describe tne geometry through this reac~.

Vnen using t~e S-poi~~ cross-sec~io~ option, tne p~ record only serves ~o

indicc.~e 2. l-ius1:ingu.:r-Cu.."'1ge :::'an.'1el :-o:.;::i~g is 'oeing perfo:::1Ded. 1-.11 0: :he

necessary in:o~atio~ is o~::ained :ro= ::ne Re, R):, and RY records.

L-1277/Gi-.'r/1989 s
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TAELE 1

Example Problec; Input and Outpu~

HEC-' II/PUT
PAGE

LIIiE
10 ••••••• , ••••••. 2•••••••3 ••••••• /, ••••.•.5••••••. 6••.•••. 7••••••• e 9..•..• ,0

,
2
3
4

ID
10
IT
10

TEST EXAMPLE 110.
GARY lJ. BRUIIIIER

'5 'BAPR89
5

'5. HUS(III~-CUI/GE CHAIIIIEL ROUTIII~ EXAH?lE
APRIL 'B, 1989
nOD 60

ce

5
6
7
e
9

'0
l'- 12

13
1/,

'5
'6

Z3
2':'

(( SClS'
~ RUIIOFF CAlCULATIOII FOR SUS,
B.l. 25.0
PS 3.5
PI 0.2 0.3 0.5 O.B '.0 O.B 0.6 D./' 0.2 O. ,

- BF ·1.0 •. 05 1.0Z
LS 0.5- _.- 65--
u: 3.5 3.0
•

I::~ Ro:JT1
Ol Ro:JTE SUB' HYOROGRAPH FR~ CP' TO CP2

1::0 ,
RD 3'630 0.0008 0.0'5 TIW' 2S 1.0

•

~ SUi>2
Ol LO::J.L RUIIOFF FR~ SUBBASIIi SU02
SA 35.0
Po 3.0
LS 0.5 75 35
u: 2.8 2.'

SUi>2
COH5IIIE LO:AL SUi>2 AIID ROOTED SUo, HYORO:;RAPHS

2

26
27
28
29
30
31
32

(( ROOi2
l:H ROOiE TOTJ.L FlaJ J.T SUeZ FR~ CF2 TO c?3
(0 ,
RD
r.: 0.06 o.e)3 0.05 29~0 0.0007 96

PoX '00 "0 26:J 265 295 300 ~o::>

poy '00 90 es 75 75 es 9J

':'10

iOO

-.

33
:>.:.
35
36
37
38

39
.. 0
..,

((

~

SA
PO
LS
u:

zz

sue3
LO:AL RUIiOFF FROK SU6BASlIi ~JE3

32.5
2.9
0.5 70
4.0 3.5

SUE3
COHolli~ LO:AL SUE3 VITH RCXJTED F~~ SUS2

2

1.-l277 /G".."7E/l9 8 9 9



--.._ ..........................................

..•....•...•••....••••.•.•.•.•..•.•..•.•.
RUN DkTE 05/01/1989 TIKE

.•• .::0 Hl'DROCR.l.PH PACo.cE
FE&WA~l' '951

REVISED 05 DEC ~

( H~C-1)

13:12:37 •
•

u.s. A~~r CORPS OF E~ulw:Er.S

:H£ HYDRO~OCIC E~:I~~Er.I~u CE~TEr.

609 SECO~O ST~EET

DAVIS, ChLlr~~l~ 95616
(916) 551-17/'8

.•.......•..•....••...•................

TEST EXAMPLE 110. 15. HUS~lIlC~-CUNCE CHANNEL ROUTIWe EXAMPLE
C~Rl' ~. BRUWWER APRIL '8, '989

L 10

IT

OUTPLTT COWTROL
IPRIIT
IPLOT
CSCAL

HYORO:;RAPH TIME
NMIN

JOATE
IT I !,!:;

IIQ
':OOATE
':OTIM:;
I c:;IIT

VARIABLES
5
o

O.

DATA
15

18APR89
1100

60
19APR89

01~5

19

PRIIIT COWTROL
PLO, COI/TROL
Hl'DRO:RAPH PLOT SCALE

MINUTES IN CQiPUTATlOII IIITERVAl
STARTINe DJ.TE
STARTINe TIM:;
NUMBER OF HYORO:RAPH OROll/kTES
Ellollle DATE
EIIOllle TIM:;
CEI:TURY twt(

CQi?LTTATIOII IIITERVAL
TOTAL TIKE BASE

EII"USH UlHTS
ORJ..IIU,C:; AREA
PRECIPJTAiIOW DEPTH
LEI::iH, ELEVAilOIl
FLO'oJ
STORJ.uE VOLU~:;

S'JRFJ.CE AREA
,a~?ERA TURE

.25 flOORS
14.75 HOORS

~UARE KILES
II:CHES
FEEi
CU31C FEE, PER SECOND
ACRE-FEET
J.::RES
DECREES FJ.HREIIHEIT

W'T. _ ••• ...~ - -- •••

".'"

L-1277 /c-..."3/1989 10



((•15 (0

~OJT'

CXJTPUT con f:OL
IPRl.'T
IPLOT
CSCAL

VARIABLES
1
o

O.

PRIIiT COI.'TROL
PLOT CC»iTROL
HTOROCRAPH PLOT S:ALE

HrORO~RAPH RCXJTIIiC DATA

'6 RO MUSl:IIICUM-CUIiCE
L
S
II

CA
SHAt>E

\lJ
Z

OXMIII

CHAIIIIEL
31680.

.0008
.0'5

.00
TRAP

25.00
1.00

2

RCXJTIIIC
CHAIIIIEL LEliCTH
SLOPE
CHAliliEL RCXJuHIIESS COEFFICIEIIT
C~TRIBUTJllu AREA
CHAIIIIEL SHAPE
BOTT~ VIOTH O? OIAKETER
SIDE SLOPE
MIlIlMUM lIUMBER OF OX I),'TERVALS

...
PROCRAM ~PUTED DELTA-T •
PROCRAM ~PUTED DELTA-X c

12.00 MIll.
2580. fT.

IHfLUJ VOL~~ • BASEfLOV III CHAIIHEL

OUTfLUJ VOLUKE • VOLUHE LEfT III CHAIIHEL :
'~35.133 ACRE-FEET
'~34.975 ACRE-FEET

COO?lJiEO p~ fLUJ : 3330.35 CfS

...........................................................................................,.....
- .

~~ HYOROC~APH AT STATIO),' R0U7~

.......~~~ ..-w·••7.~.~.~.".~ ~..~..rwT~ ~ ~ · ~ ~••rw rw •

OJ. ~:»" Hr.KII ORO FLUJ OA HOIi liRHII ORO FLUJ • OA MOl; llRHI\ ORO fLU... OA HOIi Ii?HII ORO i'L 0-'-

'8 A?7, i 10:> , 25. 18 J..?R " n: 16 2065. '5 APR 1£30 3' iE5S. 1S J..Pi. 22~5 .:.S 6'J7.....
1S A?;" jj15 2 25. 1S J..?R '500 i7 2'S' . 'S APi: '~5 32 ii21. 1S A?R Z23'J '7 - 4-.. , ::>-:: •

15 A?R i130 3 25. " Hi A?R 1515 '5 2S1C. '5 APR 1900 33 159':'. 1S APR 2Z~: '5
--J.
::>~~.

15 APr. ';~5 4 2S. 1B J..PR 1530 '9 3077. '5 J..PR 1915 31. 1~79. 18 APR 2300 49 ~89.

1S J..:>R i200 5 25. 15 APR '5~5 20 32~E.. 1S APR '930 :::5 i37j .. 1e APR 23'5 50 1.5~.

15 A?R i21S 6 25. i8 APR '600 2' 530. 1S J..PF. '9~S 36 i271. 1S APR 2330 5i ' ?<... _~.

1S A:>;' i2.30 7 2S. 1S APR 16'5 22 3315. is APR 2000 37 , i79. 1S APR 23~5 52 396.

15 J..?r. ; 2~S 5 2S. Ui J..PR 1630 23 322S. iE. J..PR 2015 35 109~ . 19 APr. 0000 53 369.

1S P'Y. 1:;00 9 25. 15 APR 1~5 2' 30~5. 1S APR 2C30 39 10j6. 19 A;:P. 0015 5~ :>~.

is pr. j3~5 10 25. 1S APr. 1700 25 29:;7. 1S APr. 2~5 ':'0 9~3. '9 AP'Y. 0~30
C' 32: .~;)

is ,.:n, E:;:l i1 25. 'S "PP.. 1715 26 2.7;!-. 1S J..PF. 2'LJ::l 4' E.7.3. '9 APr:. 00~5 56 30~.

'5 J..~r. ;:>~5 ;2 ~. 's APr. 1730 27 25Z2. 18 APR 21 i5 42 eE. 19 J..P;:' 0100 57 -Of)L __ •

'C J..?';. j':CJ .j:; -'L 'c J..pr. "17~5 2C 2337. 1S APR 2i30 43 756. 19 J..PF. OJ 15 5S 25::..- >'-- •.. P'i. i~'5 ;~ 1~3. 1S J..P;: 1800 29 2'~. is APR 21'S '-' 7C2. 19 J..p.. 0:30 59 2~5.

,-.. APR '~30 15 1593. 1S APR le15 30 2005. 1S APR 22CO 1,5 653. .-. 19 J..PR Cj1,5 60 23~.

'v

C:fS) (H?)
6-Hr.

~X.Yo~~ AVERAu: FLU;
2~-Hr. TZ-HR

CUMULJ..jJ~ J..?:J.. = 25.00 SO Yo]

333C.

,'.
5.00

(CrS)

(H':P.ES)
(A:-rj)

22~.

• f":3
1~2~.

1':'6 .
1. O~S
nY7.

"':'6.
LO~S

j39/.

11'6.
1 .o.:.e
1397.
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•
........................

tCXJT2 •

................

26 1:0 CXJTPUT CC)I.,'TROL
IPRlll
IPLOT
CSC.l.L

VAI<l.l.BLES
1
o

O.

PI< IliT CC)I.,'TROL
PLOT COh'T ROL
HYDROCR.l.PH PLOT SCALE

HYDROCR.l.PH ROUTIWG 0.1.1.1.

1I0001'V,L DEPTH
AlIL

AIiCK
AlIll.

RUITH
SEL

ElKJ..X

CHAlIlIEL
.060
.C30
.050

29Ol.0.
.0007
96.0

LEFT OVERBAI/( II·VALUE
MAIN CH.l.lIl1EL II·V.l.LUE
hlCHT OVERBAII( II'V.l.LUE
REACH LEl/eTH
EIlERCY SLOPE
MAX. ELEV. FOR STORAGE/OU1FL~ CALCULA110ll

32 ~y

31 RX
ELEVJ..T101/
DISTAI;:£

--- LEFT
100.00
100.00

CROSS-SECTION DATA
OVERSAIl( --- • -- •••• KAlil CHANNEL ------- • --.

90.00 es.oo 75.00 75.00 85.00
110.00 260.00 26S.00 295.00 300.00

RICHT OVERBAIl~ .-.
90.00 100.00

1,00.00 /'10.00

..-

CO!'I?UTED STO~eE-OUiFL~-ELEVATIOI/ OJ..TA

•
STO;u.eE .00 ZZ.51 ~S.~ 69.98 9~.9~ 1,0.71 147.29 174.69 202.90 231.93

CXJiFL~ .00 /'S.55 14Le.s 27':'.39 t.37.13 626.66 0/.0.79 1078.0.:. 1337.3Y 1618.12

ELEVJ..T101/ T;i.OO 76.11 n.21 ie.32 n.::z. 80.53 81.63 52.74 D.s/' B!..95

SjO;u.u: 27'9.57 368.1,9 49i.52 667.e.s 515.0:' 1090.26 1307.08 152S.51, 17/'5.62 1967.33

CXJi Fl 0'.1 19B!.. '?9 2!.1,3.1.1 302S'.!.7 3iil..70 1,T;i1,.58 5986.67 7389.58 8951.15 10662.2, ~2S~5.79

ELEV:.j I Oil E.6.C5 57.16 &..26 89.37 90.1.7 91.58 92.6S 93.79 9':'.89 96.00

P~O~RA¥. COH~U;EO DELTA-T ~

??;~R:.¥. COH?UlED OELTA-X ~

12.00 ~II\.

3630. fj •

Il\rLO'J VOlU~: • SASEFLOJ III CHAlilIEL :
:xJi FLO'.' \'::Jl:J~= .. \'OlU~E LEFj 111 CHkllllEL

1,7BS.2S1, ACRE-FEET
1.71,7.717 ACRE-FEET

COH~UTEO PE:'( FLO'.1 :

'.

9'998. 17 CFS
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.......~..............................--..........•...--.........................................................................

• HfOROGRAPH AT STATI~ WJT2

..•..•.••.••.•..•••....•...••..•.••••......••••••...••..............................~......•..••••••••.••....•••.......•.........

OJ.. K:)I/ HRMI,' ORO FLDJ 01. K;l,' HRMI! ORO Ho-.J 01. K:>iI HRMII OKO FLo.' 01. M:>II HRMl/ O~O fLDJ

18 APR 1100 1 60. le APR H.~5 16 3055. 18 J·n 100 31 7873. 18 API/. 2215 1.6 2296.

18 API/. 1115 2 bO. 1e A"~ 1500 17 3~09. H\ APR 1t,45 32 71.28. 18 APR 2230 1..7 1M~ .

1S APR 1130 3 bO. n AOR 1515 18 1.&66. 111 APR 1900 33 6997. 18 APR 221,5 :'ll 1:'69.

1S APR 111.5 I. 60. lE; AO~ 1530 19 61H. 18 APR 1915 34 6590. 18 AOR 2300 1,9 13~5 .

111 API/. 1200 5 60. HI A°l/. 1545 20 7359. 111 API/. 1930 35 6206. n APR 2315 SO .26,.

1S API/. i215 6 bO. 111 A"~ 1600 21 ~4'. III API/. 191,5 36 5~5. le API/. Z330 51 1180.

111 API/. 1230 7 bO. 111 A"iI 1615 22 9221- 1S APR 2000 37 5506. 1S APR 2>1.5 52 1113 .

1S API/. i71.5 8 60_ 1II AOR 1630 23 9i21. 1S APR 2015 311 5186. 19 APR 0000 53 1059.

1S APR 1300 9 60. 1S AOil 1b1.5 2' 9965. 1S APR 2030 39 '576. 19 APR 0015 54 101:'.

1S API/. 1315 10 122. 1e AOil 1700 25 9993. 18 APR 2~5 '0 4569. 19 APR 0030 55 97:".

III APR 1330 11 519. 111 AOR 1715 26 9529. 18 APR 2100 41 4259. 19 APR 0~5 56 938.

III APR 131.5 12 1112. 15 A.P~ 1730 27 9S~7. 18 APR 2115 1.2 3937. 19 APR 0100 57 90S.

1S APR 1/.00 13 1660. 111 AOR 171.5 2ll 91B-: • 1s APR 2130 1.3 3591. 19 APR 0115 511 &7'S.

1S APR 11.15 14 2017. • 1S PR 1800 29 5769 • ill APR 2145 44 3211. 19 APR 0130 59 &:.7.

18 API/. 1430 15 2503. 18 A"R 11115 30 024. • 1S APR ZZOO 1.5 --. 2777.-- 19 APR 0145 --60 D6 •

• • •
• ..••••••••••••••••..............

.r ....~.................~............~......__...__............................~.

pv.r: fLO'.l TH~E AAXJHlJM AVERACE fLo.;

6-nR 24-HR n-liil 14.7S-HII.

+ (CFS) (II;:)

(CFS)
9993. 6.00 7352. 3704. 37K 378!. •

(I NCIlES) 1.139 1.Ll.1 1.~1 1.441(. (AC- FT) 3646. 4613. '613. 4613.

OJHULJ"iIYE J....CJ.. = 60.00 SQ HI

l1UhO~~ SUl"."lAl1Y

fLO'oJ Hi CJ51: f~~T PER SEC:::l..':>

iIfo!~ Hi H~?S, A?=.A III SOUJ.RE HI lES

P='~ TJfo!E Of AYEi'/';:;: fLDJ FOP. IoW:JH~ PERIO? S/,SIIi ~..:..x"o\UK il~E Of......
O"ERI.T 1Ol/ STJ.TIOI.' - FL:).' PE/'( ;";I.=./, Si;..GE ~..:..x ST;..":

6-H::xJ;' 24-H~R 72-Il~R

HYDR:::l::;R;"PH AT
SU01 - .. 1..50 22~5. 1169. 1169. 25.00

~J:' ~.

ROOTED iO
ROO,' -_ .... -. 5.00 -,~r 11:'6. 1146. 25_00

~_...-.

HYOF:O:;;;:J,?H J.i
S:..I52 9=:~ 3.73 5Sif. 2763. 2763. 35.0D

~..

2 C~olli=D AT
SUC;2 i2::::. 4.00 ie'J7. 3909. 3909. 60.0~

ROOiED TO
Rooi2 9?;3. 6.00 ~-- 37~. 37s:. • 60.00,.... )~.

IlY:JF:O:;R':'?H J.i
SUE3 3D?: • 5.00 ,225. i202. i202. 32.50

2 COM3Ih~D J.T;'. SU=:3 i27;~. 5.73 9~Z2. 109M. /'956. 92.50



•
\'1. CO~pA.F.ISm; ~'ITH THE: CO~PU:T£ lmST£ADY Fl..cr..' EQUI-.Tlm~s

In Dn cffo~t to quantify the applicability and li~i:ations of the

1'1uskingWD- Cunge routing technique 0 c. co~?a:-i.son "..1th the cornpl e te uns tea:::)'

flo\.' equations \,,'as unde:-taken. Tnis an~l)'sis consisted of compa:-isons fo:

p:-isrnatic channels of rectangular cross section, as veIl as IDo:-e dcrailec

co~oo~nd c:-oss sectio~s (8 point c:-oss sections). Tne analysi.s encom?assed a

";ici~ ::ant;e 0: coannel slopes, Yc:.~)':"ng from L..2 ft/r:.i to I ::t/rni. Rapidly

ri.sing hydrofraphs as veIl as slo~ ::isin& hydrot;raphs ve::e ro~:ec th::ouf~ long

channel sections ... ito no late::.:l i".:lo\..·. Tnis analysis ::e?::ese"ts a ve::y

cO:1crolled ::outint; situation, \..·oich is necessary to r:.ake Eo clear compa::i.so:1

bet"'een the va::-i.able coefficient: 1'1~ckingUID-Cunge method Ci.:10 toe cornile:e

u:1steacy flo~ equations.

Tne first set of tests vere for e rectangular chan:1el ... ito the fo110... ing

c.:'~ensio:ls:

• !~'''-----575 ~l

Channel Length

~aI'L.-:.ing's n

Channel Slopes

95040 ft.

0.03

1 to 10 f':./~:'.

•

... . .
~,;:c=-o;=-c.,,:)~5 ~"e=-e =-o'-.:~ed .....;:..-=h L:!1e ::'..:.s}:i~f"....:.:::-Ct.:~ge ::-ot:::::'n& ::.ec:":;,ique :':-1 ::::~-~.

:-:1:: s~e cr-.a:::1e::'s a::c. n·..-C-or--:;>·"S ·..·"-e -'"c~ -n- 1""'ec' \....;-" -'''e ~'--'O,..,-i '>--'''e-
... ." _ c-c..... __ ....... _.~ c::...iI. c.._ ...'l_ __..... _"J .'c. .c.._ ~CC-_~1 _

Se:-.·ice D.~..:r...5?J~ r::ocie~. T::is !:locel "~-as c:'ose:l 2.S toe s::.a:1cc.::-c'. :0:: co;:::;c.::-::'SO:l

De=a~se :~ n2.S Dee:l ~c.t~o:1ally a=ce?tec a:1C is co::sicie::ec one 0: t:'e" !:lOS::'

ac:::.:=c.:'" ~ools G·\."c..i~2.:'le :0:- O:1e c.:"~~~sio=--.2.1 c~G.~_!el =10-.,... ::'):::::-e:Ile c~::-e ·-"&5

tc.i:e:: "to ens~::-e. "tDa::. t:'e best :)o~s::":>le a::s'-'e:: \"as ob::'2.inec. ....:. ::.:-, ::.he D;'..:r...5?"':~

Doce1. ?lo:.s 0: t:'e in=lo\..· a:1~ ::es"=>==::.:ve o~::.:.!.o\.· Dvc::-0f::-a:J~s a::-e sno..." :":1

";":~-""s 6 -,,- .. -' 10 ! .,~: .... ~·p .... i -c -'p v:": ..~·r,. - -"
--=.- ~.._0-t-:1 _. r.S sno- .. _.. _:1. ~_O __ • ~:1_ ••l.:Sl ....nb--..:-~~:1.::e oe_noc

co=?c..:-es '''e=-:;· ".,..=1.2. ·•·... i-=n ~ne co=-:·le~€:: l.::1s-=cc..dy =10.....· eOl.:c.:::'O:1S (D;.Y....3?J: ooci£:~).

Tne ~l:.sl::'n"'lm-C-":':1C-e !:le-nOC Der::"'s -0 c':ve-""" _=-.0-_ --...,;. Dt- V :::-:' ; ......s·..'e-_ ···~e"" -'''e
:= ':= - e-" - - -e"" _ .. ~ . __.-. - " .... _••

c~~~~::l slone :'5 ::ecucec to 1 =::./~~ 0:: less. Tne ~iver£en=~ is due to tne

:~=: ~h~~ ~he i~~~~~~l ~e~s ~~ ~~= co=~~e-=e u~s~eady =lo~ cq~~~io~s ~=e

~e~o=:~b ~c~e C~=~~~~:, co=~c.~ec ~~ =~E Dec slo?e, ~s ~he ch~~~~l ~lO~t ~£

ce=::-ec.sec'. "':'"ne '1,·si·.;..., ...... -·-C.. -,..c ~,,-'~OG co"'s no- ac~o~-- ::or ::.:,1:; :'n"-. -_~c.. '_'
.. - ... - ... _ .... .:;- ""--- - •• C" - - _.. -...... - •• - - -

e==e==s, C~C co~seq~e~~ly -=ne ~e=~c~ =e~~s =0 sno~ oo~e c~=:~sio~ ~~~~ ~~c:

=2; GC~u~llY o==~=.
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In the second se=ies 0: tes~s. the e:fects of varying the rise Lime of

the in:low hyrl=o&raph, as well as channel slope, ve=e analy:ed. In chis

analysis two different inflow hydro&raphs were used. Tne firs: inflow

hydro&raph has a Lime of rise of 4S ~inutes, peak flow of 70.622 cfs, and a

time base of runoff equal to 2 hours. Tne second inflow hydro&raph has a Lime

of rise of 2 hours, peak flow of 70,622 cfs, and a time base of runoff equal

:0 6 hours. Channel slopes for Lhis examFle were varied from 42 fc/mi LO 1

£:/~i. The channel section was rectangular with the following hydrualic

chc.:-acterisLics:

Channel length - 82,025 ft.

Hanning's n ., 0.04

Channel slopes - 1 to 42 ft/mi

984 ~I

?ip..:.re 11.

'.

?yc.ro&raphs ""e::e routed ..-ith the ~\1.Sj:inguz:-C\:.nge method 2.5 "'ell 2.5 the 1,,".,'5

D;~3?J~ pro&r~. Tne res\:.lting hydro&r2.phs are sho..~ in fi~res 12 throu&h 19.

1:1 general, the ~u.sl:in&.m-C\:..lge method cOI::?ared very "'ell fo:: this se::ies of

tes~s. Fro~ ::eview of the hyc::og::2.pb plots, it is evident that the mocel

?e::fo~s bette:: fo:: slow rising hyc.rog::2.pbs through steep chan-,eI sections.

Fe:: ::~?ic.ly ::isin6 h)·c::ogra?::'s ::o\:.::eci th::ougb fla~ river reacbes, the

::-..:.si::'ngu::r:-Cunge methoc. ..·ill tend to over 'PreGicr the 2.lDount of c.i=fusion.

;.-~ ~"lOug::, -::he ans"-ers procuced by :he ti'..lSi:ing-.m- C\:..lge me tbod Dey be ..-::. th:':1

pre=tical engineerin& l~i~s. ~lso. these tests "'ere performed for very long

ro-..:.:::'n& reaches vith no lateral inflow, ...,hich is more of a ~ brea=h ~e of

anz.lysis. For nc.~ural flood even::s ...-here lc.teral inflo..- \"ill be c.dded ::0 the

s::::cc.=, ::he model vill pe::for= be::te:: over a vider ::c.nge of chc.nnel slopes.

!..·1277 /G".E,/19 8 9 lE .
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A thi~d set of ~es~s ~as pc~fo=med for coc?ound channel cross £ec~ions .

A licited n~ber of tests ~ere run to analy~e how ~ell the Huskin~-Cunge

method ~ould compare to the full unsteady flo~ equations for channels ~ith

overbank flows. Sho~~ in figures 20 th~ough 25 are three differen~ coc?ound

c~oss sec~ions and the respective hyd~og~aphs from DA.){BRK and the HuskingUID

Cunge method. As sho\ol11 in the plots, the Husl:ingum-Cunge method n:atches ~he

D~~RK hydrographs extremely vell.· However, for compound cross sections ~ith

very fl.at overbanks. the variable para1Deter Husl:ingum-Cunge method tends to

lose volune. In general, variable coefficient methods have a tendency not to

conserve mass. The error in mass conservation tends to be small (0 to 4

percent) and is not co~sidered a si[nificant ?roblec.

Tne final set of tests compare the Muskingum-Cunge method vith t~e

traci :::ional Muskingum me thod and the No:::-mal Dep~h rou:::ing tech:-tique in lEG-l.

Tne rectangular channel from the fi:::-st series of tests (Figure 5) vas used in

this analysis. The r~sul:::ing hydrographs are sho~~ in figures 26 and 27.

Both the Musl:ingum method and the No:::-mal Dep-.:h routing technique had to be

calibrated in order to match oehe results ::rom DIJ"'.BRK. \,,'ith the Muskingum

method, it is necessary to calibrate all three pa~ameoeers. K (travel time of

the channel), ): (weighting factor), and NSTPS (number of routing steps). Tne

Huskingum method is consiciered a linear routing technique in thaoe the

parameters remain constant during the routing computations. Because of :::he

linear nature of the traditional Muskingum method,. it lo:"as not possible to

match the sha?e of oehe D.~~RK hyarograph. Tnis is e¥ident in figure 25, lo:"here

<the traditional Muskingum method begins to rise much sooner than the DPY~R-~

a:1C :::he Mus1:i:1~-Cunge hydrog::-aphs. Tnis is typical of linear coefficient

mociels.

Tne Norr:;al De?tn ::-ou:::inb :::£ch:-tique ""as a'ole :::0 ma:::ch :::he D."Y..s?J~

nyc:-o&:-apn ex:::-emely '\.:ell. Tne o::2.y cra'\.: back of :::his me::noc is tha::: :::~e

pa:-ame:::er ~ST?S had to be calio:-a:::ec. p~ eq~a::ion :or es::~~ating ~S7~S is

p:-oviaed in ::oe E~C-l manual. U:::or:::una::ely, :::his equa:::io:-t only e::sures

n~e:-ical s:::abili::y du:-i~b :::he co~?uta:::ion, and does :10::: gua::-an::y ,cc~:-acy.

S~.L..~.?:Y ~J\'D CONCI..USIQ};S

'7":.e n~e::-ical and physical basis fo:- :::ne ~uo.j:in~-C~:-tg:e cna:mel ::-o~::ing

=e=~~iGue ~e-Q D-esp~~ed he-e'~ '-'$ -ou-~~~ -er~~:oue ;5 co~~'a~-eG G ~o~-

1 : -," a'" .CO" -=-=~ ~: ~~- ~~ -~oc -': - : .. : ~ ~o-:::-" --=o:-'n"~c':o=~ :':'n' c''; ~-rus' :~: -'- 20-5- ec', c""
-_ ...... - ... _-- -. • '- """'. +'-aJ,G. ... ~ ..... '-' _.~'-__ ... ; ... t::-~~

_u ... u ....

?:-::,·s:"cc..:" cnc..:1:1cl p=o~e~~ies c-:1G -:ne i:-~=lo·",,"inb :~:,;c:-o&:-G.?h. T:1e c.c.~,:2.:1-:2.ges 0:
t:::'s me:::::oc oye:- o::~er ~yc.=-olobi': tec~::ique5 are: (1) ::~e pa::-arne::ers 0: ::ne

I!:o6el a:-e ?~ysically basec., and ::~ere:c:-e t~is we::ood' '\.,·ill mai:e for a gooa

~;faged :-o~ting tec~nique; (2) toe me::::oc. ~as been SoO'l...~ :::0 co~pare ~ell

agains::: :::he co=ple::e ~nsteady :lo~ eq~a:::ions :0:- one c.ime:-tsional :lo~; a:1d (3)

::ne solu::ion is inaepe:1dent 0: ::~e ~5er speci::'ec coc?uta::ion in:::e:-·val. Tne

X=c10:- liI::'-:c.~:07'lS 0: -::,e ~\.:.sl:.i~~-...:=-C>..:~ge -=ec:::-.:'aue. z.::-e ~~c..::: (l) ~ne ~e=!10G

can :10: aCCO~:1:: for oacj~~ater e::ec:s; a:1= (2) toe ~e:::ooc ~efins :::0 c.~ve:-ge

=:-o~ :::~e co~?le:::e un£::eacy flo~ sol~:io~ ~~en ~e=J' ::-apidly :-isi:-tg hycrofra?~s

a:-e :-ou::ec ::n~ough flat ch~n:1el se::iO~5 (i.e. c~a:1nel slc?es less :::~a~ 1

=:/=:') .

1..-:'277 /Gi.;.~,/::'9E?
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I.

COl\1.PARISON OF DIFFERENT ROUTI1'G METHODS

REQUIREMENTS AND RESULTS

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.

1. The equations are generally written:

c.

Continuity:

and

Energy or

Momentum:

where:

dO. ah
+ B- - q = 0

ax or

all av av q
qax

+v- + - + gSf + - V = 0ax Of. A

Q - Discharge
X = Distance
B - Surface width
h - Surface elevation
T = Time
q = Lateral inflow or outflow
0 - Gravitational accelerationb

A - Cross sectional area

Sf = Friction slope, given by

S = 0
2

VIVI
f 2.21 R 4{3

(1)

(2)

'.,.'

where: n = Manning's n
R = Hydraulic radius
V = Velocity



•
2. The principal assumptions made in deriving the S1. 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

e. 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 all
computation points in a single simulation.

....

3.

4.

Avoid extrapolation of empirical coefficients (except Manning's) to
. outside range of calibration.

The event and stream geometry may be such that none of the tenns in
the St. Venant equations can be ignored.

C. Why not use an unsteady flow model?

1. 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
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2.

3.

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

Roughness coefficients

4. Downstream boundary condition (usually a rating curve).

5. Tributary or local inflow hydrographs, if any.

II. Available Unsteady Flow Models

A. "Gradually Varied Unsteady Flow Proftles,,(l)

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.

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

.:'-=-:~c.
4.

5.

Geometric data input in HEC-2 format.

Supported by HEC.

B. National Weather Service (NWS) Dam Break Model(4)

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.

3



4. Internal adjustment of time step .

• 5. 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. A generalized unsteady flow program originally developed for wa,=r
quality simulation.

2. User has choice of four routing methods:

a. Muskingum

b. Modified PuIs

c. Kinematic Wave

~.

:. ' ..
3.

4.

d. St. Venant equations

Geometric data input in HEC-2 fonnat

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

•

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

6. Supported by HEC.

7. Documentation is being prepared.

8. Internal adjustment of time step.

9. Allows usage of nonuniform longitudinal (~X) element lengths.

ill. \\Then to Use Unsteady Flow Models

A. Strelkoft<5)

1. Used WES flume tests (6) to evaluate accuracy of various techniqu~s.

2. . Found that accuracy of simplified techniques can be related to a
characteristic Froude number:

4



• where:

2 Q2
F =--

n ?

gA-y

A, y, and Q are the area, depth and nonnal discharge at
that depth, at a location just behind the dam prior to
failure. Kinematic wave provided good solutions for
Fn > 1.6 and poor solutions for Fn < 0.3.

IV.

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

B. When using triangular hydrographs with Modified PuIs routing (either nonnal
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.

C. Submergence of the breach by tailwater.

Comparison of Dam-Break Flood Routing Procedures.

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

•

B. Analysis of Oak Dam

I. Models used:

a. HEC-I

b. "Gradually Varied Unsteady Flow Profiles,,(l)

c. HEC Stream Hydraulics Package

d. NWS(4)

5
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A COMPARISON OF FLOOD ROUTING METIIODS

I METHOD I ADVANTAGES I DISADVANTAGES I
a. Complete solution of basic - A complete analysis of the - Requires lots of computer

equations of energy and hydraulics of flow and time
continuity (St. Venant Eq.) includes all energy

components (potential, - Works from a detailed
pressure, kinetic, inertial) description of geometry (x-
plus continuity integrated in sections and reach lengths)
both time and space and hydraulic roughness

Measures the impact of
values in the channel and

-
overbanks

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

lb. Simplified versions of St.

I I IVenant Eq.

c. Storage routing - Measures changes in flood - Does not consider the
plain storage in terms of energy equation directly but
water discharge infers knowledge about it

- Can be done by hand
Does not consider-

calculations
hydraulics of wave itself

- Faster than A

Muskingum - Purely analytical and does - Requires two empirical
not require curves or table coefficients, one of which
look-up in its solution comes from reproducing

known events

- Requires a linear
relationship between storage
and discharge

Modified PuIs - Does not require a linear - Does not provide a
relationship between storage coefficient for manipulating
and discharge the impact of complicated

Can relate storage to inflow
hydraulics on the energy

-
equation

and outflow

1 of 2
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I METHOD I ADVANTAGES I DISADVANTAGES I
Storage Routing (cont'd) - Has the advantage of two - Requires the detennination

above. It is a Modified PuIs of one empirical coefficient
Working R&D technique that has a

coefficient to better relate - Has limitations when
storage to energy of the flow storage varies with inflow

and outflow

f!.:. Averaging and Lagging - Simple and fast - Does not consider storage

- Implies knowledge of both
energy and storage

"

- Implies knowledge of
hydraulics of wave itself

2 of 2
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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-· . .~.~ 4744.9 . ~. 4743.9'
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 4433.8 4433.8 4433.8

101.89 4421.2 4422.5 4419.5 4419.5 4419.5
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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 53.3
2.75 68.9 77.2 59.2 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 . 27.5 .. ' 26.9 . 25.9
58.71 28.6 29.1 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 7.7
84.09 8.4 9.5 7.5 7.3 7.2
89.02 10.5 12.0 7.9 7.8 7.8
94.32 7.7 8.7 6.4 6.4 6.4
98.48 10.0 11.0 8.8 8.8 8.8

101.89 6.2 7.5 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 1:1alllling N Increased Breach Time

Dam Base Volume Inactive

(Miles) Measured Run Losses Areas By 50% By 100% 0.5 hr. 2.0 hr. 5.0 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 2.65 1.60 3.25 3.75 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 7.73 14.30 18.02 9.90 11.10 13.25
53.79 31 24.98 24.66 18.85 ; 35.22 45.58 24.61 25.69 28.25
67.54 36 27.72 27.55 21.76 39.54 50.78 27.27 28.50 31.26
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Table 3

DAMBRK - Teton
Peak Discharges

•
Maximum Discharges in 1,000 cfs

Distance
Prom Without Without Manning N Increased Breach Time

Darn Base Volume Inactive

(Miles) Measured Run Losses Arcas By 50% By 100% 0.5 hr. 2.0 hr. 5.0hr.

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 1,0 I I 1,020 1,587 887 793 1,023 956 692

20.43 --- 696 713 827 540 439 698 678 561
30.09 --- 344 359 412 258 210 346 337 313
53.79 90.5 16R 203 213 127 105 171 156 131
67.54 67.3 117 200 192 90.9 76.9 123 97 64

Notes:

I. Timc to maximum breach size is 1.0 hour for base nlll.

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

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

4. Runs decreasing Manning N by 50% anel 205 resulted in nonconvergence.

5. 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 J]\TIICATION (MODIFIED-PULS) l\1ETIIOD

BASIC EQUATrONS

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:

ce

] - V =

where

I1S
I1t

(1)

I mean inflow into reservoir during routing period I1t,

v =

!lS =

mean outflow from reservoir during routing period I1t,

change in reservoir storage during routing period 111.

Equation (1) may be approximated by:

ce

(0] ... O2) = (S2 - Sl)

2 At
(2)



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

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

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

period.

Equation (2) may be restated as follows:

(3)

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

computations. The tenns on the right-hand side involving S2 and 02 are unknown and

must be detennined by storage routing.

2
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ROUTING PROCEDURE

given hydrograph of pre-development conditions from which the maximum basin outflow

is detennined

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

I

I

I

I

I

I

, . .
inflow hydrograph, one of which coincides with the inflow peak

(
28 ).construct a graph of At + 0 versus 0

S = storage volume

At = routing period

o = outflow rate

. -,' -;.-

c.

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

Modified-PuIs equation:

3
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c.

(.:.
'.

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

4
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At = 10 min.ce

(e·
'"

EXAMPLE - RESERVOIR ROlJTING BY STORAGE INDICAnON METHOD

(1) 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.

(2) 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.

(3) Given the hydraulic perfonnance 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.

(4) 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 1,

(5) Construct a graph of (~~ + 0) versus 0 using Figures 2 and 3 and At = 10 min. -

Figure 4.

(6) Organize a routing table to solve Equation (3), using Figures 1 and 4 - Table 1.

(7) 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

rate, an alternative design must be investigated, i.e., modify the outlet structure.

(8) Repeat the design procedure for alternative designs.

5
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Table 1. Routing Table and Detention Storage Analysis.

(1) (2) (3) (4) (5) (6)
Time II II + 12 2S _ 0 2S + 0 °2

Hrs:Min (cfs) (cfs) ~t flt (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 57 252 404 76

.. _" 13:20 27 . - .50 _ 203 " ".309 ., ." 53
13:30 23 44 173 253 40
13:40 21 40 161 217 28
13:50 19 37 149 201 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: (l) Max outflow of 128 exceeds max allowable of - 100 cfs for pre
development Q2S' Requires modified outlet structure.

(2) Max storage occurs at max outflow at time 12:20. Since 2S/~t + °=
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



•
Step (1):

WORKSHQP I SOLUTION

DETENTION BASIN ANALYSIS FOR 36-INCH OUTLET PIPE

Develop 2S/.1t + 0 vs. 0 table for .1t = 10 minutes using 36-inch culvert
perfonnance curve.

•

ELEV STORAGE,AF STORAGE, cfs.hrs o cfs 2s ... 0
.6:-

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 51 339
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

~ - ' . .... -.:.. . . ..

•

•

(1) (2) (3) (4) (5) (6)
Time IJ IJ + 12 28 _ 0 28 + 0 °2Hrs:Min (cfs) (cfs) .6.t .6.t (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
11:50 180 429 214 312 49
12:00 249 429 487 643 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

.. ~13:1O , -.' 30 ... 57 590 ' . ··760" 85 .
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/.6.t + °=
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:

Vr = L inflows = 245 cfs.hrs = 20.39 AF

Q. = 249 cfs' Q = 93 cfs' Q ID=Q· = 0 37
I ' 0 '0 I •

V/Vr = 0.38 from Fig. 7-2

Vs = 0.38 x 20.39 = 7.75 AF
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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 deflning 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 pennitted 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 reauired.

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 On-hour storm. However, the stonn totals are balanced so that lesser
durations are also PMP values for the stonn size.

For locations where the areal distribution of the stonn cannot be generalized
as readily due to orographic influences or unique stonn patterns, such as in
the western states, dependence must be placed on the patterns produced by
the historic stonn 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-eurve 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 stonn, 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 stonn, 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 103n1 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
• 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 temp~es above 34OF dur~

p'eriods of rainfall. This temperature sequence is assumed to optimally
coincide with the probable maximum storm (PMS).

Establish combinations of temperanrre 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 Tn the basin, i

tempera~e data records '\Ioi11 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, loo-year 3-day flood peak discharge may
be used in lieu of the snov.melt component. This unifonn 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-eonditioned 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.

~ -£;auriga' Use of nonsaturated injilIraJion 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 ar 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-l for the
historical floods will be a guide to assessing the suitability of the chosen
infiltration rates.
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~ 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.*. ,Gutioa: Infiltration 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.2 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 (Le., 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.

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-l.*.Qz~ This method assumes that the overlying layer ofsoils 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 suiface.

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 fme sand. The grain-size curve of the fine sand
indicated 84 percent passing a #40 sieve and 5 percent passing a #200 sieve.
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• Infiltration rates obtained for this soil in the frozen state were between
1-2 mrn/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 mrn/min
(1-2.4 inlhr), depending on the type of frost that existed. This experiment
was perfonned 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.

c• • 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 perfonn
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
71h-minute USGS quadrangle maps. HEC-I has the capability to compute
and combine hydrographs from side areas with the routed channel
hydrographs.

Caution: Musldngum-Cunge uses a single (representative) cross section
defined by eight coordinate points for each routing reach. The method
cannot accommodaIe for backwater effecrs and shoulLi not be used when
attenuaJion of the hydrograph is expected. An example of where this
technique might be used is when transIaring a hydrographfrom an upstream
location to a downstream point where off-ehannel storage is insignificant.
Where the intention is to properly model the attenuaJion 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-<lay
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 pl\fi' 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 ~neral Considerations

1Jl.e first computed inflow PMF hydrograph should be considered as
ereliminafY- 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 panicularly 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 lo:w. (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 Y:-shap.¢-with little overbank
storage, the unit-hydrograph peak should be increase4, by 2Q..
percent [Pilgrim 1988]. This requires adjustment to
unit-hydrograph ordinates to obtain 1 inch of runoff over the
drainage area in volume under the" u y rogr-----
Where valleys in the basin have overbank star e, the

rrt-h~~~ ,in' should be increased by 15 p~
ilgrim . IS 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 spillwa flood flow is volume-dependent, a peak
adjustment will probab y 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-l program to
obtain the inflow PMF bydrograpb.

Minimum
.

Hydrologic Inflltration
Group Rate (inlhr) 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 o 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.

c.

Table 8-10.1 Minimum Inf1ltration Rates for Hydrologic Soil Groups [USDA 1955].
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• MEAD &.I~T, INC.
FERC Chapter VIII Engineering Guideline Applications •
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i I I I I I I I I

Mio 2446 Consumers Power Co. Au Sable River I 1300

Alcona 2447 Consumers Power Co. Au Sable River I 1520

Lord 2449 Consumers Power Co. Au Sable River I 1620

Five Channels 2453 Consumers Power Co. Au Sable River I 1630

Cooke 2450 Consumers Power Co. Au Sable River I 1650

Foote 2436 Consumers Power Co. Au Sable River I 1675

Webber I 2566 Consumers Power Co. Grand River I 1737

Croton I 2468 Consumers Power Co. Muskegon I 2300

Hardy 2452 Consumers Power Co. Muskegon I 1910

Rogers 2451 Consumers Power Co. Muskegon I 1600

Tippy 2569 Consumers Power Co. Manistee I 1400

Hodenpyl 2599 Consumers Power Co. Manistee I 1000

Dairyland Flambeau 1960 Dairyland Power Coop. Flambeau I 1640

Big Falls 2390 Northern States Power Flambeau I 1790

Upper Park Falls 2640 Flambeau Paper Co. Flambeau I 750

Lower Park Falls 2421 Flambeau Paper Co. Flambeau I 756

Pixley 2395 Flambeau Paper Co. Flambeau I 766

Crowley 2473 Flambeau Paper Co. Flambeau I 620

Rainbow 2113 Wis. Valley Improvement Co. Wisconsin I 740

Otter Rapids 1957 Wisconsin Public Service Corp. Wisconsin I 535

Jersey 2476 Wis. Valley Improvement Co. Tomahawk I 554

Rice 2113 Wis. Valley Improvement Co. Wisconsin I 544
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56,000 I 23,270 I Approved

67,000 62,500 Sent to client
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-

54,000 I 36,200 I Pending

65,100 I 39,400 I Pending

39,700 I 16,700 I Pending
-

33,000 I 12,700 I Pending
-

100,000 I 75,700 I Pending
-

125,000 I 77,600 I Pending
-

90,650 I 54,400 I Pending

90,650 I 54,400 I Pending
-

90,600 I 54,600 I Pending
-

90,000 I 51,400 I Pending

56,600 I 33,000 I Pending-
55,000 35,600 Sent to client

31,700 16,000 Sent to client

32,900 17,200 Pending
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:illr.l~~;~IIJiiiilit~~~I~~ I....~~~~~~~·· PMF New
Guidelines FERC Status

Spirit 2113 Wis. Valley Improvement Co. Wisconsin 153 20,000 17,500 Pending

Willow 2113 Wis. Valley Improvement Co. Wisconsin 310 38,300 12,300 Pending

Alexander 1979 Wisconsin Public Service Corp. Wisconsin 2484 8 188,000 68,500 Sent to clien't

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

1<lng8 2230 Tomahawk Power & Pulp Wisconsin 1320 3 64,000 40.300 PUl1dll1U

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 7036 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 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 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 40,000 20,500 Pending

Oconto Falls 2523 North American Hydro Oconto 739 35,700 17,800 Pending since 5/93

*•75,000•763ChippewaNorthern States Power8286Chippewa Reservoir

Sturgeon I 2471 I Wisconsin Electric Power Co. I Sturgeon I 305 I 1 I 16,800 I 9,900 I Pending since 2/93

iii I I Iii I I

Cornell 2639 Northern States Power Chippewa 3400 • 323,000 • * I
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Apple River

Apple River

Salinas River
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Monterey Cnty Water Resources
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Wolverine Power Coop.

Wolverine Power Coop.

Wolverine Power Coop.

Wis. Valley Improvement Co.

Northern States Power
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2785
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Apple River Falls
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San Antonio Lake

Riverdale
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Jim Falls

• Project In progress; Information Is not yet available.
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DATA COLLECTION FOR UNGAGED WATERSHEDS
SENSITIVITY
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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 imponant.

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 int10w 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-l program to

obtain the inflow PMF hydrograph.

Minimum.
Hydrologic Inmtration

Group Rate (lnIhr) Son 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 swen significantly when wet, heaVy

D oto 0.05 plastic clays, cenain 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:

Routing:

Unit Hydrograph Analysis:

Loss Rates:

Initial Reservoir Level

Snowpack:

Snowmelt:

Sensitivity Analysis:

Eight subbasins

COE UNET model

Regional study

Detailed method using STATSGO data

Annual maximum normal operating
level at run-of-river project

100-year snowpack

1a-day melt sequence including 3-day
record high temperatures

None
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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.

•

•

Subbasin Division:

Routing:

Unit Hydrograph Analysis:

Loss Rates:

Initial Reservoir Level

Snowpack:

Snowmelt:

Sensitivity Analysis:

Summary

Eight subbasins

COE UNET model

Regional study

Detailed method using STATSGO data

Annual maximum normal operating
level at run-ot-river project

1DO-year snowpack

1D-day melt sequence including 3-day
record high temperatures

None
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I.

PMF STUDY REPORT OUTLIl'c

UNGAGED BASINS

PROJECT DESCRIPTION

A. Project Data _ _ . . . . . . . . . . . . . . . . . . . .. 8-2.1 - 8-2.3, 8-5.5
B. Basin Hydrologic Data. . . . . . . . . . . . . . . . . . . . . . .. 8-2.1 - 8-2.3, 8-4.5
C. Upstream Dams 8-2.2, 8-4.7
D. Field Visit _ . . . . . . . . . . . . .. 8-2.3
E. Previous Studies. . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-2.1 - 8-2.2, 8-4.1

II. WATERSHED MODEL AND SUBDIVISION

A Watershed Model Methodology 8-1.2
B. Subbasin Definition 8-6.1 - 8-6.2
C. Channel Routing Method 8-8.9, 8-10.4

m. HISTORIC FLOOD RECORDS

A. Stream Gages 8-4.2
B. Historic Floods 8-4.2, 8-5.1 - 8-5.2

IV. UNIT HYDROGRAPH DEVELOPMENT

A. Discussion of Approach and Tasks 8-7.1 - 8-7.2
B. Existing Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-9.1
C. Regional Analysis (include details as Appendix) 8-9.2

(l) Gaged Basins Used in Analysis
(2) Cold-Season Considerations
(3) Regional Relationship for Unit Hydrograph Parameters

OR
C. Synthetic Unit Hydrographs 8-9.3

OR
C. SCS Dimensionless Unit Hydrograph . . . . . . . . . . . . . . . . . . . . . . .. 8-9.4

V. UNIT HYDROGRAPH VERIFICATION 8-8.10

VI. PROBABLE MAXIMUM STORM

A. Probable Maximum Precipitation Data . . . . . . . . . . . . . . . . .. 8-4.4, 8-10.1
B. Candidate Storms for PMF _ 8-10.1

c.
8-B-4 March 1994



,.;-• VII. LOSS RATES

A. Discussion of Loss Rate Methodology 8-10.3
B. Warm-Season. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.3
C. Cool-Season. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.3

•

VIII. COINCIDENT HYDROMETEOROLOGICAL AND HYDROLOGICAL CONDITIONS
FOR THE PROBABLE MAXIMUM FLOOD

A. Reservoir Level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.1
B. Baseflow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8-10.5
C. Snowpack " 8-3.2, 8-10.2
D. Snowmelt. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.2

IX. PMF HYDROGRAPHS

A. Inflow PMF Hydrograph 8-10.6
A. Sensitivity Analysis 8-10.7
B. Reservoir Outflow PMF . . . . . . . . . . . . . . . . . . . . . . . . " 8-11.1 - 8-11.4

8-B-5 October, 1993
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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

< •



<

• • •
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 ±O.5 foot

• Visited twice daily by operator

• Headwater/tailwater levels monitored

from Edwards City control center

• Spill gates operated by two moveable

electric hoists

f



• • •
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



• • I.
CORSORONA PROJECT DATA (continued)

• Backup generator on-site to power

hoists in event of electric failure

. .



•
I~

Radial Gates
Powerhouse

12-24
1

x 18
1

40'

·1

• 1278.51

---- ...

PLAN

SECTION

•
Q Spillway = 88000 cfs
Reservoir Elevation =1282 ft

GHES_GHES·casSldy 22647-o00_7planlsection of dam 8/29/94
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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
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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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CORSORONA STREAM
& RAIN GAGES

... Rain Gage

N

• Corsorona Rapids Dam

Mercy Creek
! SCALE!
10 MILES

•

•
• Stream Gage

GHES_GHESlcassidy 21839-Q28_10corsorona rapids gages 5/27/94mf
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TABLE 4

Blue River at Corsorona Rapids
Stream Gages In and Near Blue River Basin

1938-19882,821

1~~e~~I~~~~~~I;I~~I~lil;~~lilillil~~I~
Blue River near Mercy Creek
(No. 60982200) 1

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) 82 1979-present

1 Outside basin, 7 miles downstream of Corsorona Rapids project.
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TABLE 1
Largest Floods Recorded at Blue River

Near Mercy Creek Stream Gage

::·::::;:j:.:::j:::::;::::;:::::::g~t~:::~f::rffl~··::::·:·:::;\·::\::··:::\:;:··:\:::·:··\::·:·:::.:;::::j::8:~~\:f;J~w-'::(§.!lj:·:::·:·:::·::::::::

April 23, 1963 32,000

September 29, 1943 I 29,900

March 21, 1948

I
29,300

May 3, 1985 28,400-
May 1, 1977 I 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

.;.:::::!::::;:::::::::?:•.•••.•.. :.::.::::::::j:::.:::•• :.:....... .,: .. ·:::.:·:::::·I·I:;:j::::::·:11:;:I·::1·:::::·j:.;·:.j:!l:·!BI!~1!lF:I~~::lg1:·.·::::]:::·!lp~'~:.::~f.·:::ij·~k .....
:·;.·.G~ge· f\J~fn~.a nd .NlIm§,t:·:··::]:·i :i:::!:·:::·B~.9:9rn .. (cf!).::;.:::::::::!{\·:.:::::;)::!.fI9\!!:...... ·
Blue River near Mercy Creek
(No. 60982200) I 32,000 I 4/23/63

•

Sister River near Hyannis
(No. 60873330)

Blue River near Reis
(No. 60880000)

Beef River at Beef Rapids
(No. 60845600)

5,200

6,000

4,200

10/5/84

4/11/63

6/3/87
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TABLE 2

Upstream Dams and Reservoirs

•

Reis Dam

Frenchman Lake Dam

Elbow Rapids

BRHC

City of Victoria

Rivers of the North
Corporation (RONCO)

Blue River

Blue River

Blue River

753

878

1,160

63,600

21,500

7,SOO

Badger Butte Dam

Upper Sister Dam

Lower Sister Dam

Hyannis Dam

Barnum Dam

Bailey Dam

Western Hydro Co.

BRHC

RONCO

Western Hydro Co.

Big Top Paper Co.

Big Top Paper Co.

Blue River 1,320 I 14,000

Sister River 544 38,000

Sister River 553 2,200

Blue River 2,030 19,000

Blue River 2,250 6,700

Blue River 2,270 3,200



•

•

•

WATERSHED MODEL METHODOLOGY

• 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

• use HEC-1 for PMF development

• use U.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

i~~~il;lijjl~II'lljliiif~fi;~illfB
1 I Blue River (above Reis) I 753

2 Everett River I 265

3 Blue River (Reis to Lake Sarno) I 313

4 Sister River I 554

5 Wildrice River I 136
-

6 Beef River I 168

7 Cadillac River I 295

8 Lenapee River I 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 SOO-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.S-minute USGS quadrangle
sheets



• • the Clark's coefficients Tc and R were estimated
for one to three floods on each basin with
additional historical floods being used for
verification

• the Clark coefficients Tc and R for all eight
basins were regressed against their physical
basin characteristics

•

•



• , TABLE A-1
Gaged Basins Used in Regional Analysis

I:·· .:: .

October 1953

Blue River near Reis
(No. 60880000)

Sister River near Hyannis
(No. 60873330)

757

545

1936-present September-October 1969

June 1990

June 1958
1930-1974

October 1968

•

Beef River at Beef Rapids
(No.60M5800)

Edwards River near Athens
(No. 608360(0)

Lost River near Oak Prairie
(No. 6(967000)

82

184

375

1979-present

1914-1928,
1938-present

1939-present

April 1980

April-May 1973

June 1979

June 1990

September 1959

September 1969

October 1986

June 1990

May 1968

Sweetwater River at Yale
(No. 60411400)

MUddy River at Bradley
Landing (No. 60499900)

224

215

1937-present June 1972
t---------~I

June 1986

May 1968

1944-present April-May 1973

September 1980

June 1968

•

Blackbird River near Jersey
(No. 60675000)

749

A-2

1913-present
May 1973

September 1980

October 1986
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TABLE A-2

Clark Parameters Estimated in Regional Study

__l_!C'~~s~c C(I~;~.)R Tc~R
Blue River (No. 60880000) I 35 I 50 I 0.59

Sister River (No. 60873330) I 54 I 72 I 0.57

Beef River (No. 608454600) I 21.5 I 25 I 0.54

Edwards River (No. 6089600) I 30.5 I 62 I 0.67

Lost River (No. 60967000) I 46 I 45 I 0.49

Sweetwater River (No. 60411400) I 11.5 I 11.5 I 0.50

Muddy River (No. 60499900) I 28 I 32 I 0.53

Blackbird River (No. 60675000) I 35 I 28 I 0.44



•

•

•

RESUL1S OF REGRESSION
ANALYSIS

Tc = 0.189 La.7s Fa.s8

R= 1.95 La.44 S Ta.s

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 Tc and R

•

Blue River 58.0 28.1 63.5 35 42.6 50 60.9

Sister River

Beef River

Edwards River

Lost River

Sweetwater River

Muddy River

Blackbird River

64.4 I 28.6 I 64.7 I 54 I 46.5 I 72 I 64.3
-

18.8 17.2 73~6 21.5 20.0 25 29.1

40.2 23.2 66.4 27.5 33.2 57 47.1

63.5 11.4 49.8 46 39.6 45 40.4

50.2 4.9 27.5 28 23.6 32 23.9

32.3 1.9 16.1 11.5 12.5 11.5 12.3

88.0 I 7.3 30.8 35 38.3 28 37.3

1

2
By calibration.
By regression.
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TABLE 6

Estimated Clark Unit Hydrograph Parameters
for Model Subbasins

...;.;.;.;.;.:-;.....; :-;';';';';';';';';';';';'" ....:-;.;.:-;.;.; ...... ........

•

J:::II.li~i:l.i·;I!\I!!!!i::!i·:I:···I~:·:!~~~:')!\::!T:!:::i~:!::{~:~·>:!·l!i·::i
1 I Upper Blue River 58 28 64 43 61

2 I Everett River 34 38 51 25 55

3 I Blue River 58 23 62 I 42 I 55

4 I Sister River 70 28 65 I 49 I 66

5 I Wildrice River 26 I 22 I 68 I 24 I 38

6 I Beef River 34 14 74 31 I 34

7 I Cadillac River 22 12 72 22 I 26

8 I Lenapee River 49 11 I 64 I 37 I 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 Tc for Snowmelt Floods

•

Sister River
4/25/56

Sister River
3/11/89

Beef River
4/1/64

1,340

1,080

450

1,990

1,520

710

1800 hrs. 0300 hrs.
April 23 April 26

1800 hrs. 2100 hrs.
March 9 March 11

1800 hrs. 1100 hrs.
March 31 April 1

57

51

17

47

47

20



•

•

•

-

the results shows that the Tcs for the
snowmelt floods are lower than those for
non-snowmelt floods

using warm-season Tc for the development
of cold-season floods would be conservative
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TABLE 8
Probable Maximum Precipitation

Depth-Area-Duration Values (Warm Season)

...•t~~~DI[j ••••••••~~~~i~~~ •••• ~~W71~~j ••••· ..~~I~~~~.· •••• ·•·•••••~~~~~~) •.··•· ••·f~m~~~~
100 I 13.9 16.6 18.8 20.7 21.9

200 I 13.2 15.9 18.1 20.0 21.2

500 I 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 I 13.6

10,000 5.3 7.0 8.7 10.6 I 11.8

•



• •

TABLE 9
Probable Maximum Precipitation

Depth-Area-Duration Values (Cool Season)

•

·.liil~i;l;~llr~~l~lit~~~~iril~~t;....~11~~t~I~lil~~
100 5.3 6.6 7.8 9.0 10.2

200

500

1,000

5,000

10,000

5.2

5.0

4.7

3.8

3.3

6.5

6.3

6.0

5.1

4.6

7.7

7.5

7.2

6.3

5.8

8.9

8.7

8.4

7.5

7.1

10.1

9.9

9.6

8.7

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
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Storm Orientation: 216.7 degrees from north
Storm Area: 6500 sq. miles
Storm centered over whole basin

Probable Maximum Storm Isohyets
Cool Season
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Storm Orientation: 150 degrees from north
Storm Area: 700 sq. miles
Storm centered the Wild Rice, Beef,

and Cadillac River basins

LAT.

lAT.

N

t
SC,IJ.[

IG 111101 LA T.

•
Probable Maximum storm Isohyets
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• 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

• Reservoir level - annual maximum normal
operating pool at EI 1,278.5 feet

• Baseflow:

1 cfs per sq. mi. for sub-basins with a
storage area of 25% or more of thei r
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.

• QRCSN value:

start recession flow at 150/0 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 200/0

• 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 1a-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 1a-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 0, 67° and 60°
F and the remaining 7 days at 54° F



•

•

•

degree-day method was used to estimate
snowmelt
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PMF HYDROGRAPHS
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SENSITIVITY ANALYSIS

No sensitivity analysis wavertormed

used worst-case scenario'Ytemperature 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 VIII 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.

•

•

I. 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.

E116A025/E116-93N6-94 1
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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.

There is a U.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.

E116A025jE116-93N6-94 2
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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.e.).

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

E116A025/E116-93N6-94 3



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

....-:.:.: .. : :- "..

·..··..~t.[~G~· ·.··
RiV'el' > 1 /(sq~n1i;)/r

Blue River 1,320 14,000

Sister River 544 38,000

Sister River 553 2,200

Blue River 2,030 19,000

Blue River 2,250 6,700

Blue River 2,270 3,200

•

Rys Dam BRHC

Frenchman Lake Dam City of Victoria

Elbow Rapids Rivers of the North
Corporation (RONCO)

Badger Butte Dam Western Hydro Co.

Upper Sister Dam BRHC

Lower Sister Dam RONCO

Hyannis Dam Western Hydro Co.

Barnum Dam Big Top Paper Co.

Bailey Dam Big Top Paper Co.

Blue River

Blue River

Blue River

753

878

1,160

63,600

21,500

7,500

•

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.

E116A025/E116-9SN6-94 4
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II.

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 (CaE) HEC-1 computer model. Since there is

significant floodplain storage upstream of the Corsorona Rapids project, potentially

attenuating the PMF, the CaE'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 CaE'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

E116A025/E116-9SN6-94 5



TSPMP program is included in Exhibit 4 on diskette. 1 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

• 1 Blue River (above Rys)

2 Everett River

3 Blue River (Rys to Lake Somo)

4 Sister River

5 Wildrice River

6 Beef River

7 Cadillac River

8 Lenapee River

..................................

it~iB~~~i!~*?
(~R~mm·)

753

265

313

554

136

168

295

237

•

The eight subbasins used in the HEC-1 model are mapped in Exhibit 5.

1 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).

III. 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

..:•·..:•.••..:•.•·...:.·.:•••...:•..::.0...:•.:::· ...:•.•::•...:••::.: ...:•.ra..:•....:•..·..:•.•·.••:..:.::.:•••.:·:::.:.(i.:••s:".•:.·.•.••q::8:•.:••.•.•.:••:..:9..:•..:..•..:•....:•...:.::m•.e:•.•.:.••.•:•.. :.:.:•••.A:•..:••..:•..:•..:.):••:•..:r....:•...:•...:•...:~..:•...:•.:...:.·...:•..:•.:•..:8.:••: ..::.·..::·..:.:•.:: •..:.:.:••..:....:....:••..:. ............p~fi8d••• •• ~fR~P~t4
Blue River near Mercy Creek
(No. 60982200) 1 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

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.

E116A025/E116-93A/6-94 8
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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 SeNice.

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 Tc (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.

E116A025/E116-93N6-94 9



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 Tc 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 Tc and R

are:

T
c

= O.19L 0.75 F 0.58

R = 1.95L 044 ST 0.50

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,~ 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

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, Tc 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 Tc associated with snowmelt are summarized in Table 7.

TABLE 7
Estimates of Tc for Snowmelt Floods

• Sister River 1800 hrs. 0300 hrs.
4/25/56 1,340 1,990 April 23 April 26 57

Sister River 1800 hrs. 2100 hrs.
3/11/89 1,080 1,520 March 9 March 11 51

Beef River 1800 hrs. 1100 hrs.
4/1/64 450 710 March 31 April 1 17

47

47

20

•

These estimates show that the Tc estimated from nonsnowmelt floods is reasonable

when applied to snowmelt floods. If anything, Tc 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 Tc

for cool-season floods is slightly conservative, because it simulates a higher peak for

the same volume of runoff than a longer cold-season TC'
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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)

•.•.,•..,•.•.,•..,•.•.,•..,.•.•.,•..,•.•.,•..,.,(•.••.,s·.,.,·•.••,·.,.A••,.q••.••••.'.•...r••••••..,.•••..,e.•••.rn•.·,.·•••.a.•,•••,•.•,.,•.•,·..••••.•..·.)·••..•,•..,·.•••..,•.•.·· •.•.·'.•••..,·.'.,· •..,·~+lj§4tn1~1hsui .....~4;hdUi .·.jaghsui ., ..,.,.,••.•.•,.•..•.,•..,••.,•..,.•...,•...•..•,p,•.•.••7•.·,.,••.,.M....2.•,•.•,.•..•.·.-p•.•,.h..•,•.,..•,.•,.".•,.O"••,·O·,·••.•.,u.·.•,n•.•,•••,t.•,••.•••)•.•,.••..•..••"••..•"•.,.•.,..••..•.,••.•,•.,.•.,.
fflMRQn~)gMgQn~} .....'PMBQn;) ...'PMffl~n1)

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)

I
II~i;~I·.•. ·:,·:.',.··",·:".•.••.•·..•.~ ..••.h.':. 6.Uf.••.••.••.• •.••.• •.·...12h6ciPi ·.>.••.·•.'·.• ·.·•.••.'·.• :.' •.•.·~.4.'·.<:.~.'·.••. h6.':.h.:·.<r.".·'.".•·.·:.• ·.' .• ·.'·.••.'·.•••.....,4~htit) ·.••.·,.• ::..,'..·.•..·.'.•·.••.•.•'.••.•,.7.·.·~.holl.r ..••. <

·.··::·.,·, •.. ·.:·.,.·.·,··p·,·'.·,·.·.·M···.·-.p'.·.'.··,·,·,..·.·.,.•.:·:.. ·(.,·'·"..n·.··.·,'.·.••.':••·, ..:•.•.,.,' •.,.,. •..,..,...•..,•..,...•..,.•,....•....•...p.•..•.,.....M·.. '.·.. ·p,·,.,·,,·.:.·.'.·:.(;'··n····.

r

.•'...•): ..BMP(ifl;j .eMP(jr1;) >(P~P .(in:)i

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 7.5 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:

• Each of the eight subbasins

• The entire basin at Corsorona Rapids

• 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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• 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.

VII. 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 soil

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 10 to 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:

• 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).

• 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).

• All lakes and wetlands are imperviously frozen, whether or not they are forested

(Reference 1, Section 8-10.3.3).
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• 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.

VIII. 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.
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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 1D-day temperature sequence for each month was applied to the 1DO-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 (Tmean - 32)

and

(2) For open areas:

M = 0.06 (tmean - 24)

where:

M = daily melt rate (inches)
Tmean = 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

1DO-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 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 UNETinput 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

E116A025/E116-93A!3-94



•

•

•

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 7

Probable Maximum Storm Isohyets

E116A025/E116-93N3-94



•

•

•

Storm Orientation: 150 degrees from north
Storm Area: 700 sq. miles
Storm centered the Wild Rice, Beef,

and Cadillac River basins
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Storm Orientation: 216.7 degrees from north
Storm Area: 6500 sq. miles
Storm centered over whole basin

Probable Maximum Storm Isohyets
Cool Season
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EXHIBIT 8

Subbasin Soil Infiltration (STATSGO)
Map and Distributions
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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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6 5 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 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 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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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 1.10 1.10

E116A025/E116-93A/6-94 Exhibit 8-4



•

•

•

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

17 3 12 1.30 1.30

17 4 6 0.03 0.03

17 5 4 0.03 0.03

17 6 8 0.40 1.10

17 7 5 3.10 3.10

17 8 9 0.40 0.40

17 9 12 0.40 0.40

17 10 3 1.30 1.30

17 11 2 1.30 1.30

17 12 4 3.30 3.30

17 13 4 0.40 0.40

17 14 3 1.30 1.30

17 15 3 3.10 3.10

17 16 2 3.10 3.10

17 17 2 1.10 1.10

17 18 2 1.10 1.10

17 19 1 0.04 0.04

20 1 1 0.03 1.30

20 2 55 0.03 1.30

20 3 12 4.00 4.00

20 4 4 4.00 4.00

20 5 8 3.30 3.30

20 6 6 3.10 3.10

20 7 5 1.10 1.10

20 8 5 3.10 3.10

20 9 4 1.10 1.10
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21 1 16 0.03 0.13

21 2 18 0.03 1.10

21 3 1 0.40 1.10

21 4 19 0.40 1.10

21 5 10 1.10 1.10

21 6 7 0.13 0.13

21 7 6 3.10 3.10

21 8 3 0.03 0.03

21 9 4 1.30 3.10

21 10 4 3.10 3.10

21 11 3 1.10 1.10

21 12 3 20.00 20.00

21 13 2 3.10 3.10

21 14 2 1.30 1.30

21 15 2 1.30 1.30

22 1 4 0.03 1.30

22 2 22 0.03 1.30

22 3 15 0.03 1.30

22 4 13 1.30 1.30

22 5 3 4.00 4.00

22 6 7 4.00 4.00

22 7 4 0.13 0.13

22 8 3 0.13 0.13

22 9 5 3.30 3.30

22 10 5 0.03 0.13

22 11 4 0.40 1.30

22 12 4 3.10 3.10

22 13 3 1.10 1.10

22 14 3 3.10 3.10

22 15 2 3.10 3.10

22 16 2 1.30 1.30

E116A025/E116-93N6-94 Exhibit 8-6



lI
i
::>,:,·",,:,(,,·>. ::.::: •••••••,•• :.:•••;.~•••••••••••••••••••• ::••••••:••~~~~n~::' •••:.· •••.•••••••••~~ ••~~~ .•••••••••••• j•••••••••~~J ••••••••:••••:.: :." .•. ·' ••·.:·.•:·i··j~: ,..·.,: .

•

•

•

22 17 1

23 1 33

23 2 28

23 3 10

23 4 5

23 5 4

23 6 10

23 7 6

23 8 1

23 9 1

23 10 1

23 11 1

0.40 1.10

1.30 1.30

1.30 1.30

1.30 1.30

1.30 1.30

1.30 1.30

1.30 1.30

0.40 1.10

1.10 1.10

3.10 3.10

4.00 4.00

3.10 3.10
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EXHIBIT 9

PMF Inflow Hydrograph
Warm Season
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EXHIBIT 10

PMF Inflow Hydrograph
Cool Season
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APPENDIX A

Regional Unit Hydrograph Analysis
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APPENDIX A

Regional Unit Hydrograph Analysis

A. Basins and Events Used in Analysis

Eight gaged basins near the Corsorona Rapids project drainage basin were selected
on the basis of their hydrologic similarity to that basin. The largest floods measured at
each gage were investigated to identify those with adequate flow and rainfall data and

distinct flood peaks clearly related to a precipitation event. None of the floods thus
identified resulted from snowmelt. All large historic floods during the main snowmelt
months (March and April) were found to have long, flat hydrographs. These were

associated with prolonged and poorly defined snowmelt events and intermittent rainfall
throughout the period.

The basins and events analyzed are shown in Table A-1, and locations of each gaged
basin used in the analysis are shown in Exhibit A-1.

Historic hydrographs were requested from the U.S. Geological Survey (USGS). Hourly
flow data were available for all of the gages except the Blue River gage at Rys and the
Sister River near Hyannis. For these two gages, the only original flow data were daily
flows recorded below storage reservoirs. However, these have been converted to
unregulated flows by backrouting in a USGS report (Reference A-1). The backrouted
daily hydrographs were used to estimate unit hydrograph parameters at these two
gages.

Historical hydrographs are included in the HEC-1 model optimization runs in Exhibit A-2.

E116A025/E116-93N6-94 A-1



• TABLE A-1
Gaged Basins Used in Regional Analysis

.. . .

... FJO~~d;~~~3
.Used In Analysis ....•

October 1953
Blue River near Rys

757 1936-present September-October 1969(No. 60880000)

June 1990

June 1958Sister River near Hyannis
545 1930-1974

(No. 60873330) October 1968

Beef River at Beef Rapids
82 1979-present

April 1980(No. 60845600)

April-May 1973

Edwards River near Athens
184

1914-1928,
June 1979

(No. 60896000) 1938-present

June 1990

September 1959

Lost River near Oak Prairie September 1969• 375 1939-present
(No. 60967000) October 1986

June 1990

May 1968

Sweetwater River at Yale
224 1937-present June 1972

(No. 60411400)

June 1986

May 1968

Muddy River at Bradley
215 1944-present April-May 1973

Landing (No. 60499900)

September 1980

June 1968

Blackbird River near Jersey May 1973
749 1913-present

(No. 60675000) September 1980

October 1986

•
E116A025/E116-93N6-94 A-2
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B. Rainfall Associated with Historic Floods

Rainfall for each historic flood was estimated from hourly and daily rain gages in and
near each basin. For each gaged basin, the hourly gage closest to the basin centroid
was selected to represent the hourly distribution of rainfall over the basin. The total
depth of precipitation for the storm was estimated by area-weighting the storm total
precipitation at the nearest daily or hourly gages. Locations of hourly and daily gages
used in the analysis are shown in Exhibit A-1.

A summary of input data to all optimization runs (total precipitation, baseflow
parameters, peak flow, runoff volume, and optimization statistics) is given on Page 1 of

Exhibit A-2.

c. Baseflow Separation

For each historic flood, baseflow parameters used in the HEC-1 model were estimated
by plotting the logarithms of the flows against time. The flow at which direct runoff ends
and baseflow recession begins (QRCSN in the HEC-1 model) is the flow at the
beginning of the straight recession limb on the semilog plot. The baseflow recession
constant (input variable RTIOR in the HEC-1 model) is the slope of the recession line
on a semilog graph. Baseflow parameters for each historical flood are summarized on
Page 1 of Exhibit A-2.

D. Unit Hydrograph Parameter Estimation

For each basin, one large flood was set aside for unit hydrograph verification. The
remaining two or three floods were used to estimate Clark unit hydrograph parameters,
using the parameter optimization subroutine in the HEC-1 model. The only exception
to this was the Beef River, where the short gage record includes only one flood suitable

for calibration. For the Beef River, the unit hydrograph parameters derived from this
flood were used without further verification.

A time-area curve was constructed for each basin by measuring stream distances on

7.5-minute quadrangle maps. An equal rate of travel was assumed in every stream
reach, as recommended by the COE's Hydrologic Engineering Center (Reference A-2).

E116A025/E116-93N6-94 A-3
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E. Unit Hydrograph Parameter Verification

The estimated unit hydrograph parameters were then applied in the HEC-1 model of
each basin to predict the runoff hydrograph resulting from the storm reserved for
verification. When the verification hydrographs and the previously estimated unit
hydrograph parameters did not agree well, the data were reviewed and the parameters
adjusted depending on the hydrologist's judgment of the reliability of the data from each
storm. Agreement was good and only minor adjustments were made in all cases but
one: the Lost River gage. For that gage, the three calibration runs yielded Tc values
ranging from 16 to 46 hours. Initially, an average Tc of 29 hours was used in the
verification run, but this underestimated the lag time by approximately 12 hours. A
review of soils data for the Lost River basin showed that the soils in the lower basin
closest to the gage are predominantly clays and other fine-grained soils. Farther

upstream, soils are sandier and more permeable. It was concluded that the storm for
which the apparent Tc was only 16 hours (the storm of September 1969) actually
produced runoff only from the lower, relatively impermeable portion of the basin. This
assumption was supported by a relatively high calibrated basin-averaged loss rate. The
other storms analyzed, however, produced runoff from all of the basin. The latter
condition was assumed to be most representative of the saturated conditions assumed
to occur during the PMF. Therefore, the September 1969 storm was dropped from the
analysis.

The final Clark parameters estimated for each of the eight gaged basins are summarized
in Table A-2.

TABLE A-2
Clark Parameters Estimated in Regional Study

Blue River (No. 60880000) 35 50

Sister River (No. 60873330) 54 72

Beef River (No. 60845600) 21.5 25

Edwards River (No. 6089600) 30.5 62

Lost River (No. 60967000) 46 45

Sweetwater River (No. 60411400) 11.5 11.5

Muddy River (No. 60499900) 28 32

Blackbird River (No. 60675000) 35 28

E116A025/E116-93N6-94 A-4
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F. Regression Analysis

Basin parameters including drainage area, flow length, channel slope, average soil

permeability, forest cover, and wetland and lake storage were considered as possible

predictors for To and R in a regional equation. Drainage area was determined from the

USGS gage data. Channel length was measured on 7.5-minute quadrangle maps. Soil

permeability, forest cover, and storage were measured from digital land cover and soil

maps. A log-log multiple regression was performed for both To and R to derive regional

equations for these parameters.

Due to the small number of data points in the analysis, each regression equation was

limited to the two most significant parameters. The two most significant predictors for
the dependent variable To were the length, in miles, of the longest flow path (L) and

forest cover, expressed as percent (F). The standard error of estimate for the regression

was 20 percent, expressed in real space. The R2 value (coefficient of determination) for

the logarithmic regression was 0.90. The two most significant predictors of R were the

length of the longest flow path (L) and the percent of the basin in lake and wetland

storage (ST). The standard error of estimate was 27 percent. The coefficient of

determination for the logarithmic regression (which indicates the extent to which the

dependent variables are explained by the independent variables) was 0.88. These

coefficients of determination indicate a good correlation (Reference A-3, Section 8-9.2.3).

The regional equations for To and Rare:

To = O.19L 0.75 F 0.58

R = 1.95L 0.44 ST 0.50

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.

Table A-3 shows the basin parameters for each basin, the actual estimated To and R,

and the To and R predicted by the regression equation.

E116A025/E116-93N6-94 A-5



• TABLE A-3
Regional Unit Hydrograph Analysis:

Regression Parameters and Predicted Tc and, R

In·'.·•••Ba'~ ·lri·H ) ') .. ", , .........

?R2 ••.•'.·....r· c
"""'.',••,.: •..•."?,,,•.,.}. ':/":"e "e . ."..' .'}':,:/ ....-..".,.. I,:·

Blue River 58.0 28.1 63.5 35 42.6 50 60.9

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 40.4

Sweetwater River 50.2 4.9 27.5 28 23.6 32 23.9

Muddy River 32.3 1.9 16.1 11.5 12.5 11.5 12.3

Blackbird River 88.0 7.3 30.8 35 38.3 28 37.3

1

2
By calibration.
By regression.

•

•

The percent difference between the calibrated Tc and the predicted Tc varies from
-16 percent to 22 percent. The percent difference between the calibrated Rand

predicted R varies from -25 percent to 33 percent. There does not appear to be a
systematic bias in these estimates. The regression equations can be expected to
overestimate or underestimate the true unit hydrograph parameters. However, these
equations should be used on ungaged basins in the Blue River region, rather than
using purely synthetic techniques, because they provide an objective method based
on regional data and are thus the best available technique.
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EXHIBIT A-1

Location of Gaged Basins
Used in Analysis and Rain Gages
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EXHIBIT A-2

Unit Hydrograph Parameter
Calibration and Verification

HEC-1 Model Input and Output

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.S-inch diskette containing complete input and output data.
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• Probable Maximum Flood Studies

Example 2: Bishopsville Hydroelectric Project

June 1994

Purpose: To illustrate a PMF calculation for an ungaged basin using synthetic
unit hydrographs (SCS method) in the absence of local or regional
streamflow information.

Summary

•

•

Subbasin Division:

Routing:

Unit Hydrograph Analysis:

Loss Rates:

Initial Reservoir Level:

Snowpack:

Snowmelt:

Sensitivity Analysis:

Six subbasins

Reservoir routing using COE UNET model; hydrologic
routing subroutines in HEC-1 for drainage basin
upstream of reservoir; routing through Liberty Lake
using Modified Puis in HEC-1 model; Muskingum
routing for river reach between Liberty Lake and
upstream end of reservoir

"Ungaged" basin; no existing regional studies; SCS
dimensionless unit hydrograph method used to
determine PMF

Approximate method using hydrologic soil groups

Assumed equal to the early fall target elevation of
1,339 feet NGVO; 1DO-year rainfall distribution and
runoff model

Not applicable

Not applicable

Model sensitivity to subbasin lag time
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• Example 2
Bishopsville Hydroelectric Project

Probable Maximum Flood

June 1994

Summary

This study was performed to estimate the Probable Maximum Flood (PMF) at the

Bishopsville Hydroelectric Project, Federal Energy Regulatory Commission (FERC)

Project No. MMMM. The study follows the standards set forth in Chapter VIII of the

FERC Engineering Guidelines for the Evaluation of Hydropower Projects (Reference 1).

The PMF inflow calculated in this study is 116,880 cubic feet per second (cfs) , and the

PMF outflow is 32,330 cfs. During the PMF, the project dikes would overtop by

1.2 feet. Therefore, the hazard due to overtopping failure should be assessed and if

found to be significant, remedial action should be taken to protect the dikes from

overtopping during the PMF.

•

•

I. Project Description

A. Project Data

The Bishopsville Dam is located on the Liberty River in Yahquemon County,

Anystate, approximately 2 miles upstream from the corporate limits of the City

of Bishopsville. The reservoir is also used for municipal water supply and, as

a result, normal headwater fluctuates between 1,339 and 1,343 feet National

Geodetic Vertical Datum (NGVD), depending on season and water demand. (All

elevations in this report are given in feet NGVD.) Normal tailwater elevation is

1,304 feet. The maximum height of the dam above the streambed is 55 feet.

The maximum normal reservoir surface area is 2,600 acres, and the maximum

normal volume is 35,100 acre-feet. Storage data for the project are shown in

Table 1.
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TABLE 1
Bishopsville Project Storage Data

.·c

Surface Area (acres»icC Elevation (ft.NGVo) . Volume (acre-feet)

1,299 0 0

1,310 220 1,730

1,339 (minimum normal) 2,030 25,070

1,343 (maximum normal) 2,600 35,100

1,353 (top of dikes) 3,910 66,800

The dam was constructed in 1956 and the powerhouse and generating

equipment added in 1988. From left to right looking downstream, the project

structures consist of a 1,350-foot-long earth dike, a municipal water system

intake, a 136-foot-long overflow spillway, an 1,880-foot-long earth dike, and a

powerhouse. The crest elevation of the earth dikes is 1,353.0 feet, and the crest

elevation of the overflow spillway is 1,343 feet. Maximum discharge over the

spillway with the pool at the top of the dikes is 13,500 cfs (Reference 2).

The project is operated jointly by the Bishopsville Public Works Department

(BPWD) and Ten-Mile Associates, the holder of the FERC license. According

to the agreement between these two parties, flows are used first for municipal

needs and secondarily for hydropower generation, with a minimum guaranteed

percentage of average flow reseNed for hydropower. The BPWD predicts

inflows based on soil moisture, antecedent flow, and weather forecasts. An

operator visits the plant twice daily. Headwater and tailwater are monitored

electronically by the BPWD. There are no moveable spill gates, and all flood

flows are passed over the overflow dam.

B. Basin Hydrologic Data

The drainage area of the Liberty River basin at the Bishopsville Dam is

71 square miles. The basin is moderately steep, with an elevation difference of

600 feet from the highest divide to the Bishopsville ReseNoir. The average main

channel slope is 23 feet per mile. The Bishopsville ReseNoir is approximately

8 miles long and less than one-half mile wide. A basin map is included as

Exhibit 1.
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A nonrecording (daily totals only) rain gage is located approximately 10 miles

east of the project at Murdoch Springs. According to the record from the

Murdoch Springs rain gage, late fall and spring are generally the wettest times

of the year in terms of monthly average precipitation. However, the three

highest daily totals on record all occurred in September 4.8 inches in 1938,

4.4 inches in 1948, and 3.2 inches in 1984.

Snow occurs only rarely and does not remain on the ground throughout the

winter. Winter daytime temperatures rise above freezing on most days. The

critical season for a PMF was thus assumed to be nonwinter, and winter

flooding conditions were not considered in this analysis.

Data used for hydrologic analyses were obtained from U.S. Geological Survey

(USGS) topographic maps, county soil maps, and bathymetric maps of the

Bishopsville Reservoir provided by the state Department of Fish and Game.

There are no operating or discontinued streamflow gages in the basin. The

project owners and owners of an upstream dam were contacted for information

on timing of flows at these dams, but no such data are available. Such records

as do exist are daily only and are not useful for reconstructing flood

hydrographs.

The Anystate Department of Natural Resources (ADNR) used flood frequency

regression equations developed for the northwest region of the state to estimate

a 1DO-year flood of 3,700 cfs at Bishopsville (Reference 3). The estimate of the

50-year flood is 3,200 cfs.

c. Upstream Dams

There is one dam, the Liberty Lake Dam, upstream of the project at a drainage

area of 13 square miles. Owned by Yahquemon County Parks, the Liberty Lake

Dam impounds a 1,280-acre reservoir. The dam has a 1DO-foot overflow

spillway and a drop inlet structure for passing low flows. All flood flows are

passed by the overflow spillway, and there is no other operating plan for flood

conditions (Reference 3).
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D. Field Visit

The project hydrologist visited the Bishopsville project on June 14, 1993, and

discussed project operation, high and low operating levels, flow forecasting, and

recent flooding with Mr. Marlon Spitzer of the BPWD. According to Mr. Spitzer,

the long-term average reseNoir level is approximately 1,341 feet. The reseNoir

is typically highest in early summer and late fall, following spring and fall rains.

By early fall, the reseNoir level is allowed to fall to a target elevation of

1,339 feet in anticipation of fall rains.

The largest flood event in the past 10 years caused the reseNoir to rise

approximately 3.4 feet over the crest of the overflow spillway. The estimated

outflow associated with this event was 2,600 cfs.

The project hydrologist also visited the Liberty Lake Dam and inteNiewed

Yahquemon County Parks Department staff regarding historical flooding. An

informational display at the Liberty Lake Park described a flood event in 1948

in which a portion of the earth embankment was destroyed by overtopping. The

estimated flood discharge associated with this event was 3,000 cfs.

A driving reconnaissance of the watershed was also conducted. The

watershed's steeper slopes are forested, with flatter areas used for agriculture,

grazing and low-density rural development. The Liberty River channel between

Liberty Lake Dam and the Bishopsville ReseNoir is cut into alluvial silts and

sands. Upstream of Liberty Lake Dam, the main channel and tributaries are

steeper and rockier than in the lower basin. The typical channel section is

approximately 15 feet wide and 3 feet deep to the top of the bank.

E. Previous Studies

There have been no previous PMF studies for the Bishopsville Project. Before

the installation of hydroelectric equipment, the project was regulated by the

state, which requires a spillway capacity equal to the 500-year flood. This was

estimated to be 4,200 cfs by the state regression equations discussed above.
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II. Watershed Model and Subdivision

A. Watershed Model Methodology

The runoff hydrograph due to the Probable Maximum Precipitation (PMP) was

simulated with the Corps of Engineers (COE) HEC-1 model. HEC-1 input and

output data are included as Exhibit 2. The combined watershed hydrograph

generated with the HEC-1 model was input to the COE UNET, a dynamic

routing model, for reservoir routing. UNET input and output summaries are

presented in Exhibit 3.

B. Subbasin Definition

The watershed was divided into six subbasins for input to the HEC-1 watershed

model. The subbasins were selected to account for differences in timing, soils,

and storage in Liberty Lake. Table 2 summarizes the subbasins, and subbasin

division is mapped in Exhibit 4.

TABLE 2
Liberty River Subbasin Division

1 8 Tug Creek

2

3

4

5

6

20

13

5

12

13

Brooklyn-Deer-Sand Creek, & Bishopsville Reservoir

Liberty River headwaters and Liberty Lake

Miller Creek

Morrison Creek

Little Liberty River

•

C. Channel Routing Method

Hydrologic routing subroutines in the HEC-1 model were used for the drainage

basin upstream of the Bishopsville Reservoir. In the reservoir itself, however, the

COE's dynamic routing model, UNET, was used. The HEC-1 model was not

used for this part of the analysis because neither level-pool nor hydrologic open-
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channel types of routing are considered appropriate for a long, narrow reservoir

with significant backwater effects. UNET, in contrast to HEC-1, routes a flow

hydrograph through a channel or reservoir using dynamic routing equations to

define the water surface slope, storage, and travel time through the reach.

The runoff hydrograph from the Liberty Lake subbasin was generated with the

HEC-1 watershed model and routed through Liberty Lake using the Modified

Puis routing option in the HEC-1 model. The Muskingum-Cunge routing method

incorporated in HEC-1 was used for the river reach between Liberty Lake and

the upstream end of the Bishopsville Reservoir, combining with inflow

hydrographs from Tug Creek and Miller Creek.

Bathymetric maps of the Bishopsville Reservoir were provided by the state

Department of Fish and Game. Seventeen cross sections were measured from

these maps and input to the UNET model. Cross-section data for elevations

above the lake level were obtained from USGS quadrangle maps.

III. Historic Flood Records

A. Stream Gages

There are no operating or discontinued stream gages in the Liberty River

watershed.

B. Historic Floods

Information regarding historic floods is anecdotal (see Section I,D.). The largest

flood known to have occurred in the watershed had an estimated peak flow of

3,000 cfs at the Liberty Lake Dam, based on the estimated depth of spillway

overtopping. It is not known what the corresponding flow at the Bishopsville

project was, nor is the timing of this event well documented.
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IV. Unit Hydrograph Development

A. Discussion of Approach and Tasks

Based on this review of flooding information, the data from the Liberty River are

not considered adequate to develop a unit hydrograph. The basin is therefore

considered "ungaged" (Reference 1, Section 8-7.1.2). The remaining options are

to (1) use an existing regional study; (2) develop a regional study; or (3) use

synthetic methods. As discussed below, existing data are inadequate to use or

develop a regional study. Therefore, the SCS synthetic hydrograph method was

used.

B. Existing Studies

The USGS, the COE, the ADNR, the Soil Conservation Service (SCS) and the

National Weather Service (NWS) were all contacted in a search for regional unit

hydrograph studies applicable to the Liberty River. Although the COE has

conducted a unit hydrograph analysis on the Lower Fox River, into which the

Liberty River flows, this study only covers drainage areas greater than

300 square miles and therefore was not useful at the scale of the Liberty River

study. Similarly, almost all continuously recording stream gages in the region

are located at drainage areas of 400 square miles or more and were not

considered representative of the Liberty River above the Bishopsville project.

Therefore, developing a regional unit hydrograph study for this analysis was not

feasible.

C. SCS Dimensionless Unit Hydrograph

In the absence of local or regional unit hydrograph data, the SCS dimensionless

unit hydrograph method was used to determine the PMF at the Bishopsville

Project. The limitations of the SCS method (Reference 1, Section 8-9,4), as well

as hydrologic considerations such as routing through Liberty Lake, influenced

the selection of subbasins as discussed in Section 1/, B.

To apply the SCS method, the drainage basin was divided into the six

subbasins shown in Table 2. The SCS unit hydrograph requires an estimate of

the basin time of concentration (Tc) the time for the most distant point in the
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subbasin to begin to contribute to runoff at the point of interest. This is also the

time for a kinematic wave to travel through the entire subbasin.

The Te was estimated from 7%-minute USGS topographical maps. Each

subbasin was divided into an overland section from the subbasin divide to the

creek or river headwaters, and three reaches along the creek to the subbasin

outlet. The channel was broken into reaches to reflect changes in slope. The

overland distances were generally small and were measured with a scale. The

channel distances were measured digitally using CAD software. Slopes were

estimated between contour lines crossing the channel.

The average velocity for the overland flow was estimated as a function of

percent slope (Reference 4). The average velocity for the channel reaches was

determined by using the computed slope in the Manning's equation. A best

hydraulic trapezoidal section with 3 feet water depth (the bank full depth) was

assumed. An n value of 0.070 (Reference 5) was assumed to represent the

resistance typical of the tributary streams at flood stage.

Kinematic wave velocity is approximately 1.5 times the average overland and

channel velocity, varying somewhat as a function of channel geometry. For this

study, the estimated velocities were multiplied by 1.5 to obtain kinematic wave

velocity. Finally, Te for each reach is the reach length divided by the kinematic

wave velocity. The total Te for the subbasin is the sum of the concentration

times for each reach. Basin lag time is then estimated as 0.6 times the Te .

Estimated lag times and concentration times for each subbasin are summarized

in Table 3, and calculations are summarized in Exhibit 5.
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V.

VI.

TABLE 3
Time of Concentration and Lag Time Estimates

B~~jji•·/C\}
.,...

.. Drainage Area. TotalFlow Lag time
·····'N~Y\.., .::::::...::::{:~ . Name ...... (sq. mi.) .Length (mi.) Te (hrs~) (hrs.)

1 Tug Creek 8 10.7 6.0 3.6

Bishopsville Reservoir
Brooklyn-Deer-

2 Sand Creek 20 7.6 4.5 2.7

3 Liberty Lake & Liberty
River headwaters 13 6.1 3.3 2.0

4 Miller Creek 5 5.1 2.9 1.8

5 Morrison Creek 12 6.2 3.9 2.3

6 Little Liberty River 13 5.1 3.8 2.3

Unit Hydrograph Verification

Unit hydrographs could not be verified since gage data are not adequate, as

stated previously. Daily flow and stage records at the project also could not be

used to verify unit hydrographs, because the Tc for all the subbasins is much

less than one day.

Probable Maximum Storm

A. Probable Maximum Precipitation Data

Depth-area-duration values for the PMP were determined from maps in

Hydrometeorological ReportNo. 51 (Reference 6). The PMP depth-area-duration

relationship for the Liberty River basin is shown in Table 4 and presented

graphically in Exhibit 6.
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TABLE 4
Probable Maximum Precipitation
Depth-Area-Duration Data (in.)

10 22.5 25.7 28.0 30.4 32.6

200 16.5 19.2 21.2 23.4 25.4

1,000 12.4 14.7 16.6 18.6 20.4

5,000 7.8 9.7 11.5 13.4 15.2

10,000 5.7 7.5 9.2 11.2 12.8

20,000 3.8 5.5 7.2 9.0 10.7

Candidate Storms for the PMF

•

•

The spatial and temporal distributions of various candidate Probable Maximum

Storms (PMS) were determined with the COE HMR52 computer program, which

determines the storm pattern consistent with a given set of depth-area-duration

values that maximizes precipitation depth over a specified subbasin or group

of subbasins.

Several possible storm centerings were analyzed to identify the storm size and

position that causes the most severe flood flow at the Bishopsville project.

Because of the significant storage in the reservoir, it is possible that the flood

with the highest peak outflow would not produce the highest stage in the

reservoir. In other words, the project PMF may be controlled by volume rather

than peak flow. For each storm centering considered, the entire model

sequence (HMR52, HEC-1, and UNET) was run to generate the resulting inflow

and outflow hydrographs at the project. HEC-1, UNET, and HMR52 input files

and output data are included as Exhibits 2, 3, and 7, respectively.

PMS hyetographs were generated with HMR52 for storms centered over the

entire basin, each subbasin, and one potentially critical combination of

subbasins within the Liberty River watershed. In evaluating potentially critical

combinations of subbasins, consideration was given to subbasin size and

orientation, unit hydrograph timing, and basin permeability.
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The potentially critical multi-subbasin storm was optimized for the lower three

subbasins (Little Liberty River, Brooklyn-Deer-Sand Creek, and Morrison Creek).

Taken together, these subbasins have less permeable soils than the upper three

subbasins. Also, because this grouping consists of several small drainages

entering the reseNoir at about the same time, it is expected that the ratio of

peak inflow to total runoff volume will be greatest for this combination of basins.

The critical storm proved to be a 50-square-mile storm, centered on the

Brooklyn-Deer-Sand Creek basin. The PMS sequence for each subbasin is

shown in Table 5.

TABLE 5
Probable Maximum Storm (PMS) Sequence

Liberty River Basin
PMS Incremental Depth (inches)

••••••••••••• Qf~§kWn,•.•...•.•,.·.•....•,..•.•.'.•,•.•,•.•,••.•,•.• ,•.•,•.•,.,•..I.•.L.•,.•.•,.•.••l.•·..b'.b.•.•.•.•e.e.·.•·.•,·r•.ttY.•..•h.•.••...,•.•.• ,.,•.•.~•••.La,•.•.••.•1•.u,•••••k.•~.·.•.e.•.•.'.•r·•.•.• ,.,.,•.•,•.•,.. I
Q~~I' ~ ~J n"Mmif .• ..,•..,•..,•..,•..,•..,.M..,•..,•..,· ..,•..,•.••.·c().,•.'.·.,.· .•.rr•.•.••••er.•.••.i,•.·eS.·••.·•.••k~.•....••••.,..n.,•..,..•...,•.".•..,•.,•..,•..,•..,•.,•.,•.

$~ij4<qfAAR •••• H~(jWi.tif~ i·Pf:~~~·

•

0-6 0.29 0.32 0.24 0.26

6-12 0.35 0.38 0.29 0.32

12-18 0.45 0.49 0.37 0040

18-24 0.62 0.67 0.50 0.55

24-30 0.98 1.06 0.80 0.88

30-36 2.39 2.74 1.94 2.13

36-42 16.94 20.56 13.05 14.60

42-48 1.38 1.53 1.13 1.24

48-54 0.76 0.82 0.62 0.68

54-60 0.52 0.56 0.43 0047

60-66 0040 0.43 0.32 0.36

66-72 0.32 0.35 0.26 0.29

0.26 0.28

0.31 0.34

0.39 0.43

0.54 0.59

0.86 0.94

2.09 2.31

14.43 16.43

1.22 1.34

0.66 0.73

0.46 0.50

0.35 0.38

0.28 0.31
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VII.

Hard copies of complete HMR52 input and output data and a 3.5-inch diskette

containing the data are included in Exhibit 7. The isohyetal pattern for the

critical storm is shown in Exhibit 8. (Diskettes should accompany actual

submittals; however, the diskette is omitted from this example.)

Loss Rates

A. Discussion of Loss Rate Methodology

Loss rates were determined by the approximate method using hydrologic soil

groups (HSG) (Reference 1, Section 8-10.3.1). In this method, a minimum

expected loss rate is assigned to each subbasin on the basis of HSGs in the

basin. Rainfall losses are then modeled using the initial and constant loss rate

method in the HEC-1 model. Hydrologic soil groups in each subbasin were

identified from county soils surveys. The approximate percentage of each soil

group was estimated by delineating the subbasins on the county soils maps and

laying a sample grid over the subbasin.

B. Warm-Season

Initial losses were assumed to be zero, corresponding to an assumption of

completely saturated conditions at the outset of the PMS. In addition to the

minimum constant loss rate corresponding to HSG, the percentage of

impervious surface (lakes, rivers, and paved surfaces) in each subbasin was

also estimated from the soil survey maps. This fraction was entered separately

in the HEC-1 model. Subbasin average loss rates were assigned based on an

area weighted average of HSG loss rates, using the following classification

(Reference 1, Section 8-10.3.1 and Table 8-10.1):

HSG A: 0.30 in./hr.
HSG B: 0.15 in./hr.
HSG C: 0.05 in./hr.
HSG D: 0.00 in./hr.

Table 6 shows the HSG composition of each subbasin, the minimum constant

loss rate assigned to the subbasin, and the percent of subbasin area assumed

• impervious.

E 6A023/E 6-93N6-94 12
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• TABLE 6
Assumed Subbasin Loss Rates

\tj~di(j199i~§9ili~~~i~h~~ .•.•.•. \HtH<i«.·
.·I~t9tip.•.Com~ositic)ti ••··.<LossRate·•••• ··••}••••••P·~r~~rit?
•···» •••••••••••(%)···.· ••••·tij ·.·..«inHhr~)·•••.••••·••. ······.1 mpervious••• ••··.

Tug Creek
50 A
40 B 0.21 5
10 D

•

2

3

4

5

6

Brooklyn-Deer-
Sand Creek and
Bishopsville Reservoir

Liberty River to
Liberty Lake

Miller Creek

Morrison Creek

Little Liberty River

20 A
25 B
45 C
10 D

40 A

40 B
20 C

45 A
35 B
15 C
5D

35 A
35 B
10 C
20 D

15 A
45 B
40 C

0.12

0.19

0.20

0.16

0.13

24

9

2

2

3

•

C. Cool-Season

The Liberty River basin is located in a temperate climate where significant

freezing and snowpack do not occur. Therefore, separate cool-season

calculations are not applicable.

E 6A023/E 6-93N6-94 13
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VIII. Coincident Hydrometeorological and Hydrological Conditions

for the Probable Maximum Flood

A. Reservoir Level

Rainfall data at the Murdoch Springs rain gage suggest that the PMS is most

likely to occur in late summer or early fall. Therefore, the initial reservoir level

was assumed to be equal to the early fall target elevation of 1,339 feet NGVD.

Since this is not the annual maximum normal operating level, an antecedent

1DO-year storm was assumed to end three days before the PMS. The 24-hour,

1DO-year rainfall for the Liberty River basin is 5.3 inches (Reference 7). Using

the loss rate assumptions documented above, the 1DO-year storm produces a

peak inflow to the reservoir of 14,900 cfs. Three days after the end of this

storm, when the PMS is assumed to begin, the reservoir level is at 1,343.4 feet.

The 100-year rainfall distribution and runoff model are included in the HEC-1

output in Exhibit 2.

B. Baseflow

Baseflow was estimated on the basis of a comparison with nearby gaged

basins. The four gaged basins nearest the Liberty River range in size from

398 square miles to 2,100 square miles. At these four sites, average September

flow ranges from 0.7 to 1.2 cfs per square mile. The average of 1.0 cfs

per square mile was assigned to the Liberty River. The SCS uses a baseflow

recession constant of 1.01 for watersheds less than 100 square miles in this

region (Reference 8). This value was adopted for the Liberty River.

c. Snowpack

Snow is uncommon in this region and permanent snowpacks do not develop.

Therefore, snowpack analysis is not applicable to this basin.

D. Snowmelt

Snowmelt is not applicable.

E 6A023/E 6-93N6-94 14
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IX. PMF Hydrographs

A number of different storm centerings and subbasin optimizations were

evaluated, as discussed previously, to identify the conditions producing the PMF

at the project. The critical conditions selected are those producing the highest

peak stage (and hence highest outflow) at the project. Using this criterion, the

PMF is produced by a 50-square-mile storm centered on the 20-square-mile

Brooklyn-Deer-Sand Creek subbasin. Residual rainfall at isohyet areas greater

than 50 square miles would fall on the remainder of the basin.

A. Inflow PMF Hydrograph

The PMF inflow hydrograph is plotted in Exhibit 9. The peak of the PMF inflow

hydrograph is 116,880 cfs.

B. Sensitivity Analysis

Unit Hydrograph Parameters. Because the lag time used in the SCS

dimensionless unit hydrograph could not be calibrated or verified against real

data, a sensitivity analysis to this parameter was conducted by varying all the

subbasin lag times by plus and minus 15 percent. The peak inflows and

outflows estimated with these variations are shown in Table 7.

•• ••• ••II~~~~ ••••~I.·.I~ •••·~~II.···.·.•••?;.;·;··?(AU§9»~j~iI'1~)i
...............................................

TABLE 7
Model Sensitivity to Lag Time

•••••••B~tb~~ ••••9h~.ij~~ ;.;; •..;•.•.;; •..;••.;••..;· .•.;; •..;; .•.;· •..;· .•.;· •..;.0..;;·.;..;....•...·...;..·.p.;;•.;.ut.,.·;••,··;••,e;·.•.;·;••,.f.;••;a;··.;;l•.··,;·;.o•.•.k;•.•.;.,· •.;; .•;·w..;•...;;.;·.;·.;·.;•..;· ..;; ...;; ...;· ...;· ...;; ...;;B~t¢~ritgij~ij§~
iirR!~K!ml§~ .in.peakbUHiBW;.·/
<from~~~!9~~! ?;•••·.·.Csf!l••••••••••••••••••tt~mij~~.~p.~~.~ ••••••••

Base Case

+ 15 percent

- 15 percent

116,880

106,700

126,380

-8.7

8.1

32,330

30,910

34,000

-4.4

5.2

•
Table 7 shows that the inflow peak is moderately sensitive to lag time and the

outflow peak much less so. Since the outflow is largely volume-controlled and

lag time does not affect total flood volume, the conclusions of this study are not

sensitive to subbasin lag time.
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Loss Rates. No sensitivity analyses for loss rate were performed, because the

loss rates adopted in Table 5 are believed to be highly conservative. This

conclusion is based on the difference between the peak discharge predicted to

result from the 1DO-year rainfall and the estimate of the 1DO-year flood peak

discharge derived from the Anystate regional regression equation (Reference 2).

According to the PMF watershed model, the 1DO-year rainfall with the assumed

loss rates would produce a flood four times greater than the estimated 1DO-year

flood. Additional conservatism is unnecessary; in fact, this discrepancy warrants

further investigation of the loss function as part of studies for design and

construction of additional spillway capacity.

Precipitation. The worst-case precipitation pattern was determined by using the

HMR52 computer model for several possible storm centerings. In addition, each

run of the HMR52 model maximizes the subbasin average precipitation as a

function of storm size and orientation.

c. Reservoir Outflow PMF

The PMF outflow hydrograph was determined by dynamically routing the

combined hydrographs from all subbasins through the Bishopsville Reservoir.

The outflow hydrograph is plotted in Exhibit 9. The peak PMF outflow is

32,330 cfs. The peak stage at the project is 1,354.2 feet, 1.2 feet over the top

of the dikes.
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EXHIBIT 2

HEC·1 Model Input Output

Note: Complete HEC-1 O'Jtputs have been omitted in this example to conseNe space and
paper. Actual stual submittals should Gontain hard copy input and output data and
a 3.5-inch diskette containing complete input and output data.
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10 \.JARM SEASON
ID ******
10 STORM CENTERED ON BROOKLYN. DEER. SAND CREEK SYSTEM SUBBASIN
10 ******

• 10 6/1994
10 1993 PMF GUIDELINES
10 SCS UNIT HYDROGRAPH METHOD
10
10 LIBERTY\J. HCl
*FREE
IT 60 01AUG99 0100 300
10 0
IQ( LIB
104 LIBERTY LAKE BASIN
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PI 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.06
PI 0.06 0.06 0.06 0.06 0.08 0.08 0.08 0.08 0.08 0.08
PI 0.12 0.12 0.13 0.14 0.14 0.15 0.24 0.24 0.27 0.32
PI 0.39 0.48 0.94 1.75 2.54 4.00 2.28 1.53 0.23 0.21
PI 0.19 0.18 0.17 0.16 0.10 0.10 0.10 0.10 0.10 0.10
PI 0.07 0.07 0.07 0.07 0.07 0.07 0.05 0.05 0.05 0.05
PI 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04

• BA 12.7
BF 13 -.1 1.01
LU 0.0 0.19 9.0
UD 2.0
IQ( LIBDAM
104 STORAGE ROUTING THRU LIBERTY LAKE DAM
104 RATING BASED ON POWER INFO AND TOPa MAPS
RS 1 ELEV 1484.6
sv 25400 27900 30400 33310 40400 41490 46550
SE 1480 1481.9 1484 1486 1490.6 1491.2 1494
sa a 350 620 1255 1975 8800 33325
SE 1484.6 1486 1487 1488 1488.6 1490.65 1492.76
IQ( RT1
104 ROUTE HYDROGRAPH TO MILLER CREEK AND LIBERTY LAKE CONFLUENCE
RM 1 0.70 0.2
IQ( TUG
KM HYDROGRAPH FOR TUG CREEK
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05

• PI 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.10 0.10 0.10 0.10 0.10 0.10
PI 0.14 0.15 0.16 0.17 0.18 0.19 0.29 0.31 0.34 0.40
PI 0.47 0.57 0.99 1.75 2.78 7.54 2.36 1. 52 0.28 0.25
PI 0.23 0.22 0.20 0.19 0.13 0.13 0.13 0.13 0.13 0.13
PI 0.09 0.09 0.09 0.09 0.09 0.09 0.07 0.07 0.07 0.07



PI 0.07 0.07 0.05 0.05 0.05 0.05 0.05 0.05
BA 7.8
BF 8 -.1 1.01

LU 0.0 0.21 5.0

• UO 3.6
KK MILL
KM HYDROGRAPH FOR MILLER CREEK
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.DO
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.DO 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PI 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.09 0.09 0.09 0.09 0.09 0.09
PI 0.13 0.14 0.14 0.15 0.16 0.17 0.26 0.27 0.30 0.35
PI 0.43 0.52 0.98 1.79 2.67 5.25 2.35 1.56 0.25 0.23
PI 0.21 0.20 0.18 0.17 0.11 0.11 0.11 0.11 0.11 0.11
PI 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06
PI 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
BA 5.3
BF 5 -.1 1.01
LU 0.0 0.20 2.0
UD 1.7
KK JN1
KM COMBINE LIBERTY LAKE. TUG CREEK. MILLER CREEK HYDROGRAPHS
HC 3

• KK RT2
KM ROUTE HyoROGRAPH TO BISHOPSVILLE RESERVOIR
RM 1 0.36 0.2
KK MORR
KM MORRISON CREEK HYDROGRAPH
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O.DO
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PI 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.09 0.09 0.09 0.09 0.09 0.09
PI 0.13 0.13 0.14 0.15 0.15 0.16 0.26 0.27 0.30 0.35
PI 0.42 0.51 0.94 1.72 2.59 5.40 2.27 1.50 0.24 0.22
PI 0.21 0.19 0.18 0.17 0.11 0.11 0.11 0.11 0.11 0.11
PI 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06
PI 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
BA 11.8
BF 12 -.1 1.01
LU 0.0 0.16 2.0
UD 2.3
KK BROO

• KM BROOKLYN-DEER-SAND CREEK SYSTEM AND BISHOPSVILLE RESERVOIR
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

• PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05
PI 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.08 0.08
PI 0.08 0.08 0.08 0.08 0.11 0.11 0.11 0.11 0.11 0.11
PI 0.16 0.16 0.17 0.18 0.19 0.20 0.33 0.36 0.40 0.46
PI 0.54 0.64 1.03 1.79 3.05 10.67 2.48 1.54 0.31 0.28
PI 0.26 0.24 0.22 0.21 0.14 0.14 0.14 0.14 0.14 0.14
PI 0.09 0.09 0.09 0.09 0.09 0.09 0.07 0.07 0.07 0.07
PI 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06
SA 19.9
BF 20 -.1 1.01
LU 0.0 0.12 24.0
UO 2.8
KK LITT
KH LITTLE LIBERTY RIVER HYDROGRAPH
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05
PI 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.10 0.10 0.10 0.10 0.10 0.10

• PI 0.14 0.15 0.15 0.16 0.17 0.18 0.28 0.30 0.33 0.39
PI 0.46 0.55 0.97 1.73 2.72 7.21 2.32 1.50 0.21 0.25
PI 0.23 0.21 0.20 0.19 0.12 0.12 0.12 0.12 0.12 0.12
PI 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06
PI 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
SA 12.7
BF 13 -.1 1.01
LU 0.0 0.13 3.0
UD 2.3
KK JN2
KH COMBINE LIBERTY. BROOK(ET ALI. MORRISON AND LITTLE LIBERTY
HC 4
nJ A=BROO B=UPSW C=FLa.I D=OlAlJG1999 E-1HOUR Fo:WS
ZZ

•



10 I.'ARM SEASON
10 ******
10 STORM CENTERED ON BROOKLYN. DEER. SAND CREEK SYSTEM SUBBASIN
10 ******

• 10 6/1994
10 1993 PMF GUIDELINES
10 SCS UNIT HYDROGRAPH METHOD
10
10 LIBERTYP.HCl
10 LAG TIMES PLUS 15~

*FREE
IT 60 01 AlXi99 0100 300
10 0
KK LIB
KM LIBERTY LAKE BASIN
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PI 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.06
PI 0.06 0.06 0.06 0.06 0.08 0.08 0.08 0.08 0.08 0.08
PI 0.12 0.12 0.13 0.14 0.14 0.15 0.24 0.24 0.27 0.32
PI 0.39 0.48 0.94 1.75 2.54 4.00 2.28 1.53 0.23 0.21
PI 0.19 0.18 0.17 0.16 0.10 0.10 0.10 0.10 0.10 0.10
PI 0.07 0.07 0.07 0.07 0.07 0.07 0.05 0.05 0.05 0.05

• PI 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04
BA 12.7
BF 13 -.1 1.01
LU 0.0 0.19 9.0
UO 2.3
KK LIBDAM
KM STORAGE ROUTING THRU LIBERTY LAKE DAM
KM RATING BASED ON POWER INFO AND TOPa MAPS
RS 1 ELEV 1484.6
SV 25400 27900 30400 33310 40400 41490 46550
SE 1480 1481.9 1484 1486 1490.6 1491.2 1494
SQ 0 350 620 1255 1975 8800 33325
SE 1484.6 1486 1487 1488 1488.6 1490.65 1492.76
KK RTl
KM ROUTE HYOROGRAPH TO MILLER CREEK AND LIBERTY LAKE CONFLUENCE
RM 1 0.70 0.2
KK TlXi
KM HYDROGRAPH FOR TUG CREEK
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

• PI 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05
PI 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.10 0.10 0.10 0.10 0.10 0.10
PI 0.14 0.15 0.16 0.17 0.18 0.19 0.29 0.31 0.34 0.40
PI 0.47 0.57 0.99 1.75 2.78 7.54 2.36 1. 52 0.28 0.25
PI 0.23 0.22 0.20 0.19 0.13 0.13 0.13 0.13 0.13 0.13



PI 0.09 0.09 0.09 0.09 0.09 0.09 0.07 0.07 0.07 0.07
PI 0.07 0.07 0.05 0.05 0.05 0.05 0.05 0.05
BA 7.8
BF 8 -.1 1.01

• LU 0.0 0.21 5.0
UD 4. 1
KK MILL
KM HYDROGRAPH FOR MILLER CREEK
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PI 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.09 0.09 0.09 0.09 0.09 0.09
PI 0.13 0.14 0.14 0.15 0.16 0.17 0.26 0.27 0.30 0.35
PI 0.43 0.52 0.98 1.79 2.67 5.25 2.35 1.56 0.25 0.23
PI 0.21 0.20 0.18 0.17 0.11 0.11 0.11 0.11 0.11 0.11
PI 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06
PI 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
BA 5.3
BF 5 -.1 1.01
LU 0.0 0.20 2.0
UD 2.0
KK JNl
KH COMBINE LIBERTY LAKE. TUG CREEK, MILLER CREEK HYDROGRAPHS

• HC 3
KK RT2
KH ROUTE HYDROGRAPH TO BISHOPSVILLE RESERVOIR
RH 1 0.36 0.2
KK MORR
KH MORRISON CREEK HYDROGRAPH
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PIa. 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PI 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.09 0.09 0.09 0.09 0.09 0.09
PI 0.13 0.13 0.14 0.15 0.15 0.16 0.26 0.27 0.30 0.35
PI 0.42 0.51 0.94 1.72 2.59 5.40 2.27 1.50 0.24 0.22
PI 0.21 0.19 0.18 0.17 0.11 0.11 0.11 0.11 0.11 0.11
PI 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06
PI 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
BA 11.8
BF 12 -.1 1.01
LU 0.0 0.16 2.0
UD 2.6

• KK BRoo
KH BROOKLYN-DEER-SAND CREEK SYSTEM AND BISHOPSVILLE RESERVOIR
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00



PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

• PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05
PI 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.08 0.08
PI 0.08 0.08 0.08 0.08 0.11 0.11 0.11 0.11 0.11 0.11
PI 0.16 0.16 0.17 0.18 0.19 0.20 0.33 0.36 0.40 0.46
PI 0.54 0.64 1.03 1.79 3.05 10.67 2.48 1.54 0.31 0.28
PI 0.26 0.24 0.22 0.21 0.14 0.14 0.14 0.14 0.14 0.14
PI 0.09 0.09 0.09 0.09 0.09 0.09 0.07 0.07 0.07 0.07
PI 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06
BA 19.9
BF 20 -.1 1.01
LU 0.0 0.1224.0
UO 3.2
KK LIn
KM LITTLE LIBERTY RIVER HYOROGRAPH
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05
PI 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07

• PI 0.07 0.07 0.07 0.07 0.10 0.10 0.10 0.10 0.10 0.10
PI 0.14 0.15 0.15 0.16 0.17 0.18 0.28 0.30 0.33 0.39
PI 0.46 0.55 0.97 1.73 2.72 7.21 2.32 1.50 0.27 0.25
PI 0.23 0.21 0.20 0.19 0.12 0.12 0.12 0.12 0.12 0.12
PI 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06
PI 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
BA 12.7
BF 13 -.1 1.01
LU 0.0 0.13 3.0
UD 2.6
KK JN2
KM COMBINE LIBERTY, BROOKlET ALl, MORRISON AND LITTLE LIBERTY
HC 4
Z\.I A=BROO B=UPSW C=FL~ 0=01AUG1999 Ea lHOUR F~

ZZ

•



10 "'ARM SEASON
ID ******
10 STORM CENTERED ON BROOKLYN. DEER. SAND CREEK SYSTEM SUBBASIN
10 ******

• 10 6/1994
10 1993 PMf GUIDELINES
10 SCS UNIT HYDROGRAPH METHOD
10
10
10 LAG TI MES MI NUS 15'l.
*fREE
IT 60 01AUG99 0100 300
10 0
KK LIB
KM LIBERTY LAKE BASIN
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PI 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.06
PI 0.06 0.06 0.06 0.06 0.08 0.08 0.08 0.08 0.08 0.08
PI 0.12 0.12 0.13 0.14 0.14 0.15 0.24 0.24 0.27 0.32
PI 0.39 0.48 0.94 1.75 2.54 4.00 2.28 1.53 0.23 0.21
PI 0.19 0.18 0.17 0.16 0.10 0.10 0.10 0.10 0.10 0.10
PI 0.07 0.07 0.07 0.07 0.07 0.07 0.05 0.05 0.05 0.05

• PI 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04
BA 12.7
Bf 13 -.1 1.01
LU 0.0 0.19 9.0
UO 1.7
KK LIBDAM
KM STORAGE ROUTING THRU LIBERTY LAKE DAM
KM RATING BASED ON POWER INfO AND TOPO MAPS
RSl ELEV 1484.6
SV 25400 27900 30400 33310 40400 41490 46550
SE 1480 1481.9 1484 1486 1490.6 1491.2 1494
SQ 0 350 620 1255 1975 8800 33325
SE 1484.6 1486 1487 1488 1488.6 1490.65 1492.76
KK RT1
KM ROUTE HYDROGRAPH TO MILLER CREEK AND LIBERTY LAKE CONfLUENCE
RM 1 0.70 0.2
KK TUG
KM HYDROGRAPH fOR TUG CREEK
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

• PI 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05
PI 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.10 0.10 0.10 0.10 0.10 0.10
PI 0.14 0.15 0.16 0.17 0.18 0.19 0.29 0.31 0.34 0.40
PI 0.47 0.57 0.99 1.75 2.78 7.54 2.36 1. 52 0.28 0.25
PI 0.23 0.22 0.20 0.19 0.13 0.13 0.13 0.13 0.13 0.13



PI 0.09 0.09 0.09 0.09 0.09 0.09 0.07 0.07 0.07 0.07
PI 0.07 0.07 0.05 0.05 0.05 0.05 0.05 0.05
BA 7.8
BF 8 -.1 1.01

• LU 0.0 0.21 5.0
UO 3.1
KK MILL
KM HYDROGRAPH FOR MILLER CREEK
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PI 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.09 0.09 0.09 0.09 0.09 0.09
PI 0.13 0.14 0.14 0.15 0.16 0.17 0.Z6 O.V 0.30 0.35
PI 0.43 0.52 0.98 1.79 2.67 5.25 2.35 1.56 0.25 0.23
PI 0.21 0.20 0.18 0.17 0.11 0.11 0.11 0.11 0.11 0.11
PI 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06
PI 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
BA 5.3
BF 5 -.1 1.01
LU 0.0 0.20 2.0
UD 1.4
KK JNl
KM COMBINE LIBERTY LAKE, TUG CREEK, MILLER CREEK HYDROGRAPHS

• HC 3
KK RT2
KM ROUTE HYDROGRAPH TO BISHOPSVILLE RESERVOIR
RM 1 0.36 0.2
KK MORR
KM MORRISON CREEK HYDROGRAPH
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PI 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.07 0.07
PI 0.07 0.07 0.07 0.07 0.09 0.09 0.09 0.09 0.09 0.09
PI 0.13 0.13 0.14 0.15 0.15 0.16 0.26 0.27 0.30 0.35
PI 0.42 0.51 0.94 1.72 2.59 5.40 2.27 1.50 0.24 0.22
PI 0.21 0.19 0.18 0.17 0.11 0.11 0.11 0.11 0.11 0.11
PI 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06
PI 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
BA 11.8
BF 12 -.1 1.01
LU 0.0 0.16 2.0
UD 2.0

• KK BROO
KM BROOKLYN-DEER-SAND CREEK SYSTEM AND BISHOPSVILLE RESERVOIR
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00



PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

• PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05
PI 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.08 0.08
PI 0.08 0.08 0.08 0.08 0.11 0.11 0.11 0.11 0.11 0.11
PI 0.16 0.16 0.17 0.18 0.19 0.20 0.33 0.36 0.40 0.46
PI 0.54 0.64 1.03 1.79 3.05 10.67 2.48 1.54 0.31 0.28
PI 0.26 0.24 0.22 0.21 0.14 0.14 0.14 0.14 0.14 0.14
PI 0.09 0.09 0.09 0.09 0.09 0.09 0.07 0.07 0.07 0.07
PI 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06
BA 19.9
BF 20 -.1 1.01
LU 0.0 0.12 24.0
UO 2.4
KK LITT
KM LITTLE LIBERTY RIVER ·HYDROGRAPH
PB
PI 0.20 0.20 0.20 0.20 0.20 0.20 0.58 0.58 0.58 0.58
PI 0.58 0.58 0.07 0.07 0.07 0.07 0.07 0.07 0.03 0.03
PI 0.03 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PI 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05
PI 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07

• PI 0.07 0.07 0.07 0.07 0.10 0.10 0.10 0.10 0.10 0.10
PI 0.14 0.15 0.15 0.16 0.17 0.18 0.28 0.30 0.33 0.39
PI 0.46 0.55 0.97 1.73 2.72 7.21 2.32 1.50 0.27 0.25
PI 0.23 0.21 0.20 0.19 0.12 0.12 0.12 0.12 0.12 0.12
PI 0.08 0.08 0.08 0.08 0.08 0.08 0.06 0.06 0.06 0.06
PI 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05
SA 12.7
BF 13 -.1 1.01
LU 0.0 0.13 3.0
UD 2.0
KK JN2
KM COMBINE LIBERTY. BRooKCET ALl, MORRISON AND LITTLE LIBERTY
HC 4
ZW A=BROO B=UPSW C=FLC7.I D=01AUG1999 E=1HOUR F~

ZZ

•



EXHIBIT 3

UNET Input and 'Output Summaries

Note: Complete UNET outputs have been orritted 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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•
R ON
T1 LIBERTY
T2 PMF ANALYSIS
T3 UNET

* client: BISHOPSVILLE PUBLIC W'ORKS DEPARTMENT
* location: BISHOPSVILLE RESERVOIR TO BISHOPSVILLE DAM

YAHQUEMON COUNTY. ANYSTATE

* special

*
*
*

features of this model: I'Ianning's "n" set to 0.110 in the overbani(
areas. Ref: USGS ~ater-Supply Paper 2339. Arcement and Schneider

1989, Guide for Selecting Manning's Roughness Coefficients
for Natural Channels and Flood Plains

* UPSTREAM BOUNDARY IS A HYDROGRAPH
UB

*
ZD LIBERTY CSECT

ZS ON
* Write Invert Profile to OSS, UNITS = MILES
ZI MILES
* Write Area and Conveyance Tables to OSS (ON/OFF)
ZA ON

*
* Limi ts on Cross-section Table Card

* BELBK RISE ELSTRT SLOPE ELINC XINC FM CMILE
XK -2 1.5 3.0 .67 0
*XK 1 15 0 .001 1.5 1.0 0 0• *
* I'Ianning' s "n" Values Card

* XNL XNR XNCH ALPHA
NC 0.085 0.085 0.030

----*_._***--**--------_...-*-------*-------------------------------------
*
*
* SURVEYED XSEC T-4, OCT 1992
NC .110 .110 .035 .000
Xl 0.00 12 9930.0 10070.0 5280. 5280. 5280. -15.2
HY lS0.0
GR138O.0 9160.0 1360.0 9800.0 1350.0 9862.5 1340.0 9930.0 1338.0 9972.5
GR1336.0 9990.0 1336.0 10010.0 1338.0 10027.5 1340.0 10070.0 1350.0 10137.5
GR1360.0 10200.0 1380.0 10840.0
* T-5
NC .110 .110 .035 .000
Xl 1.00 12 9510.0 10490.0 5808. 5808. 5808. -13.7
GR138O.0 ·8050.0 1360.0 8270.0 1348.0 9400.0 1340.0 9510.0 1338.0 9830.0
GR1335.0 9977.5 1335.0 10022.5 1338.0 10170.0 1340.0 10490.0 1348.0 10600.0
GR1360.0 11730.0 1380.0 11950.0
* T-6
NC .110 .110 .035 .000
Xl 2.10 12 9262.5 10737.5 3168. 3168. 3168. -12.2
HY lS2.1
GR1380.0 5050.0 1360.0 6250.0 1342.0 9262.5 1338.0 9500.0 1335.0 9700.0

• GR1330.0 9975.0 1330.0 10025.0 1335.0 10300.0 1338.0 10500.0 1342.0 10737.5
GR1360.0 13750.0 1380.0 14950.0
* T-7
HC .110 .110 .035 .000
Xl 2.70 12 7300.0 12700.0 3168. 3168. 3168. -11.3
HY 152.7



GR1380.0 4820.0 1360.0 6400.0 1342.0 7300.0 1338.0 8687.5 1335.0 9162.5
GR1330.0 9725.0 1330.0 10275.0 1335.0 10837.5 1338.0 11312.5 1342.0 12700.0
GR1360.0 13600.0 1380.0 15180.0

• • Limits on Cross-section TabLe Card. BELBK RISE ElSTRT SLOPE ELINC XINC FM CMILE
XK -4 2.0 3.0 .67 0
• T-8
NC .110 .110 .035 .000
Xl 3.30 12 8387.5 11612.5 4224. 4224. 4224. -10.5
HY lS3.3
GR1380.0 7460.0 1360.0 7950.0 1344.0 8387.5 1335.0 9437.5 1330.0 9800.0
GR1325.0 9987.5 1325.0 10012.5 1330.0 10200.0 1335.0 10562.5 1344.0 11612.5
GR1360.0 12050.0 1380.0 12540.0
* T-9
NC .110 .110 .035 .000
Xl 4.10 12 8237.5 11762.5 4752. 4752. 4752. -9.3
HY154.1
GR1380.0 7380.0 1360.0 7550.0 1338.0 8237.5 1336.0 9150.0 1330.0 9400.0
GR1325.0 9900.0 1325.0 10100.0 1330.0 10600.0 1336.0 10850.0 1338.0 11762.5
GR1360.0 12450.0 1380.0 12620.0
* T-l0
NC .110 .110 .035 .000
Xl 5.00 12 8375.0 11 625. 0 2640. 2640. 2640. -8.0
HY 155.0
GR1380.0 8070.0 1360.0 8150.0 1340.0 8375.0 1335.0 8787.5 1325.0 9700.0
GR1320.0 9962.5 1320.0 10037.5 1325.0 10300.0 1335.0 11212.5 1340.0 11625.0
GR1360.0 11850.0 1380.0 11930.0
* T-11
NC .110 .110 .035 .000• Xl 5.50 12 8925.0 11075.0 4224. 4224. 4224. -7.3
HY 155.5
GR1380.0 8670.0 1360.0 8790.0 1340.0 8925.0 1330.0 9200.0 1325.0 9837.5
GR1320.0 9900.0 1320.0 10100.0 1325.0 10162.5 1330.0 10800.0 1340.0 11075.0
GR1360.0 11210.0 1380.0 11330.0
* T-12
NC .110 .110 .035 .000
Xl 6.30 12 9012.5 10987.5 3696. 3696. 3696. -6.2
HY 156.30
GR1380.0 6700.0 1360.0 89S0.0 1340.0 9012.5 1325.0 9225.0 1315.0 9950.0
GR1310.0 9995.0 1310.0 10005.0 1315.0 10050.0 1325.0 10n5.0 1340.0 10987.5
GR1360.0 11050.0 1380.0 13300.0
* T-13
NC .110 .110 .035 .000
Xl 7.00 12 9645.0 10355.0 4224. 4224. 4224. -5.2
HY 157.0
GR1380.0 9130.0 1360.0 9370.0 1340.0 9645.0 1320.0 9745.0 1315.0 9915.0
GR1305.0 9960.0 1305.0 10040.0 1315.0 10085.0 1320.0 10255.0 1340.0 10355.0
GR1360.0 10630.0 1380.0 10870.0
* T-14
NC .110 .110 .035 .000
Xl 7.80 12 9550.0 10450.0 3168. 3168. 3168. -4.0
HY 157.8
GR1380.0 9430.0 1360.0 9520.0 1345.0 9550.0 1320.0 9612.5 1310.0 9837.5
GR1300.0 9970.0 1300.0 10030.0 1310.0 10162.5 1320.0 10387.5 1345.0 10450.0

• GR1360.0 10480.0 1380.0 10570.0
* T-15
NC .110 .110 .035 .000
Xl 8.40 12 9012.5 10987.5 2640. 2640. 2640. -3.2
GR1380.0 7840.0 1360.0 8680.0 1340.0 9012.5 1320.0 9112.5 1310.0 9287.5
GR1300.0 9750.0 1300.0 10250.0 1310.0 10712.5 1320.0 10887.5 1340.0 10987.5



GR1360.0 11320.0 1380.0 12160.0
* T-16
NC .110 .110 .035 .000

• Xl 8.90 12 9462.5 10537.5 4752. 4752. 4752. -2.4
HY lS8.9
GR1380.0 8840.0 1360.0 9360.0 1340.0 9462.5 1320.0 9750.: 1305.0 9862.5
GR1300.0 9962.5 1300.0 10037.5 1305.0 10137.5 1320.0 10250. : 1340.0 10537.5
GR1360.0 10640.0 1380.0 11160.0
* T-17
NC .110 .110 .035 .000
Xl 9.80 12 8712.5 11287.5 4224. 4224. 4224. -1. 1
HY lS9.8
GR1380.0 7840.0 1360.0 8060.0 1340.0 8712.5 1320.0 9275.: 1300.0 9875.0
GR1295.0 9995.0 1295.0 10005.0 1300.0 10125.0 1320.0 10725.: 1340.0 11287.5
GR1360.0 11940.0 1380.0 12160.0
• U/S FACE OF BISHOPSVILLE OAM
NC .200 .200 .200 .000
Xl 10.60 12 8827. 5 11172. 5 4224. 4224. 4224.
HY BISHOPSVILLE DAM ~

GR1360.0 7800.0 1330.0 8827.5 1320.0 9107.5 1305.0 9625.: 1295.0 9900.0
GR1290.0 9987.5 1290.0 10012.5 1295.0 10100.0 1305.0 10375.: 1320.0 10892.5
GR1330.0 11172.5 1360.0 12200.0

*
• DOWNSTREAM BOUNDARY - SEE .BC FILE
DB
EJ

•

•



*•
* FILE: EXAMPLE.BC
* Liberty River UNET model, MS season, centering
* on BrooKlyn-Deer-Sand CreeK subbasin
* PMF
* note: the third title line is used as the F-part of the OSS pathnames

for the output hydrographs
*

PARAMETERS:
OT TSP PT TLEVEE THETA STORAGE OPRINT TWIC OABINC

* JOB CONTROL
* IPRINT PZMX
JOB CONTROL

T T. 1 24 -1 T 0.60 F T -1 -.5
*
*
QMULTz 1.0
*
*

*
*

*

O.
90.

340.
1511 •
3754.
6613.
9997.

13840.
43662.
95049.

166865.

*----------------------------- HEC-l generated input hydrographs in OSS format
OPEN OSS FILE INPUT
LIBERTYW.DSS 01AUG1999 0100 13AUG1999 1200 1

~STREAM RATING CURVE
1 10
1338.9
1339.0
1343.0
1345.0
1347.0
1349.0
1351.0
1353.0
1355.0
1357.0
1359.0

• UPSTREAM FLOW HYDROGRAPH at the Cross section T-4
1
IBROO/UPSW/FLOW/01AUG1999/1HOUR/YSI
*
*
*
*
*
WRITE HYDROGRAPHS TO OSS OUTPUT
LIBERTYW.DSS
*
EJ

•



•
* FILE: EXAMPLE.BC
* Liberty River UNET model, MS season, centering
* on Broo~lyn-Deer-Sand Cree~ subbasin
* PMF
* LAG TIMES INCREASED 1St
* note: the third title line is used as the F-part of the DSS pathnames
* for the output hydrographs
*

PARAMETERS:
DT TSP PT TLEVEE THETA STORAGE DPRINT TWIC DABINC

* JOB CONTROL
* IPRINT PZMX
JOB CONTROL

T T.1
*
*
QMULT= 1.0

*
*

24 -1 T 0.60 F T -1 -.5

*
*

O.
90.

340.

1511.
3754.
6613.
9997.

13840.
43662.
95049.

166865.

•

•

DOWNSTREAM RATING CURVE
1 10
1338.9
1339.0
1343.0

1345.0
1347.0
1349.0
1351.0
1353.0
1355.0
1357.0
1359.0

*----------------------------- HEC-1 generated input hydrographs in DSS format
OPEN ass FILE INPUT
LIBERTYP.DSS 01AUG1999 0100 13AUG1999 1200 1
*
UPSTREAM FLo.J HYDROGRAPH at the Cross section T-4
1
IBROO/UPSW/FLo.J/01AUG199911HOURlWSI
*
*
*
*
*
WRITE HYDROGRAPHS TO DSS OUTPUT
LIBERTYP.DSS
*
EJ



•
• FILE: EXAMPLE.BC
• Liberty River UNET model, MS season, centering
• on BrooKlyn-Deer-Sand CreeK subbasin
• PMF
• LAG TIMES DECREASED 151
• note: the third title line is used as the F-part of the DSS pathnames
• for the output hydrographs
•

PT TLEVEE THETA STORAGE OPRINT nwiC DABINC
• JOB CONTROL PARAMETERS:
* IPRINT PZMX OT TSP
JOB CONTROL

T T. 1 24
*
*
QMULT" 1.0
*
*

-1 T 0.60 F T -1 -.5

*
*

o.
90.

340.
1511.
3754.
6613.
9997.

13840.
43662.
95049.

166865.

•

•

DOWNSTREAM RATING CURVE
1 10
1338.9
1339.0
1343.0
1345.0
1347.0
1349.0
1351.0
1353.0
1355.0
1357.0
1359.0

*----------------------------- HEC-1 generated input hydrographs in DSS format
OPEN DSS FILE INPUT
LIBERTYM.OSS 01AUG1999 0100 13AUGl999 1200 1
*
UPSTREAM FLa.I HYOROGRAPH at the Cross section T-4
1
I BROOI UPSWI FLa.l/01AUG1999/1 HOURIWSI
*
*
*
*
*
\<'RITE HYOROGRAPHS TO OSS OUTPUT
LI BERTYM. OSS
*
EJ
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EXHIBIT'4

Subbasin Division Map
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N

t
SCALE

I I

2 Miles •
LONG.

WATER Liberty River Drainage

LONG.

Subbasins

LA 1.

LA 1.

LA 1.
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EXHIBIT 5

Slope and Channel Velocity Calculations
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• Time of Concentration (Tc) Calculations1

Overland 1 2 3
1-Tug Creek

6.x(ft) 1814 19998 15512 17895
ny(ft) 59.5 107.1 166.6 47.6
V(ft/s) 0.5 2.0 2.9 1.4
tc(hr) 0.7 1.9 1.0 2.4

2-Blshopsvllle Reservoir, Brooklyn-Deer-Sand Creek

6.x(ft) 871 5770 15524 17938
~y(ft) 28.6 173.7 59.5 47.8
v(ft/s) 0.5 4.8 1.7 4.8
tc(hr) 0.3 0.3 1.7 2.:3

3-l.lberty Lake & Uberty River Headwaters

f1x(ft) 1700 12642 8452 9305
~y(ft) 52.4 54.7 130.9 52.6
V(ft/s) 0.4 1.8 3.5 2.1
te(hr) 0.7 1.3 .5 0.8

4-Mlller Creek

• f1x(ft) 2539 3195 9327 11484
~(ft) 116.1 101.6 58 54.3
V(ft/s) 0.5 5.0 2.2 1.9
te(hr) 0.9 0.1 0.8 1.1

5-Morrlson Creek
f1x(ft) 1233 5572 11312 14669
~(ft) 89.2 99.4 72.5 25.4
V(ft/s) 0.7 3.7 2.2 1.1
te(hr) 0.3 0.3 0.9 2.3

6-lJttle Uberty River
6.x(ft) 1741 4742 3524 16985
~(ft) 90.7 112.5 87.1 25.4
v(ft/s) 0.6 4.3 4.4 1.1
te(hr) 0.6 0.2 0.1 2.9

Overland velocity from Applied Hydrology and Sedimentology for Disturbed Areas, Barfield, Warner,
Haan, 1983, p. 100, Figure 2.34 Forested Land; section velocity - assume 3 ft. depth, hydraulic
radius = wetted area/Wetted perimeter, R =AlP = ~ y for best section, Sf =Sa" Mannings equation
V = 1.49F(hS;,i

n

• S, = bed grade
So = energy grade
te = (lIv)/1.5

E116A023!E116-93Ner94 4-1
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EXHIBIT 6

Liberty River Basin PMP
Depth-Area-Duration Relationship
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• Liberty River Basi~o Bishopsville Dam
Yahquemon County, Anystate

Depth-Area-Duration Curves, Warm Season PMP

•
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EXHIBIT 7

HMR 52 Input and Output

e
Note: Complete HMR52 outputs 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.

E116A023/E116-93N3-94
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10 ~ARM SEASON
10 CENTERING OVER BROOKLYN, DEER, SANO CREEKS SUBBASIN
10
10 6/1994
10 LIBERTY'..'. H52
·FREE
BNBROO
85.4509
BX 441.3 440.8440.5440.3440.3440.1
BX 439.8 440.1 440.6 440.8 440.8 440.8
BX 440.1440.1440.2440.1440.1441.2
BX 441.9 442.9 444.2 445.8 446.0 447.3
BX 449.3 449.2 449.6 449.7449.5449.1
BX 449.1449.9450.8451.2452.5452.6
BX 452.5 451.8 451.6 451.6 451.8 452.1
BX 454.5 454.7 455.7 456.7 457.0 456.8
BX 456.0 455.6 455.2 454.9 454.4 454.2
BX 454.0 453.7 453.6453.8453.7453.1
BX 452.4 452.4 452.4 452.6 452.4 451.8
BX 451.1450.7450.5450.2449.7448.3
BX 448.5 449.8 450.0450.1449.6449.3
BX 448.8 447.5 447.1 446.3 446.1 445.2
BX 444.7 444.5 444.3 444.1 444.1 443.9
BX 444.2 444.2 444.1 443.5 443.5 443.3
BX 441.6
BY 5161.6 5161.8 5162.0 5162.2 5163.5 5164.2
BY 5165.1 5165.25165.85166.2 5166.6 5166.8
BY 5168.0 5168.2 5168.9 5170.3 5171.8 5170.9
BY 5170.5 5170.3 5169.7 5168.5 5168.5 5167.7
BY 5166.3 5165.8 5165.4 5165.2 5164.6 5163.7
BY 5163.5 5163.2 5163.0 5162.3 5161.6 5161.4
BY 5161.3 5160.9 5160.7 5160.4 5160.2 5160.1
BY 5159.4 5159.3 5159.3 5157.7 5156.9 5156.7
BY 5156.8 5156.75156.95156.95157.1 5157.7
BY 5157.7 5157.7 5157.6 5157.3 5157.3 5157.7
BY 5157.8 5157.9 5157.9 5158.0 5158.5 5158.6
BY 5158.9 5158.9 5158.8 5158.3 5157.85157.1
BY 5157.4 5158.2 5158.5 5159.0 5159.5 5159.7
BY 5159.9 5159.8 5159.9 5159.6 5159.6 5160.7
BY 5160.5 5160.3 5159.8 5159.8 5160.2 5160.5
BY 5160.8 5160.9 5161.1 5161.1 5161.3 5161.4
BY 5161.4
HO 280
HP 10 22.5 25.7 28.0 30.4 32.6
HP 200 16.5 19.2 21.2 23.4 25.4
HP 1000 12.4 14.7 16.6 18.6 20.4
HP 5000 7.8 9.7 11.5 13.4 15.2
HP 10000 5.7 7.5 9.2 11.2 12.8
HP 20000 3.8 5.5 7.2 9.0 10.7
SA a a 3
ST 60 0.309 0 1.0
BNTUG
BS.4509
BX 439.8 440.1 440.2 440.6 440.8 440.8
BX 440.8440.8440.7440.5440.1 440.1
BX 440.1 440.2 440.2 440.1 440.1 440.1
BX 440.1440.1440.1 439.7439.2438.9
BX 438.7 438.5 438.3 438.1 438.0 437.9
BX 437.9 437.3 436.7 436.4 436.4 436.3
BX 436.1 436.0 435.8 435.6 435.5 435.3
BX 435.2 434.7 434.5 433.9 433.3 432.8
BX 432.4 432.2 431.6 430.8 430.3 430.1
BX 430.0 430.0 429.9 429.7 429.6 429.6
BX 429.6 429.7 429.8 429.9 429.9 429.8
BX 430.0 430.3 430.8 431.2 431.7 432.0
BX 432.3 432.5 432.8 433.2 433.6 434.2



•

•

•

BX 434.9 435.6 436.0 436.5 436.9 437.3
BX 437.7 438.0 438.2 438.3 438.5 438.8
BX 439.2 439.6 439.7 439.7
BY 5165.1 5165.25165.3 5165.85166.2 5166.6
BY 5166.7 5166.8 5167.1 5167.5 5168.0 5168.2
BY 5168.5 5168.9 5169.4 5169.8 5170.2 5170.3
BY 5170.8 5171.4 5171.8 5172.1 5172.3 5172.2
BY 5172.2 5172.2 5172.1 5172.2 5172.3 5172.4
BY 5172.4 5172.3 5172.2 5172.2 5172.0 5171.9
BY 5171.7 5171.6 5171.6 5171.6 5171.7 5171.9
BY 5172.1 5172.1 5172.2 5172.6 5172.7 5172.8
BY 5172.8 5172.8 5173.0 5173.2 5173.1 5173.0
BY 5173.0 5173.0 5172.9 5172.7 5172.5 5172.2
BY 5171.9 5171.75171.55171.3 5171.1 5171.0
BY 5170.8 5170.3 5169.9 5169.6 5169.5 5169.6
BY 5169.7 5170.0 5170.1 5170.2 5170.2 5169.9
BY 5169.5 5169.2 5169.2 5169.2 5169.0 5168.7
BY 5168.3 5167.9.5167.3 5166.9 5166.4 5166.0
BY 5165.75165.45165.25165.1
BNLIB
B5.4509
BX 436.4 436.6 436.6 436.3 435.7 435.3
BX 435.0 434.7 434.4434.1 433.8433.4
BX 432.9 432.6 432.1 431.7431.5431.2
BX 430.7 430.3 429.9 429.6 429.2 428.8
BX 428.5 428.1427.8427.3426.9426.4
BX 425.2 425.0 424.9 424.6 424.3 423.9
BX 423.7423.6 423.5 423.5 423.5 423.5
BX 423.6 423.9 424.1 424.1 424.3424.5
BX 424.8 425.3 426.3 427.0 427.5 428.7
BX 429.8429.8 430.0 430.3 430.8 431.2
BX 431.7432.0 432.3 432.5 432.8 433.2
BX 433.6 434.2 434.9 435.6 436.0 436.5
BX 436.9 437.3 437.7 438.0 438.2 438.3
BX 438.3 438.2 438.0 437.7 437.4 437.2
BX 437.1436.9436.8436.7436.5436.3
BX 436.2 436.2
BY 5166.3 5166.0 5165.8 5165.4 5164.8 5164.4
BY 5164.2 5164.1 5164.3 5164.4 5164.4 5164.3
BY 5164.0 5163.75163.3 5162.9 5163.1 5163.2
BY 5163.3 5163.5 5163.85164.1 5164.75165.2
BY 5165.6 5166.0 5166.2 5166.4 5166.6 5166.7
BY 5167.5 5167.7 5167.7 5167.6 5167.6 5167.5
BY 5167.5 5167.6 5167.85168.1 5168.3 5168.6
BY 5168.8 5169.0 5169.2 5169.2 5169.3 5169.5
BY 5169.5 5169.4 5169.3 5169.4 5169.6 5170.2
BY 5170.9 5171.0 5170.8 5170.3 5169.9 5169.6
BY 5169.5 5169.6 5169.7 5170.0 5170.1 5170.2
BY 5170.2 5169.9 5169.5 5169.2 5169.2 5169.2
BY 5169.0 5168.7 5168.3 5167.9 5167.3 5166.9
BY 5166.5 5166.2 5166.0 5166.0 5166.0 5166.0
BY 5166.3 5166.7 5166.8 5166.9 5166.9 5166.8
BY 5166.7 5166.5
BNMILL
B5.4509
BX 434.4 434.5 434.8 435.3 435.9 436.0
ax 436.3 436.6 437.0 437.5 437.8 438.2
ax 438.6 438.9 439.3 439.7 439.7 439.8
BX 439.7 439.7 439.6 439.2 438.8 438.5
ax 438.3 438.3 438.3 438.2 438.0 437.7
ax 437.4 437.2 437.1 436.9 436.8 436.7
BX 436.5 436.3 436.2 436.2 436.4 436.4
ax 436.4 436.6 436.6 436.3 435.7 435.3
ax 435.0 434.7 434.4 434.1433.8433.4
BX 432.9 432.6 432.1 431.9 431.7 431.9
ax 432.3 432.6 432.8 432.8 432.8 432.7
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BX 432.6 432.5 432.5 432.6 432.8 433.4
BX 433.7 434.1 434.3
BY 5160.0 5160.1 5160.2 5160.5 5160.7 5160.8
BY 5160.9 5161.1 5161.5 5162.0 5162.5 5163.3
BY 5163.9 5164.3 5164.7 5165.1 5165.1 5165.1
BY 5165.1 5165.2 5165.4 5165.7 5166.0 5166.4
BY 5166.9 5166.9 5166.5 5166.2 5166.0 5166.0
BY 5166.0 5166.0 5166.3 5166.7 5166.8 5166.9
BY 5166.9 5166.8 5166.7 5166.5 5166.4 5166.4
BY 5166.3 5166.0 5165.8 5165.4 5164.8 5164.4
BY 5164.2 5164.1 5164.3 5164.4 5164.4 5164.3
BY 5164.0 5163.7 5163.3 5163.0 5162.9 5162.8
BY 5162.5 5162.1 5161.8 5161.5 ~161.3 5161.1
BY 5161.0 5160.8 5160.6 5160.5 5160.5 5160.4
BY 5160.3 5160.25160.1
BNMORR
B5.4509
BX 445.3 445.3 445.2 445.0 444.7 444.5
BX 444.4 444.4 444.3 444.1 444.1 444.1
BX 443.9 444.0 444.2 444.2 444.1 443.8
BX 443.5 443.5 443.5 443.3 442.6 442.0
BX 441.6 441.4 441.3 441.1440.8440.5
BX 440.3 440.3 440.3 440.1 439.9 439.8
BX 439.7 439.3 438.9 438.6 438.2 437.8
BX 437.5 437.0 436.6 436.3 435.9 435.3
BX 434.8 434.5 434.4 434.5 434.7 435.2
BX 435.5 435.8436.0436.1435.9435.8
BX 435.5 434.7 434.4 434.4 434.7 434.8
BX 434.8 434.8 434.8 435.0 435.2 436.9
BX 437.5 437.8 438.2 438.5 438.6 438.7
BX 439.3 439.7439.9439.9440.0440.1
BX 440.3 440.7441.1 441.3441.6441.9
BX 442.4 442.6 443.2 443.5 443.7 443.9
BX 444.3 444.7 445.2
BY 5160.6 5160.6 5160.7 5160.6 5160.5 5160.3
BY 5160.2 5160.0 5159.8 5159.8 5160.0 5160.2
BY 5160.5 5160.75160.85160.95161.1 5161.1
BY 5161.1 5161.2 5161.3 5161.4 5161.4 5161.4
BY 5161.4 5161.5 5161.6 5161.7 5161.8 5162.0
BY 5162.2 5162.6 5163.5 5164.2 5164.8 5165.1
BY 5165.1 5164.7 5164.3 5163.9 5163.3 5162.5
BY 5162.0 5161.5 5161.1 5160.9 5160.75160.5
BY 5160.2 5160.1 5160.0 5159.85159.75159.7
BY 5159.6 5159.4 5159.2 5158.7 5157.7 5157.4
BY 5157.2 5157.0 5156.8 5156.6 5156.1 5155.5
BY 5155.1 5154.75154.4 5154.1 5153.85154.5
BY 5154.7 5154.7 5154.6 5154.5 5154.4 5154.5
BY 5154.8 5155.1 5155.3 5155.7 5156.3 5156.6
BY 5156.7 5156.8 5156.7 5156.8 5156.9 5157.0
BY 5157.0 5157.0 5157.3 5157.5 5158.0 5158.5
BY 5159.2 5159.6 5160.4
BNLITT
B5.4509
BX 453.7 453.9 454.6 455.1 455.6 455.5
BX 455.2 454.9 454.4 454.2 454.0 453.8
BX 453.7 453.6 453.8 453.7 453.6 453.3
BX 453.1 452.4 452.4 452.4 452.6 452.5
BX 452.4 451.8451.1 450.7450.5 450.3
BX 450.2 449.7 449.2 449.0 448.6 448.3
BX 448.5 449.8 450.0 450.0 450.1 450.1
BX 449.6 449.3 449.1 448.8 448.3 447.5
BX 447.1 446.3 446.1 446.0 445.4 445.3
BX 444.7 444.3 443.9 443.5 443.2 442.6
BX 441.9 441.6 441.3 441.1 440.7440.3
BX 440.1 440.0 439.9 439.7 439.3 438.7
BX 438.6 438.8 439.0 439.2 439.3 439.9
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BX 440.7441.2 441.7 442.5 444.0 444.2
BX 444.7 445.3 445.8 446.8 447.4 447.9
BX 448.4 449.8 451.2 451.5 452.7 453.0
BX 453.5
BY 5155.4 5155.6 5156.2 5156.4 5156.7 5156.8
BY 5156.9 5156.9 5157.1 5157.7 5157.7 5157.7
BY 5157.7 5157.6 5157.3 5157.3 5157.3 5157.6
BY 5157.7 5157.8 5157.9 5157.9 5158.0 5158.3
BY 5158.5 5158.6 5158.9 5158.9 5158.8 5158.6
BY 5158.3 5157.85157.65157.4 5157.2 5157.1
BY 5157.4 5158.2 5158.5 5158.7 5158.8 5159.0
BY 5159.5 5159.7 5159.9 5159.9 5159.9 5159.8
BY 5159.9 5159.6 5159.6 5159.8 5160.6 5160.6
BY 5159.6 5159.2 5158.5 5157.5 5157.3 5157.0
BY 5157.0 5156.9 5156.8 5156.7 5156.8 5156.7
BY 5156.6 5156.3 5155.3 5155.1 5154.85154.5
BY 5154.4 5154.3 5154.0 5153.5 5153.1 5152.7
BY 5152.5 5152.5 5152.7 5152.8 5152.8 5152.9
BY 5153.5 5154.75155.1 5155.65155.75155.7
BY 5155.5 5155.0 5154.6 5154.6 5155.0 5155.2
BY 5155.4
II
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EXHIBIT 8

Probable Maximum Storm Isohyets
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EXHIBIT 9

PMF Hydrographs
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8-13 Glossary

Some hydrologic terms have slightly different defmitions depending upon the agency using them.
These terms have been defined in terms of their meaning as used in these Guidelines.

Accuracy - Data are accurate if there are no errors. For example, clock records of rainfall and
streamflow can be out of synchronization, implying that measured time is not accurate.

Active Storage - That portion of reservoir storage which is filled and emptied from year to year as
the reservoir is operated.

Altitude-Depth Relationship - A relationship between snow pack water equivalent and elevation for
a particular drainage area.

Antecedent Storm - A storm which precedes an extreme storm.

Baseflow - The streamflow rate occurring during recession of a hydrograph. Baseflow is separate
from direct runoff.

Basin Average Rainfall - The spatially averaged rainfall depth within a drainage area for a particular
total storm or time increment of that storm.

Basin Characteristics - The physical and meteorologic characteristics of a drainage area that control
its hydrologic response in terms of runoff.

Channel Slope - The gradient measured by drop in elevation over channel distance, in foot per foot.
The application should be consistent with the methodology.

Clark Unit Hydrograph - The unit hydrograph developed by C.O. Clark which accounts for storage
in the basin as well as lag time.

Coefficient of Determination (r) - A measure of the degree to which a regression line explains the
variance in the dependent variable.

Composite Unit Hydrograph - The unit hydrograph constructed from the unit hydrographs generated
from historic storm and flood data. It is the unit hydrograph judged to be representative of the
hydrologic response of the drainage area.

Consistency - Hydrologic data are consistent if no unusual changes or trends exist in the data.

Continuity - A record is continuous if the record contains no periods for which data is missing.

Continuous Streamflow Hydrograph - A hydrograph formed from the continuous stage recording at
a streamgage.

Cover - The extent and type of vegetation covering the drainage area.
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Cross Section - A vertical section taken across a stream channel or a reservoir used to determine
flow area and hydraulic radius for flow routing.

Daily Flow Records - A record of average daily flows at a streamgage.

Degree-Day Method - A method to calculate snowmelt in terms of a degree-day factor [HEC 1990]
determined from measured snowpack, runoff, and temperature for a historic storm.

Design Flood - The flood hydrograph for which a given project and its appurtenances are designed.

Dimensionless Unit Hydrograph - A unit hydrograph whose vertical and horizontal coordinates have
been made dimensionless by dividing by the hydrograph peak flow and the time to peale respectively.

Disaggregating - The process of converting rainfall depths for one increment of time to the
incremental depths for smaller increments of time.

Double-Mass Analysis - A plot of accumulated rainfall depth for one raingage against accumulated
depth at another gage used to detect trends or inconsistencies within the data.

Drainage Area - The area above a particular point of interest from which surface drainage flows.

Emergency Gate Operation - The operation of gates on a controlled spillway when there is danger
of the dam being overtopped if the gates are not opened sufficiently.

Extreme Flood - A flood whose peak flow is significantly larger than most historic floods.

Flashboards - Structures which temporarily raise the crest of an overflow spillway. Usually the
flashboards are made from wooden planks supported by structural membas.

Flood Hydrograph - A record of continuous streamflow versus time for a particular flood at a
particular location on a stream.

Flood Storage - That portion of reservoir storage which is expressly reserved for storage of flood
water.

Gaged Site - One for which available hydrologic data, recorded at stations within the basin, are
sufficient in quantity and quality to provide confidence in development of an inflow PMF
hydrograph.

General Storm - A storm caused by a frontal movement which generally covers a large area (ranging
up to 60,000 square miles).

High-Water Mark - A mark which identifies the maximum stage which occurred at a particular
location during a historic flood.

Homogeneous Data - Hydrologic data that all comes from the same phenomena and for the same time
period.
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Hydrograph - Rate of flow in a stream plotted against time for a particular section.

Hydrology - The science of the occurrence and movement of water on and within earth.

Hydrometeorology - The science of meteorology and hydrology related to the occurrence of extreme
rainfall and extreme floods.

Hydrometeorological Report - Name given to a set of National Weather Service publications. They
contain generalized studies of extreme rainfall for a particular region. Such reports provide
generalized information for estimating probable maximum precipitation of a particular duration for
given locations with the region.

Hyetograph - A graph of incremental rainfall depth versus time.

Infiltration Rate - The rate at which rainfall enters the surface of the soil in a given drainage area.

Inflow PMF Hydrograph - The hydrograph which represents PMF runoff entering a reservoir.

Initial Abstraction - That part of initial rainfall on a basin which is intercepted by vegetation, held
in depressions, or evaporated.

Initial Flow - The streamflow at time, t, equals O. Direct runoff does not necessarily start at this
time. In HEC-1 initial flow is the parameter STRTQ.

Isohyet - A line along which rainfall depth is constant. Isohyets are used to develop an isohyetal
map of rainfall for single storms or annual rainfall depth.

Isohyetal Pattern - Spatial distribution of rainfall represented by lines of equal rainfall depth
(isohyets).

Kinematic Wave - The wave created by a change in flow rate in an open channel. The velocity of
the wave is proportional to the change in depth and can be approximated as 1.5 times the average
channel velocity.

Lag Time (TJ - The time which locates the runoff hydrograph relative to the occurrence of a storm.
It is generally determined as the difference in time between the centroid of rainfall excess and the
peak of the runoff hydrograph, but definitions differ between methodologies.

Lapse Rate - The rate at which air temperature decreases with increasing altitude on a particular
drainage area.

Large Dams - As defmed by the International Commission on Large Darns, a Large Dam is one
which is more than 50 meters in height.

Local Storms - A storm created by local convection which covers a limited area, generally not more
than 500 square miles .
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Manning Equation - The following equation for calculation of the average uniform velocity in an
open channel V = 1.48/n * R¥o * S'h where V is the average velocity, R is the hydraulic radius for
the section, S is the average slope of the channel, and "n" is a coefficient reflecting the roughness
of the channel. The equation should be applied to segments of the channel that have constant slopes.

Manning's "n" - The coefficient used in the denominator of the Manning equation to represent the
effect of channel roughness. It is roughly proportional to the one-sixth power of the relative
roughness of the channel boundary.

Maximum Normal Operating Level - The maximum reservoir water-surface elevation which a
hydroelectric project is normally operated during the year.

Maximum Possible Flood - An earlier term used to describe the Probable Maximum Flood.

Maximum Probable Precipitation - An earlier term used to describe the Probable Maximum
Precipitation.

Minimum Infiltration Rate - The minimum rate at which infiltration occurs after the soil is saturated.
This minimum rate is governed by the rate at which precipitation can enter the soil surface and
percolate to the subsurface.

Nonlinear Effects - The tendency for a drainage area to yield peak flows for greater depths of storm
rainfall which are larger than a linear proportion would indicate.

Operation Rules - The rules by which controlled spillways and outlet works are operated.

Orographic Effects - The effects of topographic variations on precipitation.

Overland Flow - Runoff flowing over the surface of a drainage area prior to reaching a channel.

Peak Flow - The maximum flow rate on a runoff hydrograph.

Permeability - The capacity of a soil to convey water. A high permeability occurs for soils having
a large porosity, such as sands and gravels.

Preliminary Data - Physical and hydrologic data collected for a given project and its drainage area
prior to making a visit to the site.

Probable Maximum Flood (PMF) - The flood that may be expected from the most severe
combination of critical meteorologic and hydrologic conditions that are reasonably possible in the
drainage basin under study.

Probable Maximum Precipitation (PMP) - The greatest depth of precipitation for a given duration
that is physically possible for a given size storm area at a particular geographic location at a certain
time of year.

Rainfall Sequence - The sequence of incremental rainfall depth used to develop a runoff hydrograph
for the storm.
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Rating Curve - A relationship between stage and flow rate developed for a panicular streamgage
location.

Reconstitution - The analytical process of using a developed unit hydrograph and historic storm
'rainfall to reproduce a historic flood hydrograph.

Redundant Operating System - An additional system for operating spillway and outlet works gates
which is independent of all other systems.

Regional Studies - Studies of hydrologic data from drainage areas in the region to develop
generalized information for calculation of a unit hydrograph for an ungaged area.

Regression - The mathematical analysis performed to assess the statistical correlation and relationship
between a hydrologic parameter and physical or other hydrologic parameters for the drainage area.

Representative Unit Hydrograph - That unit hydrograph which represents the hydrologic response
of the drainage area. It is the same as the composite unit hydrograph.

Reservoir Starting Level - The reservoir water-surface elevation assumed to exist at the beginning
of the inflow PMF.

River Basin - The drainage area for a river above a particular point.

Routed Outflow - The downstream hydrograph which results from routing of a flood hydrograph
through a reservoir using the relevant capacities of the spillway and outlet works.

Routing - The analytical process of computing the change in a flood wave as it passes through a
reservoir or a channel.

Runoff Modeling - The analytical process of computing runoff from a panicular storm. In these
Guidelines the unit hydrograph is used as a component of the runoff model.

Safety Evaluation (As applied to a dam.) - The process of determining the ability of dam and its
appurtenances to pass a given flood.

Snowmelt Calculation - Estimation of the snowmelt occurring for a panicular snowpack and a given
set of meteorologic conditions.

Snow Course - A defmed line along which depths of snowpack and water content are measured and
recorded on a regular basis.

Snow Cover - The portion of a drainage area which is covered by snow.

Snowpack - The depth of existing snow in a drainage area expressed in equivalent water content.

Snow Pillow - A device for the measurement of snow pack water equivalent through a process of
weighing the overlying snow.
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Snyder Unit Hydrograph - A synthetic unit-hydrograph method developed by F.M. Snyder for which
the peak flow and time to peak are estimated in terms of regional coefficients.

Soil Map - A map identifying and showing the areal distribution of soil types.

Soil Moisture Content - The volume of moisture in the soil covering a drainage area. The volume
existing at the beginning of a historical storm is of primary interest.

Spatial Rainfall Distribution - The location variation of rainfall on a drainage area.

Spillway - The structure provided to pass flows which are generally too large to be passed through
the outlet works or the power plant. The spillway may be an overflow type or an orifice type.

Spurious Trend - A trend in hydrologic data with time that appears in the data but is actually the
result of data errors or other anomalies rather than a real climatic effect.

Standard Error of Estimate - The square root of the variance between values of a given hydrologic
data set and a set which is normally distributed.

Storage Coefficient (R) - A coefficient used with the Clark unit hydrograph which is identified with
storage effects of the basin. For estimation of this parameter see Figure 8-8.2.

Storm Transposition - The analytical process of moving historic storm data from the location where
it occurred to the location of interest.

Streamflow - The record of flow rate at a particular point in a stream.

Streamgage - A gage which measures and records the water-surface elevation (stage) in a stream.
The recorded stage is converted to streamflow by use of a rating curve.

Subbasin - A subdivision of a drainage area.

Subdivision - The process of dividing a drainage area into subbasins.

Synthetic Unit Hydrograph - A unit hydrograph for an ungaged basin that has been developed based
on unit hydrographs developed at gage sites within a region. Synthetic unit hydrographs are
estimated for ungaged basins by means of relationships between parameters of the unit-hydrograph
model and the physical characteristics of the basin.

Temporal rainfall distribution - The variation of rainfall depth with time for a particular storm.

Time of Concentration - The time of concentration is defined as the time required for runoff or water
to travel from the most remote point in the watershed to the outlet or point of consideration.

Thiessen Polygon Method - The method of dividing a drainage area into polygons within which the
average rainfall for a given storm is equal to that recorded at the nearest raingage.

Uncontrolled Spillway - A spillway where overflow is not controlled.
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Ungaged Site - One for v.'hich available hydrologic data, recorded at stations within the basin, are
insufficient in quantity and quality to provide confidence in development of an inflow PMF
hydrograph.

Uniform Loss Rate - The constant rate of infiltration assumed to occur. It is calculated from average
soil characteristics for each subbasin.

Unit Hydrograph - The direct runoff hydrograph from a given drainage area representing one inch
of precipitation excess for a specified duration.

Urban Area - An area which has been developed for urban use.

Verification Hydrograph - A hydrograph of a historic flOod which is regenerated using the
corresponding rainfall data and the developed unit hydrograph as a means of checking the suitability
of the unit hydrograph and/or the runoff model.

Watercourse - The path which runoff follows during passage from a drainage area.

Watershed - Another term meaning drainage basin.

ABBREVIATIONS AND SYMBOLS

The following abbreviations and symbols have been used in the text of these Guidelines.

A - Drainage area.

Cp - An empirical coefficient used in the Snyder synthetic unit hydrograph which accounts for
flood-wave velocity and storage in the river channel.

Ct - An empirical coefficient used in the Snyder synthetic unit hydrograph which accounts for storage
and slope of the basin.

R - Hydraulic radius of a channel.

S - Slope of a stream channel or a basin.

Lea - The distance from the basin outlet to a point opposite the centroid of the drainage area,
measured along the principal or main stream in the basin.

L - The distance from the basin outlet to the top of the drainage divide measured along the longest
watercourse.

QRCSN - The flow rate on a flood hydrograph at which direct runoff ceases. This is one of three
terms used in the optimization calculations performed by HEC-1.

RTIOR - Is equal to the ratio of a recession limb flow to the recession limb flow occurring one hour
later. A recession characteristic used in the calculation of baseflow.
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STRTQ - The flow rate in the river at the time hydrograph simulation begins. This is one of three
terms used in base flow calculations performed by HEC-1.

Tc - Time of concentration for a drainage area.

TL - Lag time for a drainage area.

tp - Time to peak for a drainage area.

Tr - Duration of rainfall used in the Snyder unit hydrograph.
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8-14 Appendices

Appendix VIII-A Determining the Probable Maximum Flood for Civil Works Flow Chart

Appendix VIII-B Probable Maximum Flood Study Report Outline

Appendix VIII-C Loss Rates for Subbasins - Detailed Method (8-10.3.2)
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Appendix VIII-A

Determining the Probable Maximum Flood for Civil Works Flow Chart

The flow chart shows the sequence of decisions and analyses required in determining the PMF for
gaged and ungaged basins. PMF studies should follow the procedures specified in the flow chart,
unless departures are justified in the study report. Chapter and section references are shown for each
flow chart element.
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DETERMINING THE PROBABLE MAXIMUM FLOOD FOR CIVIL WORKS
FLOWCHART

Collect and Review
Preliminary Project

and
Basin Hydrologic Data

Sec. 8-2.1 - 8-2.2

"~
Conduct Field Visit

Sec. 8-2.3

,r
Develop Antecedent

and Coincident

- Hydrometeorological
Conditions

Sec. 8-3

,If

Acquire
Necessary Data

Sec. 8-4

,
~

Review and Assess
Acquired Data

Sec. 8-5

,
~--

~ A )
-

8-A-2
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No

No

Project Basin
is Ungaged

Sec. 8-9

PtvlF DEVELOPMENT

Subdivide Watershed Into Subbasins
and Routing Reaches

Sec. 8-6 8-8.9 and 8-10.4

Define Approach &
Identify Required Tasks

Sec. 8-7

Project Basin
is Gaged

Sec. 8-8

Choose Historic
Roods for

Calibration and
Verification

Sec. 8-8.1
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..".r' .:
\

Yes

Identify Cold
Season

Considerations
sec. 8-8.3

PMF DEVELOPMENT
(Gaged Basins)

Determine Basin
Average Rainfall

for Floods Selected
Sec. 8-8.2

Establish Parameters
for

Baseflow Separation
Sec. 8-8.4

Estimate
Time of Concentration

and
Clark's Storage Coefficient

for
Each Gaged Basin/Subbasin

Sec. 8-8.5

Prepare Input
Rainfall Sequence for
Each Recorded Storm

Sec. 8-8.6
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{ .

Yes

Generate Unit Hydrographs
for Subareas and
Perform Channel

Routing
.. ... Sec. 8-8.9.2

PMF DEVELOPMENT
(Gaged Basins)

Determine Infiltration
for Unit Hydrograph

Development
Sec. 8-8.7

Prepare Streamflow
Sequence for Each

Historic Rood
Sec. 8-8.8

Generate Single Basin
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Parameters for

Each Historic Rood
Sec. 8-8.9.1
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PMF DEVELOPMENT
(Gaged Basins)

Develop the
Representative Unit

Hydrograph for Project
Basin or Subbasins

Sec. 8-8.9

Generate
yerification Hydrographs

, Sec. 8-8.1

No

Evaluate Spatial
Distribution and
Disaggregation

of the PMP
Sec. 8-10.1

8-A-6
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PMF DEVELOPMENT
(Gaged Basins)

Determine Coincident
Snowmelt Conditions

Sec. 8-3.2 & 8-10.2

Determine Loss Rate
for Each Subbasin

Sec. 8-10.3

Apply
Reservoir & Channel

Routing Approach

Sec. 8-10.4

8-A-7



PMF DEVELOPMENT
(Gaged Basins)

G

Select Baseflow
Coincident with PMF

Sec. 8-10.5

, (

Initial Reservoir Levels

Sec. 8-3

Develop Inflow
PMF Hydrograph

Sec. 8-10.6

Review and Perform
Sensitivity Analysis

to Obtain
the Inflow PMF

Sec. 8-10.7

Perform Reservoir
Routing to Obtain

Outflow PMF
Sec. 8-11.0
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PMF DEVELOPMENT
(Ungaged Basins) .
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Develop Applicable
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Perform
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PMF DEVELOPMENT
(Ungaged Basins)

Develop Empirical Coefficients
for Synthetic Unit

Hydrograph Procedures
Sec. 8-9.3

Yes

Develop Channel
Routing Approach J---~~

sec. 8-10.4

Use SCS
Dimensionless

Unit Hydrograph
Approach

Sec. 8-9.4
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Verify Unit
Hydrograph

Sec. 8-8.1

No

•
Adopt Representative

Unit Hydrograph
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Sec. 8-9.1
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Appendix VID-B

Probable Maximum Flood Study Report Outline

The following study report outline should assist the analyst in documenting PMF studies. The
outline parallels the reasoning in Chapter VII and the flow chart, except that some subject areas are
consolidated to avoid repeating information in the written report. When subject headings are not
applicable to the study, an explanation should be provided.
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PMF STUDY REPORT OUTLINE

GAGED BASINS

PROJECT DESCRIPTION

A. Project Data . . . . . . . . . . . . . . .. 8-2.1 - 8-2.3, 8-5.5
B. Basin Hydrologic Data. . . . . . . . . . . . . . . . . . . . . . .. 8-2.1 - 8-2.3, 8-4.5
C. Upstream Dams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-2.2, 8-4.7
D. Field Visit 8-2.3
E. Previous Studies. . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-2.1 - 8-2.2, 8-4.1

II. WATERSHED MODEL AND SUBDIVISION

A. Watershed Model Methodology 8-1.2
B. Subbasin Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-6.1, 8-6.2
C. Channel Routing Method 8-8.9, 8-10.4

ill. HISTORIC FLOOD RECORDS

c.
A.
B.
C.

D.

Stream Gages 8-4.2, 8-8.8
Historic Floods 8-4.2, 8-5.1 - 8-5.2, 8-8.1
Precipitation Associated with Historic
Floods . . . . . . . . . . . . . . . . . . . . . . . . .. 84.3, 8-4.4, 8-5.3, 8-8.2, 8-8.6
Snowpack and Snowmelt During Historic Floods 8-4.6, 8-8.4, 8-8.3

IV. UNIT HYDROGRAPH DEVELOPMENT

A. Discussion of Approach and Tasks 8-7.1 - 8-7.2, 8-8.5
B. Baseflow Separation ,......... 8-8.4
C. Preliminary Estimates of Clark Parameters 8-8.5
D. Estimate of Infiltration During Historic Floods . . . . . . . . . . . . . . . . .. 8-8.7
E. Subbasin Unit Hydrograph Parameters . . . . . . . . . . . . . . . . . . . . . .. 8-8.9

V. UNIT HYDROGRAPH VERIFICATION 8-8.10

VI. PROBABLE MAXIMUM PRECIPITATION

A. Probable Maximum Precipitation Data .. 8-4.4,8-10.1
B. Candidate Storms for PMF 8-10.1
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• VII. LOSS RATES

A. Discussion of Loss Rate Methodology 8-10.3
B. Warm-Season. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.3
C. Cool-Season. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.3

IC.

VIII. COINCIDENT HYDROMETEOROLOGICAL AND HYDROLOGICAL CONDITIONS
FOR THE PROBABLE MAXIMUM FLOOD

A. Reservoir Level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.1
B. Baseflow 8-10.5
C. Snowpack. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.2
D. Snowmelt. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.2

IX. PMF HYDROGRAPHS

A. Inflow PMF Hyddrograph 8-10.6
B. Sensitivity Analysis 8-10.7
C. Reservoir Outflow PMF . . . . . . . . . . . . . . . . . . . . . . . . ., 8-11.1 - 8-11.4
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PMF STUDY REPORT OUTLINE

UNGAGED BASINS

PROJECT DESCRIPTION

A. Project Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-2.1 - 8-2.3, 8-5.5
B. Basin Hydrologic Data. . . . . . . . . . . . . . . . . . . . . . .. 8-2.1 - 8-2.3, 8-4.5
C. Upstream Dams 8-2.2, 8-4.7
D. Field Visit 8-2.3
E. Previous Studies. . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-2.1 - 8-2.2, 8-4.1

II. WATERSHED MODEL AND SUBDIVISION

A Watershed Model Methodology 8-1.2
B. Subbasin Definition 8-6.1 - 8-6.2
C. Channel Routing Method 8-8.9, 8-10.4

m. HISTORIC FLOOD RECORDS

• IV.

A. Stream Gages 8-4.2
B. Historic Floods 8-4.2, 8-5.1 - 8-5.2

UNIT HYDROGRAPH DEVELOPMENT

A. Approach and Tasks 8-7.1 - 8-7.2
B. Existing Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 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
C. Synthetic Unit Hydrographs 8-9.3

OR
C. SCS Dimensionless Unit Hydrograph . . . . . . . . . . . . . . . . . . . . . . .. 8-9.4

V. UNIT HYDROGRAPH VERIFICATION 8-8.10

VI. PROBABLE MAXIMUM STORM

A. Probable Maximum Precipitation Data . . . . . . . . . . . . . . . . .. 8-4.4, 8-10.1
B. Candidate Storms for PMF 8-10.1
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VII. LOSS RATES• A.
B.
C.

Loss Rate Methodology 8-10.3
Warm-Season 8-3.2, 8-10.3
Cool-Season . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.3

•

VIII. COINCIDENT HYDROMETEOROLOGICAL AND HYDROLOGICAL CONDITIONS
FOR THE PROBABLE MAXIMUM FLOOD

A. Reservoir Level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.1
B. Baseflow 8-10.5
C. Snowpack. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.2
D. Snowmelt. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8-3.2, 8-10.2

IX. PMF HYDROGRAPHS

A. Inflow PMF Hydrograph 8-10.6
A. Sensitivity Analysis 8-10.7
B. Reservoir Outflow PMF . . . . . . . . . . . . . . . . . . . . . . . . .. 8-11. 1 - 8-11.4
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REVIEW AND QUESTIONS

Wednesday 10:10 a.m.
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LIMITATIONS OF UNIT HYDROGRAPH THEORY

Wednesday 11 :00 a.m.
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Section 1: WATERSHED CHARACTERISTICS

The following sections provide a brief description of the

topography and soil characteristics of the Winters Run watershed as

well as the location of the USGS gaging station used for this

study.

I! 1 Physiography\Topography

The Winters Run watershed above the U.S. Route 1 crossing IS

located approximately 25 miles northeast of Baltimore, in the

Piedmont region of Maryland. The terrain consists of gently

rolling hills with elevations ranging from approximately 175 feet

ms!. at the U.S. Route 1 crossing to approximately 750 feet m~1. in

the upper northwest corner of the watershed near Madonna, MD.

The watershed has a drainage area of 35.09 square miles. The main

channel of Winters Run is roughly 13 miles in length and, overall, the

watershed has approximately 64 miles of streams. For this study,·

the watershed was divided into 9 subareas (se~ figure 1). Slores

range from 0 to 10 percent with some isolated areas being higher.

The mean annual precipitation is 44 inches (for the years 1931

through 1961 inclusive) .
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2

• Figure 1 Winters run watershed
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1.2 Soils

A major portion of the watershed in the study area IS

comprised of soils of the Manor-Glenelg association. In addition, soils

of the Chester-Glenelg-Manor, Glenelg Manor, Neshaminy-Aldino

Watchung, Montalto-Neshaminy-Aldino, and Codorus-Hatboro

Alluvial land associations are found in the watershed. All of the

associations are of the Piedmont Plateau with the exception of the

Codorus-Hatboro-Alluvial land association, which is considered to

be a soil of the Floodplains and Low Terraces. The individual

assoCiations are characterized as follows:

* Manor-Glenel g - Deep, steep to gently 310ping,

somewhat excessively drained and well drained soils

that are underlain by acid crystalline rock; on

uplands.

* Chester-Glenelg-Manor - Deep, nearly level to steep,

we!l drained and somewhat excessively drained soils

that are !.mderlain by acid crystalline rock; on

uplands having broad ridge tops.

* Glenelg Manor - Deep, gently sloping to steep, well

drained and somewhat excessively drained soils that

are c:1derlain by acid crystalline rock on uplands.



•
* Neshaminy-Aldino-Watchung - Deep, steep to nearly

level, well drained to poorly drained soils that are

underlain by basic, semibasic, or mixed basic and

acidic rocks; on uplands having many broad flats.

* Montalto-Neshaminy-Aldino - Deep, steep to nearly

level, well drained and moderately well drained soils

that are underlain by basic, semibasic, or mixed -basic

and acidic rocks; on uplands.

•
* Codorus-Hatboro-Alluvial - Deep, nearly level,

moderately well drained to poorly drained soils that

are underlain by stratified alluvial sediment; on

flood plains.

1.3 USGS Stream Gaging Station

The USGS stream gagmg station (No. 01581700 and referred to

as the Benson site) used in this study is located on Winters Run

approximately 30 feet downstream U.S. Route 1 bridge crossing, 0.1

mile upstream of Heavenly Waters, and 10.5 miles ups!ream of the

mouth at the Chesapeake Bay. Coordinates of the gaging station are

Latitude 390 31 '12" and Longitude 760 22'24". Data from this gagmg

• site was used for the statistical analysis and unit hydrograph

development portions of this report.
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PEAK FLOW
and

CORRESPONDI NG YEAR

YEAR FlDW
(cfs)

1967 3350
1968 4300
1969 364
1970 1880
197 1 5350
1972 7600
1973 1600
1974 1440
1975 3750
1976 5190
1977 1760
1978 4950
1979 5510
1980 2230
198 1 632
1982 1230
1983 1480
1984 7280
1985 5230
1986 595
1987 5460
1988 2020
1989 4730
1990 2260
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STORM DATA FROM USGS and NWS

SffiRM BEGINNING TIME ENDING TIME

Nillv1BER AND DATE AND DATE

1 1200 hrs. - 05/03/84 2400 hrs. - 05/05/84

2 1900 hrs. - 11/28/84 2400 hrs. - 11/30/84

3 2000 hrs. - 09/26/85 2400 hrs. - 09/28/85

4 2100 hrs. - 02/11/88 0400 hrs. - 02/14/88

5 1900 hrs. - 04/27/88 1200 hrs. - 04/29/88

6 0100 hrs. - 03/23/89 2400 hrs. - 03/26/89

Criteria used in selecting the storms to be analyzed:

1> The runoff event had to be a single peak (i.e.
complex runoff events were eliminated).

2> The rainfall excess should be continuous over
some time interval.

3> The storms were limited to the past ten years
to ensure watershed homogeneity.

NOTE: Daily precipitation records are available from the Benson
gaging site but with no hourly records. There is; however. a
recording raingage station near Aberdeen, MD. with hourly data
available. For the purposes of this study, it was assumed that the
storm events would follow similar distribution patterns at Aberdeen
and Benson. The daily precipitation from the Benson gaging station
was, therefore, distributed according to the Aberdeen gaging station
hourly distribution .
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• Snyder Svnthetic Unit Hydrograph Method

The Snyder Synthetic unit hydrograph development relies

upon a correlation of the dependent variables of lag time, peak

discharge, and physiographic watershed characteristics. The

following lag-time relationship was developed by Snyder for

watersheds ranging from 10 to 10,000 sq. mi.

(5)

•
where:

tl
Ct

L

Lea

= lag time (hrs).
= coefficient representing variations of watershed

slopes and storage.
= length of the main stream channel from the ou tlet to

the divide (miles).
= length of the main channel from the outlet to a point

nearest the watershed centroid (miles).

Snyder's equation for peak discharge IS as follows:

(6)

•

where:
Qp = peak discharge (cfs).

Cp = coefficient accounting for flood wave and storage

conditions. It is a function of lag time, duration of

runofi producing rainfall, effective area contribution

to peClk flow, and drainage area .

A = watershed area (sq. lni.)

tl = lag time (hrs).



• WINTERS RUN DATA
FOR

SNYDER'S METHOD

LENGTH
SUB- of LENGIHTO

AREA AREA MAIN CEN1ROID CURVE

No. (mi 2) GIANNEL (miles) NUMBER
(miles)

1 3.44 2.86 1.36 75

2 5.63 7.12 4.68 72

3 6.11 3.94 1. 99 72

4 4.43 3.31 1. 97 72

5 5.09 2.61 1.12 72

6 3.06 2.65 3.43 80

7 3.55 3.79 1.89 75

8 1.68 2.50 1.42 80

9 2.10 1.03 0.28 80

TOTAL
AREA 35.09 13.09 6.96 75

ClL and Ct ESTIMATES
BY

VARIOUS METHOD

:MEIIDD CD Ct

PSU Study 0.37 1. 15

Optimization 0.10 0.30

Textbook Est. 0.40 0.60

FERC ? ?



• SCS Dimensionless Unit Hydrograph Method

The Soil Conservation Service's unit hydrograph method is

based on a dimensionless unit hydrograph. This hydrograph is the

result of an analysis of a large number of natural unit hydrographs

from a wide range of sizes and geographic locations. This method

employs the following two equations for time-to-peak and peak

discharge, respectively:

• where:
t p

D
tl

(7)

= time from beginning of rainfall to peak discharge
(hrs).

= duration of rainfall (hrs).
= lag time from the centr0id of the rainfall to the peak

discharge (hrs).

•

and

q = 484 A
p ~

where:
qp = peak discharge (ds).
A = drainage area (mi2 ).
tp = the time to peak (hr) .

(8)



• Equation 9 is often used by the SCS to compute lag time and

will be used as one of the methods for computing lag time in this

study:

•

•

where:
t}
I
Y
S

10.8 (S + 1)0.7

1= 1900 yo.s

= the lag time (hrs).
= length to divide in feet
= average watershed slope in percent
= the potential maximum retention (in) where:

s = woo - 10eN
eN = the curve number

(9)
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WINTERS RUN DATA
FOR

SCS DIMENSIONLESS UNIT HYDROGRAPH
METHOD

lENGIH LAG
SUB- AREA 10 AVG. MAX. TIME,

AREA # (mi 2) DIVIDE SLOPE REf. t1
(ft) (ft/ft) S (h rs)

1 3.44 14,900 0.062 . 3.33 1.28
2 5.63 36,500 0.069 3.89 2.72
3 6.11 22,200 0.069 3.89 1. 8 2
4 4.43 18,400 0.098 3.89 1.32
5 5.09 15,500 0.09 3.89 1.20
6 3.06 25,800 0.082 2.5 1.49
7 3.55 20,000 0.062 3.33 1.63
8 1. 68 13,000 0.037 2.5 1.00
9 2.10 12,400 0.085 2.5 0.82

WTAL
AREA 35.09 68,000 0.075 3.33 3.94
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• 10-year EVENT
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Figure 27 - SCS Type II distribution for a IO-year event.
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Figure 28 - SCS Type II distribution for a 25-year event.
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Figure 29 - SCS Type II distribution for a 50-year event.
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Figure 30 - SCS Type II distribution for a 1aO-year event.
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These four synthetic storms were then combined with the

average unit hydrograph (developed from the four historical events

and shown in figure 21) to obtain the storm hydrographs. As in the

prevIOus section, HEC-l was used to accomplish this task. Table 7

lists the peak flows for each of the four(4) return periods.

Table 7 - Peak flows for unit hydrograph for gaged sites.

I STORM EVE"IT II PEAK ROW (cfs) I
10- year 2,789
25 - year 4,476
50-year 5,293

100-year 6,627

2.2.2 Unit Hydrograph Development for Ungaged Watersheds

Two synthetic unit hydrograph methods were used to calculate

the runoff for the 10. 25. 50. and lOo-year rainfall events: Snyder

and SCSI In this section the emphasis was not to provide a detailed

calibration of the methods but rather to make best estimates of the

input parameters and compare results.

2,2,2.1 Snyder Synthetic Unit Hydrograph Method

The Snyder Synthetic unit hydrograph development relies

upon a correlation of the dependent variables of lag time, peak

discharge, and physiographic watershed characteristics. The

33



e following lag-time relationship was developed by Snyder for

watersheds ranging from 10 to 10,000 sq. mi.

34

(5)

where:
t1
Ct

L

Lea

= la£ time (hrs).
= coefficient representing variations of watershed

slopes and storage.
= length of the main stream channel from the outlet to

the divide (miles).
= length of the main channel from the outlet to a point

nearest the watershed centroid (miles).

Snyder's equation for peak discharge IS as follows:

(6)

e)

where:
Qp = peak discharge (cfs).
Cp = coefficient accounting for flood wave and storage

conditions. It is a function of lag time, duration of
runoff producing rainfall, effective area contribution
to peak flow, and drainage area.

A = watershed area (sq. mi.)
t} = lag time (hrs).

Table 8 summanzes the Snyder Cp and Ct coefficients

determined by three(3) methods: regression equations developed at

the Pennsylvania State University [4], HEC-l 's Parameter



• Optimization Routine USIng the four historical events used In Section
2.2.1.1., and best estimates from textbook sources.

Table 8 - Cp and Ct estimates by the vanous methods.

}.1ETHOD Cp Ct
PSU Study 0.37 1.1 S

Optimization 0.10 0.30
Textbook Est. 0.40 0.60

Table 9 lists the relevant data used in the Snyder method.

Most of the data was obtained from USGS quadrangle maps. The

curve number estimates are based on the land use, land slopes, and
• vegetation types.

Table 9 - Winters Run data for Snyder's method.

LENGTH
SUB- AREA of LENGTI-I ro CURVEAREA (mi 2) MAIN CENIROID NUMBERNo. CHANNEL (miles)

(miles)
1 3.44 2.86 1.36 75
2 5.63 7.12 4.68 72
3 6.11 3.94 1.99 72
4 4.43 3.31 1.97 72
5 5.09 2.61 1.12 72
6 3.06 2.65 3.43 80
7 3.55 3.79 1.89 75
8 1.68 2.50 1.42 80
9 2.10 1.03 0.28 80

TarAL
AREA 35.09 13.09 6.96 75

•
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2,2,2.1.1 Comparison of Actual vs Computed Runoff

Three Snyder synthetic unit hydrographs were developed, one

for ea(;h estimate of the Snyder coefficients (Ct and Cp). Each

synthetic hydrograph was then combined (via HEC-l) with the four

historical rainfall events used in previous sections in order to

produce runoff hydrograph estimates for each of the four storms.

The runoff hydrographs were then compared with the actual runoffs

as recorded by the USGS gaging station. Figures 31 through 34

illustrate the actual and computed runoff hydrographs for each of

the storm events. In each of the figures there are three computed

hydrographs corresponding to the vanous estimates of the Snyder

coefficients.
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Figure 32 - Storm #2 companson of Snyder methods.

Figure 33 - Storm #4 comparison of Snyder methods.
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Figure 34 - Storm #5 companson of Snyder methods.

Upon analyzing the figures, one can see that overall the

hydrograph using the Snyder coefficients developed by the Penn

State regression equations came the closest to matching the peaks of

the actual recorded hydrographs.

2.2.2.1.2 Peak Flow Prediction

•

The synthetic storms developed in section 2.2.1.4 were used

with the three Snyder unit hydrographs to predict the 10, 25, 50,

and 100-year peak flows. Runoff predictions as computed by HEC-1

are shown in table 10.



• Table 10 - Peak flow predictions for Snyder's method.

MErnOD 10-year 25-year 50-year 100-year
PSU Study
Cp= .37 & 5,770 6,797 8,105 10,321

CI=1.15
HEC-1 Opt.
Cp = 0.1 & 2,058 2,405 2,838 3,582

CI = 0.3
Textbook Est.

Cp = 0.4 & 7,445 8,715 11,414 13,232
CI = 0.6

Referring to Table 10, the peak flows predicted usmg the

hydrograph developed from. the optimized coefficients are

suspiciously low. This is undoubtedly due to the fact that the

coefficients were generated using more frequent storms.

• Consequently, they may not be suitable for predicting major flood

even ts.

2,2.2.2 SCS Dimensionless Unit Hydrograph Method

The Soil Conservation Service's unit hydrograph method is

based on a dimensionless unit hydrograph. This hydrograph is the

result of an analysis of a large number of natural unit hydrographs

from a wide range of sizes and geographic locations. This method

employs the following two equations for time-to-peak and peak

discharge, respectively:

39
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• where:
t p

D
tl

= time from beginning of rainfall to peak discharge
(hrs).

= duration of rainfall (hrs).
= lag time from the centroid of the rainfall to the peak

discharge (hrs).

40

and

q =484 A
p lp

where:
qp = peak discharge (cfs).
A = drainage area (mi2).
tp = the time to peak (hr).

(8)

Equation 9 is often used by the SCS to compute lag time and

will be used as one of the methods for computing lag time in this

study:

where:
t}
I
Y
S

°8 0.7
1 . (S + 1)

1= 1900 yo.s

= the lag time (hrs).
= length to divide in feet
= average watershed slope in percent
= the potential maximum retention (in) where:

S=1000_ l0eN
CN = the curve number

(9)
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Table 11 lists the data used to develop one of the unit

hydrographs for this study.

Table 11 - Winters Run data for SCS Dimensionless Unit
hydrograph method.

LENGTI-I LAG
SUB-AREA AREA TO AVG. MAX. TIME,

# (mi 2) DIVIDE SLOPE RET. II
(ft) (ftlft) S (hr s)

1 3.44 14,900 0.062 3.33 1.28

2 5.63 36,500 0.069 3.89 2.72

3 6.11 22,200 0.069 3.89 1.82

4 4.43 18,400 0.098 3.89 1.32

5 5.09 15,500 0.09 3.89 1.20

6 3.06 25,800 0.082 2.5 1.49

7 3.55 20,000 0.062 3.33 1.63

8 1.68 13,000 0.037 2.5 1.00

9 2.10 12,400 0.085 2.5 0.82

TOTAL
AREA 35.09 68.000 0.075 3.33 3.94

The second unit hydrograph was developed usmg a lag time

generated by the HEC-l optimization routine. Optimization was

achieved by assigning the watershed a constant curve number" of 75

and using the four historical rainfall events used throughout this

report. The optimized value of lag time for Winters Run was 9.4

hours

2.2.2.2.1 Comparison of Actual vs Computed Runoff

The two SCS unit hydrographs were combined with the

historical rainfall events to predict the outflow hydrographs.

4 1



• Figures 35 through 38 show the two computed hydrographs versus

the actual runoff hydrograph.
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Figure 38 - Storm #5 comparison of SCS methods .

•'

As one can see, In each case the large difference in lag times

produced by the regression equation and optimization resulted in

two extremely different hydrographs. However, the optimization

hydrograph matches the actual hydrograph in terms of peak

discharge much better than does the regression equation

hydrograph.

2.2.2.2.2 Peak Flow Predictions

The TP-40 rainfalls and SCS Type II distribution were once

• agaIn used to develop a major synthetic storm for the 10, 25, 50, and



•

•

•

1DO-year return periods. Peak flow predictions as computed USIng

HEC-1 are shown in table 12.

Table 12 - Peak flow predictions for SCS method.

METHOD la-year 25-year 50-year lOO-year

LAG TIME, tI,
by SCS

REGRESSSION 12,111 14,264 16,903 21,411
EOUATION

LAG TIME, 1I,
by HEC-l

OPTIMIZATION 3,749 4,385 5,129 6,427
ROUTINE

Referring to table 12, the peak flows computed usmg the

hydrograph developed from the optimized lag time are

approximately one-third of the peak flows computed using the

hydrograph developed from the regression equation lag time. Once

again, this may be attributed to the fact that the optimized lag times

were developed using more frequent storms and could underpredict

the peaks of major storm events.
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Section 3: EXEClITIVE SUMMARY

Executive Summary

A total of sixteen methods were used to predict the 10, 25, 50,

and 1DO-year peak flows for the Winters Run watershed above the

U. S. Route #1 bridge crossing. Each of the sixteen methods fell into

one of two basic categories: peak flow determination or unit

hydrograph generation. Table 13 lists the flood peaks generated by

each method for all four return periods. Also shown are the overalJ

e) average peak and standard deviation of the sixteen methods.

Looking specifically at the laO-year values presented in table

13, the peak flows range from 3,582 cfs, predicted by Snyder unit

hydrograph method with optimized coefficients (method 13) to

57,709 cfs predicted by the Log Gumbel distribution (method 4). The

overall average and standard deviation are 15,563 cfs and 12,615

cfs, respectively.

The flood flow frequency methods (methods #1 thru #7 ) were

conducted using stream gaging records of only twenty-four years.

Having such a limited amount of statistical data reduces the

probability of having a sufficient number of storms of all magnitudes

to complete an accurate statistical analysis. For this reason, these

46



•

•

•

Table 13 - Summary of Peak Flows

No. METIIOD 10-year 25-year 50-year 100-vear

NORMAL
I DISTRIBUTION 6,097 7,110 7,762 8.350

LOGNORMAL
2 DISTRIBUTION 7,40 I 10,949 14,085 17,667

GUMBEL
3 DISTRIBUTION 6,753 8,633 10.027 11.41 ~

WGGUMBEL
4 'DISTRIBUTION 9,537 19,716 33,779 57,709

LOG-PEARSON
5 SKEW = -.7375 6,792 8.691 9,998 11,203

LOG PEARSON
6 SKEW = -.075 7.359 10,710 13.615 16,869

LOG PEARSON
7 SKEW = .645 7.718 12,933 18,479 25,883

USGSREGR.
8 EQUATIONS 4,324 6,447 8,488 12,556

UNGAGED

USGSREGR. -
9 EQS.GAGED 4,304 .5,979 7,580 10,371

(TABLES 3&12)

USGS
REGRESSION

10 EQS.GAGED 6,651 9,418 11,956 15,390
(LOG PEARSON)

UNIT GRAPH
1 1 FOR GAGED 2,789 4,476 5,293 6,627

WATERSHEDS

.SNYDER UNIT
1 2 GRAPH 5,770 6,797 8,105 10,321

WIPSU STUDY

SNYDER UNIT
1 3 GRAPH 2,058 2,405 2,838 3,582

W/OPTIMIZED

SNYDER UNIT
14 GRAPH 7,445 8,715 11,414 13,232

WrrEXTBOOK

SCS
I 5 W/REGR. EQ. 12,111 14,264 16,903 21,411

LAG TIMES

SCS
1 6 W/OPT. 3,749 4,385 5,129 6,427

LAG TIME

N/A AVERAGE 6.303 8.852 11.591 15,563

N/A STD. DEV. 2,523 4,275 7.275 12,615

* - All flows are In cubic feet per second, cfs.
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methods may under or overpredict the flows of higher magnitudes,

depending on the characteristics of the individual distribution

methods. For instance, the characteristic skew of the Gumbel

distribution places the 100-year event· at 3.75 standard deviations

away from the mean of this particular data set. This fact combined

with taking the logarithms of the flows accounts for the extreme

prediction by this method; therefore, little confidence is placed in

this predicted value.

Methods #13 and #16 used an optimization routine based on

historical storm events to determine coefficients for the Snyder and

SCS unit hydrographs. Method #11 also relies upon historical storm

events for its predictions. The particular storm events used in this

study were of rather low rainfall amounts and intensities. Therefore,

any methods which rely on the characteristics of these storm events

to be representative of all storm events for the watershed, run the

risk of underpredicting the peak flows for storms of higher

magnitudes, such as the 100-year event. Methods #11, #13, and #16

are considered poor estimates, particularly if a conservative estimate

. is sought.

Consequently, knowing that the historical data set used in the

study resulteed in poor estimates from methods #4, #11, #13, and

#16, the four values were discarded and a new average and standard

deviation were calculated from the remaining twelve methods. The

new average (lOO-year) decreased by 1000 cfs to 1~,555 cfs, while

48



• the standard deviation was reduced by more than a factor of two to a

value of 5,150. The results from nine methods from nine methods

fall within one standard deviation (9,405 cfs - 19,705 cfs) of the new

average: #2, #3, #5. #6, #8, #9. #10, #12, and #14).

49

•

•

Of the mne results presented in table 13, which fall within one

standard deviation of the new average, three were predicted by

methods used for ungaged watersheds (#8, #12, and #14). The

values predicted by these three methods are relativley close to one

another (12,566, 10,321, and 13,232 cfs respectively). However, the

level of effort used in applying each method was not the same. The

Snyder unit hydrograph method with various lag times (#12 and

#14) requires a great deal of data collection and parameter

calibration and a massive amount of calculations if a computer is not

available. On the other hand, the USGS regression equaitons (#8)

require minimal data and straight forward calculations; and the

value predicted by this method is every bit as valid as those

predicted by the more time consuming Snyder uint hydrograph

methods.

The remaInIng results which fell within one standard deviation

were predicted by gaged methods. Of these, the USGS regression

equations (#10) predicted the value (15.390 cfs) closest to the

overall average. However, a few of the flood flow frequency

methods (#2, #3, #5, and #6) have estimates not too far from the

average.
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Probable Maximum Flood Studies

Example 4: Austen Hydroelectric Project

June 1994

Purpose: To illustrate a deviation from the recommended procedures in the
Guidelines, justified by unusual basin hydrology and data limitations.

•

•

Subbasin Division:

Routing:

Unit Hydrograph Analysis:

Loss Rates:

Initial Reservoir Level:

Snowpack:

Snowmelt:

Sensitivity Analysis:

Summary

None

No channel routing; reservoir routing using Modified Puis
in the HEC-1 model

Adopted parameters from previous studies after
verification on recent flood event

Detailed modeling using Agricultural Research Service's
KINEMAT model on subbasin; transferred as equivalent
HEC-1 parameters to whole basin

Annual maximum normal operating level at run-of-river
epro~ct

Not applicable

Not applicable

None for unit hydrograph parameters; sensitivity of the
peak PMF inflow to KINEMAT parameters ~ and G
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• Example 4
Austen Hydroelectric Project

Probable Maximum Flood

June 1994

Summary

This study was performed to estimate the Probable Maximum Flood (PMF) at the Austen

Hydroelectric Project, Federal Energy Regulatory Commission (FERC) Project No. BBBB.

The study departs from the recommended procedures in Chapter VIII of the FERC

Engineering Guidelines for the Evaluation of Hydropower Projects (Reference 1) because of

unique considerations in the basin hydrology and data availability. Specifically, a detailed

subbasin modeling approach was adopted to evaluate loss rates in the highly permeable

basin soils. The PMF inflow calculated in this study is 12,956 cubic feet per second (cfs) ,

and PMF outflow is 12,740 cfs. Since the PMF outflow is less than the spillway capacity of

19,600 cfs, no further hazard study or remedial action is required.

•

•

I. Project Description

A. Project Data

The Austen Hydroelectric Project is located on the Arrowhead River in Sand County,

Anystate, at a drainage area of 1,273 square miles. The project impounds an 860-acre

reservoir at normal headwater elevation 963.4 feet National Geodetic Vertical Datum

(NGVD). Normal storage volume is 9,300 acre-feet. From left to right facing

downstream, the project structures include a 750-foot earth dike; a gated spillway with

three 22-foot-long by 18-foot-high tainter gates; a log sluice; a powerhouse with integral

intake; and another 350-foot-long earth dike (Reference 2). Normal tailwater is

938 feet, and the maximum height of the earth dikes is approximately 28 feet. The

spillway capacity is 19,600 cfs when the pool is at the top of the earth dikes.

The project is operated as a run-of-river project, with outflows set to maintain normal

headwater level. An operator is on the site 8 hours a day and on call from the

licensee's operations center, 18 miles away, 24 hours a day. Headwater and tailwater

levels are monitored electronically from the operations center. The tainter gates are

controlled by a moveable electric hoist.
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B. Basin Hydrologic Data

The 1,273-square-mile basin is undeveloped, much of it managed as national or state

forest. Relief is moderate, with poorly developed drainage and closed depressions in

many areas. The majority of the basin soils are deep, clean sands, except where

wetlands have formed saturated, organic-rich soils. Approximately 15 percent of the

basin is wetland, based on land cover maps (Reference 2).

Historic flooding on the Arrowhead River has been minor. The flood of record

(1942-present) at the project site is 4,380 cfs. A U.S. Geological Survey (USGS)

stream gage (No. 38884000) is located at the State Highway 55 Bridge near Loup City,

approximately one mile upstream from the project dam. The drainage area at the Loup

City gage is 1,267 square miles-more than 99 percent of the project drainage area.

Other stream gages are located in various subbasins upstream of the project. All the

basin gages and their floods of record are summarized in Table 1 (Reference 3) .

TABLE 1
Stream Gages in Arrowhead River Basin

Arrowhead River at
Loop City (38884000)

South Branch
Arrowhead River near
Geneva (38876600)

Arrowhead River at
Conestoga (38878700)

East Branch
Arrowhead River near
Conestoga (38878500)

1,267

401

110

73

1942-present

1966-1989
199Q-present

1942-present

1959-1984

4,380

1,120

274

207

5/25/48

3/28/76

6/2/43

3/28/76

Hourly recording rain gages are located in the Arrowhead River basin at New London

and Conestoga, and there are nonrecording gages (daily totals only) at Loup City and

• Doyle Lake. Table 2 shows the rain gages and their periods of record.
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TABLE 2
Rain Gages in Arrowhead River Basin

Gage Loeatic>n Data:Type Period of Record

Loup City Daily 1939-present

Conestoga Hourly 1948-present

Doyle Lake Daily 1963-1968, 1978-present

New London Hourly 1971-present

A basin map showing locations of the project and the rain and stream gages is

presented in Exhibit 1.

Relative to other similar-sized basins in the region, historic floods on the Arrowhead

have been extraordinarily small. Table 3 presents a comparison of 1DO-year floods

estimated from gage records on the Arrowhead and four other forested, regulated

basins in the area.

TABLE 3
100-Year Roods at

Selected Regional Gaging Stations

•

Arrowhead River at
38884000 Loup City 1,267 4,160

Goulet River near
41457500 Bannister 1,120 9,800

41690000 Bear River near Boston 2,350 17,000

Lac des Morts River
38674000 near Bibbs Island 1,000 11,000

36003700 White River at Peru 1,200 6,300

Floods on the Arrowhead have historically been unusually small, even when compared

to apparently similar basins in the same region. It has been established in previous

studies that the unique behavior of the basin can be attributed to the depth and

permeability of the sandy basin soils, which are 30 to 200 feet deep throughout the
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Arrowhead basin (Reference 3). As explained in Sections IV and VII of this report, these

conditions generate special difficulties in applying conventional watershed modeling

techniques to the basin.

C. Upstream Dams

There are no major dams upstream of the Austen Hydroelectric Project. Small check

dams are located on several tributaries, but none have significant storage. Therefore,

none of these dams were considered separately in the PMF study.

D. Field Visit

The project hydrologists visited the basin in March 1992 prior to beginning the studies

described below. Both a driving and an aerial reconnaissance were conducted. The

visit verified information previously gained anecdotally. Deep, sandy soils were evident

throughout the basin, with up to 40-foot-high exposures of sand in road cuts and

reservoir banks. The drainage pattern was quite poorly developed, with internally

draining wetlands and large flat areas with no discernible drainage pattern. At the time

of the visit, the main stem of the Arrowhead River near the Loup City gage was flowing

within about 2 feet of the top of the bank. Just beyond the banks were numerous trees

of all ages, with no visible evidence of overbank flooding.

The project works and their operation were reviewed during the independent

consultant's physical inspection in June 1992. Each of the three tainter gates was

tested at that time and found to be fully operable.

E. Previous Studies

PMF studies were conducted for the Austen Hydroelectric Project in 1983 and 1989

(References 2 and 3). In the 1983 study, Snyder unit hydrograph parameters were

estimated from two floods at the Loup City gage. The 1983 stUdy also included a.

determination of the Probable Maximum Storm (PMS) from Hydrometeorological Report

No. 51 (Reference 4), and the use of the Soil Conservation Service Runoff Curve

Number method of estimating runoff losses. The resulting PMF peak was 54,000 cfs

(Reference 2) .
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II.

The 1989 study adopted the unit hydrograph ordinates from the 1983 study and added

the techniques of Hydrometeorological Report No. 52 (Reference 5) to the PMS

determination. Instead of the SCS Curve Number method, an initial and constant loss

rate were applied. First, a loss rate equal to the area-averaged soil infiltration rate for

the entire basin was applied. The resulting basin-averaged loss rate was approximately

11 inches per hour and the predicted PMF peak was 5,400 cfs. It was recognized that

the averaging process had generated a basin average loss rate greater than the peak

PMS intensity and had thus overlooked the potential for some less permeable basin

soils to generate runoff. The model had actually predicted runoff only from the

3.8 percent of the basin designated as impervious. A calibration of the basin loss rate

on the flood of record yielded a calibrated basin average loss rate of 0.8 inches per

hour. Applying this loss rate in the watershed model resulted in a PMF peak of

32,400 cfs (Reference 3). This method is also logically flawed, as described in

Sections IV and VII.

This study adopts a new method for estimating basin losses, since previous studies

yielded such divergent results. The method is a deviation from the recommended

procedures in the FERC guidelines (Reference 1, Section 8-10.3), because, as

explained below, neither the approximate nor the detailed method as presented in the

guidelines works well with available data.

Watershed Model and Subdivision

A. Watershed Model Methodology

The entire Arrowhead River watershed above the project was modeled with the

U.S. Army Corps of Engineers (COE) HEC-1 model. However, loss rates input to the

HEC-1 model were determined by a detailed model study of a 73-square-mile

subbasin, the East Branch of the Arrowhead River near Conestoga. This study used

the Agricultural Research Service's KINEMAT model, which represents the watershed

as a linked set of overland flow planes and channels.

The use of the KINEMAT model to attain a better representation of distributed loss rates

deviates from the recommended procedures in the guidelines (Reference 1, Section

8-10.3). The KINEMAT model was selected for its ability to model many small elements

of the subbasin separately, routing flow from the plane in which it is generated over
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other overland flow planes, which may have the capability of infiltrating the runoff

generated upslope. These model characteristics were identified as critical for the

following reasons:

• It appears that a relatively small group of hydrologically sensitive soils generates
virtually all direct runoff; in other words, the contributing area of the basin is much

less than the topographic drainage area. Techniques based on averaging loss

rates will not adequately represent these soils, because the very high permeability

of the majority of the basin soils will tend to cancel out the runoff-producing soils

in the average value.

• Some low-permeability soils are probably hydrologically unconnected to the
channel network, due to the poor drainage development and the preponderance

of high-permeability soils throughout the basin. Therefore, secondary

infiltration-infiltration of runoff somewhere between its generation point and the

channel-is potentially an important consideration.

For these reasons, it is believed that a relatively small proportion of the area that is

topographically within the basin boundaries actually contributes direct runoff to the

river. The use of the KINEMAT model on a small subbasin depends on the assumption

that the KINEMAT subbasin represents this proportion for the basin as a whole.

B. Subbasin Definition

The HEC-1 model used to generate the PMF hydrograph at the project has no

subdivision. The Loup City gage used for unit hydrograph calibration is essentially at

the project; there are no major impoundments affecting flow from upstream; and the

basin's land cover, soil distribution, and topography are fairly homogeneous.

C. Channel Routing Method

Since there was no subbasin division, channel routing was not performed in this study

in the HEC-1 model. Flows were routed through the reservoir using the modified Puis

reservoir routing in the HEC-1 model. The KINEMAT model, used to derive a loss

function that would be extended to the basin as a whole, uses kinematic wave routing

for both overland and channel flow. However, this applies only to the part of the study
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III.

performed to estimate loss rates. No channel routing was performed fo' the final PMF

determination.

Historic Floods

A. Stream Gages

The Loup City stream gage was found to have the best record cf flooding for

calibration purposes. The upstream gages listed in Table 1 are either located at very

small drainage areas or were found to have insufficient records of flood events suitable

for calibration. For the purposes of this study, a flood is "suitable for calibration" if it

has a distinct peak clearly related to a precipitation event and is one of the largest

floods of record.

B. Historic Floods

The five largest historic floods at the Loup City gage are shown in Table 4.

TABLE 4
Floods of Record at Loup City Stream Gage

i!l::irl6d •.F»~.k:(6f~j(
May 25, 1948

March 16, 1976

September 23, 1966

September 1, 1966

June 14, 1986

4,380

3,800

3,650

3,200

3,100

•

The flood of record (4,380 cfs on May 25, 1948) had an estimated total volume of

18,500 acre-feet, excluding assumed baseflows. This is equivalent to 0.3 inch of runoff

over the entire basin.

The unit hydrograph study included in the 1983 PMF determination (Ref&'ence 2) used

the floods of May 1948 and September 1966 to derive unit hydrograp1 parameters.
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For this study, the 1983 study's unit hydrograph parameters were verified against the

flood of June 1986. Although none of these events yielded anywhere near one inch

of runoff-which would be preferable for unit hydrograph analyses-they are the best

available data for unit hydrograph calibrations.

C. Precipitation Associated with Historic Floods

Daily precipitation totals associated with each of the above floods were estimated by

weighting the daily totals at Loup City and Doyle Lake. Hourly distributions used in the

1983 study's unit hydrograph calibrations and the present study's verification were

estimated by distributing the daily basin totals proportionately to the hourly

precipitation sequence at New London. The New London hourly rain gage was

considered more representative of the basin average than the Conestoga rain gage,

as New London is more centrally located than Conestoga (see Exhibit 1). Rainfall

totals from the daily gages for each storm are shown In Table 5. The estimated 6-hour

incremental sequence for the June 1986 storm is shown in the HEC-1 verification run

in Exhibit 2.

TABLE 5
Precipitation Associated with Historic Floods

at Loup City Stream Gage

\))Dat~?
•.··01 Flood !:!:~~~.·•...·•.r....•.•.•.•.;...m.·«·D··.··aD.:y:.:~s·:·~)a...·•.t... ;.· •.·•.•.·.!.:.~:~ .:.·•••••··~f~~.••..•.•..I.;•.•..:(PI.n••.rch·~...·.· •.·.·ei.p.·s··.•.i)ta.... ~~ni:

:::::::::::::::; ;>\\~({: :;:::::.:::;:::;:.:. ;:::;::;::-;.:-

May 25,1948

March 16, 1976

September 23, 1966

September 1, 1966

June 14, 1986

5

2

1

4

2

4.4

3.9

2.9

4.7

3.3

•

The storms shown in Table 5 do not include the record 72-hour precipitation, which·

totalled 5.9 inches and occurred in June 1951. This storm produced a flood of only

2,500 cfs. This event followed a relatively dry spring and a period of low baseflow. In

contrast, the storm of September 23, 1966, produced a large flood from a relatively

small amount of rain. When the September 23 storm began, baseflows were still high
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• from the flood occurring earlier that month. These examples illustrate the importance

of antecedent conditions in producing major flood events on this watershed.

The storm used to calibrate the model loss rates on the East Branch subbasin, as

described in Section VII of this report, occurred on July 10 and 11 t 1984. This storm

produced a significant flood on the East Branch subbasin but did not produce

basinwide flooding. The total 11-hour rainfall over the East Branch subbasin for this

event was 3.02 inches, estimated from the Conestoga rain gage. Although the New

London rqin gage is preferable to the Conestoga gage for whole-basin precipitation

estimates, the Conestoga gage is approximately one mile outside the East Branch

subbasin and was therefore used for the detailed estimate of loss functions in this

subbasin.

D. Snowpack and Snowmelt During Historic Floods

Snowmelt was not associated with any of the historical floods listed above. Snowfall

occurs infrequently in this region and significant snowpacks do not develop.

• IV. Unit Hydrograph Development

A. Discussion of Approach and Tasks

The Arrowhead River basin at the Austen Hydroelectric Project is considered gaged for

the purposes of unit hydrograph analysis (Reference 1, Section 8-7.1.1). The analyses

performed for the 1983 PMF study (Reference 2) yielded a Snyder's Tp of 48 hours and

Snyder'S Cp of 0.45. These values were converted to Clark parameters and verified

against the flood of June 1986 as described below.

B. Baseflow Separation

•

In the 1983 PMF study (Reference 2) baseflow was defined graphically by assuming

a constant baseflow, equal to the baseflow at the start of the storm, through the rising

limb of the hydrograph, then a linear increase to the inflection point on the falling limb.

The resulting baseflow hydrograph was then subtracted from the observed flow

hydrograph before calibrating Snyder parameters. For the 1986 verification storm, the

baseflow parameters required in th'e HEC-1 model were estimated using a

semilogarithmic plot of the hydrograph as described in the PMF guidelines
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• (Reference 1, Section 8-8.4). This plot is included as Exhibit 3. The resulting baseflow

parameters are shown in Table 6.

TABLE 6
Estimated Baseflow Parameters

for Flood of June 1986

HECo1·
Parameter: Name ...\\ .•·.; •.•;.·.;.·.·:.;.:.:.··jM·~aning

.. ..}

,;:.)... ....• Value.:

STARTQ

QRSCN

RnOR

Baseflow at Beginning of Storm (cfs)

Flow at which baseflow recession begins (cfs)

Baseflow Recession Constant

1,013

1,700

1.007

•

C. Preliminary Estimates of Clark Parameters

There were no preliminary estimates of unit hydrograph parameters, as unit hydrograph

analysis in this study consisted only of verification of previously estimated parameters.

D. Estimate of Infiltration During Historic Floods

In the 1983 study (Reference 2) the HEC-1 model was run iteratively to calibrate loss

rates and unit hydrograph parameters. The calibrated initial and constant loss rates

are shown in Table 7.

TABLE 7
Initial and Constant Loss Rates

as Calibrated in 1983 PMF Study

.·.i ....:.. ··...·Calibnrte(liniti~li Calibrat~d¢9r~~rL<

.D~t;6fFI~od<.\LossRate(l~jr .•..•... Loss Rate (iijHhri).

May 1948

September 1966

1.6

2.0

0.8

0.2

However, these estimates were not used in the final PMF determinations in the 1983

study. The 1989 PMF study (Reference 3) did use the calibrated loss rate of 0.8 inches

• per hour from the 1948 flood.
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• The calibrated basin-averaged loss rates from two historic floods differ significantly, and

neither was used for this study. One reason for this variability-and the reason for

choosing the KINEMAT model, which does not require averaging-is that any

basin-averaged calibrated loss rate is a function of rainfall intensity. For example, as

long as any runoff occurs at all from the basin, the calibrated loss rate must always be

less than the rainfall intensity in order to generate the observed runoff. However, in a

more intense storm, the basin-averaged loss rate could be considerably higher and still

yield the observed runoff hydrograph. Therefore, it is likely that loss rates estimated

from historic floods, such as the 1948 flood, are lower than those that would be

calculated, if possible, for the PMS.

A simplified computation demonstrating this problem is included as Exhibit 4.

E. Subbasin Unit Hydrograph Parameters

•
The Snyder unit hydrograph parameters for the Arrowhead basin at Loup City, as

estimated in the 1983 PMF study, are:

Tp = 48 hours

Cp = 0.45

Equivalent Clark unit hydrograph parameters computed by the HEC-1 program are:

48.7 hours

= 75.9 hours

Tc =
R

These parameters were adopted following unit hydrograph verification as described

below.

V. Unit Hydrograph Verification

•
The Clark parameters listed above were entered into the basin HEC-1 model used in

the 1983 study to verify the fit of the computed hydrograph at Loup City against the

historical hydrograph of June 1986. The HEC-1 model run used for verification is

included in Exhibit 2. The model was also allowed to optimize initial and constant loss

rates. The optimized initial loss was 0.5 inch. The optimized constant loss rate was
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• 1.0 inch per hour. As explained in Section IV and Exhibit 4 of this report, these loss

rates were not used in the final estimate of the PMF, because they are storm-specific.

The verification HEC-1 model run (Exhibit 2) shows that the Clark parameters derived

from the 1983 study produce a slightly steeper, higher-peaked hydrograph than that

actually produced by the June 1986 storm. The Clark parameters resulted in a

6.5 percent overestimation of the lag time (center of mass of rainfall to center of mass

of flow). The peak flow was overestimated by approximately 3.3 percent. These errors

are considered insignificant in light of the natural variation in storm distribution and

timing, which is not captured by available data. Table 8 summarizes the unit

hydrograph verification data from the HEC-1 analysis.

TABLE 8
Summary of Unit Hydrograph Verification Data

3.02 3.02

48.7 48.7

75.9 75.9

0.47 0.50 6.4

3,074 3,1n 3.3

93.5 99.6 6.5Lag time (hrs.)

... ..•.............. ···?·<l: .. ·lii··..li..······· .. Hi~t6ijcitli..si~tilit~a/:i>itE~rit:

.........................c~»< .Hydr~l'aPh.··Hy~r&j..ak~61ft.~r.;.v~~·ii
Total precipitation depth (in.)

Peak flow (cfs)

Runoff depth (in.)

Initial R (hrs.)

Initial Tc (hrs.)•

The Clark parameters derived from the Loup City stream gage were used without

further adjustment to represent the hydrograph entering the Austen Pond.

VI. Probable Maximum Precipitation

A. Probable Maximum Precipitation Data

The depth-area-duration relationship for the Probable Maximum Precipitation (PMP) in

the Arrowhead River basin was determined from Hydrometeorological Report No. 51
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(Reference 4). These values were plotted and smoothed (Exhibit 5) and are

summarized in Table 9.

TABLE 9
Probable Maximum Precipitation
Depth-Area-Duration Data (in.)

. >{. < ••••,.• ',.. ""....> .. ,\ ·'·"·"·Duralion(hrs.)
):Area·· . ,. . <.. . ••• . .

.C·s . . )., ··<>vi·' ·.·•·..> ·'..·., ·.·,·1".2 ..·... 24 48 .. '···)72 ../ q...·'ml; :.. . ., ... ".• ,."" """ ..

10 15.6 18.6 20.9 22.8 24.5

200 13.7 16.6 18.8 20.7 22.4

1,000 11.0 13.5 15.5 17.4 19.1

5,000 7.5 9.4 11.1 13.0 14.7

10,000 5.5 7.4 9.1 11.0 12.7

20,000 3.5 5.4 7.1 9.0 10.5

B. Candidate Storms for the PMF

The spatial and temporal distributions of various candidate PMSs were determined with

the COE HMR52 computer program. The HMR52 program determines the storm

pattern-consistent with a given set of depth-area-duration values-that maximizes

precipitation depth over a specified subbasin or group of subbasins. Since the basin

was analyzed without subdivision, only one centering and basin optimization was

tested. However, the HMR52 computer program tests various orientations and storm

sizes to maximize the basin average precipitation.

The HMR52 program selected an optimized storm area of 1,000 square miles and an

orientation 140 degrees from north. HMR52 input and output are shown in Exhibit 6,

and PMS isohyets are shown in Exhibit 7.
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VII. Loss Rates

A. Discussion of Loss Rate Methodology

As discussed above, previous studies have shown that loss rates are highly variable

within the basin and, if calibrated to a historic storm, apply only to that storm or one

with similar intensity. Furthermore, a basin-averaged loss rate based on physical

parameters of the soils, as applied in the 1989 PMF study (Reference 3) tends to

cancel the effect of the few, but critical, runoff-producing soils. Finally, the extent of

these soils is a function of rainfall intensity, since soils that allow all rainfall to infiltrate

during a moderate storm may produce runoff in a more intense storm.

These conditions cause difficulties when a drainage basin with highly variable soils

(some of which commonly produce runoff and others of which virtually never produce

runoff) is assigned a single, "average" loss rate. It is almost always inappropriate to

select such an average loss rate by averaging physical properties of the soils, because

the resulting average may be greater than the rainfall intensity. In this case, the model

will predict no runoff from the storm. It is also inappropriate to assume that an average

Joss rate calculated for one storm applies to others of different intensities. This is

because when a low rate is calibrated to an actual event, even if there is no runoff at

all, the calibrated loss rate will not exceed the maximum rainfall intensity.

These difficulties would not arise if the entire basin could be modeled, with soils of

different permeabilities treated as separate runoff-producing units. One wayto do this

.is with the "detailed method" of estimating loss rates as outlined in the FERG

engineering guidelines (Reference 1, Section 8-10.3.2). However, a review of the

STATSGO data for the basin showed that a very large range of possible soil

permeabilities is given for each soil unit, and there is no documented reason for

selecting any particular loss rate within this range. (In these cases, the SCS

recommends using the average infiltration rate listed, as there is no documented basis

for further refinement of the infiltration rate.) Furthermore, the detailed STATSGO

analysis does not admit the possibility of secondary infiltration of runoff, as it travels

downslope from its generation point and infiltrates into permeable soils before reaching

the stream.
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B. Warm-Season

To overcome these difficulties, a warm-season basin average loss rate specific to the

PMS was estimated by analogy to a 73-square-mile subbasin. This subbasin, the East

Branch of the Arrowhead River at Conestoga, was modeled in detail with the KINEMAT

model (Reference 6). The modeling effort included a calibration of individual soil unit

loss rates for a historical storm. A detailed description in the KINEMAT model study

is given in the following paragraphs.

1. KINEMAT Model Description

Note: When a program that is not in common use in PMF studies is adopted for
a particular analysis, the user must be prepared to provide FERC staff with the
executable program and documentation.

The Agricultural Research Service describes the KINEMAT model as:

...an event oriented, physically based model developed to describe the
hydrologic processes of interception, infiltration and surface runoff from small
agricultural and urban watersheds (Reference 6).

KINEMAT is a component of the more comprehensive KINEROS model, which also

includes the capability to model erosion. Like almost all available models and all

infiltration accounting methods within these models, KINEMAT has been tested

primarily on smaller agricultural watersheds. However, discussions with authors

of the model at the ARS revealed that it has been used on drainage areas of

50 square miles and more. Furthermore, since the basic area unit of calculation

is small and is described by physical parameters of the land and soils, there is no

theoretical limit to the basin size that may be modeled. (There are, however,

computational limits to the number of area elements that may be used, effectively

imposing limits on the drainage area size.)

Conceptually, KINEMAT is similar to HEC-1 in that the basin is divided into

subbasins. The difference is that in KINEMAT, the user further divides the

subbasins into nearly homogeneous "elements" and models the basin as a

cascade of planes and channels. Each plane is characterized by its area, slope,

soil and land cover parameters, and connections to other planes or channels.
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3.

Channels are assumed to be trapezoidal in cross section and are used to collect

and rOlJte the storm flow hydrograph.

Because of the detail required in KINEMAT, it would be impractical to apply it to

the entire Arrowhead River basin. For this reason, a detailed study was conducted

on a small, representative watershed within the basin. The results from this study

were then extended to the HEC-1 model for the entire basin.

Study Basin

The watershed used for this study is a 73-square-mile gaged portion of the East

Branch of the Arrowhead River (USGS Gage No. 38878500, East Branch

Arrowhead River near Conestoga). This subbasin was chosen primarily for the

availability of a gage record with at least one significant runoff event, with a runoff

peak distinguishable from the subsurface flow hydrograph. Although gage records

for other subbasins were reviewed, only this one was found to meet this criterion ..

In addition, this subbasin (called the East Branch subbasin in this report) was

considered an appropriate surrogate for the runoff characteristics of the entire

basin because it represents a typical watershed with respect to soil type and land

cover. The 5 soil units in the East Branch basin account for 76 percent, by area,

of the soils found in the Arrowhead basin as a whole. If anything, extrapolating the

East Branch's soil distributions to the basin as a whole is slightly conservative, as

82.7 percent of the East Branch subbasin is classified as a sand or sandy loam

while 86.3 percent of the entire Arrowhead basin is a sand or sandy loam. The

majority of the land cover in both basins is heavily forested.

A map showing the location of the East Branch subbasin is presented in Exhibit 8.

Model Development

To construct a KINEMAT parameter file, input information is required on

topography, soil cover, and land cover. The topography gives the slope for each

element and defines the flow path network. The flow path network defines the

order in which elements are processed (e.g. Plane A flows into Plane B, which

flows into Channel C). Each element and its relation to the other elements is

defined by the user on the basis of map information. The soil cover provides the

saturated hydraulic conductivity (1'\;), effective capillary head (G), porosity,
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maximum saturation, rock content, and the infiltration recession factor. Land cover

information provides Manning's n values for overland flow and interception heights.

First, the basin is divided into small, homogeneous elements. These are divided

primarily on the basis of soil type and secondarily by slope. Natural boundaries

such as forests and streams serve to divide the basin even further.

Second, the order in which the elements are processed must be determined. This

sequence should simulate the overland flow path occurring in the field and can be

determined from topographic maps.

Interception, infiltration, and overland flow parameter values were estimated for

each computational element. Land cover data affecting interception and overland

flow were estimated using satellite remote sensing data from the January 1991

Conestoga Lakes Land Cover Mapping Project (Reference 6), field investigation

data, and the KINEMAT documentation (Reference 6). Infiltration values based on

soil texture were estimated using the KINEMAT documentation and other literature

(References 6, 8, and 9). Average values were used when the KINEMAT manual

listed a range of values. Detailed definitions of K1NEMAT parameters are included

in the program documentation (Reference 7). The subdivision of the East Branch

subbasin into KINEMAT model elements is shown in Exhibit 9.

Model Calibration

Next, the model was calibrated to an historic storm. A thorough search of the

gage record was conducted to obtain hydrographs representing critical conditions.

The criteria used to select hydrographs for calibration are listed below:

• large single peak
• short, intense rainfall
• quick recession, indicating direct runoff rather than subsurface flow

Of the 15 largest floods at the gage, only the storm of July 10 and 11, 1984, met

all criteria. The peak instantaneous flow was 158 cfs and occurred at 1 a.m. The

11-hour cumulative rainfall over the East Branch subbasin for this event was

3.02 inches. Although several additional floods were investigated, they were found

to have either inadequate rainfall data or a very smaJl runoff peak relative to the
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slower subsurface component. The fact that this was by far the most significant

runoff peak of all recorded events suggests that the East Branch subbasin may

have been hydrologically "primed" to produce runoff. The Conestoga rain gage

record indicates that approximately 3 inches of rain fell on the East Branch

watershed on July 6, 7, and 8, 1984.

The hourly streamflows for the 1984 storm were obtained from the regional office

of the USGS Water Resources Division. The hourly rainfall data at the Conestoga

rain gage was assumed representative of the watershed, as no other rain gages

are located in or near the East Branch subbasin.

Even for the 1984 storm, which produced by far the most significant runoff peak

in the gage record, it was concluded that much of the streamflow is attributable

to subsurface flow. Since KINEMAT cannot account for interflow, the 1984 storm

was separated into subsurface flow and direct runoff. The direct runoff hydrograph

peaks at approximately 85 cfs. The KINEMAT model was then calibrated to the

runoff. It should be noted that the portion of the hydrograph attributed to

·subsurface" flow consists of all delayed flow transmitted through the subsurface,

some of which is true "baseflow" and some of which is shallow subsurface flow.

The shallow subsurface flow, although it travels considerably faster than deep

groundwater flow, is still delayed and diffuse relative to the direct runoff portion of

the hydrograph.

The July 1984 hydrograph, with baseflow separation, is shown in Exhibit 10.

Initially, soil parameters required in the model, such as ~ (hydraulic conductivity)

and G (capillary head), were estimated from the SCS Soil Interpretation Records

(Reference 10).

To calibrate the model, adjustments were later made to the two most sensitive

parameters: the saturated hydraulic conductivity (KJ and the effective capillary

head (G). The ~ and G values in the sandy upland soils were high enough that

major changes did not affect the hydrograph, even when adjustments were made

to the entire basin. The only areas in which a change did affect the model results

were low-lying areas adjacent to the stream (these areas are described generically

as "wetlands" in this report). ~ and G were reduced in the wetlands to produce

results which matched the observed hydrograph. The revised values are still well
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within the ranges given in the KINEMAT manual. The calibrated runoff parameters

for each soil unit in the East Branch subbasin are shown in Table 10. All KINEMAT

and other input and output data files are included in Exhibit 11.

TABLE 10
Calibrated Runoff Parameters
East Branch Arrowhead River

.".,}' :

K. .< ..<Percent of
......... . Soli Unit ·Subbasin (in/hr)< . G (in)

109 (Carlin-Vermont) 17.6 0.85 9.8

116 (Bannister) 42.6 6.4 5.3

119 (Conestoga-Montcalm) 19.6 8.3 4.0

126 (Okee-Conestoga) 2.5 7.5 4.5

127 (Okee-Grinell-Anderton) 14.2 9.9 7.9

126 wetland 1.0 1.5 4.5

127 wetland 2.4 1.5 7.9

Stream Channel 0.1 0.0 0.0

5. Transfer of Parameters from KINEMAT to Whole-Basin HEC-1

The KI NEMAT model, calibrated to the 1984 storm, was used to estimate the flood

hydrograph on the East Branch resulting from the PMP. The warm-season PMP

values were selected based on a 1,OOO-mi2 storm, which optimizes PMP for the

entire Arrowhead River basin. The East Branch subbasin's response to the whole

basin PMP is then representative of the entire basin's response to the same storm.

The East Branch PMF hydrograph predicted by the KINEMAT model has a peak

of approximately 1,534 cfs when the whole-basin PMP is applied to the model. .

This hydrograph was entered into a HEC-1 model of the East Branch subbasin as

an optimization hydrograph. The HEC-1 model was allowed to calibrate initial and

constant loss rates to fit the KINEMAT results for the PMP. This procedure was

carried out in order to determine equivalent basin average ("lumped") loss

parameters which, for the PMP case, would yield the same volume and rate of

runoff as the distributed model. The HEC-1 calibration yielded a basin average
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loss rate of 2.82 inches per hour for the PMS and was insensitive to initial loss.

Since the East Branch subbasin is assumed representative of conditions in the

entire basin, these optimized loss parameters are assumed applicable throughout

the Arrowhead River basin. However, they are not applicable for any storm other

than the whole-basin optimized PMS.

In addition to the calibrated loss rate, the entire Arrowhead basin was assumed to

contain 3 percent impervious area, which accounts for lakes, reservoirs, rivers, and

highYfays that do not occur in the East Branch subbasin (Reference 7).

C. Cool-Season

A separate analysis for cool-season conditions was not conducted for this study. A

cool-season analysis is not relevant because daytime temperatures generally stay

above freezing even in the winter months and snow is not an important factor in

flooding on the Arrowhead River.

VIII. Coincident Hydrometeorological and Hydrological Conditions

for the Probable Maximum Flood

A. Reservoir Level

The Austen Dam is operated as a run-of-river project and the annual maximum normal

operating level is equal to the target pool level of 963.4 feet NGVD. The reservoir was

assumed to be at this level at the beginning of the PMS.

B. Baseflow

It is apparent that high initial baseflows, probably as well as shallow subsurface flows,

are associated with observed floods on the Arrowhead River. Each of the floods shown

in Table 3 was associated with a high initial baseflow. The flood of September 1, 1966,

has no discernible direct runoff component and appears to be almost entirely baseflow

and interflow. All of the significant historical floods have extremely long hydrographs,

without a well-defined end to the runoff period. To create a predictive model of the

subsurface flow component of the PMF would be extraordinarily time-consuming and

costly, and given the very limited database, the reliability of the results would not justify
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the effort. Instead, an empirical approach to the problem was taken by reviewing

historic floods and considering a reasonable "envelope" value for the subsurface

contribution.

The following two assumptions are the basis for this determination:

• The maximum rate of subsurface discharge to the stream network is physically
limited, due to a number of components including drainage density, topography,

and hydraulic conductivity in the subsurface. This rate is much slower than the

overland flow component of the flood, as hydraulic conductivities in sands are on

the order of inches per hour at the greatest. (Equating hydraulic conductivity with

flow velocity assumes a hydraulic gradient of 1:1, which is much higher than the

horizontal gradient occurring in a natural watershed).

• The maximum rate of subsurface discharge to the stream network physically
possible has probably been approached over the last 40 years of record.

A/though no rainstorms approaching the PMP intensity have occurred, it is likely

that some other combination of long- and short-term hydrologic conditions

(seasonal groundwater table, rainfall, and antecedent storms) has resulted in a

near-maximum condition of watershed saturation.

Therefore, it was assumed that the annual flood series at the Loup City gage reflects

. a reasonable "envelope" of subsurface contributions. Many of these floods, of course,

also had a surface flow component, which is conservatively neglected in the estimate.

Based on the flood records at Loup City and the other gage sites in the basin

(Reference 11), it was determined that a conservative estimate of the subsurface flow

coinciding with the PMP would be 3 cfs per square mile. Some of this would probably

be quick-return flow due to the PMP, while some would be a function of antecedent

groundwater conditions. This subsurface contribution was assumed to occur as a

steady flow coincident with the PMS.

C. Snowpack

Snow is uncommon in this region and permanent snowpacks do not develop.

Therefore, snowpack analysis is not applicable to this basin.
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D. Snowmelt

Snowmelt is not applicable.

IX. PMF Hydrographs

A. Inflow PMF Hydrograph

A summary of the HEC-1 input parameters for the Austen Dam PMF is shown in

Table 11.

TABLE 11
Summary of Input to HEC-1 Model

Austen Dam PMF

Total precipitation 17.0 in.

Peak 1-hour precipita::ion 3.09 in.

Basin area 1,267 sq. mi.

Starting baseflow 3,810 cfs

Recession constant 1.007

Flow at which recession begins 7,100 cfs

Clark Tc 48.7 hrs.

Clark R 75.9 hrs.

Initial Loss 2.0 in.

Constant loss rate 2.81 in./hr.

Impervious percent 0: basin 7.0

Starting reservoir ele\-ation 963.4 ft.

The PMF inflow hydrograph is plottec in the HEC-1 output in Exhibit 12. The peak of

the PMF inflow hydrograph is 12,956 ds.
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B. Sensitivity Analysis

Unit Hydrograph Parameters. No sensitivity analysis was conducted for unit

hydrograph parameters. The verification unit hydrograph analysis justifies the use of

the unit hydrograph parameters determined in the 1983 PMF study and shows that

these parameters may be slightly conservative.

Loss Rates. Using the KINEMAT model study of the East Branch subbasin to represent

loss rates in the entire basin is also conservative, as the East Branch subbasin has a

slightly higher percentage of wetlands and low-permeability soils than the basin as a

whole. However, there is some uncertainty as to the calibration of loss rates, since

only one storm was available for analysis and the resulting parameters could not be

verified. Therefore, a sensitivity analysis was conducted by varying the KINEMAT

parameters ~ and G by ±20 percent and repeating the KINEMATjHEC-1 calibration

and transfer process. The sensitivity of the peak PMF inflow to these parameters is

summarized in Table 12. KINEMAT and HEC-1 runs for these analyses are shown in

Exhibit 13.

TABLE 12
Sensitivity of the Peak PMF Inflow
to KINEMAT Parameters K. and G

+20%

-20%

11,580

14,750

-11

+14

+20%

-20%

12,400

13,170

-4.3

+1.7

•

For all the sensitivity cases investigated, the resulting peak PMF discharge is much less

than the spillway capacity of 19,600 cfs. To change the conclusions of this report

regarding spillway adequacy, ~ and G would have to be greatly different (much more

than 20 percent) from the calibrated values. Therefore, for the purposes of evaluating

spillway adequacy, the analyses reported here are sufficient.
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Precipitation. The worst-case precipitation pattern was determined by using the

HMR52 computer model for several possible storm sizes and orientations. No further

sensitivity analysis was performed.

c. Reservoir Outflow PMF

The PMF inflow hydrograph was routed through the Austen Pond with the modified

Puis reservoir routing routine in the HEC-1 model. The peak PMF outflow is 12,740 cfs.

The flood pould be passed at normal pool level of 963.4 feet.
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EXHIBIT 2
HEC-1 Unit Hydrograph Verification

Input and Output

Note: Complete HEC-1 outputs have been omitted in this example to consefVe 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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•
* _ FLOOD HYDROGRAPH PACKAGE (HEC-1 )
• FEBRUARY 1991

•

*. VERSION 4.0.1 (LOCAL)

• UN DATE 11/30/93 TIME 14:44:51

*

•
•
*
*
*
*
*

*
•

*

*
*

U.S. ARMY CORPS OF ENGINEERS
HYDROLOGIC ENGINEERING CENTER

609 SECOND STREET
DAVIS. CALIFORNIA 95616

(916) 551·1748

*****************************************

x X XXXXXXX XXXXX X

X X X X X XX

X X X X X

XXXXXXX XXXX X XXX)()( X

X X X X X

X X X X X X
X X XXXXXXX XXXXX XXX

**************.*.*****.*.*.*********~

THIS PROGRAM REPLACES ALL PREVIOUS VERSIONS OF HEC-1 KNOUN AS HEC1 (JAN 73). HEC1GS. HEC10B, AND HEC1KW.

THE DEFINITIONS OF VARIABLES -RTIMP- AND -RTIOR- HAVE CHANGED FROM THOSE USED ~ITH THE 1973-STYLE INPUT STRUCTURE.
THE DEFINITION OF -AHSI(l(- ON RH-CARO \lAS CHANGED \11TH REVISIONS DATED 28 SEP 81. THIS IS THE FORTRAN77 VERSION
N~ OPTIONS: OAHBREAK OUTFL~ SUBMERGENCE, SINGLE EVENT DAMAGE CALCULATION, OSS:~RITE STAGE FREQUENCY,
OSS:READ TIME SERIES AT DESIRED CALCULATION INTERVAL LOSS RATE:GREEN AND AMPT INFILTRATION
KINEMATIC \lAVE: NE\I FINITE DIFFERENCE ALGORITHM

•• HEC-1 INPUT PAGE 1

LINE 10 ••••••• 1•••••••2•••••••3•••• _••4•••••••5•••••••6•••••••7•••••.•8•••••••9.••••• 10

1 10
2 10 PMF Verification
3 10 Austen Hydroelectric Project
4 10 FERC Project No. B6 88
5 10
6 10 Verifies to the flood of JI.ne. 1986
7 10

*.* FREE ...
8 IT 60 12JUN86 1200 275
9 OU 25 105

10 10 1 0
11 PG CONE
12 PI 0.26 0.18 0.14 0.00 1.12 0.16 0.00 0.21 0.18 0.68
13 PI 0.09

*
*

14 KK ARR~

15 QO 1013 1011 1009 1007 1004 1002 1000 1025 1050 1075
16 QO 1100 1125 1150 1192 1233 1275 1317 1358 1400 1458
17 QO 1517 1575 1633 1692 1750 1833 1917 2000 2083 2167
18 QO 2250 2317 2383 2450 2517 2583 2650 2692 2733 2775
19 QO 2817 2858 2900 2925 2950 2975 3000 3025 3050 3054• 20 QO 3058 3062 3066 3070 3074 3062 3049 3037 3025 3012

21 00 3000 2975 2950 2925 2900 2875 2850 2817 2783 2750
22 QO 2717 2683 2650 2625 2600 2575 2550 2525 2500 2475
23 QO 2450 2425 2400 2375 2350 2317 2283 2250 2217 2183
24 QO 2150 2125 2100 2075 2050 2025 2000 1975 1950 1925



25 QO 1900 1875 1850 1842 1833 1825 1817 1808 1800 1783

26 QO 1767 1750 1733 1717 1700 1688 1675 1663 1650 1638

27 QO 1625 1613 1600 1588 1575 1563 1550 1538 1525 1513

28 co 1500 1488 1475 1463 1450 1438 1425 1413 1400 1388

• 29 QO 1375 1363 1350 1338 1325 1313 1300 1288 1275 1263

30 QO 1250 1238 1225 1213 1200 1188 1163 1150 1138 1125

31 QO 1113 1100 1088 1075 1063 1050 1038 1025 1017 1008

32 QO 1000 992 983 975 963 950 938 925 913 900

33 co 892 883 875 867 858 850 833 825 817 808

34 QO 800 792 783 775 767 758 750 742 733 725

35 QO 717 708 700 692 683 675 667 658 650 642

36 QO 633 625 617 608 600 596 592 588 583 579

37 QO 575 571 567 563 558 554 550 543 537 530

38 QO 523 517 510 502 493 485 468 460 454 448

39 QO 443 437 431 425 421 417 413 408 404 400

40 QO 396 392 388 383 379 375 369 363 358 352

41 QO 346 340 337 333 330 327 323 320 317 313

42 QO 310 307 303 300 300
43 PR CONE
44 P'J 1.00
45 BA 1267
46 BF 1013 1700 1.007
47 UC 48.7 75.9
48 lU -0.5 -1.01 7.0
49 ZII A=lOUPCITY C=Fl(7J F=CAlaJLATED
50 ZZ

1***************************************** ******.**************************......

* * • *
* FLOOD HYDROGRAPH PACKAGE (HEC-1) * • U.S. ARMY CORPS OF ENGINEERS •
* FEBRUARY 1991 * • HYDROLOGIC ENGINEERING CENTER •
* VERSION 4.0.1 (lOCAL) • • 609 SECOND STREET *
• * • DAVIS. CAlIFORNIA'95616 •
* RUN DATE 11/30/93 TIME 14:44:51 * • (916) 551-1748 •

• . *
• *

-~***.*********.**********************
****.*********...................******

PMF Verification
Austen Hydroelectric Project
FERC Project No. ~l)1>"E

Verifies to the flood of June. 1986

10 10 OUTPUT CONTROL
IPRNT
IPlOT
QSCAL

VARIABLES
1 PRINT CONTROL
o PLOT CONTROL

O. HYDROGRAPH PLOT SCALE

COMPUTATION INTERVAL 1.00 HOURS
TOTAL TIME BASE 274.00 HOURS

IT

•

HYDROGRAPH TIME
NMIN

IDATE
ITIME

NQ
NDDATE
NDTIME
ICENT

DATA
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STARTING TIME
NUMBER OF HYOROGRAPH ORDINATES
ENDING DATE
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EXHIBIT 3
Baseflow Recession Plot

for June 1986 Flood



•194

F
L
a
w

I 193

N

C
F
S

•Lou:'CITY

/ ~:
~ : : ~

~7~~~~~---
. /'
. ·QRSCN

1-. .:.... . = I'l-OO c.f,
. . .. . .

.~
~,

~

~

~

•

192

12

I

13

I

14

I

15

I

16

. .
I I

1'7 16
.:JlN86

I

19

I

28

I I

21 22

ARROW OBSERVED FLOW



•

•

•

EXHIBIT 4
Relation of Calibrated Loss Rate

to Rainfall Intensity
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• Exhibit 4
Relation of Calibrated Loss Rate

to Rainfall Intensity

The following is a quantitative example why-for a simplified basin with both contributing and
highly permeable (essentially noncontributing) areas-both model calibration and prediction
can be in error when the infiltration characteristics of the two types of areas are spatially
averaged. Although the example is very simple, its conclusions can be applied to more
complex, real watersheds.

EXAMPLE:

1. Assume: 10o-square-mile basin, of which:
90 square miles have infiltration rate of 6 inches/hour
10 square miles have infiltration rate of 0 inches/hour

The calibration storm's peak 1-hour period produced 2 inches per hour,
and the maximum PMP increment is 4 inches per hour.

•
2. Calculate: The basin average infiltration (loss) rate, based on the given infiltration

rates, is equal to:

(10 sq. mi. X O"/hr + 90 sq. mi. X 6"/hr)/(100 sq. mil = 5.4 inches/hour.

3. Consider: Only the peak hour of each storm. Then a total of 2 inches fell in the
calibration storm, and a total of 4 inches will fall in the PMP.

4. Calculate: The volume of runoff produced for:

(1) the calibration storm (2 inches per hour):

90 square miles of the basin produced 0 inches of runoff, because
2 inches(hour < infiltration rate of 6 inches(hour;
10 square miles of the basin produced 2 inches of runoff.

Then the area average runoff is:

(10 sq. mi. X 2" + 90 sq. mi X 0")/100 sq. mi = 0.2 inches

And the calibrated loss rate is:

• (2 inches-0.2 inches)/ 1 hour = 1.8 inches/hour.

E116A024/E116-93N3-94 4-1
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(2) the PMP (4 inches per hour).

Note that if the basin average of 5.4 inchesjhour is applied to the PMP,
the model will predict a runoff. But if the areas are considered
separately:

90 square miles produces a inches of runoff, because the PMP is still
less than the infiltration rate, and

10 square miles produces 4 inches of runoff.

Then the area average runoff is:

(10 sq. mi. X 4" + 90 sq. mi. X 0")/100 sq. mi = 0.4 inches.

And the average loss rate is:

(4 inches - 0.4 inches)/1 hour = 3.6 inches per hour.

(3) a larger PMP of 6 inches per hour.

90 square miles produces 0 inches of runoff;

10 square miles produces 6 inches of runoff.

The area average runoff is:

(10 sq. mi. X 6" + 90 sq. mi. X 0")/100 sq. mi. =0.6 inches

and the area average loss rate is:

(6 inches - 0.6 inches)!1 hour = 5.4 inches/hour, which is equal to
the basin average loss rate estimated just from soil data.

(4) Finally, consider an even larger PMP of 8 inches per hour.

90 square miles produces 2 inches of runoff;

10 square miles produces 8 inches of runoff.

The area average runoff is:

(90 sq. mi. X 2" + 10 sq. mi. X 8")/(100 sq. mi) = 2.6 inches.

and the area average loss rate is:

• (8 inches - 2.6 inches)/1 hour = 5.4 inches per hour.
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EXHIBIT 5
PMP Depth-Area-Duration Curves

Arrowhead River Basin
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•

EXHIBIT 6
HMR52 Input and Output Data

(Probable Maximum Storm)

Note: Complete HMR-52 outputs have been omitted in this example to conseNe 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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1*****************************************

* u.S. ARMY CORPS OF ENGINEERS
* THE HYDROLOGIC ENGINEERING CENT£R *
* 609 SECOND STREET *
* DAVIS, CALIFORNIA 95616 *
* (916) 551-1748 OR (FTS) 460-1748

* *
* PROBABLE MAXIMUM STORM (HMR52) ..
* NOVEMBER 1982 ..

• REVISED 26 JUL 86 *
*

* RUN DATE 30/11/1993 TIME 9:47:53 *

* *

* * * *
***************************************** ************************••*******~****

H H M H RRRRRR 5555555 22222
H H HM MH R R 5 2 2
H H H MMH R R 5 2
HHHHHHH M M M RRRRRR 555555 2
H H H H R R 5- ·2
H H M M R R 5 5 °2
H H M M R R 55555 2222222

HEC PROBABLE MAXIMUM STORM (HMR5Z) INPUT DATA PAGE 1

LINE 10 ••••••• 1••••••• 2•••••••3 •••••••4•••••..5•••••••6•••••••7•••••••8•••••••9••••••10

•

1

2
3
4
5
6
7
8

9
10

10
10
10
10 PROBABLE MAXIMUM STORM FOR THE ARROWHEAD RIVER BASIN ***ALL SEASON***
to
10
10
10
10
10

*** FREE ***
11 PU ON

,*****************************************

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

BN ARRW
BS 7.891
BX 5.28 5.34 5.62 5.71 5.67 6.65 6.70 6.45 5.70 5.27
BX 4.53 4.15 3.66 2.78 2.33 1.89 1.37 1.18 1.84 1.57
BX 1.55 1.19 1.35 1.21 1.54 2.12 2.26 2.45 2.70 2.B2
BX 3.04 3.11 3.30 3.57 4.13 4.49 4.30 4.68 4.85 5.18
BY 4.85 4.06 3.96 3.56 3.22 3.00 2.69 1.90 2.00 1.60
BY 1. 11 0.44 0.14 1. 10 2.05 2.26 2.20 2.27 3.16 4.06
BY 5.09 5.98 6.23 6.81 6.63 6.62 6.73 6.65 6.69 6.42
BY 6.35 6.23 6.25 6.47 6.49 6.29 6.03 5.51 5.48 5.12
HO 280
HP 10 15.6 18.6 20.9 22.8 24.5
HP 200 13.7 16.6 18.8 20.7 22.4
HP 1000 11.0 13.5 15.5 17.4 19.1
HP 5000 7.5 9.4 11.1 13.0 14.7
HP 10000 5.5 7.4 9.1 11.0 12.7
HP 20000 3.5 5.4 7.1 9.0 10.5
SA 0 0 3
ST 60 0.309 7 1.0
zz

***********************************W***

* * *

..
* RUN DATE 30/11/1993 TIME 9:47:53 *

•

PROBABLE MAXIMUM STORM (HMR52)
NOVEMBER 1982 ..

REVISED 26 JUL 86 *

* U.S. ARMY CORPS OF ENGINEERS *
* THE HYDROLOGIC ENGINEERING CENTER *
* 609 SECOND STREET *
* DAVIS, CALIFORNIA 95616 ..
.. (916) 551-1748 OR (FTS) 460-1748 *

*......
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EXHIBIT 7
Probable Maximum Storm Isohyetal Maps
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EXHIBIT 8
East Branch Subbasin Location Map
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EXHIBIT 9
KINEMAT Model Elements
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EXHIBIT 10,'
July 1984 Calibration Hydrograph

(A) With Baseflow Separation
(B) Calibration Hydrograph
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• East Branch Atowhead River
1984 Storm -- Runoff Separated
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EXHIBIT 11
KINEMAT and HEC-1 Input and Output

East Branch Subbasin

Note: Complete KlNEMAT and HEG-1 outputs 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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Duplicate from * to * for each element:
.*.*********************************..*****-.***••********.**••~*****

KINEMAT . Parameters

•
CH';R LENGTH
49564 1 0

ENGLISH METRIC

10 NO
100

LENGTH
5200

MANNING
.4

KS
6.4

FlOC
o

TYPE
1

\lIO/DIA
1318

CHEZY
o

G

5.3

FINC
o

NUl
o

SLOPE
.006

GAGE
1

POR
.44

GSLOPE
o

Nl1
o

BANK
o

x
o

SMA)(

.92

NL2
o

BANK 2
o

Y

o

ROCK
.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

IIJOOL
o

COVER
1.00

**•••••*****..********.**.***** ********
*••****************************..***............**********************

10 NO TYPE NUl Nl1 NL2 NU2 NU3
1001 1 0 0 0 0 0
----------------------------------------------------------------------
LENGTH \lIO/OIA SLOPE BANK BANK 2 MAX HT IIJOOL
1400 4328 .01 0 0 0 0

•
MANNING
.4

KS
.85

FlOC
o

CHEZY
o

G

9.8

FINC
o

GAGE
1

PeR
.45

GSLOPE
o

x
o

SMAX
.91

y

o

ROO:

.05

INTER
.020

RECS
5.0

COVER
1.00

.********••******.*******************.**...........********************

.***************************************........**********************

10 NO
1002

LENGTH
750

MANNING
.4

KS
.85

FlOC
o

TYPE
1

\lID/DIA
4488

CHEZY
o

G

9.8

FINC
o

NUl
o

SLOPE
.01

GAGE
1

POR
.45

GSlOPE
o

NLl
o

BANK
o

x
o

SMA)(

.91

NL2
o

BANK 2

o

Y
o

ROO:

.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

IIJOOL
o

COVER
1.00

********************************************************.*************

******.***********************************~***********************

10 NO TYPE NUl Nl1 NL2 NU2 NU3
200 2 100 1001 1002 0 0
----------------------------------------------------------------------
LENGTH \lIO/DIA SLOPE BANK BAlik: 2 MAX HT llJOOl

3500 5 .01 .9 .9 5 0

• HANNING
.04

KS
o

CHEZY
o

G

o

GAGE
1

POR
o

x
o

$MAX

o

Y

o

ROCK
o

INTER
o

RECS
o

COVER
o



*******•••••**•••* •••••**********••*****........***************.....* •

•
FlOC
o

10 NO
1003

LENGTH
5500

MANNING
.4

KS

.85

FlOC
o

FINC
o

TYPE
1

\/IDIOIA
7418

CHEZY
o

G

9.8

FINC
o

GSLOPE
o

NUl
o

SLOPE
0.01

GAGE
1

POR
.45

GSLOPE
o

Nl1
o

BANK
o

x
o

SMA)(

.91

NL2
o

IW/I.:Z

o

y

o

ROO:

.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

Nu3
o

I~

o

COVER

1.00

**********************************.***••••••••••**************.*******
****************************************•••••••••**.**....************

•

10 NO
1004

LENGTH
1000

MANNING
.4

KS

6.4

FlOC
o

TYPE
1

UIOIDIA
6930

CHElY
o

G

5.3

FINC
o

NUl
o

SLOPE
.06

GAGE
1

POR
.44

GSLOPE
o

NL1
o

BANK 1
o

x
o

SMA)(

.92

NL2
o

BANK 2
o

Y

o

ROO:

.05

NlI2

o

MAX HY
o

INTER
.020

RECS
5.0

NU3

o

IWOl
o

COVER

1.00

*******..****************.......***••••••••••u •••••**••**************
************************ z•••••••••• a•••a*******••

·10 NO
201

LENGTH
7000

MANNING
.04

KS

o

FlOC
o

TYPE
2

\/IO/OIA
5

CHElY
o

G

o

FINC
o

NUl
200

SLOPE
.01

GAGE
1

PaR

o

GSLOPE
o

Nl1
1004

BANK
.9

x
o

SMA)(

o

IIL2
1003

BANK Z
.9

y

o

ROCK

o

NU2
o

MAX HT
5

INTER
o

RECS
o

NU3
o

lWOl
o

COVER

o

*******************************************•• , •• ***.*.****************
*•••************",******************.*.*.*,.2,.** •••• ****************

•

10 NO
1011

LENGTH
8000

MANNING
.4

KS

.85

FlOC

TYPE
1

UIOIDIA
2873

CHEZY
o

G

9.8

FINC

NUl
o

SLOPE
.01

GAGE
1

PaR

.45

GSLOPE

Nl1
o

BANK
o

x
o

SMA)(

.91

NLZ
o

BANK Z
o

Y

o

ROCK
.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

I\IOOL
o

COVER
1.00



*****•••••* •••******.**************.****••*••*************************
**********************************************************************

•
o

10 NO
1012

LENGTH
2000

HANNING
.4

KS
.85

FlOC
o

o

TYPE
1

~ID/DIA

5426

CHElY
o

G

9.8

FINC
o

o

NU1
1011

SLOPE
.02

GAGE
1

POR
.45

GSLOPE
o

NLl
o

BANI(
o

x
o

SHAX

.91

NL2
o

BANK 2
o

Y

o

ROCI(
.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

IIJOOL
o

COVER
1.00

**********************************************************************

***.**************.*********************.***********......************

10 NO TYPE NU1 Nl1 NL2 NU2 NU3

1013 1 1012 0 0 0 0

----------------------------------------------------------------------

LENGTH WIO/DIA· SLOPE BANK BANK 2 MAX HT I\KXlL

3000 6904 .02 0 0 0 0

**.**••••*************************.**********.**••••••• ***A,a__..*****
**********************************************************************•

HANNING
.4

I(S
6.4

FlOC
o

10 NO
101

CHElY
o

G

5.3

FINC
o

TYPE
1

GAGE
1

POR
.44

GSLOPE
o

NU1
o

x
o

SMA.X

.92

NL1
o

Y

o

ROCK
.05

NL2
o

INTER
.020

RECS
5.0

NU2
o

COVER
1.00

NU3
o

LENGTH ~ID/DIA SLOPE BANI( BANK 2 MAX HT IIJOOL

2400 2845 0.02 0 0 0 0

---------------------------------_.-----------------------------------
HANNING CHElY GAGE X Y INTER COVER

.4 0 1 0 0 .020 1.00

K$

.85

FlOC
o

G

9.8

FINC
o

POR
.45

GSLOPE
o

SHAX

.91

ROCK
.05

RECS
5.0

*********************************-************************************

******.**************************-************************************

10 NO TYPE NU1 Nl1 NL2 NU2 NU3

102 1 101 0 0 0 0

----------------------------------------------------------------------

LENGTH ~ID/DIA SLOPE BANK BANK 2 MAX HT I\KXlL

10000 2800 .01 0 0 0 0

•
HANNING
.4

KS
.85

FlOC
o

CHElY
o

G

9.8

FINC
o

GAGE
1

POR
.45

GSLOPE
o

X

o

SMA.X

.91

Y

o

ROCK
.05

INTER
0.020

RECS
5.0

COVER
1.00

********************************•••***********************************



*********•••*.**** ** .
10 NO
1041

TYPE
1

NUl
102

IIl1
o

NL2
o

NU2
o

NU3
o

• LENGTH UIO/OIA SLOPE BANK BANK 2 MAX HT IUOOL
4000 4138 .02 0 0 0 0

----------------------------------------------------------------------
HANNING CHEZY GAGE X Y IliTER COVER
.4 0 1 0 0 .020 1.00

KS
.85

FIDC
o

G

9.8

FINC
o

PaR

.45

GSLOPE
o

SMA)(

.91
ROCK
.05

RECS
5.0

.******..*****.....***••••••••••••••••••••••••••••••••••••**-*_..-----

**••*.**.-••*** *-_••••••••••••••••••••• _ ******

.*** **** *** *

••****.***************_ •••••••••••••••••••••••••••••••••••••*****.....•

10 NO
103

LENGTH
4000

HANNING
.4

KS
.85

FIDC
o

10 NO
104

LENGTH
3000

HANNING
.4

KS
6.4

FlOC
o

TYPE
1

\lIO/OIA
1663

CHEZY
o

G

9.8

FINC
o

TYPE
1

UID/OIA
6284

CHEZY
o

G

5.3

FINC
o

NU1
o

SLOPE
.008

GAGE
1

POR
.45

GSLOPE
o

NU1
103

SLOPE
.02

GAGE
1

POR

.44

GSLOPE
o

IIL1
o

BANI(

o

x
o

SMA)(

.91

IIl1
o

BANK

o

X
o

SMA)(

.91

Nl2
o

BAHIe 2
o

Y

o

ROCIe
.05

NL2
o

BANK 2
o

Y

o

ROCIC

.05

NU2
o

MAX HT
o

JIITER
.020

REts
5.0

IIJ2
o

MAX HT
o

IlITER
.020

REts
5.0

NU3
o

IUOOL
o

COVER
1.00

NU3
o

IUOOL
o

COVER
1.00

*******.**••****.*.***.***********~.****••••••••••••****••********
************.***.********•••••••**~*****••••• *•••*••• •************

HANNING CHEZY
.04 0

•

10 NO
202

LENGTH
6500

KS
o

FlOC
o

TYPE
2

UIO/OIA
5

G

o

FINC
o

NU1
1021

SLOPE
.01

GAGE

PaR

o

GSLOPE
o

o

Nl1
1013

BANIe

.9

X

SMA)(

o

o

NL2
104

BANIe 2
.9

Y

ROCIe
o

o

NU2
o

MAX HT

5

JIITER

ilECS
o

o

Nu3
o

IUOOL
o

COVER

***********************************....******~*******************.

10 NO TYPE NUl Nl1 NL2 NU2 NU3·



•
105

LEIjGTH
5500

HANNING
.4

KS
6.4

FlOC
o

\JID/D IA
2203

CHEZY
o

G

5.3

FINC
o

o

SLOPE
.02

GAGE
1

POR
.44

GSLOPE
o

o

BANK
o

x
o

SMA)(

.92

o

BANK 2
o

Y

o

ROCK
.05

o

MAX HT
o

INTER
.02

RECS
5.0

o

llJOOL
o

COVER
1.0

**********************************-*.***....**************************

********************.*.********.*****************.************.*******

10 NO TYPE Nu1 Nl1 NL2 NU2 NU3

106 1 0 0 0 0 0

----------------------------------------------------------------------
LENGTH \JID/DIA SLOPE BANK BANK 2 MAX HT IIJOOL

7500 5597 .02 0 0 0 0

MANNING
.4

KS
6.4

FlOC
o

CHEZY
o

G

5.3

FINC
o

GAGE
1

POR

.44

GSLOPE
o

x
o

SMA)(

.92

Y

o

ROCK
.05

INTER
.020

RECS
5.0

COVER
1.00

**********************************************************************

**.*******************************************************************

10 NO TYPE NU1 Nl1 NL2 NU2 NU3

• 107 1 106 0 0 0 0

---------------------------------------------------------------------.
LENGTH \JID/DIA SLOPE BANK BANK 2 MAX HT IIJOOL

2500 4340 .04 0 0 0 0

HANNING
.4

KS
6.4

FIDC
o

CHEZY
o

G

5.3

FINC
o

GAGE
1

POR

.44

GSlOPE
o

x
o

SMA)(

.92

y

o

ROCK
.05

INTER
.020

RECS
5.0

COVER
1.00

**********.****.*****••******........*********************************

.******************.*.**.*********************************************

**********************************************************************

******************************************************.***************•

10 NO
203

LENGTH
2700

MANNING
.04

KS
o

FlOC
o

10 NO
108

TYPE
2

\JID/DIA
5

CHEZY
o

G

o

FINC
o

TYPE
1

NU1
202

SLOPE
.004

GAGE
1

POR
o

GSlOPE
o

NU1
o

Nl1
107

BANK
.9

x
o

SMA)(

o

Nl1
o

Nl2
105

BANK 2
.9

y

o

ROCK
o

Nl2
o

NU2
o

MAX HT
5

INTER
o

RECS
o

NUZ

o

NU3
o

IIJOOL
o

COVER
o

NU3
o



LENGTH UID/OIA SLOPE BANK 1 IIAIn:: 2 MAX HT IIIOOL
1250 6020 .06 0 0 0 0
-_ .._-----------------------------------------------------------------
HANNING CHEZY GAGE X Y INTER COVER
.4 0 1 0 0 .020 1.00• KS
6.4

FlOC
o

G

5.3

FINC
o

POR

.44

GSLOPE
o

SMA)(

.92
ROC(

.05
RECS
5.0

************************************* ******** ****---*-*••••••••_•••_---_•••**---- **----***** ****
10 NO TYPE NU1 NL1 NLZ IAJ2 NU3
109 1 108 0 0 0 0
----------------------------------------------------------------------
LENGTH UID/OIA SLOPE BANK 1 BANK 2 MAX HT IIIOOL
4000 4455 ~01 0 0 0 0

HANNING
.4

KS
7.5

FlOC
o

CHEZY
o

G
4.5

FINC
o

GAGE
1

PaR
.44

GSLOPE
o

X

o

SMA)(

.95

Y

o

ROCK

.07

INTER
.020

RECS
5.0

COVER
1.00

************************************••••••••••a•••••••• **........*****
******.******.******************* ••••••••••••••••••••******....*******
10 NO
1091

TYPE
1

NU1
o

NL1
o

NL2
o

IAJ2
o

NU3
o

• LENGTH UIO/DIA SLOPE BANK BANK 2 MAX HT IIIOOL
750 2904 .1· 0 0 0 0
----------------------------------------------------------------------
HANNING CHEZY GAGE X y INTER COVER
.4 0 1 0 0 .020 1.00

KS
6.4

FlOC
o

G

5.3

FlNC
o

POR
.44

GSLOPE
o

SMA)(

.92
ROCK
.05

RECS
5.0

*************************************** •••• "",'aa,'**'•• , ••••• ,*****
**.*************.****************•••••••••••••••••••••• * ••• *** •• , ....*

10 NO TYPE NU1 NL1 NL2 IAJ2 NU3
1092 1 0 0 0 0 0
----------------------------------------------------------------------
LENGTH \JIO/DIA SLOPE BANK BANK Z MAX HT IIIOOL
500 4356 .02 0 0 0 0

a __**_.***_..__••_••* * * •••••••••••••••• ····*****--..****

._-.-......*._**-**_••_••**-_.*_.*..* •••••••••••••••••••••**-*-...._--•

MANNING
.4

KS
7.5

FlOC
o

10 NO
204

LENGTH
5500

CHEZY
o

G

4.5

FINC
o

TYPE
2

'liO/OIA
6

GAGE
1

POR

.44

GSLOPE
o

NU1
1091

SLOPE
.008

x
o

SMA)(

.95

NL1
109

BANK
.8

y

o

ROCK

.05

NL2
1092

SA.IIK Z

.8

INTER
.020

RECS
5.0

NU2
203

MAX HT
7.5

COVER
1.00

NU3
201

IIIOOL
o



HANNING
.04

flOC
o

CHEZY
o

G

o

FINC
o

GAGE
1

POR
o

GSLOPE
o

x
o

SMA)(

o

Y

o

ROCK
o

INTER
o

RECS
o

COVER
o

**********************************************************************

**************************************...******************.**********

10 NO
110

LENGTH
5500

HANNI!lG
.40

KS
8.3

FlOC
o

TYPE
1

\JIO/OIA
11116

CHEZY
o

G
4.0

FINC
o

NU1
o

SLOPE
.02

GAGE
1

POR
.44

GSLOPE
o

Nl1
o

BANK
o

x
o

SMA)(

.95

NL2
o

BANK 2
o

Y
o

ROCK
.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

II.'OOL
o

COVER
1.00

*********************•••******.....***********************************

**********************************************************************

•
10 NO
111

LENGTH
5000

HANNING
.40

KS
7.5

FlOC
o

TYPE
1

\JIO/OIA
11808

CHEZY
o

G

4.5

FINC
o

NU1
110

SLOPE
.01

GAGE
1

POR
.44

GSLOPE
o

NL1
o

BANK
o

x
o

SMA)(

.95

NL2
o

BANK 2
o

Y

o

ROCK
.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

II.'OOL
o

COVER

1.00

*********************.************************************************

************..*************************.....********•••••••••*********

******************************************************~***********

*******************************..***************.*************A_A.. _

•

10 NO
112

LENGTH
2500

HANNING
.4

KS
1.5

FlOC
o

10 NO
1121

LENGTH
1500

HANNING

TYPE
1

\JIO/OIA
6691

CHEZY
o

G

4.5

FINC
o

TYPE
1

\JIO/DIA
3168

CHEZY

NU1
111

SLOPE
.01

GAGE
1

POR
.44

GSLOPE
o

NU1
o

SLOPE
.02

GAGE

NL1
o

BANK
o

x
o

SMA)(

.95

NL1
o

BANK
o

x

NL2
o

BANK 2
o

Y
o

ROCK
.05

NL2
o

BANk: 2
o

Y

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU2
o

MAX HT
o

INTER

NU3
o

II.'OOL
o

COVER
1.00

NU3
o

II.'OOL
o

COVER



•
.4

flOC
o

o

G

4.5

FlNC
o

POR
.44

GSLOPE
o

o

SMA)(

.95

o .020

RECS
5.0

1.00

***********.**"**********************••~'~MH'~.***"******** **********.

*******************..******************~.~~.~.~•••*.******.*************

II> NO
2051

LENGTH
300

HANNING
.010

KS
o

FIDC
o

TYPE
1

\lID/DIA
2500

CHEll
o

G

o

FINC
o

NUl
o

SLOPE
.0001

CAGE
1

POR
o

GSLOPE
o

NL1
1121

BANK
o

x
o

SMA)(

o

Il~

o

~2

o

y

o

R':IX

o

NU2
o

MAX HT
o

INTER
o

RECS
o

NU3
o

IlJOOl
o

COVER

1.0

***********************************..... • ••••••-......-........._---
••••••••••••••••••_**-••••••••••_ -

•

10 NO
2052

LENGTH
300

HANNING
.010

KS
o

flOC
o

TYPE
1

\lIO/DIA
2500

CHEll
o

G

o

FINC
o

NUl
o

SLOPE
.0001

CAGE
1

POR

o

GSLOPE
o

NL1
o

BANK
o

x
o

SMA)(

o

1111

"2

BAlk: 2

o

l

o

Ra:X

o

NU2
o

MAX HT
o

INTER
o

RECS
o

NU3
o

IIJOOL
o

COVER
1.0

_a•• _******_ _ _••••••••••*** ._.__

*******.************** *** ** *****
10 NO TYPE NUl NL1 Nl1 NU2 NU3
205 2 204 2051 2C52 0 0
----------------------------------------------------------------------
LENGTH \lIO/DIA SLOPE BANK BAlK 2 MAX HT IIJOOL
2000 5 .0001 .9 .9 7.5 0

HANNING
.010

CHEll
o

CAGE
1

x
o

l

o
INTER
o

COVER
o

\-------------------------------------------------------------_ .. ------

KS
o

FlOC
o

G

o

FINe
o

POR

o

GSLOPE
o

SMA)(

o
ROCX

o
RECS
o

•
*********************.....**********•••••••••••••••••***.****...******

*******************..************...***••••••• , •••• ****.....**********

10 NO TYPE NUl NL1 NL1 NU2 NU3
113 1 0 0 0 0 0
-----_ .._---------_._.-------------------_ .. ------------------------_.
LENGTH \lID/DIA SLOPE BANK BAlK 2 MAX HT IIJOOL
1650 10850 .08 0 0 0 0

HANNING
.40

CHEll
o

GAGE
1

x
o

l

o
INTER
.020

COVER

1.00



.*--***••_•••_._----._--_...._._-*--_._._._-----_.-_._-._**.*-_..._---

.-.*-_._.__...__.._.__....._--_._----------------_..._-_..-_.._-------•
KS
6.4

FIDC
o

10 ..0
114

LE..GTH
2250

MANNI ..G
.40

KS
7.5

FlOC
o

G
5.3

FINC
o

TYPE
1

\lID/DIA
11358

CHEZY
o

G

4.5

FI ..e
o

POR
.44

GSlOPE
o

..U1
113

SLOPE
0.007

GAGE
1

POR
.44

GSLOPE
o

SMA)(

.92

.. l1
o

BANK
o

x
o

SMA)(

.95

ROCK
.05

HL2
o

BANK 2
o

Y

o

ROCK
.05

RECS
5.0

..U2
o

MAX HT
o

INTER
.020

REes
5.0

..U3
o

IIJOOL
o

COVER
1.00

***************************** ** **************
**...**********************************....*******.*** ••••************

•

10 ..0
1141

LE..GTH
2250

MA.... I..G
.40

KS
1.54

FlOC
o

TYPE
1

\lID/DIA
11358

CHEZY
o

G

4.5

FI ..C
o

..U1
114

SLOPE
0.007

GAGE
1

POR
.44

GSLOPE
o

Nl1
o

BA"K
o

x
o

SHAX

.95

Nl2
o

BANK 2
o

Y

o

ROCK
.05

..U2
o

MAX HT
o

INTER
.020

RECS
5.0

..U3

o

IIJOOL
o

COVER
1.00

.************************.......******.**.....****.************.******a

----*--*-----------------****-----_._.._._-**.....-.---**----**-------
10 ..0 TYPE ..U1 "L1 "LZ NU2 NU3
115 1 0 0 0 0 0
----------------------------------------------------------------------
LE..GTH \lID/DIA SLOPE BANK BANK 2 MAX HT IIJOOL
4200 13327 0.01 0 0 0 0

MA.... I..G
.40

KS
8.3

Floe
o

CHEZY
o

G

4.0

FI ..e
o

GAGE
1

POR
.44

GSLOPE
o

x
o

SMA)(

.95

Y

o

ROCK
.05

INTER
.020

RECS
5.0

COVER

1.00

**************************..**********************......*************.

**********************************************************************

10 ..0
116

TYPE
1

..U1
o

..L1

o
"L2
o

NU2
o

..U3

o

LE..GTH \lID/DIA SLOPE BANK BANK 2 MAX HT IIJOOL
1800 4476 .02 0 0 0 0

• - -- - - - - ----- - - --- -- --- --- - - -- - - - -- -- - - -- -- - - - -- --- -- - - --,- -- - - - - - -- - ---

MAN.. I ..G eHEZY GAGE x Y INTER COVER

.40 0 1 0 0 .020 1.00

KS
8.3

G

4.0
POR
.44

SMA)(

.95
ROCK
.05

RECS
5.0



••••••••••••***•••*•••••*****••**** ****•••**••••**•••••
*.***.*.**********••*****.***.*.****~*....**.***.*.*******.*.******•
FlOC
o

10 NO
117

FlNC
o

TYPE
1

GSlOPE
o

NU1
115

Nl1
o

Nl2
o

NU2
116

NU3
o

lENGTH IJID/DIA SLOPE BANK BANK 2 MAX HT IlJOOl
3000 16784 .008 0 0 0 0
----------------------------------------------------------------------
HANNING CHElY GAGE X y INTER COVER
.40 0 1 0 0 .020 1.00

KS
1.54

FlOC
o

G

4.5

FINC
o

POR
.44

GSlOPE
o

$MAX

.95
ROClC

.05
RECS
5.0

.**********•••**********.**********•••••••••***-************...."""

.._-*-----_ _-_ _** _-**---**._.
10 NO TYPE NUl NL1 NL2 NU2 NU3

206 2 205 1141 111 0 0

------------------.---------------------------------------------------
LENGTH IJIO/DIA SLOPE BAHIC 1 IIAI« 2 MAX HT 1\lOOl

17000 6 .001 .8 .8 1.5 0

•
HANNING
.05

KS
o

FlOC
o

CHElY
o

G

o

FINC
o

GAGE
1

POR
o

GSLOPE
o

X

o

SMA)(

o

Y

o

ROClC

o

INTER
o

RECS
o

COVER
o

***********************************••••••••••••••••*****************'*

******.*************......*********•••••••••••••••********.....*******

10 NO
118

LENGTH
2000

HANNING
.40

ICS

1.5

FIOC
o

TYPE
1

IJIO/DIA
3903

CHElY
o

G
4.5

FINC
o

NU1
o

SLOPE
.04

GAGE
1

POR

.44

GSlOPE
o

Nl1
o

BANK
o

X

o

SMA)(

.95

IIl2
o

BANK 2
o

y

o

ROCX

.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

IlJOOl
o

COVER
1.00

***********************************•••••••••••••**********************
***********************************••••••••••••••****••***••********.*

10 NO TYPE NU1 Nl1 Ill2 NUl NU3
1181 1 118 0 0 0 0
----------------------------------------------------------------------
LENGTH IJIO/OIA SLOPE BANK BANK 2 MAX HT IlJOOl
1700 8188 .002 0 0 0 0

•
HANNING
.40

KS
7.5

FlOC

CHEZY
o

G

4.5

FINC

GAGE
1

POR
.44

GSlOPE

X

o

SMA)(

.95

y

o

rooc:
.05

INTER
.020

RECS
5.0

COVER

1.00



*****.**********..***.******************* ****** *******
************••*****.******************......********.****......._A_A__

•
o

10 NO
1182

LENGTH
2000

MANNING
.010

KS
o

FlOC
o

o

TYPE
1

IJIO/OIA
700

CHEZY
o

G
o

FINC
o

o

NU1
1181

SLOPE
.0001

GAGE
1

POR
o

GSLOPE
o

Nl1
o

BANK
o

x
o

SMA)(

o

NL2
o

BAHK 2

o

Y

o

ROCK
o

NU2
o

MAX HT
o

INTER
o

RECS
o

NU3
o

IUOOL
o

COVER
1.00

**************••***.*******************.....**..******...********_A_A_____* __** ** .. ._. •••• • ._..__**._.. AA__A_

10 NO
119

TYPE
1

NU1
o

Nl1
o

NL2
o

NU2
o

NU3
o

LENGTH WIO/OIA SLOPE BANK BAHK 2 MAX HT IUOOL
11600 5566 .01 0 0 0 0

----------------------------------------------------------------------
MANNING CHEZY GAGE X Y INTER COVER
.40 0 1 0 0 .020 1.00

***************************************.....*********** ***************
******************************.***************************************•
KS
6.4

flOC
o

10 NO
120

LENGTH
7000

MANNING
.40

KS
6.4

FlOC
o

G

5.3

FINC
o

TYPE
1

WIO/OIA
8840

CHEZY
o

G

5.3

FINC
o

POR
.44

GSLOPE
o

NU1
o

SLOPE
.02

GAGE
1

POR

.44

GSLOPE
o

SHAX

.92

Nl1
o

BANK
o

x
o

SHAX

.92

ROCK
.05

NLZ
o

BANK Z
o

Y

o

ROCK
.05

RECS
5.0

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

IUOOL
o

COVER
1.00

******************************************...*+****~.************
**.**************************************..**********.....************

•

10 NO
121

LENGTH
1550

HANNING
.40

KS
7.5

FlOC
o

TYPE
1

IJIO/O IA
17088

CHEZY
o

G

4.5

FINC
o

NU1
120

SLOPE
.02

GAGE
1

POR
.44

GSLOPE
o

NL1
o

BANK
o

x
o

SHAX

.95

NLZ
o

BANK Z
o

Y

o

ROCK
.05

NU2
119

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

IUOOL
o

COVER
1.00

******************************************--.*-********-**.*.*~.****



•
******************************.***~*****..**********••••••••••****
10 NO TYPE NU1 NL1 NL2 NU2 NtJ3
1211 1 121 0 0 0 0
---------------------------------_._----------------------------------
LENGTH \lIO/OIA SLOPE BANK BANK 2 MAX HT llo'OOL
1550 17088 .02 0 0 0 0

HANNING
.40

I(S
1.54

FlOC
o

CHEZY
o

G

4.5

FINC
o

GAGE
1

POR
.44

GSLOPE
o

x
o

SHAX

.95

Y

o

ROCI(
.05

INTER
.020

RECS
5.0

COVER
1.00

*.****************.*.************~.**....*********************.**
.************.*******************~* ......**********************.

*******•••***********************......****....***********************

****.*********.*.****************~*.**....*********.*************•

10 NO
122

LENGTH
3100

HANNING
.40

KS
8.3

FlOC
o

10 NO
123

LENGTH
2550

TYPE
1

\lIO/OIA
14902

CHEZY
o

G

4.0

FINC
o

TYPE
1

\lID/OIA
16768

NU1
o

SLOPE
.03

GAGE
1

POR

.44

GSLOPE
o

NU1
122

SLOPE
.004

NL1
o

BANK 1
o

x
o

SHAX

.95

NL1
o

BANK
o

NL2
o

BANI( 2
o

Y
o

ROCK
.05

NL2
o

BANK 2
o

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU2
o

MAX HT
o

NtJ3

o

Ilo'OOl
o

COVER
1.00

NU3
o

.IIo'OOL
o

HANNING
.40

I(S
7.5

FlOC
o

CHEZY
o

G
4.5

FINC
o

GAGE
1

POR

.44

GSLOPE
o

x
o

SHAX

.95

Y

o

ROCI(
.05

INTER
.020

RECS
5.0

COVER

1.00

***•••****...******••*.**********~******..************************
*****.***.********************..**~******...***********************
10 NO
1231

TYPE
1

NU1
123

NL1
o

NL2
o

NU2
o

NU3
o

LENGTH \lID/O IA SLOPE BANK BANK 2 MAX HT IIo'OOL
2550 16768 .004 0 0 0 0

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

HANNING . CHEZY GAGE X y INTER COVER
.40 0 1 0 0 .020 1.00

KS
1.54

.~IOC

G

4.5

FINC
o

POR
.44

GSLOPE
o

$MAX

.95
ROCK

.05
RECS

5.0

***********..*******************.*~******~••**********************

**********************************~..****.~*.********************

10 NO TYPE NU1 NL1 NL2 NU2 NU3



•
207

LENGTH
22000

HANNING
.055

KS
o

FlOC
o

2

\lID/DIA
7.5

CHEZY
o

G

o

FINC
o

1182

SLOPE
.001

GAGE
1

POR
o

GSLOf'E
o

1231

BANK
.7

x
o

SMAX

o

1211

BANK 2
.7

Y

o

ROCK
o

o

MAX HT
7.5

INTER
o

RECS
o

206

I\oUOL
o

COVER

o

.************************.*.******************************************

******************************.******************.********************

10 NO
124

TYPE
1

NUl
o

NL1
o

NL2
o

NU2
o

NU3
o

LENGTH \lID/OIA SLOPE BANK 1 BANK 2 MAX HT 1\oUOL
8500 n84 .01 0 0 0 0

----------------------------------------------------------------------
HANNING CHEZY GAGE X Y INTER COVER

.40 0 1 0 0 .020 1.00

KS

6.4

FlOC
o

G

5.3

FINC
o

POR

.44

GSLOPE
o

SMA)(

.92
ROCK
.05

RECS
5.0

************************************************************Aa.a._aa*_

*********************************************************••••*********

10 NO TYPE NUl NL1 NL2 NU2 NU3

• 1251 1 124 0 0 0 0

----------------------~------------------------------- ----------------

LENGTH \lID/OIA SLOPE BANK BANK 2 MAX HT 1\«lOl
5250 12054 .007 0 0 0 0

HANNING
.40

KS
1.54

FlOC
o

CHEZY
o

G

7.9

FINC
o

GAGE
1

POR
.45

GSLOf'E
o

x
o

SMA)(

.90

Y
o

ROCK
.05

INTER
.020

RECS
5.0

COVER

1.00

...**.****.*..**********...*****************************..*.*••••• a* __a a_a ••• .... ••_.**••••••••••••_

10 NO TYPE NUl NL1 NL2 NU2 NU3
1252 1 1251 0 0 0 0
----------------------------------------------------------------------
LENGTH \lID/DIA SLOPE BANK BANK 2 MAX HT IIoIOOl
2000 12047 0.005 0 0 0 0

HANNING
.40

KS
1.54

FlOC

CHEZY
o

G

7.9

FINC

GAGE
1

POR
.45

GSLOPE

x
o

SHAX

.90

Y

o

ROCK
.05

INTER
.020

RECS
5.0

COVER

1.00

•

0 0 0
-**********.*••••****.***••******************....*********************

***********************.******.*********************************....**

10 NO
126

TYPE
1

NUl
o

NLl
o

NL2
o

NU2
o

IIU3
o



LENGTH \lID/DIA SLOPE BANI:: 1 BANI:: 2 MAX HT I\IOOL
900 7685 .07 0 0 0 0
----------------------------------------------------------------------
HANNING CHEZY GAGE X Y INTER COVER
.40 0 1 0 0 .020 1.00• I::S
8.3

FIDC
o

G

4.0

FINC
o

POR
.44

GSLOPE
o

SMAX
.95

ROCI::
.05

RECS
5.0

*************..************.******-~*************************.***
*************...********••********************************************

ID NO
127

LENGTH
4000

HANNING
.40

K5
1.54

FIDC
o

TYPE
1

\lID/DIA
3687

CHElY
o

G

4.5

FINC
o

NUl
126

SLOPE
.04

GAGE
1

POR
.45

GSLOPE
o

Nl1
o

BANI:: 1
o

x
o

SMA)(

.90

NL2
o

BANK 2
o

Y
o

ROCK

.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

I\IOOL
o

COVER
1.00

•
*********************************••••••••••• *******..**************'*'

*****************************••**, •••••••************************.*...
ID NO TYPE NUl Nl1 IILZ NU2 NU3
1281 1 0 0 0 0 0
----------------------------------------------------------------------
LENGTH \lID/DIA SLOPE BANI:: BANK 2 MAX HT I\IOOL
1800 8000 .05 0 0 0 0

HANNING
.40

I(S
8.3

FIDC
o

CHElY
o

G

4.0

FINC
o

GAGE
1

POR

.44

GSLOPE
o

x
o

SMAX
.95

Y
o

ROCK
.05

INTER
.020

RECS
5.0

COVER

1.00

_ *__ _" ••••• a.aa_...

*********************************•••**••••••• **.*** *.*****************
ID NO TYPE NUl Nl1 NL2 NU2 NU3
1282 1 127 0 0 1281 0
------_._------------------------.------------------------------------
LENGTH \lID/DIA SLOPE BANI:: BANI( 2 MAX HT I\IOOL
2100 12173 .005 0 0 0 0

**********..***********************aa ••••••a.***.*********************

*************************t********************************************•

HANNING
.40

KS
1.54

FIDC
o

ID NO
208

LENGTH
17400

CHElY
o

G
7.9

FINC
o

TYPE
2

\lID/DIA
10

GAGE
1

POR
.45

GSLOPE
o

NUl
o

SLOPE
.001

x
o

SMA)(

.90

Nl1
1252

BANI::
.6

Y
o

ROCK
.05

NL2
1282

BANK 2
.6

INTER
.020

REes
5.0

NU2
a

MAX HT
7.5

COVER
1.00

Nu3
207

I\IOOL
o



•
HANNING
.07

K$

o

FlOC
o

CHEZY
o

G

o

FINC
o

GAGE,
POll

o

GSLOPE
o

x
o

SHAX
o

Y

o

ROCK
o

INTER
o

RECS
o

COVER
o

*********************.....********.********.****.**********.....**.***
*******************.***--.********************************************

ID NO
129

TYPE, NU1
o

Nl1
o

NL2
o

NU2
o

NU3
o

LENGTH WIO/DIA SLOPE BANK BANK 2 MAX HT UIOOL
4500 9236 .003 0 0 0 0

----------------------------------------------------------------------
HANNING CHEZY GAGE X Y INTER COVER
.40 0 , 0 0 .020 1.00

KS
.85

FlOC
o

G
9.8

FINC
o

POll
.45

GSLOPf
o

SMAX
.91

ROCK
.05

RECS
5.0

*********************.....******************************•••***********
***********.***********~*************.***************.**************

•
10 NO
130

LENGTH
5800

HANNING
.40

KS
6.4

FlOC
o

TYPE

1

WIO/OIA
9085

CHEZY
o

G

5.3

FINC
o

NU1
129

SLOPE
.01

GAGE
1

POR
.44

GSLOP£
o

Nl1
o

BANK
o

X

o

SMAX
.92

NL2
o

BANK 2
o

Y

o

ROCK
.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3

o

IWOOl
o

COVER

1.00

********••*.**********~*******************************************
*****.****************~**************.*****************.aa••• a.....
10 NO
131

TYPE

1
NU1
o

Nl1
o

NL2
o

NU2
o

NUl
o

LENGTH WID/DIA SLOPE BANK BANK 2 MAX HT IWOl
6350 2485 .01 0 0 0 0
----------------------------------------------------------------------
MANNING CHEZY GAGE X Y INTER COVER
.40 0 1 0 0 .020 1.00

**.********••**********r.~*************.*.***t***••****.**************
**********************...~*******************t*********************•••

•

KS
.85

FlOC
o

10 NO
132

LENGTH
4000

HANNING

G

9.8

FINC
o

TYPE

1

\JIO/DIA
7283

CHEZY

POR
.45

GSLOPf
o

NU1
o

SLOPE
.01

GAGE

SMA)(

.91

Nl1
o

BANK
o

X

ROCK
.05

NL2
o

BANK 2
o

Y

RECS
5.0

NU2
o

MAX HT
o

INTER

NU3
o

lWOl
o

COVER



•
.40

FIDC
o

o

G
9.8

FINC
o

POR
.45

GSLOPE
o

o

SMA)(

.91

o

ROC(

.05

.020

RECS
5.0

1.00

**********•••**.*****************.*******.........************..**A_A_

**.*********••***.************.*******.***~*..**...*******---_.-.-
10 NO
133

LENGTH
8100

HANNING
.40.

KS
.85

FIDC
o

TYPE
1

WIO/OIA
6914

CHEZY
o

G

9.8

FINC
o

NU1
130

SLOPE
.01

GAGE
1

POR

.45

GSLOPE

o

NL1
o

BANK
o

x
o

SHAX

.91

NL2
o

BAN( 2
o

Y

o

ROC(

.05

NU2
131

MAX HT
o

INTER
.020

RECS
5.0

Nu3
132

IIJOOL
o

COVER
1.00

******************************************••••••••••***.*******_**W***

* _*** *******_.--**••_-_., *******

•

10 NO
134

LENGTH
2900

HANNING
.40

KS
6.4

FlOC
o

TYPE
1

WID/DIA
18244

CHEZY
o

G

5.3

FINC
o

NU1
o

SLOPE
.02

GAGE
1

POR
.44

GSLOPE
o

NL1
o

BANK
o

x
o

SMA)(

.92

NL2
o

BAN( 2
o

Y

o

ROC(

.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

IIJOOL
o

COVER

1.00

*-*--_••••_----_•••_.._--****-_•••_-_•••_ *************

*****************.*********************••••••• **.*************...*****
10 NO
135

LENGTH
7050

HANNING
.40

KS
8.3

FlOC
o

TYPE
1

WID/DIA
8636

CHEZY
o

G

4.0

FINC
o

NU1
134

SLOPE
.006

GAGE
1

POR

.44

GSLOPE
o

NL1
o

BANK
o

x
o

SKAX

.95

NL2
o

BAN( 2
o

Y

o

ROC(

.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

IIJOOL
o

COVER
1.00

**********************.....*************** •••••••••••••••***********_A
....a__a•••_ __ _.·· •••• ••••••••••••****-----_••••

•
10 NO
1361

LENGTH
6000

HANNING

.40

TYPE
1

WID/DIA
6634

CHEZY
o

NU1
o

SLOPE
.02

GAGE
1

NL1
o

BANK
o

x
o

NL2
o

BAN( 2
o

y

o

NU2
o

MAX HT
o

INTER
.020

NU3
o

IIJOOL
o

COVER
1.00



***....*..**************.***••••••••***•••*******************---------
----------------_.._-------.._..__._._----_.-....._-------------_...--•
KS

.85

FlOC
o

10 .NO
1362

G

9.8

FINC
o

TYPE
1

POR
.45

GSLOPE
o

NU1
1361

SMA)(

.91

Nl1
o

ROCK
.05

NL2
o

RECS
5.0

NU2
o

NU3
o

LENGTH ~ID/DIA SLOPE BANK BANK 2 MAX HT HJOOL
11000 3420 .0001 0 0 0 0
----------------------------------------------------------------------
MANNING CHEIY GAGE X Y INTER COVER
.40 0 1 0 0 .020 1.00

KS .

6.4

FlOC
o

G

5.3

FINC
o

POR

.44

GSLOPE
o

SMA)(

.92
ROCK
.05

RECS
5.0

**********************************************************************

10 NO TYPE NU1 Nl1 NL2 NU2 NU3
1363 1 1362 0 0 0 0
----------------------------------------------------------------------
LENGTH ~ID/DIA SLOPE BANK BANK 2 MAX HT IIJOOL
5500 6346 .02 0 0 0 0

•
MANNING
.40

KS

6.4

FIDC
o

CHEIY
o

G

5.3

FINC
o

GAGE
1

PeR

.44

GSLOPE
o

x
o

SMA)(

.92

Y

o

ROCK

.05

INTER
.020

RECS
5.0

COVER
1.00

.******************************....******.....*************************

*******************************************************************-*-

10 NO
137

LENGTH
12700

MANNING
.40

KS

6.4

FlOC
o

TYPE
1

~ID/DIA

8292

CHEIY
o

G

5.3

FINC
o

NU1
1363

SLOPE
.01

GAGE
1

PeR

.44

GSLOPE
o

Nl1
o

BANK
o

X

o

SMA)(

.92

NL2
o

BANK 2

o

Y

o

ROCK
.05

NUl
135

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

IIJOOL
o

COVER

1.00

********************************.***.***.....*************************
.**.***************.*****-********************************************

10 NO
138

TYPE
1

NU1
137

NL1
o

NL2
o

NU2
133

NU3
o

LENGTH ~ID/DIA SLOPE BANK BANK 2 MAX HT IUOOl

15100 6962 .01 0 0 0 0

• ----------------------------------------------------------------------
MANNING CHEZY GAGE X Y INTER COVER
.40 0 1 0 0 .020 1.00

KS

6.4
G

5.3
POR
.44

SMA)(

.92
ROCK
.05

RECS
5.0



**••**•••*** **.**** ****.**.**.** ****.*.****

******.*******.***.**************************~************.********•
FIDC
o _

10 NO
1391

LENGTH
2000·

HANNING
.40

KS
8.3

FINC
o

TYPE
1

\lID/DIA
2930

CHEZY
o

G

4.0

GSLOPE
o

NUl
o

SLOPE
.04

GAGE
1

POR
.44

Nl1
o

BANK
o

x
o

SMA)(

.95

NL2
o

BAHK 2
o

Y

o

ROO::
.05

NUZ
o

MAX HT
o

INTER
.020

RECS
5.0

Nu3
o

I~L

o

COVER
1.00

---~----------------------------------------------------~-------------

FlOC
o

FINC
o

GSLOPE
o

***••*******************.******.*****••****.*, ••••••••***.....********
****.**••******************************••••••••••••••••••*************
ID NO TYPE NUl NLl NLZ IlUZ NU3

1392 1 1391 0 0 138 0
----------------------------------------------------------------------
LENGTH \lID/OIA SLOPE BANK BANK 2 MAX HT 1\o!OOl
3000 2508 .01 0 0 0 0

HANNING
.40

CHEZY
o

GAGE
1

x
o

Y
o

INTER
.020

COVER
1.00

KS G POR SMA)( ROO:: RECS
9.9 7.9 .45 .90 .05 5.0• ~;~~------~;~~------~~~~~--------------------------------------------

****************************************.**** •••••••••••••••••********
***************************************.** ••••••••* ***********
10 NO
1393

LENGTH
750

HANNING
.020

KS
o

FlOC
o

TYPE
1

\lID/DIA
1000

CHEZY
o

G

o

FINe
o

NUl
1392

SLOPE
.0001

GAGE
1

POR

o

GSLOPE
o

NL1
o

BANK
o

x
o

SMA)(

o

NL2
o

BANK 2
o

Y
o

ROCX
o

IlU2
o

MAX HT
o

INTER
o

RECS
o

NU3

o

I~L

o

COVER
1.00

*••******************.*.************.****~.....*********...****.
********.*******.******..********..*****•••••••••******...************

10 NO
140

LENGTH
3500

TYPE
1

~IO/DIA

4000

NUl
o

SLOPE
.004

Nl1
o

BANK 1

o

NL2
o

BANK 2
o

NU2
o

MAX HT
o

NU3

o

I~L

o

HANNING CHEZY GAGE X Y INTER COVER

•

. 40 0 1 0 0 .020 1.00
----------------------------------------------------------------------
KS G POR SMA)( ROCK RECS
6.4 5.3 .44 .92 .05 5.0

FlOC FINC GSLOPE



********.**.**••*******.**••******••********.....****.****************

**~***************.***********************.*..*****.***.*.*.**********

•
o

10 NO
141

LENGTH
4300

HANNING
.40

KS
8.3

FlOC
o

o

TYPE
1

\lID/DIA
5500

CHEZY
o

G

4.0

FINC
o

o

NU1
140

SLOPE
.02

GAGE
1

POR
.44

GSLOPE
o

NL1
o

BANK
o

x
o

SHAX
.95

HLZ
o

BANK 2
o

Y

o

ROCK
.05

NUZ
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

I\o'OOL
o

COVER
1.00

*************.************••**************.....***.**••***************
********************.***********************..************************

**************************************************************.....***
**********************************************************************•

10 NO
142

LENGTH
2000

HANNING
.40

KS
1.54

FlOC
o

10 NO
143

LENGTH
1500

HANNING
.40

KS
1.54

FIDC
o

TYPE
1

WID/DIA
8500

CHEZY
o

G

7.9

FINC
o

TYPE
1

\lID/DIA
10000

CHEZY
o

G

7.9

FINC
o

NU1
o

SLOPE
.03

GAGE
1

POR
.45

GSLOPE
o

NU1
o

SLOPE
.01

GAGE
1

POll

.45

GSLOPE
o

NL1
o

BANK
o

x
o

SMAX
.90

NL1
o

BANK
o

x
o

SHAX
.90

NL2
o

BANK 2
o

Y

o

ROCK
.05

NL2
o

BANK 2
o

Y

o

ROCK
.05

NU2
141

MAX HT
o

INTER
0.020

RECS
5.0

NU2
o

MAX HT
o

INTER
0.020

RECS
5.0

NU3
o

IIlOOL
o

COVER
1.00

NU3
o

IIlOOL
o

COVER
1.00

*******.**********************************~*.********************

*******************************************~***********************

10 NO TYPE NU1 NL1 NL2 NU2 NU3
209 2 1393 142 143 0 0
----------------------------------------------------------------------
LENGTH \lID/DIA SLOPE BAHK BANK 2 MAX HT I\o'OOL
14000 7.5 .002 .6 .6 5 0

HANNING
.12

CHEZY
o

GAGE
1

x
o

Y

o
INTER
o

COVER
o

flOC
o

FINC
o

GSLOPE
o

**********••********************************~********.********.*****



********••*****************************.********* _---

•
10 NO
144

LENGTH
750

HANNING
.40

k:S
1.54

FIDC
o

TYPE
1

UID/OIA
9000

CHEZY
o

G

7.9

FINC
o

NU1
o

SLOPE
.02

GAGE
1

POR

.45

GSLOPE
o

NL1
o

BANk:
o

x
o

SMA)(

.90

NL2
o

BANk: 2
o

Y

o

ROCk:
.05

NU2

o

MAX HT
o

INTER
0.02

RECS
5.0

NlJ3
o

I\IOOL
o

COVER

1.0

a_••• ..... .... .. ...._••••••••••**-**** _

***~.************...******************************.. • •••_......***--
10 NO
145

TYPE
1

NU1
o

NL1
o

NL2
o

lIU2

o
NU3

o

LENGTH \UD/DIA SLOPE BANK 1 BANK 2 MAX KT IWOl
2000 9000 .007 0 0 0 0
---------------------------------------------------_ ..----------------
HANNING CHEZY GAGE X Y INTER COVER
.40 0 1 0 0 0.02 1.00

****•••****************.********************.******••••••••••*********
------------.._--------_ __ _-------_ __ _._.-

•
k:S
1.54

FlOC
o

10 NO
210

LENGTH
13000

HANNING
.07

k:S
o

FlOC
o

G

4.5

FINC
o

TYPE
2

UID/DIA
12.5

CHEZY
o

G

o

FINC
o

POR
.44

GSLOPE
o

NU1
209

SLOPE
.002

GAGE
1

POll

o

GSLOPE
o

SMA)(

.95

Nl1
144

BANK
.5

x
o

SMA)(

o

ROCk:
.05

Nl2
145

BANk: 2
.5

Y
o

ROCk:
o

RECS
5.0

NU2
208

MAX KT

5

INTER
o

RECS
o

NU3
o

IWOl
o

COVER
o

*****************.****.***************************** **--_••
*********************************************..**** *********

•

10 NO
146

LENGTH
4000

MANNING
.40

k:S
8.3

FlOC
o

TYPE
1

UID/OIA
6000

CHEZY
o

G

4.0

FINC
o

NU1
o

SLOPE
.02

GAGE

POR
.44

GSLOPE
o

o

Nl1
o

BANK
o

X

SMA)(

.95

o

NL2
o

BANk: 2
o

Y

ROCK
.05

NU2
o

MAX HT
o

INTa
0.020

RECS
5.0

NU3
o

I\IOOL
o

COVER
1.0

***•••••*•••_._••••_....--••*******.******-*******-........_*--*--_._-

***__*****_**__**_****._._******.********_***_**_**_••****.*__**a*aa**

10 NO TYPE NU1 NL1 NL2 Nu2 NU3



•
147

LENGTH
9000

KANNING
.40

k:S
1.54

FlOC
o

IJID/OIA
6600

CHElY
a

G

7.9

FINC
a

146

SLOPE
.02

GAGE
1

POll

.45

GSLOPE
a

a

BANK
a

x
a

SMA)(

.90

a

BANK 2
a

y

a

ROCK
.05

a

MAX HT
a

INTER
0.02

RECS
5.0

a

IIJOOL
o

COVER

1.0

----*--*-------------..._------_.__..---------**._._---*-****---_....-*.A._••••_,,_**_,, •••• **__• ._AAAAAAAAA.._

ID NO TYPE NU1 Nl1 NL2 NU2 NU3
148· 1 a a a a 0
---_._----------------------------------------------------------------
LENGTH IJID/OIA SLOPE BANK BANk: 2 MAX HT IIJOOl

2300 5000 .006 a a 0 a

KANNING
.40

k:S
1.54

FlOC
a

CHEZY
o

G

4.5

FINC
o

GAGE
1

POR
.44

GSLOPE
o

x
o

SMA)(

.95

Y

o

ROCk:

.05

INTER
0.02

RECS
5.0

COVER

1.0

*_AAAAAAAAA_. ..__.. ***__**__*********..
A • __a • ...._... .._.._..... •••*.AA.AAA_

10 NO TYPE NU1 Nl1 NL2 NU2 NU3

• 149 1 a 0 0 0 0
----------------------------------------------------------------------
LENGTH \l1D/DIA SLOPE BANk: BANK 2 MAX HT IIJOOL
1000 3500 .01 0 0 0 0

KANNING
.40

KS
1.54

FIDC

o

CHElY
o

G

7.9

FINC
a

GAGE
1

POll
.45

GSLOPE
o

x
o

SMA)(

.90

Y
o

ROCk:
.05

INTER
0.020

RECS
5.0

COVER

1.0

*******************...************.*****.**********.....****•••••• ****
***********.************************************************ ...

ID NO
211

LENGTH
6250

KANNING
.12

TYPE
2

\lID/DIA
7.5

CHElY
o

NUl
o

SLOPE
.001

GAGE
1

NL1
148

BANk:
.5

x
o

NL2
149

BANk: 2
.5

Y

o

NU2
147

MAX HT
5

INTER
o

NU3
o

IIJOOL
o

COVER

o

•••*********.*••••••••••••••••••*.**** ** *****************

*****************************************..*..*.......****************•
k:S
a

FlOC
a

10 NO
150

G

o

FINC
o

TYPE
1

POR
o

GSLOPE
o

NU1
o

SMA)(

o

NL1
a

ROCK
o

NL2
o

RECS
o

NU2
o

NU3

o



•
LENGTH
1800

MANNING
.40

KS
1.54

flOC·
o

~ID/DIA

2000

CHEZY
o

G

4.5

FINC
o

SLOPE
.01

GAGE
1

POR
.44

GSLOPE
o

BANI(
o

x
o

SMA)(

.95

8A)/( 2

o

Y

o

ROCK
.05

MAX HT
o

INTER
0.02

RECS
5.0

I\IOOl
o

COVER
1.0

*************************••***** ******* *••********
********************************~*****.************.....*..****..*
10 NO TYPE NUl Nl1 NL2 NU2 NU3
151 1 0 0 0 0 0
----------------------------------------------------------------------
LENGTH ~ID/DIA SLOPE BANI( BANK 2 MAX HT 1\IOOl

8500 2000 .003 0 0 (l 0

MANNING
.40

KS
1.54

FlOC
o

CHEZY
o

G
4.5

FINC
o

GAGE
1

POR
.44

GSLOPE
o

x
o

SMA)(

.95

y

o

ROCK
.05

INTER
0.02

REGS
5.0

COVER

1.0

**********...****.****.***.*****•••••••••••*****************•••• AA*a __

**.**************************.**•••••••*•••~********************.*

•
10 NO
152

LENGTH
2000

MANNING
.40

KS
1.54

FlOC
o

TYPE
1

~ID/DIA

2200

CHEZY
o

G

4.5

FINC
o

NUl
151

SLOPE
.01

GAGE
1

POR
.44

GSLOPE
o

Nl1
o

BANK
o

x
o

SMA)(

.95

NL2
o

8A)/K 2
o

y

o

ROCK
.05

NU2
o

MAX HT
o

INTER
0.02

RECS
5.0

NU3
o

IWO\.

o

COVER
1.00

*****.****************** ****.********•••••••a.

*************••**************••••••••••••••*******..... a••••••••••••••

10 NO
212

LENGTH
3200

TYPE
2

~ID/DIA

15

NUl
211

SLOPE
.001

NLl
152

BANK
.25

NL2
150

BANK 2
.25

NU2
210

MAX HT
10

NU3
o

IIJOOL
o

*-*-_•••_---_•••_-_._------_..- ***************

•

MANNING
.055

KS
o

FIDC

o

CHEZY
o

G

o

FINC
o

GAGE
1

POR
o

GSLOPE
o

x
o

SMA)(

o

o
Y

ROCK
o

o
INTER COVER

o

RECS
o
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~ ***************************************************************************
******* Computed Hydrograph for East Branch Arrowhead River at Mouth ******
***************************************************************************

~

~

CHANNEL NO: 212 INFLOW: • 56017E+08 CU.FT
INFILT: .OOOOOE+OO CU.FT

PEAK FLOW: .15336E+04 CFS STORAGE: • 17701E+05 CU.FT
AT TIME: .27600E+04 MIN OUTFLOW: .55999E+08 CU.FT

ERROR: .49056E-03 PERCENT

MINUTES CFS IN/HR

.00 .00000 .00
60.00 .02056 .00

120.00 .07065 .00
180.00 .14066 .00
240.00 .21724 .00
300.00 .27948 .00
360.00 .32546 .00
420.00 .36624 .00
480.00 .40847 .00
540.00 .48338 .00
600.00 .56235 .00
660.00 .64263 .00
720.00 .71893 .00
780.00 .79859 .00
840.00 .89470 .00
900.00 1.00284 .00
960.00 1.18401 .00

1020.00 1.35094 .00
1080.00 1.53159 .00
1140.00 1. 78234 .00
1200.00 2.13430 .00
1260.00 2.54778 .00
1320.00 2.94703 .00
1380.00 3.55320 .00
1440.00 4.21482 .00
1500.00 5.13515 .00
1560.00 6.42386 .00
1620.00 7.92834 .00
1680.00 9.37230 .00
1740.00 10.59131 .00
1800.00 12.99712 .00
1860.00 14.90875 .00
1920.00 16.63906 .00
1980.00 18.41293 .00
2040.00 20.26544 .00
2100.00 22.22286 .00
2160.00 24.37733 .00
2220.00 30.56834 .00
2280.00 40.56111 .00
2340.00 57.58884 .00
2400.00 196.83280 .00
2460.00 530.75200 .01
2520.00 909.39690 .02
2580.00 1188.63100 .03
2640.00 1384.29000 .03
2700.00 1510.15300 .03
2760.00 1533.55600 .03
2820.00 1433.39400 .03
2880.00 1241. 96100 .03
2940.00 1017.92000 .02
3000.00 806.19260 .02
3060.00 628.83360 .01
3120.00 490.66370 .01
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•

•

3180.00
3240.00
3300.00
3360.00
3420.00
3480.00
3540.00
3600.00
3660.00
3720.00
3780.00
3840.00
3900.00
3960.00
4020.00
4080.00
4140.00
4200.00
4260.00
4320.00
4380.00
4440.00
4500.00
4560.00
4620.00
4680.00
4740.00
4800.00
4860.00
4920.00
4980.00
5040.00
5100.00
5160.00
5220.00
5280.00
5340.00
5400.00
5460.00
5520.00
5580.00
5640.00
5700.00
5760.00
5820.00
5880.00
5940.00
6000.00

EVENT SUMMARY
WATERSHED AREA:

RAINFALL:
INJECTED INFLOW:

BASEFLOW:
INTERCEPTION:
INFILTRATION:

SURFACE STORAGE:
PEAK FLOW RATE:

TOTAL OUTFLOW:
ERROR:

385.52810
305.93220
245.43810
199.08050
163.18710
134.79050
112.40950
94.57173
80.24908
68.68152
59.28164
51.58587
45.08012
39.68143
35.13257
31.25966
27.94280
25.09230
22.63766
20.52104
18.34594
16.54613
15.00912
13.66969
12.50096
11. 48261
10.59592

9.82160
9.13800
8.52429
7.96341
7.44318
6.95545
6.49492
6.05846
5.64476
5.25349
4.88479
4.53866
4.21465
3.91189
3.62929
3.36567
3.12000
2.89130
2.67882
2.48178
2.29951

2028871000.00
17.00

.00

.00

.02
16.55

.00

.03

.33

.59

.01

.01

.01

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00.

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

SQ.FT
IN
IN
IN
IN
IN
IN
IN/HR
IN
PERCENT
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*****************************************

. FLOOD HYDROGRAPH PACKAGE (HEC-1) *
FEBRUARY 1991.N VERSION 4.0.1 (LOCAL) *

*
DATE 12/01/93 TIME 10:29:01 *

'" *
*****************************************

x X XXXXXXX XXXXX X

X X ·X X X XX

X X X X X

XXXXXXX XXXX X XXXXX X

X X X X X

X X X X X .X

X X XXXXXXX XXXXX XXX

..*****************************••••••••

U.S. ARMY CORPS OF ENGINEERS
HYDROLOGIC ENGINEERING CENTER

609 SECOND STREET
DAVIS, CALIFORNIA 95616

(916) 551-1748

**************************************t

THIS PROGRAM REPLACES ALL PREVIOUS VERSIONS OF HEC-' KNOWN AS HEC1 (JAN 73), HEC1GS, HEC1DB, AND HEC1KW.

THE DEFINITIONS OF VARIABLES -RTIMP- AND -RTIOR- HAVE CHANGED FROM THOSE USED YITH THE 1973-STYLE INPUT STRUcTURE.
THE DEFINITION OF -AMSKK- ON RM-CARD YAS CHANGED YITH REVISIONS DATED 28 SEP 81. THIS IS THE FORTRAN77 VERSION
NEU OPTIONS: DAMBREAK OUTFLOW SUBMERGENCE, SINGLE EVENT DAMAGE CALCULATION, DSS:YRITE STAGE FREQUENCY,
DSS:READ TIME SERIES AT DESIRED CALCULATION INTERVAL LOSS RATE:GREEN AND AMPT INFILTRATION
KINEMATIC UAVE: NEU FINITE DIFFERENCE ALGORITHM

•

•



HEC·1 INPUT PAGE 1

LINE 10 ....... 1•...••. 2••..•..3••..••• 4•••••.•5••.••.. 6.......7.••.... 8....... 9...... 10

• 1 10 file = ARROJ.HC1
2 ID

3 ID OPTIMIZATION OF KINEMAT PMf HYDROGRAPH - KINEMAT fiLE = EBRANCH.DAT
4 10 THIS RUN OPTIMIZES UNIT HYDROGRAPH PARAMETERS AND CONSTANT LOSS RATES
5 ID fOR THE EAST BRANCH ARROJHEAD SUBBASIN
6 ID RESULTS ~RE THEN EXTENDED TO THE ENTIRE BASIN IN THE fiLE = AUSTEN.HC1
7 ID

8 10
9 10 OPTIMIZATION Of KINEMAT PMF HYDROGRAPH

10 10
FREE ***

11 IT 60 01AUG99 0100 100
12 IN 60
13 00 38 76
14 10 0 2
15 PG PHS
16 PI 0.041 0.041 0.041 0.041 0.041 0.041 0.050 0.050 0.050 0.050
17 PI 0.050 0.050 0.064 0.064 0.064 0.064 0.064 0.064 0.088 0.088
18 PI 0.088 0.088 0.088 0.088 0.124 0.129 0.136 0.143 0.151 0.161
19 PI 0.263 0.283 0.316 0.361 0.420 0.493 0.778 1.272 1.783 3.089
20 PI 1.596 1.129 0.246 0.224 0.206 0.190 0.178 0.169 0.108 0.108
21 PI 0.108 0.108 0.108 0.108 0.074 0.074 0.074 0.074 0.074 0.074
22 PI 0.056 0.056 0.056 0.056 0.056 0.056 0.045 0.045 0.045 0.045
23 PI 0.045 0.045

*

24 KK ARROJ
* fLOJ fROM KINEMAT

• 25 QO .0 .0 .0 .1 .2 .2 .3 .3 .4 .4
26 CO .5 .6 .7 .7 .8 1.0 1.1 1.3 1.5 1.7
27 CO 2.1 2.5 2.9 3.5 4.2 5.1 6.4 7.9 9.3 10.5
28 QO 12.9 14.9 16.6 18.4 20.2 22.2 24.3 30.5 40.5 57.5
29 QO 196.8 530.7 909.3 1188.6 1384.2 1510.1 1533.5 1433.3 1241.9 1017.9
30 QO 806.1 628.8 490.6 385.5 305.9 245.4 199.0 163.1 134.7 112.4
31 QO 94.5 80.2 68.6 59.2 51.5 45.0 39.6 35.1 31.2 27.9
32 QO 25.0 22.6 20.5 18.3 16.5 13.6 12.5 11.4 10.5 9.8
33 CO 9.1 8.5 7.9 7.4 6.9 6.4 6.0 5.2 4.8 4.2
34 CO 3.9 3.6 3.3 3.1 2.8 2.4 2.2
35 PR PMS
36 PIJ 1.00
37 BA 73
38 BF 0 .01 1.007
39 UC 7.12 5.06
40 LU 2.0 2.815 0.25
41 ZIJ A=EAST BRANCH B=ARROJHEAD C=FLOIJ F=CALCULATEO
42 ZZ

•
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EXHIBIT 12
HEC-1 Input and Output

Austen Dam Basin

Note: Complete HEC-1 outputs 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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HEC-l INPUT I'AGE 1

LINE 10....... 1....... 2....... 3.......4..•..•. 5....... 6....... 7....... 8....... 9...... 10

• 1 ID
2 ID AUSTEN HYDROELECTRIC PROJECT
3 ID PMF
4 ID FERC PROJECT NO.
5 ID

6 ID LOSS RATES COMPUTED IN FILE: ARROW.HCl
7 10

FREE ***
8 IT 60 01AUG99 0100 360
9 10 1 2

10 PG CONE
*

11 PI 0.041 0.041 0.041 0.041 0.041 0.041 0.050 0.050 0.050 0.050
12 PI 0.050 0.050 0.064 0.064 0.064 0.064 0.064 0.064 0.088 0.088
13 PI 0.088 0.088 0.088 0.088 0.124 0.129 0.136 O. ~43 0.151 0.161
14 PI 0.263 0.283 0.316 0.361 0.420 0.493 0.778 1.272 1.783 3.089
15 PI 1.596 1.129 0.246 0.224 0.206 0.190 0.178 0.169 0.108 0.108
16 PI 0.108 0.108 0.108 0.108 0.074 0.074 0.074 0.074 0.074 0.074
17 PI 0.056 0.056 0.056 0.056 0.056 0.056 0.045 0.045 0.045 0.045
18 PI 0.045 0.045

*

19 KK ARROW
20 PR CONE
21 PI.' 1.00
22 SA 1267
23 SF 3801 -0.55 1.007
24 UC 48.7 75.9

• 25 LU 2.0 2.815 7.0
26 z'W A=AUSTEN S=ARROWHEAD C=FLOW F=CALC-INFLOW

27 KK ROUTE
28 KO 1 2
29 RS 1 ELEV 963.4
30 SV 6000 8250 12750 14000 16200 17500 19300
31 SE 963.2 963.4 964.0 965.5 967.5 969.5 971.5
32 sa 0 3801 43500 62000 81000 102000 122000 142000
33 SE 963.2 963.4 965.5 967.5 969.5 971.5 973.5 975.5
34 z'W F=CALC-QUTFLOW
35 ZZ

•



STATION ROUTE

(I) INFLOW, (0) OUTFLOW
4000. 6000. 8000.o.• 2000.

o. o. o. o.

10000.

o.

12000.

6000.

14000. O.
(S) STORAGE

BOOO. 10000.

o.

12000.

o.

o.

o.

o.

o.

o.

10200 2:
10300 3.
10400 4.
10500 5.
10600 6.
10700 7.
10800 8.
10900 9.
11000 10.
11100 11.
11200 12.
11300 13.
11400 14.
11500 15.
11600 16.
11700 17.
11800 18.
11900 19.
12000 20.
12100 21.
12200 22.
12300 23.
20000 24.

2.0 25.
- 26.
. 27.
20400 28.
20500 29.
20600 30.
20700 31.
20800 32.
20900 33.
21000 34.
21100 35.
21200 36.
21300 37.
21400 38.
21500 39.
21600 40.
21700 41.
21800 42.
21900 43.
22000 44.
22100 45.
22200 46.
22300 47.
30000 48.
30100 49.
30200 50.
30300 51.
30400 52.

3.53.
7 54.

55.
3lJo.JU 56.
30900 57.
31000 58.
31100 59.

I.

I.

I.

lO.
lO.
ro.
10.
lO.
lO.
I

I

I
I

10
10
10 •
10
10
ro

.lO
I

I
I
I
I

I
I

I
I

.1.
I
I

I
I

I
I
01
01
01

.01
01.
01.

o I
o . I

O. I

O. I

o I
.0 I

o I

• O•• I.

o I.

o I

o . I

o I

o I
o I

.0 I

. 0 I

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5.

.5

.5

.5

.$

.$

.5

.$

$

$

$

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

$

.5

.5

.5
• $

.5
$

$

$

• $ •

$

$

5

$

S

S

5

5



31200 60. 0 I $

31300 61. .0. .1. $

31400 62. a I $

3.:~:
a I $.

O. I $.

_ 65. a I $

31800 66. a I. $

31900 67. a I .$

32000 68. a I .$

32100 69. a I $

32200 70. a . I $

32300 71. .0. .1. .$.

40000 72. a I $

40100 73. a I $

40200 74. a I. $

40300 75. a I $

40400 76. a I $

40500 77. a . I $

40600 78. 0 I $

40700 79. a I $

40800 80. O. I $

40900 81. a I .$.

41000 82. .0 I S

41100 83. .0 I $

41200 84. a I $

41300 85. a I $

41400 86. a I $.

41500 87. a I $.

41600 88. o I $.

41700 89. I $.

41800 90. I $.

4.91.
. 10 • .$ •

I 92. 10 $.

• 93. 10 $.

42200 94. .1 a $.

42300 95. .1 a $.

50000 96. I a $

50100 97. I a $

50200 98. 1.0 $

50300 99. I .0 $

50400 100. I a $

50500 101. •1. a .$ .

50600 102. I O. $

50700 103. I O. $

50800 104. I a $

50900 105. I a s
51000 106. I a $

51100 107. I a $

51200 108. I 0 S

51300 109. I a $

51400 110. I a $

51500 111. . I. a .$.

51600 112. . I 0 $

51700 113. I 0 $

51800 114. I. a $

51900 115. I. a $

52000 116. I .0 $

52100 117. I .0 $

52200 118. I a $

• 119.
I O. $

120. I O. $

. 121. . I. a . $ .

60~uO 122. I a . s
60300 123. I a $

60400 124. I a $

60500 125. I a $
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EXHIBIT 13
KINEMAT and HEC·1 Runs

for Sensitivity Analysis

Note: Complete KINEMAT andHEG-1 outputs 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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Duplicate from * to * for each eLement:
*********************.************************************************

KINEMAT - Parameters

•
CHAR LENGTH
49564 1 0

ENGLISH HETRIC

10 NO
100

LENGTH
5200

MANNING
.4

KS
6.4

FlOC
o

TYPE
1

WID/DIA
1318

CHEZY
o

G

5.3

FINC
o

NU1
o

SLOPE
.006

GAGE
1

POR
.44

GSLOPE
o

NL1
o

BANK 1
o

x
o

SMAX
.92

NL2
o

BANK 2
o

Y

o

ROCK
.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

I\o'OOL
o

COVER
1.00

*.**.******•••***********.*****•••************************.***********

******.***************************************************************

•

10 NO
1001

LENGTH
1400

MANNING
.4

KS
.85

FlOC
o

TYPE
1

WID/DIA
4328

CHEZY
o

G

9.8

FINC
o

NU1
o

SLOPE
.01

GAGE
1

POR
.45

GSLOPE
o

NL1
o

BANK 1
o

x
o

SMA)(

.91

NL2
o

BANK 2
o

Y
o

ROCK
.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

I\o'OOL
o

COVER
1.00

******************.***************************************************
**********************************************************************

10 NO
1002

LENGTH
750

MANNING
.4

KS
.85

FlOC
o

TYPE
1

WID/DIA
4488

CHEZY
o

G

9.8

FINC
o

NU1
o

SLOPE
.01

GAGE
1

POR
.45

GSLOPE
o

NL1
o

BANK 1
o

x
o

SMA)(

.91

NL2
o

BANK 2
o

Y
o

ROCK
.05

NU2
o

MAX HT
o

INTER
.020

RECS
5.0

NU3
o

I\o'OOL
o

COVER
1.00

***********.**********************************************************

**********************************************************************

•
10 NO
200

LENGTH
3500

MANNING
.04

KS
o

TYPE
2

WID/DIA
5

CHEZY
o

G

o

NU1
100

SLOPE
.01

GAGE
1

POR
o

NL1
1001

BANK 1
.9

x
o

SHAX
o

NL2
1002

BANK 2
.9

Y
o

ROCK
o

NU2
o

MAX HT
5

INTER
o

RECS
o

NU3
o

I\o'OOL
o

COVER
o
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SPECIAL CONSIDERATIONS

Wednesday 3:20 p.m.
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8-3 Antecedent and Coincident HydrometeorologicaJ Conditions

The inflow PMF hydrograph that produces the critical conditions within the reservoir and at the dam
may depend on either the peak inflow rate or the timing and volume of PMF inflow. depending on
spillway capacity ap.d reservoi: .~torage available at the beginning of the flood. Thus. the inflow
PMF hydrograph could result from a high-intensity local sterm, a general storm with a long duration.
or a winter storm. TIus section discusses these considerations and their influence on PMF
development procedures.

Caution: Although it may be possible to assess in advance whether the peale outflow and/or the
maximum reservoir water-surface elevation will be produced by a local or a general sronn. flood
inflow hydrographs should be generated for each storm and then routed through the reservoir to
clearly establish the PMF event.

8-3.1 Antecedent Conditions

The question has been raised as to whether a PMP flood hydrograph based solely on runoff from the
PMP provides sufficiently small risk of exceedance for consideration of dam safety. In general. it
does. Severe storms may be preceded by lesser ones; the real question of interest is: ~
reservoir level is reasonable as the Startin2 elevation when routin2 the inflow PMF throu2h the
reservoir. considerin2 the possibility of antecedent storms? It is advisable to determine if a water
resources agency has conducted regional special studies related to antecedent storms. If so, the
results should be considered for application. In the absence of antecedent storm information, the
following four approaches are recommended as acceptable alternatives:

(1) Consider that the reservoir surface is at a predefined annual maximum level at the start of
PMF inflow. It will be necessary to determine the annual maximum reservoir level for each
darn. depending on the characteristics of the dam. its spillway and outlet works, and the
historic and specified operation plans. If flashboards are normally used on the darn during
the time of the PMF. they should be assumed to be in place for the determination of the
annual maximum reservoir level. Routing of the PMF through the reservoir should assume
that flashboards fail or collapse at their design level.

• For hydroelectric projects. the annual maximum reservoir level should be defmed as
the annual maximum normal operating level.

(2) Use an operatin2 rule curve. when available. to identify the reservoir surface correspondin2
to the maximum storage level for the season of the controllin2 PMP. A 1OO-year, 24-hour
storm-using the percentages of the 24-hour maximum temporal distribution developed for
the PMP-should be assumed to end three days prior to the PMP. The runoff hydrograph
from this 1oo-year storm should be routed through the reservoir using established project
operating rules. with the beginning reservoir level at the normal maximum storage level for
the season. The reservoir level at the beginning of inflow from PMP runoff should be taken
as the level produced by the routed inflow from the loo-year storm. but it need not be
greater than the annual maximum reservoir level.

• (3) Use or develop a wet-year rule curve to establish the reservoir level that would exist at the
start of the inflow PMF. To develop this rule curve. assume that the reservoir level at the
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(e) Use both the antecedent storm and the PMP to develop an inflQW PMF hydrQgraph.

Average mQnthly flQW shQuld be Qbtained fQr the mQnths during the seasQn when the critical PMP
would occur. Tabulated monthly average data are available in USGS water data reports. The
average mQnthly flQW for the month Qf the critical PMP should be added to the inflQw PMF
hydrograph befQre routing thrQugh the reservoir. When using HEC-1 this initial flQW is the
parameter STRTQ. FQr 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 mQnthly
flow per square mile of drainage area, obtained frQm records fQr nearby "gaged" basins, shQuld be
used to compute the initial flow.

•

(4)

(a)

(b)

(c)

(d)

beginning of the inflow PMF is at the average of the five consecutive, highest wet-year
reservoir levels occurring during the season of the critical PMP. The assumed staning level
need not be higher than the annual maximum reservoir level.

Analyze histQrical extreme flQQds and antecedent stQrms fQr the re2iQn. A pQssible
prQcedure can be fQund in HMR 56 [NWS 1986]. If the analysis shQWS it is probable that
antecedent storms do occur in the regiQn and could significantly influence the maximum
reservoir level and the magnitude of the routed PMF outflQW, develop a storm that could
reasonably be expected to occur antecedent to the PMP as follows:

Prepare an arithmetic plot Qf the antecedent storm rainfall expressed as a percentage of the
principal storm versus the principal storm rainfall in inches. Draw an envelQpe line Qf the
maximum values and extrapolate to the estimated PMP depth.

Determine the average time between the beginning of the antecedent stonn and the following
one.

Read a total rainfall depth for the antecedent storm from plot obtained in step (a) by the total
PMP depth.

Set the time between the antecedent storm and the PMP equal to the average time interval
determined in step (b).

•

A reservoir cannot be drawn down at the beginning of the PMF storm when flood routing, unless
a drawdown is documented as the normal Qperating prQcedure for the reservQir during an impending
stQrm.

8-3.2 Coincident Hydrometeorological Conditions

Assume the pertinent physical cQnditiQns of sQil-mQisture cQntent, frozen grQund (see
SectiQn 8-10.3.3), and snowpack water equivalent that could reasonably be expected to Qccur
antecedent to the PMP. If snQwpack is apt tQ exist in at least part Qf the drainage area in the season
when the critical PMP would occur, an antecedent 100-year snowpack (covering the area that CQuid
be subject to snowpack) should be assumed to exist at the time when the PMP occurs (see
SectiQn 8-10.2.1) .
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8-4 Data Acquisition

Hydrologic and meteorologic data are necessary to develop unit hydrographs. Primary objectives
of data collection are as follows:

• To obtain basic precipitation and streamflow data to use in subsequent analysis.

• To enable the engineer to understand the hydrologic response of the basin to properly
simulate the runoff process for the season when the critical PMF would occur.

In general, four types of data are recommended to develop a unit hydrograph, as follows:

• Streamflow records for major historic floods.

• Precipitation records for the storms that produced the historic floods.

• Physical characteristits of the watershed including topography, soil types, and land
use.

• Snowpack and temperature records in the basin if snowmelt was a factor in historic
floods.

In addition, it is necessary to understand the project's physical features, as well as those of upstream
dams, to properly route flood hydrographs through the reservoir. This section describes the specific
data needs.

Caution: Delays may be experienced in daJa collection. These can take the form ofextendedperiods
to retrieve data in storage and seasonal weather delays for field daJa collection. AppropriaJe time
should be allotted (i. e.• four to six months) for data collection.

84.1 Information from Previous Studies

As stated earlier, unit-hydrograph theory is recommended to develop the PMF inflow hydrograph.
Since unit hydrographs are commonly developed and used in flood-control studies, local, state, or
federal agencies with flood-control responsibilities may have already developed one for the basin of
interest. If available and applicable, the use of such unit hydrographs can save considerable time
and cost to develop the inflow PMF. This is particularly true for basins where the available
streamflow or rainfall records may be less than. desirable-in which case, it may be necessary to
develop a new unit hydrograph with more recent data. Thus, it is necessary to search for previous
flood studies for nearby dams and to inquire about the availability of relevant information. Sources
of information about regional flood studies include:

•
•
•
•
•
•
•

Local flood control districts
COE district and division offices
USBR regional offices
TVA
SCS state and district offices
USGS district offices
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APPENDIX II-A

Dambreak Studies

The evaluation of the downstream consequences in the event of a dam failure is a main element
in determining hazard potential and formulating emergency action plans for hydroelectric \--.
projects. The solution requires knowledge of the lateral and longitudinal geometry of the stream;- ----
its frictional resistance, a discharge-elevation relationship at one boundary, and the time-varying
flow or elevation at the opposite boundary.

The current state-of-the-art is to use transient flow or hydraulic methods to predict dambreak:
wave formation and downstream progression. The transient flow methods solve and therefore
account for the essential momentum forces involved in the rapidly changing flow caused by a
dambreak:. Another technique, referred to as storage routing or the hydrologic method, solves
one-dimensional equations of steady flow ignoring the pressure and acceleration contributions to
the total momentum force. For the same outflow hydrograph, the storage routing procedures will
always yield lower water surface elevations than hydraulic or transient flow routing.

When routing a dambreak flood through the downstream reaches appropriate local inflows should
be included in the routing which are consistent with the assumed storm centering.

The mode and degree of dam failure involves considerable uncertainty and cannot be predicted
with acceptable engineering accuracy; therefore, conservative failure postulations are necessary.
Uncertainties can be circumvented in situations where it can be shown that the complete and
sudden removal of a dam (or dams) will not endanger human life or cause significant property
damage.

The following provides references on dambreak analyses and criteria which may prove useful as
indicators of reasonableness of the breach parameters, peak discharge, depth of flow, and travel
time determined by the licensee. In addition, Section 6-2 and Appendix VI-C of Chapter VI of
these Guidelines provides additional criteria on analytical requirements for dambreak
analyses.

I. REFERENCES

Sugge~ted acceptable references regarding dam failure studies include the following:

A. Fread, D. L. "DAMBRK - The NWS Dam-Break: Flood Forecasting Model,"
National Weather Service, Silver Spring, Maryland, 1988 Version. This (or the
most recent version) is the preferred method for performing dambreak: studies.

B. Fread, D. L. "NWS FLDWAV Model: The Replacement of DAMBRK for Dam-Break:
Flood Prediction", Proceedings, Association of State Dam Safety Officials, 10th Annual
Conference, Kansas City, Missouri, September 26-29, 1993. Since this model combines
the NWS DAMBRK model and the NWS DWOPER model, it is also considered the
preferred method.
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• C. Westmore, Jonathan N. and Fread, Danny L., "The NWS Simplified Dam-Break
Flood Forecasting Model," National Weather Service, Silver Spring, Maryland,
1981. (Copy previously furnished to each Regional Office with a detailed
example).

D. Fread, D. L., 1977: The development and testing of a dam-break flood
forecasting model, "Proceedings, Dam-Break: Flood Modeling Workshop," U.S.
Water Resources Council, Washington, D.C., 1977, pp. 164-197.

E. Hydrologic Engineering Center, "Flood Hydrograph Package (HEC-l) Users
Manual for Dam Safety Investigations," September, 1990.

F. Gandlach, D. L. and Thomas, W. A., "Guidelines for Calculating and Routing a
Dam-Break Flood," Research Note No.5, U.S. Anny Corps of Engineers,
Hydrologic Engineering Center, 1977.

G. Cecilio, C. B. and Strassburger, A. G., "Downstream Hydrograph from Dam
Failure," Engineering Foundation Conference on Evaluation of Dam Safety, 1976.

H. Soil Conservation Service, "Simplified Dam-Breach Routing Procedure," March
1979. (To be used only for flood routing technique, not dambreak: discharge).

•• I.

J.

Chow, V. T., Open Channel Hydraulics, McGraw-Hill Book Company, Inc.,
New York, 1959, Chapter 20.

Henderson, F. M., Open Channel Flow, McMillan Company, New York, 1966,
Chapters 8 and 9.

K. Hydrologic Engineering Center, "Flood Emergency Plans, Guidelines for Corps
Dam," June 1980. (Forwarded to all Regional Engineers by memorandum dated
February 11, 1981).

L. Hydrologic Engineering Center, "UNET, One-Dimensional Unsteady Flow Through a
Full Network of Open Channels", September 1992.

II. CRITERIA

The following criteria may prove useful as an indicator of the reasonableness of a dambreak
study:

A. If the dambreak analysis has been performed by an acceptable method (References A and B
are the preferred methods), then generally only the breach parameters, peak discharge, and
flood wave travel time should be verified as an indicator of the licensee's correct application of
the method selected. Downstream routing parameters (i.e., Manning's "n") should be reviewed
for acceptability and inundation maps should be reviewed for clarity and completeness of
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information (Le., travel times). The following criteria are considered to be adequate and
• appropriate for verifying the selected breach parameters and peak discharge:

1. Breach Parameters - Most serious dam failures result in a situation resembling weir
conditions. Breach width selection is judgmental and should be made based on the channel or
valley width with failure occurring at the deepest section. The bottom of the breach should
generally be assumed to be at the foundation elevation of the dam. Pages 2-A-8 through 2-A-11
of this appendix contain suggested breach parameters and should be used when verifying the
selected breach parameters. For worst case scenarios, the breach width should be in the upper
range while the time of failure should be in the lower range. However a sensitivity analysis is
recommended to determine the reasonableness of the assumptions.

2. Peak Discharge - The peak discharge may be verified by use of equations (11) and (13) of
Reference No. 1. Although the equations assume a rectangular-shaped breach, a trapezoidal
breach may be analyzed by specifying a rectangular breach width that is equal to the average
width of the trapewidal breach.

Equation 11:

• Where: c =
AI =
1IR =

23.4Asc= -=:---'"
BR

constant
reservoir surface area, in acres

avera~e breach width, in feet

EQuation 13:

This equation for Qbmax has been found to give results within +5% of the Qpeak from the full
DAMBRK model.

•

Where: Qbmax =
it =
H =

maximum breach outflow, in cfs
time of failure, in hours
maximum head over the weir, in feet
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• In a rare case where a dam impounding a small storage volume has a large time of failure, the
equations above will predict a much higher flow than actually occurs.

At a National Weather Service Dam-Brealc Model Symposium held in Tulsa, Oldahoma, June 27
30, 1983, Dr. Danny Fread presented an update to his simplified method. Equation 13 has been
modified as follows to include additional outflow not attributed to breach outflow:

Where: = Additional (non-breach) outflow (cfs) at time
tr (Le., spillway flow and/or crest overflow)
(optional data value, may be set to 0).

•
This equation has also been modified to address instantaneous failure, because in some situations
where a dam fails very rapidly, the negative wave that forms in the reservoir may significantly
affect the outflow from the dam.

3. Flood Wave Travel Time - Reasonableness of the flood wave travel time may be
determined by use of the following Mrule-of-thumb Mapproximation for average wave speed:

(a) Assume an equivalent rectangular channel section for the selected irregular
channel section.

(b) Assume a constant average channel slope.

(c) Compute depth of flow from the following adjusted Manning's equation.

d= ( On ) 0.6

1.4GB (5) 0.5

depth of flow for assumed rectangular section, ft.
peale discharge, cfs
average width (rectangular), ft.
average slope, ft.lft.
Manning's roughness coefficient

•

Where: d
Q
B
S
n

=
=
=
=
=

2-A-4 October 1993



•
(d) Compute average velocity from Manning's Equation:

1.49 (5) 0.5 (d) 0.67
V ----:.......:.-.-.:........:.--

n

Where: v = average velocity, fps

(e) Compute wave speed, C (Kinematic velocity):

5C=- V(O .68)
3

Where: C = wave speed (mph)

Note : 1 fps = 0.68 mph

(f) Determination travel time, IT

XT1'=-
C

Where: IT
X

travel time, hr.
distance from dam, mi.

Note: Ifw slo~ isj/aJ. the/allowing ·ruJe-of-thumb- provides a
~ry rough estimau of the wave speed:

C=2 (5) 0.5

In addition, as 8 "rul~r-thumb", the dynamic routing (NWS) method should be used
whenever severe backwater conditions at down~tream areas occur and/or the slope is less'.

Where: C
S

=
=

wave speed, mph
average slope, ft.lmi.
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than 20 fUmi. When these restrictions are not present normal hydrologic routing (HEC-l)
may provide reasonable results. It is recommended that HEC-2 be used to determine the
resulting water surface elevations when HEC-l is used for the dambreak study.

The HEC-I Manual <Reference E) states that when "a hieher order of accuracy is needed.
then an unsteady flow model. such as the National Weather Service's DAMBRK should be
used. II Experience demonstrates that the higher order of accuracy is usually required.
Therefore, the NWS DAMBRK model and the more recent NWS FLOODWAV model are
the preferred methods and recommended for all situations requiring dambreak studies.

B. If a dambreak analysis has been performed by a method other than one of the suggested
acceptable methods, the selected breach parameters, peak discharge, depth of flow and travel
time of the flood wave shall be verified by one of the two methods:

1. Unsteady Flow - Dynamic Routing Method (Recommended)

The NWS "DAMBRK" Model (Reference A) and the NWS "FLOODWAV" Model
(Reference B) are the recommended methods. Each FERC Regional Office has received the
software using the NWS DAMBRK program and should use this program, as necessary, to verify
dambreak studies. As the flood wave travels downstream, the peak discharge and wave velocity
generally, but not always, decrease. This attenuation in the flood wave is primarily due to
energy dissipation when it is near the dam and to valley storage as it progresses in an unsteady
flow downstream. It is important that the NWS model be calibrated to historical floods, if at all
possible.

2. Steady Flow Method (Provides a rough estimate)

If this method is selected, the breach parameters and peak discharge shall be verified as in part
"A" above. The method described below should be utilized only for preliminary assessments and
the obtained values may be far from the actually expected results. Sound judgement and
extensive numerical experience is necessary when evaluating the results.

For a rough estimate of the travel time and flood wave, it is recommended that one of the
folIowing two steady state methods be used for verification of the licensee's values:

a. When steam gage data are available, the depth of flow and travel time can be
estimated as folIows (This method will indirectly take valley storage into
consideration) :

(1) Identify existing stream gages located downstream of the dam.

(2) Obtain the stage-discharge curve for each gage.
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•
(3) Assuming Qpeak remains constant, extrapolate the curves to the

Qpeak value of the flood wave and determine the corresponding
water surface elevation.

(4) Using the continuity equation to determine the velocity, estimate
the travel time between each cross-section.

b. When stream gage data is not available, the depth of flow and travel time
can be estimated based on the following steady-state method:

(1) Assume the area downstream of the dam is a channel. This will
neglect valley storage.

(2) Identify on topographic maps all abrupt changes in channel width
and/or slope. Using this as a basis, select and plot channel cross
sections.

(3) Assume Qbmax remains constant throughout the entire stream length
under consideration.

(4) Selecting a fairly rough Manning's n value, determine the depth of
flow by applying Manning's equation to each cross-section.
Assume the energy slope is equal to the slope of the channel.

• (5) Using the continuity equation to determine the velocity, estimate
the travel time between each cross-section.

c. The above criteria for breach parameters, peak discharge, depth of flow, and travel time
should provide the necessary "ballpark figures" needed for comparison with licensee's estimates.
When large discrepancies in compared values exist, or questions arise about assumptions to be
made, or it appears that an extensive review will be necessary, the Regional Director should
contact the Washington Office, D2SI for guidance. The methodology used by the licensee
should be a part of the study and should be requested if not included.
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TABLE 1
SUGGESTED BREACH PARAMETERS

(Definition Sketch Shown in Figure I)

Value Type of Dam

Avera~e width of Breach (BR)
(See Comment No. 1)*

BR = Crest Length Arch

BR = Multiple Slabs Buttress

HD ~ BR ~ 5HD . . . . . . .. Earthen, Rockfill,
(usually between Timber Crib

2HD & 4HD)

1m ~ 0.8 x Crest Slag, Refuse
Length

• Horizontal Component of Side
Slope of Breach (Z)
(See Comment No. 2)*

1m = Width of 1 or more

Usually BR ~ 0.5 W

o s Z s slope of valley walls
Z = 0 .

l.4sZ~l .

lsZs2 .

Masonry, Gravity
Monoliths,

Arch
Masonry, Gravity
Timber Crib, Buttress
Earthen (Engineered,
Compacted)

Slag, Refuse
(Non-Engineered)

Time to Failure (TFH) TFH s 0.1 .........
(in hours) 0.1 S TFH s 0.3 .............

(See Comment No. 3)*
0.1 S TFH ~ 1.0 ..................

0.1 s TFH s 0.5 ..................

0.1 s TFH s 0.3 .................

Arch
Masonry, Gravity,
Buttress
Earthen (Engineered,
Compacted) Timber Crib
Earthen (Non Engineered
Poor Construction)
Slag, Refuse

*Commenrs: See Page 2-A-l0 - 2-A-ll

Nore: See Page 2-A-12 for definirion Skerch•

Definition: HD
Z
BR
TFH 
W

Height of Dam
Horizontal Component of Side Slope of Breach
Avera~e Width of Breach
Time to FUlly Form the Breach
Crest Length
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ConunenJs:

• 1. BR is the average breach width, which is not necessarily the bottom width. BR is the
bottom width for a rectangle, but BR is not the bottom width for a trapezoid.

2. Whether the shape is rectangular, trapezoidal, or triangular is not generally critical if the
average breach width for each shape is the same. What is critical is the assumed
average width of the breach.

3. Time to failure is a function of height of dam and location of breach. Therefore, the
longer the time to failure, the wider the breach should be. Also, the greater the height of
the dam and the storage volume, the greater the time to failure and average breach width
will probably be. Time to failure is the time from the start of the breach formation until
the complete breach is formed. It does not include the time leading up to the start of the
breach fonnation. For example, the time to erode away the downstream slope of an earth
dam is not included. In this siUlation, the time to failure commences after sufficient
erosion of the downstream slope has occurred and actual formation of the breach (the
lowering of the crest) has begun.

4. The bottom of the breach should be at the foundation elevation.

•
5. Breach width assumptions should be based on the type of dam, the height of dam, the

volume of the reservoir, and the type of failure (e.g. piping, sustained overtopping, etc.).
Slab and buttress dams require sensitivity analyses that vary the number of slabs assumed
to fail.

6. For a worst-case scenario, the average breach width should be in the upper portion of the
recommended range, the time to failure should be in the lower portion of the range, and
the Manning's "n" value should be in the upper portion of the recommended range. In
order to fully evaluate the impacts of a failure on downstream areas, a sensitivity analysis
is required to estimate the confidence and relative differences resulting from varying
assumptions.

a. To compare relative differences in peak elevation based on variations in breach
widths, the sensitivity analysis should be based on the following assumptions:

2. Assume a probable minimum breach width, a probable maximum
time to failure, and a probable minimum Manning's "n" value.

1. Assume a probable (reasonable) maximum breach width, a probable
minimum time to failure, and a probable maximum Manning's "n" value.
Manning's "n" values for sections immediately below the dam and up to
several thousand feet or more downstream of the dam should be assumed to
be larger than the maximum value suggested by field investigations in order
to account for uncertainties of high energy losses, velocities, turbulence,
etc., resulting from the initial failure.
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b.

Plot the resulting water surface elevation at selected locations downstream from the
dam for each run on the same graph. Compare the differences in elevation with
respect to distance downstream from the dam for the two cases.

To compare differences in travel time of the flood wave, the sensitivity analysis
should be based on the following assumptions:

1. Use criteria in a. 1.

2. Assume a probable maximum breach width, a probable minimum time to
failure, and a probable minimum Manning's "n" value.

Plot the results (elevation-distance downstream) of both runs on the same graph to
compare the changes in travel time with respect to distance downstream from the
dam.

c. To compare differences in elevation between natural flood conditions and natural
flood conditions plus dambreak, the sensitivity analysis should be based on the
following assumptions:

1. Route natural flood without dambreak assuming maximum probable
Manning's -n- value.

2. Use criteria in a. 1.

Plot the results (elevation-distance downstream) of both runs on the same graph to
compare the changes in elevation with respect to distance downstream from the
dam.

7. When dams are assumed to fail from overtopping, wider breach widths than those
suggested in Table 1 should be considered if overtopping is sustained for a long period of
time.
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8-5 Review and Assessment of Data

Before using the data obtained in Section 8-4 to develop the PMF for the project basin, the data must
be reviewed for accuracy and adequacy. The selection of antecedent conditions as addressed in
Section 8-3 will be assessed in relation to data collected in Section 8-4 and applied in Section 8-10.
This section discusses the review processes and acceptance criteria.

8-5.1 Unit Hydrograpbs

Any unit hydrograph available from a previous study for the project basin or from a regional study
must be reviewed and tested for its ability to reproduce major flood hydrographs. The best means
of proving applicability of the unit hydrograph is to use it to reconstitute the largest of the historic
flood hydrogra,phs chosen for review.

• If the reconstituted flood hydrograph agrees well with the historic flood hydrograph,
the unit hydrograph can normally be accepted without adjusnnent. Acceptance will
depend on the historic flood magnitude and is further discussed in Section 8-10.

• If the available unit hydrograph does not reasonably reproduce major floods or is
judged not to do so due to changes in basin characteristics or error in the assumed
time distribution of rainfall excess, a new unit hydrograph will be required.
Unit-hydrograph development is discussed further in Sections 8-8 and 8-9.

Caution: It is imponant to determine the magnitude and imponance of the flood hydrographs that
were used in producing the unit Irydrograph. lfthefloods used were not ofmajor significance, the
unit hydrograph may not accurately predict the peak and timing ojmajorfloods. Compensatingfor
such nonlinear effects is considered in Section 8-10. .

8-5.2 Flood Data

The first task in the review of the flood data is to ensure that the historic floods used are the largest
for which records are available. They should be the maximum floods of record and should
preferably have occurred during the season of the critical PMP.

• It is important to note the cause of the floods (e.g., thunderstorm, general storm,
hurricane, snowmelt, or rain-on-snow).

CaUJion: Floods caused l:Jy ice jams, debris blockage, or dam break should not be used in
unit-hydrograph analysis.

Flood data must be reviewed for accuracy. The flood hydrographs should be plotted to detect
discontinuities and suspicious peaks or lows in the recorded flow. Historical ratings, including
methods used to extend the range for extreme floods, should be reviewed to make certain that the
conversion of recorded stage to discharge was done correctly. Original stage records can usually
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be obtained from the local USGS district office or the gage owner if questions arise regarding
accuracy of recorded flood flows .

• If a slope-area method was originally used to extend the rating curve, a check should
be made to ensure that control did not shift to another location during the flood. This
may require a computed water surface profile for the reach.

• If questionable aspects of the flood data cannot be resolved, the data should not be
used further in unit-hydrograph development.

• If changes in watershed characteristics have occurred since the time of the historic
flood, adjustments may be necessary to adequately model the new situation. For
example. if the percentage of a watershed's impervious area has changed. the input
to the mooff model can be adjusted to reflect the new percentage. Clearcutting of
large areas of forests may require changes in both initial abstractions and infiltration
rates to reflect changes. Such land use changes will affect the unit hydrograph as
well as losses.

If no floods have been recorded within the basin of interest, flood records from other basins in the
region will need to be evaluated for applicability to unit-hydrograph development. This procedure
has been covered separately in Section 8-9.

•
• Ideally, unit hydrographs should not be developed from storms that produced less

than 1 inch of runoff.

Caution: Noncontributing areas may cause average runoff over the total drainage
area to be less than 1 inch. Special studies may be required to develop an
appropriate unit hydrograph.

8-5.3 Precipitation Data

Hyetographs for each storm at each recording rain gage should be plotted and examined for
consistency, continuity. accuracy, and completeness. Storm totals and the time distributions for all
rain-gage records should be compared to detect obvious inconsistencies. Gaps in records can usually
be filled by using regression and correlation analysis with records from nearby gages. An isohyetal
map of total rainfall for the storms of interest should be prepared using all acceptable rain-gage
records. The location of individual isohyets, for zones obviously influenced by orographic effects,
can be drawn parallel to elevation contours when the density of rain gages is insufficient to clearly
defme the rainfall pattern throughout the area. The general pattern should be compared to mean
annual or 100-year isohyetal patterns, which can be obtained from Technical Paper 40 or National
Oceanic and Atmospheric Administration Atlas II, published for individual states by the NWS.

Comparisons of the hyetographs and the flood hydrographs should be made to identify suspicious
differences in timing between a storm's beginning and end and the rise, recession, and peale of the
flood hydrographs.

• • If a major timing difference is noted, additional study of the original recorded data
records should be performed.
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The hyetographs from nearby rain gages should be checked to determine if the timing
difference is due to a clock problem with the rain gage or the stage recorder.

Rainfall records at the gage should also be analyzed to detect any trends that Ir.ay
coincide with changes In locations of gages or in conditions around them.

Double-mass analysis or regression methods may be used to adjust rain-gage records
to remove spurious trends and produce a homogeneous rainfall record.

.~.

Caution: Timing adjustments should not be made to the records unless the irreguJariry is minor or
the source of the error can be positively identified.

The lag time should be measured as the elapsed time between the centroid of the hyerograph and the
peak of the flood hydrograph. Other defInitions of the lag time are often used and some are included
in the Glossary.

Because most rain gage records will be available only as daily totals, the records from the most
appropriate recording gage(s)-usually the nearest gage with a complete record-should be used in
disaggregating daily records to the required temporal distribution. In assembling daily records it is
important to note the time at which each daily gage was read, so that all daily totals can be adjusted
to a common daily total.

8-5.4 Snowpack Data

Snowpack data will be required for those basins where snowmelt has been or may be a contributing
factor to major floods. The required snowpack-related data include the portion of the basin covered
by snow, water equivalent of the snow depth, and hourly or maximum average daily temperatures.

8-5.4.1 Water-Equivalent Data

Snowpack water-equivalent data for snowcover that existed during historic stonns should be reviewed
for completeness, consistency, and adequacy. Adequacy is detennined by plotting the recorded
snowpack water-equivalent depths against elevation. It is necessary to decide if data are sufficient
to defme an altitude-depth relationship for the basin, including the lowest elevation of snowcover for
mountainous regions.

• If data are available from only one snow course in the basin, which is often the case,
data from other basins with a similar orientation and exposure should be obtained.

• If applicable data from other snow courses are not available in sufficient quantity at
different altitudes, undefIned ponions of the altitude-snowpack estimate can be
proponioned in accordance with the isohyetal maps for annual basin rainfall.

'.
• It is possible to reconstitute snowpack data for historic floods through the use of

runoff models such as the Hydrological Simulation Program-Fortran [Crawford and
Linsley 1966] or the Sacramento Model [Bumash, et al. 1973]. If no snowpack is
available, but is required to study the historic floods, such a procedure may be
necessary.
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Temperature data should be reviewed for accuracy and for applicability in analyzing historical
snowmelt.•
8-5.4.2 Temperature Data

8-5.5 Data on Reservoir Volume, Spillway and Outlet-Works Capacity, and Operation Policy

Data on the operating history and performance characteristics of the spillway and outlet works, as
well as on the reservoir storage volume, are required. Knowledge of operating policies during
extreme floods will also be required for routing the inflow PMF hydrograph.

8-5.5.1 Reservoir Volume

Data for reservoir area and volume should be reviewed for accuracy and possible changes occurring
since the relationship was formulated.

• Available data on sediment deposition in the active storage of the reservoir should be
reviewed to assess the need for adjustment of the reservoir area and volume
characteristics.

• If measured data are not available, visual observations of the reservoir's upper
reaches should be made.

-.

8-5.5•.2

•

•

•

If deposition in the active storage area at the head of the reservoir appears to be
significant, an estimate of the deposited volume should be made using whatever data
can be readily assembled.

Unless the volume of deposition is large, its effects on the PMF hydrograph will not
be important. However, if the reduction in active storage volume appears to be 5
percent or greater, a survey of sediment deposited in the active storage volume and
the development of new reservoir area-elevation-capacity curves should be
considered.

If it appears that deposition exceeds one percent per year, an allowance should be
made for future deposition between the time the survey is made and the time the next
inspection is due.

Spillway and Outlet Works Capacity

•

The relationships for capacity of spillways and outlet works should be checked in accordance with
available discharge coefficients for tested hydraulic structures, such as those given in the COE
Hydraulic Design Criteria [COE 1989]. For unusual spillway crest shapes, the USBR publication
"Discharge Coefficients for Irregular Overfall Spillways· [Bradley 1952] and the "Handbook of
Hydraulics" [King and Brater 1954] provide additional guidance. Because approach conditions and
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site-specific geometry can affect the magnitude of discharge coefficients, precise agreement should
not be expected.

• If differences of 10 percent or more are apparent, the source of the original
discharge-capacity estimates should be reviewed.

8-5.5.3

•

•

•

If adequate physical model studies have been made for the structures to
experimentally determine the discharge relationships, they can be accepted.

If such studies have not been made, values from verified references of discharge
coefficient should be used for routing of the PMF inflow. Checks should also be
made to determine if any structural modifications that could have produced a change
have been made.

A check: should be made to ascertain that a common datum has been used for
elevations of reservoir levels and the dam's appurtenances.

Operation History and Policy

Data on historical operation should be reviewed for correctness, especially if these data will be
required to determine historical inflow floods by reverse-reservoir routing. The location of the
reservoir stage recorder should be evaluated to ensure that measured stages are not influenced by
drawdown due to spillway or outlet worb operation or wind-generated waves.

• • If stage records are available for any other location on the reservoir, the records
should be compared to detect any inconsistencies, which will also aid in assessing the
degree to which the reservoir surface is sloped during passage of extreme floods.

.'.

It is necessary to review operation policy and procedures for the passage of extreme floods to
develop criteria to be used in routing the inflow PMF.

• If it is possible for operators to be present at the project and to perform the required
operations during the PMF, and if redundant operation systems exist, assume that
gates and valves that have been tested under head can be operated as proposed during
flood passage.

• If gates and valves that would be operated during passage of an extreme flood have
not been tested under head to ensure their operation, it will be necessary to make a
detailed evaluation of their condition and reliability. Assumptions on the operation
of the gates during passage of a PMF should then be made based on that evaluation.

• If the gates are operated remotely, it is necessary to assess the reliability of operation
that can be expected during an extreme flood. Operations during historical floods
should be reviewed to determine whether the operational policies have been
consistently applied.

Spillways equipped with flashboards or stoplogs must be reviewed to determine the operation policy
relative to their installation and removal. In addition, if the flashboards are designed to fail or
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collapse, it will be necessary to obtain detailed information on their structural design. The head at
which the flashboards will fail or collapse must be checked.

• If the flashboards are designed to be tripped, the tripping operation should be
reviewed to ensure that it can be accomplished at the planned time during passage of
an extreme flood.

• If the spillway is sometimes blocked with stoplogs that must be removed manually,
it will be necessary to determine if sufficient warning time and the needed equipment
would logically be available to allow for removal.

• It is important to consider the possibility that a spillway or outlet works may be at
least partially blocked by debris. The degree to which debris has been handled
successfully during past major floods should be assessed. If a debris-handling
operation plan that has worked successfully in the past is in place, it is acceptable to
assume that blockage will be insignificant during passage of the PMF.
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SUMMARY

Wednesday 4:00 p.m.
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EVALUATIONS

Wednesday 4:30 p.m.
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SPECIAL CONSIDERATIONS

(SEC. 8-3, 8-10.2, 8-10.5, 8-11 of FERC Guidelines
on the Determination of Probable Maximum Flood)

Materials under TAB 31 in Volume 2 of the Notebook

• DAM BREAK PARAMETERS

• ANTECEDENT HYDRO-METEOROLOGICAL
CONDITIONS

• CO-INCIDENT HYDRO-METEOROLOGICAL
CONDITIONS

• START Q AT THE INCEPTION OF PMF

• GATE AND FLASHBOARD OPERATIONS

• SEDIMENT CONSIDERATIONS
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DAM BREAK PARAMETERS

• Dam Break analysis is required for the
development of Emergency Action Plan
(EAP) for all FERC licensed projects

• Two scenarios
- Fair-weather dam break scenario with a

reservoir water level at the normal
maximum pool

- PMF dam break scenario with the
reservoir water level at the maximum
during the passage of the PMF

• National Weather Service DAMBRK model is
preferred; this model is now marketed by
BOSS and HAESTEAD METHODS with user
friendly interface

• HEC-1 also has a dam break routine; if a
short time interval is used, the results are
acceptable

• Guidelines for dam breach parameters:

Average breach width (BR)

Horizontal component of side slope of
breach (Z)

Time to failure (TFH)

are provided in the FERC "Engineering
Guidelines for the Evaluation of Hydropower
Projects", Appendix IIA - Dambreak Studies
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TABLE 1
SUGGESTED BREACH PARAMETERS

(Definition Sketch Shown in Figure I)

Value Type of Dam

Ayerage width of Breach (BR)
(See Comment No. 1)*

BR = Crest Length Arch

BR = Multiple Slabs Buttress

00 s BR s 5lID . . . . . . .. Eanhen, Rockfill,
(usually between Timber Crib

200 &4HD)

Bk ~ 0.8 x Crest Slag, Refuse
Imgtb

•
Horizontal Component of Side
Slope of Breach (Z)
(See Comment No. 2)*

Bk = Width of 1 or more

Usually DR s: 0.5 W

o !a Z !a aJope of valley walls
Z = 0 .

J.4!aZ!al •.............

l!aZ!a2 .

Masonry, Gravity
Monoliths,

Arch
Masonry, Gravity
TJIDber Crib, Buttress
Earthen (Engineered,
Compacted)

Slag, Refuse
(Non-Engineered)

TlDle to Failure (TFH) TFH s 0.1 · . . . . . ...
(in hours) 0.1 s TFH s 0.3 · ........

(See Comment No. 3)*
0.1 s TFH s 1.0 · ........

0.1 s TFH s 0.5 · ........

0.1 s TFH s 0.3

Arch
Masonry, Gravity,
Buttress
Eanhen (Engineered,
Compacted) Timber Crib
Eanhen (Non Engineered
Poor Construction)
Slag, Refuse

*Commenrs: Set Page 2-A-JO - 2-A-ll

Note: See Page 2-A-12 for definition Sutch•

Definition: lID
Z
BR
TFH 
W

Height of Dam
Horizontal Component of Side Slope of Breach
Average Width of Breach
Time to Fully Fonn the Breach
Crest Length

2-A-8 OCtober 1993
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• ANTECEDENT HYDRO-METEOROLOGICAL
CONDITIONS

• Primarily relates to establishing the reservoir
water level in the inception of the PMF

• FERC policy on this topic is presented in Sec
8-3.1 of the Guidelines

annual maximum reservoir water level

24-hour 100-year flood antecedent flood
condition

•

•

•

•

•

wet year rule curve

historical analysis of antecedent hydro
meteorological conditions associated
with major floods

Normally not a concern for a run-of-the-river
type project. Antecedent flood will generally
have receded before the PMF

Always a concern when dealing with storage
dams which fluctuate from year to year

For most projects with uncontrolled
spillwaY,the starting water level will be at the
spillway crest elevation unless the
antecedent storm gives a surcharge
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• CO-INCIDENT HYDRO-METEOROLOGICAL
CONDITIONS

• In the case when snowmelt is a critical
element of the runoff process

• Assume 100-year snowpack covering the
watershed areas which generally experience
snowfall

• . Use the temperature sequence associated
with the major snowmelt floods in the region
or as given in the Hydromet reports for PMP
estimates published by National Weather
Service

I.

•

• Use a 3° F lapsed rate per 1,000 feet altitude
change

• Use infiltration rate as given by STATSGO;
assume frozen ground conditions unless the
soil type is characterized as deep sand (very
high infiltration rate) or areas are well
forested with considerable amount of humus
accumulation
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STARTING Q AT THE INCEPTION OF PMF

• River flow at the inception of PMF should be
set at the average for month during which
PMP would occur
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GATE AND FLASHBOARD OPERATIONS• Are gates operable?•

• Is there back-up power for gate operations?

- • Can gates be operated by hand?-

• Will operational staff be able to get to the
plant during a PMF?

• Proper maintenance and scheduled testing
of gates are essentially to successful
operations during emergency conditions,
such as PMF

• Can the flashboards be tripped during the

• PMF?

•
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SEDIMENT CONSIDERATIONS

• What has happened during the life of the
reservoir?

• Has flood storage space in the reservoir
been encroached due to sediment
depositions in the upper reaches of the
reservoir?

• Can sediment affect gate operations?



~ d-' ;

.. ,0' ) Ii ~~.. . lo~:~ f"":'

: ,

•.
.;

, _ : I

. ,
't" .1 .)-...

•

•

,.
•' .,~ ~ II

.. ;;; f : !

. t-)' .... 
~

.. + .. t

,. '''1._,'

. "" :: ~ ,

•



•

•

•

•

DAM BREAK PARAMETERS

• Dam Break analysis is required for the
development of Emergency Action Plan
(EAP) for all FERC licensed projects

• Two scenarios
Fair-weather dam break scenario with a
reservoir water level at the normal
maximum pool

PMF dam break scenario with the
reservoir water level at the maximum
during the passage of the PMF

• National Weather Service DAMBRK model is
preferred; this model is now marketed by
BOSS and HAESTEAD METHOD with user
friendly interface

• HEC-1 also has a dam break routine; if a
short time interval is used, the results are
acceptable

• Guidelines for dam breach parameters:
.-

Average breach width (BR)

Horizontal component of side slope of
breach (Z)

Time to failure (TFH)

are provided in the FERC "Engineering
Guidelines for the Evaluation of Hydropower
Projects", Appendix IIA - Dambreak Studies
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