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Preface

Previous versions of this manual were created out of the need to describe a new release of the
HEC-1 program which included significant enhancements and improvements. This version, however,
was motivated by the need to put the HEC-1 package in order for afinal release during the transition to its
replacement, the Hydrologic Modeling System, HEC-HMS. Subsequent watershed modeling
improvements are being focused on HEC-HM S which was released in March 1998.

The functional differences between the 1990 version of HEC-1 and the 1998 version are not
significant. Therefore, the content and format of this manual does not vary appreciably from the previous,
1990, version. Several small errors have been corrected, and references to other updated documents have
been changed to include the new documents.
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Foreword

The HEC-1, Flood Hydrograph Package, computer program was originally developed in 1967 by
Leo R. Beard and other members of the Hydrologic Engineering Center (HEC) staff. The first version of
the HEC-1 package program was published in October 1968. It was expanded and revised and published
again in 1969 and 1970. The first package version represented a combination of several smaller programs
which had previously been operated independently. These computer programs are still available at the
HEC as separate programs.

In 1973, the 1970 version of the program underwent a major revision. The computational
methods used by the program remained basically unchanged; however, the input and output formats were
almost completely restructured. These changes were made in order to simplify input requirements and to
make the program output more meaningful and readable.

In 1981, major revisions were made to the 1973 version of the program. The program input and
output formats were completely revised and the computational capabilities of the dam-break (HEC-1DB),
project optimization (HEC-1GS) and kinematic wave (HEC-1KW) specia versions of HEC-1 were
combined in the one program. The new program included the powerful analysis features available in all
the previous programs, together with some additional capabilities, in a single easy to use package.

A microcomputer version (PC version) of the HEC-1 program was developed in late 1984. The
PC version contained al the hydrologic and hydraulic computation capabilities of the mainframe HEC-1;
however, the flood damage and ogee spillway capabilities were not included because of microcomputer
memory and compiler limitations at that time.

The 1990 version of HEC-1 represented improvements and expansions to the hydrologic
simulation capabilities together with interfaces to the HEC Data Storage System, DSS. The entire HEC-1
package, including the DSS interface, was made available on the PC and HARRIS minicomputers. The
DSS capability allowed storage and retrieval of data from/for other computer programs as well asthe
creation of report-quality graphics and tables. New hydrologic capabilities included Green and Ampt
infiltration, Muskingum-Cunge flood routing, reservoir releases input over time, and improved numerical
solution of kinematic wave equations. The Muskingum-Cunge routing may also be used for the collector
and main channels in a kinematic wave land surface runoff calculation.

The current version, 1998, is anticipated to be the final release of HEC-1. Future hydrology
model development efforts will be directed towards the successor to HEC-1, the Hydrologic Modeling
System (HEC-HMS). AsHEC-1 had reached a certain level of maturity at the time of thisfinal release,
the changes and additions are not as significant asin past new versions. A few minor changes were made
to computational methods. The Holtan loss method was changed to restrict the soil moisture capacity
from growing indefinitely, and the storage routing was made more robust for routing of off-stream
detention facilities. Other changes were made to the HEC-1 package to take advantage of the latest
personal computer environment. Whereas the 1990 version was limited to using conventional computer
memory, and the 1991 extended memory version used a memory manager incompatible with certain other
applications, this latest version is strictly an extended memory program and is much more widely
compatible with commercial software. Thisversion also reflects the eight years of error corrections and
code improvement which have occurred since the last release.

Xiii



Up-to-date information about the program is available from the Center. While the Government
is not responsible for the results obtained when using the programs, assistance in resolving malfunctions
in the programs will be furnished to the extent that time and funds are available. It is desired that users
notify their vendors or the Center of inadequacies in the program.



Section 1

I ntroduction

11 Model Philosophy

The HEC-1 model is designed to simulate the surface runoff response of ariver basin to
precipitation by representing the basin as an interconnected system of hydrologic and hydraulic
components. Each component models an aspect of the precipitation-runoff process within a portion of the
basin, commonly referred to as a subbasin. A component may represent a surface runoff entity, a stream
channel, or areservoir. Representation of a component requires a set of parameters which specify the
particular characteristics of the component and mathematical relations which describe the physical
processes. The result of the modeling process is the computation of streamflow hydrographs at desired
locationsin the river basin.

1.2 Overview of Manual

This manual describes the concepts, methodologies, input requirements and output formats used
in HEC-1. A brief description of each of the model capabilities and the organization of this manual is
given below.

Stream Network Model Concepts and M ethodologies

Sections 2, 3, and 4: A general description of the components of the HEC-1 watershed (stream
network) simulation capability is given in Section 2. The stream network capability (i.e., smulating the
precipitation-runoff processin ariver basin) is of central importance to virtually any application of
HEC-1. Other capabilities of HEC-1 are built around this stream network function. Section 3 describes
the detailed computational methods used to simulate the stream network. The use of automatic techniques
to determine best estimates of the model parametersis described in Section 4.

Additional Flood Hydrograph Simulation Options

Section 5: Multiplan-multiflood analysis alows the simulation of several ratios of a design flood
for several different plans (or characterizations) of a stream network in a single computer run.

Section 6: Dam-break simulation provides the capability to analyze the consequences of dam
overtopping and structural failures.

Section 7: The depth-area option computes flood hydrographs preserving a user-supplied
precipitation depth versus area relation throughout a stream network.



Flood Damage Analysis

Section 8: The economic assessment of flood damage can be determined for damage reaches
defined in a multiplan-multiflood analysis. The expected annual damage occurring in a damage reach
and the benefits accrued due to aflood control plan are calculated based on user-supplied damage data and
on calculated flows for the reach.

Section 9: The optimal size of aflood control system can be estimated using an optimization
procedure provided by HEC-1. The option utilizes data provided for the economic assessment option
together with data on flood control project costs to determine a system which maximizes net benefits with
or without a specified degree of protection level for the components.

Program Usage

Section 10: The data input conventions are discussed, emphasizing the data card groups used for
the various program options.

Section 11: Program output capabilities and error messages are explained.

Section 12: Test examples are displayed, including example input data and computed output
generated by the program.

Section 13: The computer hardware requirements are discussed, and computer run times for the
example problems are given. A programmers supplement provides detailed information about the
operational characteristics of the computer program.

Section 14: References

Appendix A: The input description details the use of each data record and input variable in the
program.

Appendix B: A description of the HEC-1 interface capabilities with the HEC Data Storage
System.

13 Theoretical Assumptions and Limitations

A river basin is represented as an interconnected group of subareas. The assumption is made that
the hydrologic processes can be represented by model parameters which reflect average conditions within
asubarea. If such averages are inappropriate for a subarea then it would be necessary to consider smaller
subareas within which the average parameters do apply. Model parameters represent temporal as well as
spatial averages. Thus the time interval to be used should be small enough such that averages over the
computation interval are applicable.

There are several important limitations of the model. Simulations are limited to a single storm
due to the fact that provision is not made for soil moisture recovery during periods of no precipitation.
The model results are in terms of discharge and not stage, although stages can be printed out by the
program based on a user specified rating curve. A hydraulic computer program (HEC-RAS for example)
is generally used in conjunction with HEC-1 to obtain stages. Streamflow routings are performed by
hydrologic routing methods and do not reflect the full St. Venant equations which are required for very
flat river slopes. Reservoir routings are based on the modified Puls techniques which are not appropriate
where reservoir gates are operated to reduce flooding at downstream locations.

2



14 Computer Requirements

The HEC-1 program is written in ANS| standard FORTRAN77 and requires 2.5 Mb total
memory. Disk storageis needed for the 16 output and scratch files used by the program.

For microcomputers (PC's), aMENU package is available to facilitate file management, editing
with HELP, execution, and display of results. For further information on the program's computer
reguirements, see section 13 and the installation instructions provided with the program.

15 Acknowledgments

This manual was written by David Goldman and Paul Ely. Paul Ely was also responsible for the
design and implementation of the new computer code. John Tracy implemented the first microcomputer
version and Gary Brunner was responsible for the 1990 version. Troy Nicolini was responsible for this
final version. John Peters, Darryl Davis and Arthur Pabst made many excellent contributions to the
development of the modeling concepts and the documentation. The development of the past two versions
of HEC-1 was managed by Arlen Feldman, Chief of the HEC Research Division. The word processing for
this document was performed by Cathy Lewis, Denise Nakaji, and Penni Baker. This electronic version of
the document was created by Anthony Novello. James Doan edited and assembled this final document
and created files for the web.



Section 2

Model Components

The stream network simulation model capability is the foundation of the HEC-1 program. All
other program computation options build on this option's capability to calculate flood hydrographs at
desired locations in a river basin. Section 2.1 discusses the conceptual aspects of using the HEC-1
program to formulate a stream network model from river basin data. Section 2.2 discusses the model
formulation as a step-by-step process, where the physical characteristics of the river basin are
systematically represented by an interconnected group of HEC-1 model components. Sections 2.3 through
2.8 discuss the functions of each component in representing individual characteristics of the river basin.

2.1 Stream Network Model Development

A river basin is subdivided into an interconnected system of stream network components (e.g.,
Figure 2.1) using topographic maps and other geographic information. A basin schematic diagram (e.g.,
Figure 2.2) of these components is developed by the following steps:

3040

c RESERVOIR
COMPONENT

D SUBBASIN
RUNOFF COMPONENT

—#——  CHANNEL ROUTING

O ANALYSIS POINT &
HYDROGRAPH COMBINATION

Figure 2.1 Example River Basin Figure 2.2 Example River Basin Schematic



Q) The study area watershed boundary is delineated first. In a natural or open area this can
be done from a topographic map. However, supplementary information, such as municipal drainage
maps, may be necessary to obtain an accurate depiction of an urban basin's extent.

(2) Segmentation of the basin into a number of subbasins determines the number and types
of stream network components to be used in the model. Two factors impact on the basin segmentation:
the study purpose and the hydrometeorological variability throughout the basin. First, the study purpose
defines the areas of interest in the basin, and hence, the points where subbasin boundaries should occur.

Second, the variability of the hydrometeorological processes and basin characteristics impacts on
the number and location of subbasins. Each subbasin is intended to represent an area of the watershed
which, on the average, has the same hydraulic/hydrologic properties. Further, the assumption of uniform
precipitation and infiltration over a subbasin becomes less accurate as the subbasin becomes larger.
Consequently, if the subbasins are chosen appropriately, the average parameters used in the components
will more accurately model the subbasins.

3) Each subbasin is to be represented by a combination of model components. Subbasin
runoff, river routing, reservoir, diversion and pump components are available to the user.

4) The subbasins and their components are linked together to represent the connectivity of
the river basin. HEC-1 has available a number of methods for combining or linking together outflow from
different components. This step finalizes the basin schematic.

2.2 Land Surface Runoff Component

The subbasin land surface runoff component, such as subbasins 10, 20, 30, etc. in Figure 2.1 or
equivalently as element 10 in Figure 2.2, is used to represent the movement of water over the land surface
and in stream channels. The input to this component is a precipitation hyetograph. Precipitation excess
is computed by subtracting infiltration and detention losses based on a soil water infiltration rate function.
Note that the rainfall and infiltration are assumed to be uniform over the subbasin. The resulting rainfall
excesses are then routed by the unit hydrograph or kinematic wave techniques to the outlet of the subbasin
producing a runoff hydrograph. The unit hydrograph technique produces a runoff hydrograph at the most
downstream point in the subbasin. If that location for the runoff computation is not appropriate, it may be
necessary to further subdivide the subbasin or use the kinematic wave method to distribute the local
inflow.

The kinematic wave rainfall excess-to-runoff transformation allows for the uniform distribution
of the land surface runoff along the length of the main channel (e.g., subbasin 60, Figure 2.2, runoff could
be laterally distributed between points 50 and 60 instead of being lumped at point 60). This uniform
distribution of local inflow (subbasin runoff) is particularly important in areas where many lateral
channels contribute flow along the length of the main channel.

Base flow is computed relying on an empirical method and is combined with the surface runoff
hydrograph to obtain flow at the subbasin outlet. The methods for simulating subbasin precipitation,
infiltration and runoff are described in Sections 3.1 through 3.5.

2.3 River Routing Component

A river routing component, element 1020, Figure 2.2, is used to represent flood wave movement
in a river channel. The input to the component is an upstream hydrograph resulting from individual or
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combined contributions of subbasin runoff, river routings or diversions. If the kinematic wave method is
used, the local subbasin distributed runoff (e.g., subbasin 60 as described above) is also inmatito the
channel and combined with the upstream hydrograph as it is routed to the end of the reach. The
hydrograph is routed to a downstream point based on the characteristics of the channel. There are a
number of techniques available to route the runoff hydrograph which are described in Section 3.6 of this
report.

2.4 Combined Use of River Routing and Subbasin Runoff Components

Consider the use of subbasin runoff components 10 and 20 and river routing reach 1020 in
Figure 2.2 and the corresponding subbasins 10 and 20 in Figure 2.1 The runoff from component 10 is
calculated and routed to control point 20 via routing reach 1020. The runoff hydrograph at analysis point
20 can be calculated by methods employing either the unit hydrograph or kinematic wave techniques. In
the case that the unit hydrograph technique is employed, runoff from component 10 is calculated and
routed to control point 20 via routing reach 1020. Runoff from subbasin 20 is calculated and combined
with the outflow hydrograph from reach 1020 at analysis point 20. Alternatively, runoff from subbasins
10 and 20 can be combined before routing in the case that the lateral inflows from subarea 20 are
concentrated near the upstream end of reach 1020. In the case that the kinematic wave technique is
employed, the runoff from subbasin 20 is modeled as a uniformly distributed lateral inflow to reach 1020.
The runoff from subbasin 10 is routed in combination with this lateral inflow via reach 1020 to analysis
point 20.

A suitable combination of the subbasin runoff component and river routing components can be
used to represent the intricacies of any rainfall-runoff and stream routing problem. The connectivity of
the stream network components is implied by the order in which the data components are arranged.
Simulation must always begin at the uppermost subbasin in a branch of the stream network. The
simulation (saceeding dta components) pceeds downstream tiha confluence is reachedefore
simulating below the confluence, all flows above that confluence must be computed and routed to
that confluence. The flows are combined at the confluence and the combined flows are routed
downstream. In Figure 2.2, all flows tributary to control point 20 must be combined before routing
through reach 2050.

2.5 Reservoir Component

Use of the reservoir component is similar to that of the river routing component described in
Section 2.3. The reservoir component can be used to represent the storage-outflow characteristics of a
reservoir, lake, detention pond, highway culvert, etc. The reservoir component functions by receiving
upstream inflows and routing these inflows through a reservoir using storage routing methods described in
Section 3.6. Reservoir outflow is solely a function of storage (or water surface elevation) in the reservoir
and not dependent on downstream controls.

2.6 Diversion Component

The diversion component is used to represent channel diversions, stream bifurcations, or any
transfer of flow from one point of a river basin to another point in or out of the basin. The diversion
component receives an upstream inflow and divides the flow according to a user preatirigeclirve as
described in Section 3.7.



2.7 Pump Component

The pump component can be used to simulate action of pumping plants used to lift runoff out of
low lying ponding areas such as behind levees. Pump operation data describes the number of pumps, their
capacities, and "on" and "off" elevations. Pumping simulation is accomplished in the level-pool routing
option described in Section 3.6.5. Pumped flow can be retrieved in the same manner as diverted flow.

2.8 Hydrograph Transformation

The Hydrograph Transformation options provide a capability to alter computed flows based on
user-defined criteria. Although this does not represent a true watershed component, the hydrograph
transformation options may be useful in performing a sensitivity analysis or for parameter estimation.
The hydrograph transformation options are: ratios of ordinates; hydrograph balance; and local flow
computation from a given total flow. The ratio of ordinates and hydrograph balance adjust the computed
hydrograph by a constant fraction or a volume-duration relationship, respectively (see BA and HB records
in Appendix A, Input Description). The local flow option has a dual purpose (see HL record in the Input
Description). First, the difference between a computed and a given hydrograph (e.g., observed flow) is
determined and shown as the local flow. Second, the given hydrograph is substituted for the computed
hydrograph for the remaining watershed simulations.



Section 3

Rainfall-Runoff Simulation

The HEC-1 model components are used to simulate the rainfall-runoff process as it occurs in an actual
river basin. The model components function based on simple mathematical relationships which are intended to
represent individual meteorologic, hydrologic and hydraulic processes which comprise the precipitation-runoff
process. These processes are separated into precipitation, interception/infiltration, transformation of precipitation
excess to subbasin outflow, addition of baseflow and flood hydrograph routing. The subsequent sections discuss
the parameters and computation methodologies used by the model to simulate these processes. The computation
equations described are equally applicable to English or metric units except where noted.

3.1 Precipitation
3.1.1  Precipitation Hyetograph

A precipitation hyetograph is used as the input for all runoff calculations. The specified precipitation is
assumed to be basin average (i.e., uniformly distributed over the subbasin). Any of the options used to specify

precipitation produce a hyetograph such as that shown in Figure 3.1. The hyetograph represents average
precipitation (either rainfall or snowfall) depths over a computation interval.

INTENSITY
(in/hr)

1o t te ts 2 ts
TIME (hr)

Figure 3.1 Rainfall Hyetograph



3.1.2  Historical Storms
Precipitation data for an observed storm event can be supplied to the program by either of two methods:

(1) Basin-Average Precipitation. Any storm may be specified for a subbasin as a total amount of
precipitation for the storm and a temporal pattern for distributing the total precipitation.

(2) Weighted Precipitation Gages. The total storm precipitation for a subbasin may be computed as the
weighted average of measurements from several gages according to the following equations:

n
JElF’RCF’N(J) XWINQ) (3.1)
PRCPA= —
n
Y WTN(QJ)
J=1

where PRCPA is the subbasin-average total precipitation, PRCPN(J) is the total precipitation for gage J, WTN(J) is
the relative weight for gage J, and n is the number of gages.

If normal annual precipitation for the subbasin is given, equation (3.1) is modified to include weighting by
station normal annual precipitation.

n
Y PRCPN(J)x WTN(J)
PRCPA = SNAP x J=1 (3.2)
n
Y ANAPN(J)x WTN(J)
J=1

where ANAPN is thetation normal annual precipitation, aB8IAP is the subbasin-average mat annual
precipitation. Use of this option may be desirable in cases where precipitation measurements are known to be
biased. For example, data obtained from a gage located on the floor of a valley may consistently underestimate
subbasin average precipitation for higher elevatidlSAPN may be used to adjust for this bias.

The temporal pattern for distribution of the storm-total precipitation is computed as a weighted average of
temporal distributions from recording stations:

n
Y PRCP(1,J)xWTR(J)

PRCP(|) _ =1 (3.3)

n
Y} WTR@J)
J=1

where PRCP(]) is the basin-average precipitation for the Ith time interval, PRCPR(I,J) is the recording station
precipitation for the Ith time interval, and WTR(J) is the relative weight for gage J.

The subbasin-average hyetograph is computed using the temporal pattern, PRCP, to distribute the total, PRCPA

9



3.1.3  Synthetic Storms
Synthetic storms are frequently used for planning and design studies. Criteria for synthetic storms are generally
based on a detailed analysis of long term precipitation data for a region. There are three methods in HEC-1 for generatii
synthetic storm distributions:
(1) Sstandard Project Storm. The procedure for computing Standard Project Storms, SPSapnogd in
HEC-1 is applicable to basins of area 10 to 1,000 square miles located eastlohfttide. The SPS is determined by
specifying an index precipitatio§PFE, a storm reduction coefficient, TRSPC, and the area over which the storm occurs,
TRSDA. SPFE and TRSPC are determined by referring to manual EM-1110-2-1411 (Corps of Engineers, 1952). A total
storm depth is determined and distributed over a 96-hour duration based on the following formulas which were derived
from design charts in the referenced manual.
R24HR(3) = 182.15-14.3537xIn(TRSDA-80.0) ... ... .............. (3.4)
R24HR(1) = 3.5
R24HR(2) = 15.5

R24HR(4) = 6.0

where R24HR(]) is the percent of the index precipitation occurring during the Ith 24-hour period.

Each 24-hour period is divided into four 6-hour periods. The ratio of the 24-hour precipitation occurring during
each 6-hour period is calculated as

13.42
R6HR(3) = = (3.5)
(SPFE+11.0¥
R6HR(2) = 0.055x(SPFE6.00°* (3.6)
R6HR(4) = 0.5x(1.0-R6HR(3) x R6HR(2))-0.0165
R6HR(1) = R6HR(4)-0.033
where R6HR(]) is the ratio of 24-hour precipitation occurring during the Ith 6-hour peridgRitiel is the index
precipitation in inches.
The precipitation for each time interval, except during the peak 6-hour period, is computed as
PRCP = O.leR24HR><R6HR><SPFE—-£—R6I_|R ............... (3.7

where TRHR is the computation time interval in hours.
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The peak 6-hour precipitation of each day is distributed according to the percentages in Table 3.1 If time interva
less than one hour are used, the peak 1-hour precipitation is distributed according to the percentages in Tifeble 3.2.
time interval must divide evenly into one hour. When the time interval is larger than shown in Tables 3.1 and 3.2,

Table 3.1

Distribution of Maximum 6-hour
SPS Or PMP In Percent of 6-hour Amount

EM 1110-2-1411 Southwestern Division*

Duration Criteria Criteria for PMP
Hours (Default) (Optional)
1 10 4
2 12 8
3 15 19
4 38 50
5 14 11
6 11 8

*Distribution of 100-yr precipitation at St. Louis, MO, based on NOAA Technical Memorandum_NWS H3/6lro

the percentage for the peak time interval is the sum of the highest percentages; e.g. for a 2-hour time interval, tke values
(14 + 12)%, (38 + 15)%, and (11 + 10)%. The interval with the largest percentageadaat by the second largest and
followed by the third largest. The second largest percentage is preceded by the fourth largest, the third largest percentac
followed by the fifth largest, etc.

Table 3.2
Distribution of Maximum 1-Hour SPS OR PMP*

Percent of Maximum Accumulated
Duration 1-Hour Precipitation Percent of
Hours in Each Time Interval Precipitation

5 3 3
10 4 7
15 5 12
20 6 18
25 9 27
30 17 44
35 25 69
40 11 80
45 8 88
50 5 93
55 4 97
60 3 100

*Distribution of 100-yr precipitation at St. Louis, MO, based on NOAA Technical MemorandumHi§t® - 35
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(2) Probable Maximum Precipitation. Current probable maximum precipitatié?MP, comptation methods are not

available in HEC-1.The PMP must be determined according to thgddal Weather Service's Hydrometeorological

Reports Nos. 36, 43, 49, 51, 52, or 55A, depending upon geographic location. Computer program HMR52 (HEC, 1984) i
available to assist witRMP and Probable Maximum Storm deteratian for the eastern United States. The PMP

computed from HMR52 or any other method may be input to HEC-1 to calculate runoff.

The PMP compiation procedure programmed in HEC-1 is that required by the outdated Hydrometeorological
Report No. 33 (HMR No. 33, National Weather Service, 1956). HMR No. 33 has been superseded by HMR Nos. 51 and °
The following HMR No. 33 procedure has been retained in HEC-1 for recomputation of previous studies. The method
requires an index precipitatioRMS, which can be determined by referring to HMR No. 33i@wal Weather Service,
1956). The minimum duration ofRMP is 24 hours, and it may last up to 96 hours. The day with the largest amount of
precipitation is peceded by the second largest and followed by the third largest. The fourth largegaficeciay
precedes the second largest. The distribution of 6-hour gegmp during each day is according to the following ratios:

R24-R12)
R6HR(1) = 0.4(—
(1) R24 (3.8a)
R12-R6
R6HR(2) = —= =
(2) ROA e (3.8b)
R6
R6HR(3) = —— :
3) ~od (3.8¢)

0.6 (R24-R12)

R6HR(4) = o

where R6HR(]) is the ratio of 24-hour precipitation occurring during Ith 6-hour period of a day, R6 is the maximum 6-hour
precipitation in percent of tHeMS index precipation, R12 is the maximum 12-hour precipitation in percef\s, and

R24 is the maximum 24-hour precipitation in percerRMiS. Precifiation is then distributed as for the standard project
storm.

A transposition coefficient can be applied to reduce the precipitation on a river basin when the storm area is large
than the river basin area. The transposition coefficient may be supplied or computed by the following equation in
accordance with the Corps Engineering Circular EC 1110-2-27 (1968).

TRSPC= 1-..0:3008 (3.9)

TRS DAO.17718

where TRSPC is the ratio of river basin precipitation to storm precipitation (minimum value is 0.80)3D#4 iERhe
river basin area in square miles.
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(3) Synthetic Storms from Depth-Duration Data. A synthetic storm of any duration from 5 minutes to 10 days

can be generated based on given depth-duration data. A triangular precipitation distribution is constructed such that the
depth specified for any duration occurs during the central part of the storm. This is referred to as a "balanced storm." If
TP-40 (National Weather Service, 1961) data are used, the program will automatically make the partial-to-annual series
conversion using the factors in Table 3.3 (which is Table 2 of TP-40) if desired.

Table 3.3

Partial-duration to Equivalent-Annual Series Conversion Factors

Return Period Frequency
2 year 50%
5 20%
10 10%

Conversion
Factor

0.88
0.96
0.99

Depths for 10-minute and 30-minute durations are interpolated from 5-, 15-, and 60-minute depths using the

following equations from HYDRO-35 (National Weather Service, 1977):

DlO — 0.59 D15+0.41% ....................................

Dy = 049D, +0.51D, e

where 0} is the precipitation depth for n-minute duration.

Point precipitation is adjusted to the area of the subbasin using the following equation (based on Figure 15,

National Weather Service, 1961).

FACTOR = 1.0- BVx(l_o_e(—o.015xAREA)

where FACTOR is the coefficient to adjust point rainfall, BV is the maximum reduction of point rainfall (from Table 3.4),

and AREA is the subbasin area in square miles.

Cumulative precipitation for each time interval is computed by log-log interpolation of depths from the

depth-duration data. Incremental precipitation is then computed and rearranged so the second largesedss ¢her
largest value, the third largest value follows the largest value, the fourth largest precedes the second largest, etc.
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Table 3.4
Point-to-Areal Rainfall Conversion Factors

Duration (hours) BV (Equation (3.12))

0.5 .48
1 .35
3 22
6 A7
24 .09

48 .068

96 .055

168 .049

240 .044

3.1.4 Snowfall and Snowmelt

Where snowfall and snowmelt are considered, there is provision for separate computation in up to ten elevation
zones within a subbasin. These zones are usually considered to be in elevation increments of 1,000 feet, but any equal
increments of elevation can be used as long as the air temperature lapseAB®) ([@drresponds to the change in
elevation within the zones. See Figure 12.3 in Example Problems, Section 12. The input temperature data are those
corresponding to the bottom of the lowest elevation zone. Temperatures are reduced by the lapse rate in degrees per
increment of elevation zone. The base temperature (FRZTP) at which melt will occur, must be specified because variatio
from 32°F (0°C) might be warranted considering both spatial and temporal fluctuations of temperature within the zone.

Precipitation is assumed to fall as snow if the zone temperature (TMPR) is less than the base temperature (FRZT
plus 2 degrees. The 2-degree increase is the same for both English and metric units. Melt occurs when the temperature
(TMPRY) is equal to or greater than the base temperature, FRZTP. Snowmelt is subtracted and snowfall is added to the
snowpack in each zone.

Snowmelt may be computed by the degree-day or energy-budget methods. The basic equations for snowmelt
computations are from EM 1110-1-1406 (Corps, 1960). These energy-budget equations have been simplified for use in t
program.

(1) Degree-Day Method.The degree-day method uses the equation

SNWMT = COEF(TMPR-FRZTP) ot (3.13)

where SNWMT is the melt in inches (mm) per day in the elevation zone, TMPR is the air temperdture i@ lapsed to
the midpoint of the elevation zone, FRZTP is the temperatute or °C at which snow melts, and COEF is the melt
coefficient in inches (mm) per degree-dak or °C).
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(2) Energy-Budget Method. Snowmelt by the energy-budget method is accomplished by equations 20 and 24 in
EM 1110-2-1406 (Corps, 1960) for rainy and rainfree periods of melt, respectively. For use in this program, k and k' in th
aforementioned equations are assumed to be 0.6 and 1.0, respectively. Note that the following equations for snowmelt a
for English units of measurement. The program has similar equations for the metric system which use the same variable
with coefficients relevant to metric units. The program computes melt during rain by Equation (3.14), below. This
equation is applicable to heavily forested areas as noted in EM 1110-2-1406.

SNWMT = COEF[0.09+(0.029+0.00504 WIND+0.007 RAIN)(TMPR- FRZTP)] (3.14)

Equation (3.15), below, is for melt during rainfree periods in partly forested areas (the forest cover has been
assumed to be 50 percent).

SNWMT = COEF[0.002 SOL(t ALBDO) +(0.0011 WIND+0.0145)(TMPR- FRZTP)

+0.0039WIND(DEWPT-FRZPT)] (3.15)

where SNWMT is the melt in inches per day in the elevation zone, TMPR is the air temperakulgpsed at the rate

TLAPS to midpoint of the elation zone, DEWPT is the dewpoint temperaturefrapsed at a rate 0.2 TLAPS to the
midpoint of the elevation zone. A discussion of the decrease in dewpoint temperature with higher elevations is found in
(Miller, 1970). FRZTP is the freezing temperaturéfih COEF is the dimensionless coefficient to account for variation

from the general snowmelt equation referenced in EM 1110-2-1406, RAIN is the rainfall in inches per day, SOL is the sol
radiation in langleys per day, ALBDO is the albedo of snow, .?%f(DBonstrained above 0.4, D is the days since last
snowfall, and WIND is the wind speed in miles per hour, 50 te@teathe snow.

3.2 Interception/Infiltration

Land surface interception, depression storage and infiltration are referred to in the HEC-1 model as precipitation
losses. Interception and depression storage are intended to represent the surface storage of water by trees or grass, loc
depressions in the ground surface, in cracks and crevices in parking lots or roofs, or in an surface area where water is nc
free to move as overland flow. Infiltration represents the movement of water to areas beneath the land surface.

Two important factors should be noted about the precipitation loss computation in the model. First, precipitation
which does not contribute to the runoff process is considered to be lost from the system. Second, the equations used to
compute the losses do not provide for soil moisture or surface storage recovery. (The Holtan loss rate option, described i
Section 3.2.4, is an exception in that soil moisture recovery occurs by percolation out of the soil moisture storaget) This f
dictates that the HEC-1 program is a single-event-oriented model.
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The precipitation loss computations can be used with either the unit hydrograph or kinematic wave model
components. In the case of the unit hydrograph component, the precipitation loss is considered to be a subbasin averag:
(uniformly distributed over an entire subbasin). On the other hand, separate precipitation losses can be specified for eac
overland flow plane (if two are used) in the kinematic wave component. The losses are assumed to be uniformly distribut
over each overland flow plane.

In some instances, there are negligible precipitation losses for a portion of a subbasin. This would be true for an
area containing a lake, reservoir or impervious area. In this case, precipitation losses will not be computed for a specifiet
percentage of the area labeled as impervious.

There are five methods that can be used to calculate the precipitation loss. Using any one of the methods, an
average precipitation loss is determined for a computation interval and subtracted from the rainfall/snowmelt hyetograph
shown in Figure 3.2. The resulting precipitation excess is used to compute an outflow hydrograph for a subbasin. A
percent imperviousness factor can be used with any of the loss rate methods to guarantee 100% runoff from that portion
the basin.

A percent imperviousfactor can be used with any of the loss rate methods; it guarantees 100% runoff from that
percent of the subbasin.

/PRECIPITATION EXCESS

INTENSITY
{in/hr)

or AVERAGE INFILTRATION
() /ovzn PERIOD
mm r

N
N
INFILTRATION
- CURVE

TIME (hr)

Figure 3.2 Loss Rate, Rainfall Excess Hyetograph

3.2.1 Initial and Uniform Loss Rate
An initial loss, STRTL (units of depth), and a constant loss rate, CNSTL (units of depth/hour), are specified for

this method. All rainfall is lost until the volume of initial loss is satisfied. After the initial loss is satisfied,|naitdat at
the constant rate, CNSTL.
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3.2.2  Exponential Loss Rate

This is an empirical method which relates loss rate to rainfall intensity and accumulated losses.
Accumulated losses are representative of the soil moisture storage. The equations for computation of loss are given

below and shown graphically in Figure 3.3.

ALOSS = (AK +DLTK)PRCPERAN (3.16a)

CUML > (3.16b)
DLTKR
for CUML < DLTKR

DLTK = 0.2DLTKR(1-(

AK = STRKR (3.160)

B (RT|OL 0.1CUML )

where ALOSS is the potéal loss rate in inches (mm) per hour during the time interval, AK is the loss rate
coefficient at the beginning of the time interval, and DLTK is the incremental increase in the loss rate coefficient
during the first DLTKR inches (mm) of accumulated loss, CUML. The accumulated loss, CUML, is determined by
summing the actual losses computed for each time interval. Note that there is not a direct conversion between
metric and English units for coefficients of this method, consequently separate calibrations to rainfall data are
necessary to derive the coefficients for both units of measure.

0.2 DLTKR/' OLTK = 0.2 DLTKR E- (CUML/DLTKR)] 2 >0

STRKR———p

A 0.1 CUML

/AK = STRKR/(RTIOL

)
[s— DLTKR

RTIOL = A/B

10" »

LOSS RATE COEFFICIENT {AK +DLTK)

Logarithmic Scale

Arithmetic Scale

CUMULATIVE LOSS (CUML) - inches {mm)

ALOSS = (AK +DLTK) PRCPERMN

Figure 3.3 General HEC Loss Rate Function for Snow-Free Ground
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DLTKR is the amount of initial accumulated rain loss during which the loss rate coefficient is increased.
This parameter is considered to be a function primarily afcadient soil moisture deficiency and isalgustorm
dependent. STRKR is the starting value of loss coefficient on expon&tgskion curve for rain losses
(snow-free ground). The starting value is considered a function of infiltration capacity and thus depends on such
basin characteristics as soil type, land use and vegetal cover.

RTIOL is the ratio of rain loss coefficient on exponential loss curve to that corresponding to 10 inches
(10 mm) more of accumulated loss. This variable may be considered a function of the ability of the surface of a
basin to absorb precipitation and should be reasonably constant for large rather homogeneous areas. ERAIN is the
exponent of precipitation for rain loss function that reflects the influence of precipitation rate on basin-average loss
characteristics. It reflects the manner in which storms occur within an area and may be considered a characteristic
of a particular region. ERAIN varies from 0.0 to 1.0.

Under certain circumstances it may be more convenient to work with the exponential loss rate as a two
parameter infiltration model. To obtain an initial and constant loss rate function, set ERAIN = 0 and RTIOL =
1.0. To obtain a loss rate function that decays exponentially with no initial loss, set ERAIN = 0.0 and DLTKR =
0.0.

Estimates of the parameters of the exponential loss function can be obtained by employing the HEC-1
parameter optimization option described in Section 4.

3.2.3 SCS Curve Number

The Soil Conservation Service (SCS), U.S. Department of Agriculture, has instituted a soil classification
system for use in soil survey maps across the country. Based on experimentation and experience, the agency has
been able to relate the drainage characteristics of soil groups to a curve number, CN (SCS, 1972 and 1975). The
SCS provides information on relating soil group type to the curve number as a function of soil cover, land use type
and antecedent moisture caiahs.

Precipitation loss is calculated based on supplied values of CN and IA (where IA is an initial surface
moisture storage capacity in units of depth). CN and IA are related to a total runoff depth for a storm by the
following relationships:

ACEXS = (ACRAN _IA)Z .............................. (3.17)
ACRAN-IA +S
< _ 1000-10xCN o
CN
S = 2540%2,\'54"(:'\' (Metric Units) ~ coveeeeeiennnn (3.18)

where ACEXS is the accumulated excess in inches (mm), ACRAN is the accumulated rainfall depth in inches
(mm), and S is the currently available soil moisture storage deficit in inches (mm).
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In the case that the user does not wish to specify 1A, a default value is computed as

A = 0.2XS (3.19)

This relation is based on empirical evidence established by the Soil Conservation Service.

Since the SCS method gives total excess for a storm, the incremental excess (the difference between
rainfall and precipitation loss) for a time period is computed as the difference between the accumulated excess at
the end of the current period and the accumulated excess at the end of the previous period.

3.2.4 Holtan Loss Rate

Holtan et al. (1975) compute loss rate based on the infiltration capacity given by the formula:

f = GIAXSABEXPLEC (3.20)

where fis the infiltration capacity in inches per hour, GIA is the product of Gl a "growth index" representing the
relative maturity of the ground cover and A the infiltration capacity in inches per hour*(@ictvailable storage),

SA is the equivalent depth in inches of pore space in the surface layer of the soil which is available for storage of
infiltrated water, FC is the constant rate of percolation of water through the soil profile below the surface layer, and
BEXP is an empirical exponent, typically taken equal to 1.4.

The factor "A" is interpreted as an index of the pore volume which is directly connected to the soil
surface. The number of surface-connected pores is related to the root structure of the vegetation, so the factor "A"
is related to the cover crop as well as the soil texture. Since the surface-connected porosity is related to root
structure, the growth index, Gl, is used to indicate the development of the root system and in agricultural basins Gl
will vary from near zero when the crop is planted to 1.0 when the crop is full-grown.

Holtan et al. (1975) have made estimates of the value of "A" for several vegetation types. Their estimates
were evaluated at plant maturity as the percent of the ground surface occupied by plant stems or root crowns.

Estimates of FC can be based on the hydrologic soil group given in the SA®élai®72 and 1975).
Musgrave (1955) has given the following values of FC in inches per hour for the four hydrologic soil groups: A,
0.45 to 0.30; B, 0.30 to 0.15; C, 0.15 to 0.05; D, 0.05 or less.

The available storage, SA, is decreased by the amount of infiltrated waieceeased at the
percolation rate, FC. Note, by calculating SA in this manner, soil moisture recovery occurs at the deep
percolation rate. The amount of infiltrated water during a time interval is computed as the smaller of 1) the
amount of available water, i.e., rain or snowmelt, or 2) the average infiltration capacity times the length of the time
interval.
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In HEC-1, the infiltration equation used is

F1+F2 (3.21)

F — XTRHR .................................

where F1 and F2 and SA1 and SA2 are the infiltration rates and available storage, respectively, at the beginning
and end of the time interval TRHR, and

F1 = GIAXSAL1BEXPLFC (3.22)
F2 = GIAXSA2BEXPLEC (3.23)
SA2 = SA1-F+FCxTRHR = (3.24)

3.2.5 Green and Ampt Infiltration Function

The Green and Ampt infiltration function (see Mein and Larson, 1973) is combined with an initial
abstraction to compute rainfall losses. The initial abstraction is satisfied prior to rainfall infiltration as follows:

rt) =0 for PO)<IA T>0 cooooeeeees (3.25)

rt) =ryt) for Pt >IA T>0

where P(t) is the cumulative precipitation over the watershed, r(t) is the rainfall intensity adjusted for surface
losses, t is the time since the start of rainfglt),rand IA is the initial abstraction. The Green and Ampt
infiltration is applied to the remaining rainfall by applying the following equation:

F(t) = PSIFxDTHETA ft) > XKSAT oo (3.27)
[0

XKSAT -1

f(t) = r(t) f(t) < XKSAT

where F(t) is the cumulative infiltration, f(t) = dF(t)/dt is the infiltration rate, and the parameters of the Green and
Ampt method are PSIF, the wetting front suction, DTHETA, the volumetric moisture deficki®WIT, the

hydraulic conductivity at natural saturation. The application of this equation is complicated by the fact that it is
only applicable to a uniform rainfall rate. The difficulty is overcome by calculating a time to ponding (see Mein

and Larson, 1973; and Morel-Seytoux, 1980). Time to ponding (the time at which the ground surface is saturated)
is calculated by applying Equation (3.27) over the computation intAtval
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r > XKSAT ... (3.29)

j-1
PSIFxDTHET
AF = F-F = A]—_Z rvt
g 1 i=1
XKSAT

where its recognized that at ponding the infiltration and rainfall rates are equal (i(t) 5 it)heraverage
rainfall rate during period j,;land F; are the cumulative infiltration rates at the end of periods j and-1s the
incremental infiltration over period j.

Ponding occurs if the following condition is satisfied:

AF < tAt (3.30)

otherwise the rainfall over the period will be completely infiltrated. Once ponding has occurred, the infiltration

and rainfall rates are independent and Equation (3.27) can be easily integrated to calculate the infiltration over the
computation interval. The ponded surface condition might not be maintained during the entire storm. This occurs
when the rainfall rate falls below the post-ponding infiltration rate. In this case, a new ponding time is calculated
and the infiltration calculation is applied as previously described.

3.2.6 Combined Snowmelt and Rain Losses

Either a snowmelt uniform loss rate or exponential loss rate can be applied to combined snowmelt and
rainfall. The difference between these loss rates and the analogous rainfall loss rates described in Sections 3.2.1
and 3.2.2 is that no initial losses are considered. The snowmelt uniform loss rate is applied in the same manner as
in the calculation of rainfall loss. The snowmelt exponential loss rate is calculated using the following formula:

AK = STRKS (3.31)

RT|OKO'1CUML

where AK is the potential loss rate, CUML is the cumulative loss and STRKS and RTIOK are parameters
analogous to those used in the rainfall exponential loss rate (see Section 3.2.2). If AK is greater then the available
snowmelt and rainfall then the loss rate is equal to the total available snowmelt and rainfall. Either the initial and
uniform (Section 3.2.1) or the exponential loss rates (Section 3.2.2) can be applied in conjunction with the
corresponding snowmelt loss rates. These loss rates are applied to rainfall when the snowmelt is less then zero.

3.3 Unit Hydrograph

The unit hydrograph technique has been discussed extensively in the literature (Corps of Engineers, 1959,
Linsley et al., 1975, and Viessman et al., 1972). This technique is used in the subbasin runoff component to
transform rainfall/snowmelt excess to subbasin outflow. A unit hydrograph can be directly input to the program or
a synthetic unit hydrograph can be computed from user supplied parameters.

3.3.1 Basic Methodology
A 1-hour unit hydrograph is defined as the subbasin surface outflow due to a unit (1 inch or mm) rainfall
excess applied uniformly over a subbasin in a period of one hour. Unit hydrograph durations other than an hour

are common. HEC-1 automatically sets dlneation of unit excessequal to theomputation interval selected for
watershed simulation.
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The rainfall excess hyetograph is transformed to a subbasin outflow by utilizing the general equation:

i
Q) - UG X X(i—j+1) e (3.32)
] =1

where Q(i) is the subbasin outflow at the end of computation interval i, U(j) is the jth ordinate of the unit
hydrograph, X(i) is the average rainfall excess for computation interval i.

The equation is based on two important assumptions. First, the unit hydrograph is characteristic for a
subbasin and is not storm dependent. Second, the runoff due to excess from different periods of rainfall excess can
be linearly superposed.

3.3.2  Synthetic Unit Hydrographs

The parameters for the synthetic unit hydrograph can be determined from gage data by employing the
parameter optimization option described in Section 4. Otherwise, these parameters can be determined from
regional studies or from guidelines given in references for each synthetic technique. There are three synthetic unit
hydrograph methods available in the model.

(1) Clark Unit Hydrograph. The Clark method (1945) requires three parameters to calculate a unit
hydrograph: TC, the time of concentration for the basin, R, a storage coefficient, and a time-area curve. A
time-area curve defines the cumulative area of the watershed contributing runoff to the subbasin outlet as a
function of time (expressed as a proportion of TC).

In the case that a time area curve is not supplied, the program utilizes a dimensionless time area curve:

Al = 1.414 T+ 0<T<05 ... (3.33)

1-Al = 1.414(1-T)5 05<T<1

where Al is the cumulative area as a fraction of total subbasin area and T is the fraction of time of concentration.
The ordinates of the time-area curve are converted to volume of runoff per second for unit excess and interpolated
to the given time interval. The resulting translation hydrograph is then routed through a linear reservoir to
simulate the storage effects of the basin; and the resulting unit hydrograph for instantaneous excess is averaged to
produce the hydrograph for unit excess occurring in the given time interval.

The linear reservoir routing is accomplished using the general equation:

Q(2) = CAXI +CBXQ(L) e (3.35)
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The routing coefficients are calculated from:

CA - At (3.36)
(R +0.5At)

CB = 1-CA (3.37)

QUNGR = 0.5[Q(1)+Q(2)]  «rrerreiaa e (3.38)

where Q(2) is the instantaneous flow at end of period, Q(1) is the instantaneous flow at the beginning of period, | is
the ordinate of the translation hydrographjs the computation time interval in hours (also duration of unit

excess), R is the basin storage factor in hours, and QUNGR is the unit hydrograph ordinate at end of computation
interval. The computation of unit hydrograph ordinates is terminated when its voloesgl®®95 inch (mm) or

150 ordinates, whichever occurs first.

(2) Snyder Unit Hydrograph. The Snyder method (1938) determines the unit graph peak discharge,
time to peak, and widths of the unit graph at 50% and 75% of the peak discharge. The method does not produce
the complete unit graph required by HEC-1. Thus, HEC-1 uses the Clark method to affect a Snyder unit graph.
The initial Clark parameters are estimated from the given Snyder's parameters, Tp and Cp. A unit hydrograph is
computed using Clark's method and Snyder parameters are computed from the resulting unit hydrograph by the
following equations:

Tpeak-0.5xAt . ... ... ... (3.39)

CPTMP = QMAX x
x A

ALAG = 1.048x(Tpeak 0.75 xAt)

where CPTMP is Snyder's Cp for computed unit hydrograph, QMAX is the maximum ordinate of unit hydrograph,
Tpeak is the time whe@MAX occurs, in hoursAt is the duration of excess, in hours, A is the subbasin area in
square miles (sq km), C is a conversion factor, and ALAG is Snyder's standard Lag, Tp for the computed unit
hydrograph. Snyder's standard Lag is for a unit hydrograph which has a duration of excess equal to Tp/5.5. The
coefficient, 1.048, in equation results from converting the duration of excess to the given time interval.

Clark's TC and R are adjusted to compensate for differences between values of Tp and Cp calculated by
Equations (3.39) and (3.40) and the given values. A new unit hydrograph is computed using these adjusted values.
This procedure continues through 20 iterations or until the differences between computed and given values of Tp
and Cp are less than one percent of the given values.

3) SCS Dimensionless Unit Hydrograph.Input data for the Soil Conservation Service, SCS,
dimensionless unit hydrograph method (1972) consists of a single parameter, TLAG, which is equal to the lag
(hrs) between the center of mass of rainfall excess and the peak of the unit hydrograph. Peak flow and time to peak
are computed as:
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TPEAK = 0.5xAt+TLAG

QPK - 484x TAPREEA'\AK ................................ (3.42)

where TPEAK is the time to peak of unit hydrograph in haotrss the duration of excess in hours or computation
interval, QPK is the peak flow of unit hydrograph in cfs/inch, and AREA is the subbasin area innsitggmre he
unit hydrograph is interpolated for the specified computation interval and computed peak flow from the
dimensionless unit hydrograph shown in Figure 3.4.

1.0-"

DIMENSIONLESS FLOW, Q/Qpy

o 1 2 3 4 5
DIMENSIONLESS TIME, t;TPEAK:

Figure 3.4 SCS Dimensionless Unit Graph

The selection of the program computation interval, which is also the duration of the unit hydrograph, is
based on the relationshig = 0.2 * TPEAK (SCS, 1972, Chapters 15, 16). There is some latitude allowed in this
relationship; however, the duration of the unit graph should roeeebdt < 0.25 * Tpeak. These relations are
based on an empirical relationship, TLAG = 0.6 * Tc, and 1.7 * TPEAX = Tc where Tc is the time of
concentration of the watershed. Using these relationships, along with equation (3.34) it is found that the duration

should not be greater tha < 0.29 * TLAG.
3.4 Distributed Runoff Using Kinematic Wave and Muskingum-Cunge Routing

Distributed outflow from a subbasin may be obtained by utilizing combinations of three conceptual
elements: overland flow planes, collector channels and a main channel as shown in Figure 3.5. The kinematic
wave routing technique can be used to route rainfall excess over the overland flow planes. Either the kinematic
wave or Muskingum-Cunge technique can be used to route lateral inflows through a collector channel and
upstream and lateral inflows through the main chanNete, kinematic wave and Muskingum-Cunge channel
elements cannot be inter-mixed. This section deals with the application of the conceptual elements to
precipitation-runoff routing and the development of the kinematic wave and Muskingum-Cunge equations utilized
to perform the routing. Refer to HEC, 1979, for details on development of the kinematic wave equations.
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Figure 3.5 Relationship Between Flow Elements
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3.4.1 Basic Concepts for Kinematic Wave Routing

In the kinematic wave interpretation of the equations of motion, it is assumed that the bed slope and water
surface slope are equal and acedien effects are negligible (parameters given in metric units are converted to
English units for use in these equations). The momentum equation then simplifies to

Sf = S (3.43)

(o]

where $is the friction slope and,$ the channel bed slope. Thus flow at any point in the channel can be
computed from Manning's formula.

N

where Q is flow, S is the channel bed slope, R is hydraulic radius, A is cross-sectional area, and n is Manning's
resistance factor. Equation (3.44) can be simplified to

Q = A ™ (3.45)

wherec. and m are related to flow geometry and surface roughness. Figure 3.6 gives relations for a and m for
channel shapes used in HEC-1. Note that flow depths greater than the diameter of the circular channel shape are
possible, which only approximates the storage characteristics of a pipe or culvert.

Since the momentum equation has been reduced to a simple functional relation between area and
discharge, the movement of a flood wave is described solely by the continuity equation

6=A+£ =
ot Ox

The overland flow plane initial condition is initially dry and there is no inflow at the upstream boundary of the
plane. The initial and boundary conditions for the kinematic wave channel are determined based on an upstream
hydrograph.
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Figure 3.6 Kinematic Wave Parameters for Various Channel Shapes
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3.4.2 Solution Procedure

The governing equations for either overland flow or channel routing are solved in the same manner. The
method assumes that inflows, whether it be rainfall excess or lateral inflows, are constant within a time step and
uniformly distributed along the element. By combining Equations (3.45) and (3.46), the governing equation is
obtained as:

oA mA(m’1)6=A

it =0 e 3.47
+ o B q (3.47)

A is the only dependent variable in the equatioand m are considered constants. The equation can be solved
using a finite difference approximation proposed by Leclerc and Schaake (1973). The standard form of the finite
difference approximation to this equation is developed as:

A~ A, 06m[A(i,j—1)+A(i—1,1—1)]m71x[A(i,j—l)‘A(i—l,j—l)] - q - (3.48)
At 2 Ax 2
where qis defined as:
% "Y%in (3.49)

a 2

The indices of the approximation refer to positions on a space-time grid (Figure 3.7). The grid indicates the
position of the solution scheme as it solves for the unknown values of A at various positions and times. The index i
indicates the current position of the solution scheme along the length, L, of the channel or overland flow plane:

Y

Ali-,1) AL

AL AL

N
S\

™ Ax o1
Xj-y X Xi+q

X

Figure 3.7 Finite Difference Method Space-Time Grid
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j indicates the current time step of the solution scheme. i-1, j-1 indicate, respectively, positions and times removed
a valueAx andAt from the current position of the solution scheme. The only unknown value in the equation is the
current value 4y,. All other values are known from either a solution of the equation at a previous position i-1 and
time j-1, or from a boundary condition. Solving for the unknown:

Ay = BB AG
At A(.’. 1) +A(.71’.71) 71 ... (3.50)
—oam[ I T X Ay T A ]
Once A is known, the flow can be computed as:
Qip = ¢IA 1™ (3.51)

The standard form of the finite difference equation is applied when the following stability factor, R is less
than unity (see Alley and Smith, 1987):

m
R=_"2 [(QAt+A )"~ A ] 9>0 (3.52)
LAX ’ i-1,j-1
or
m-1
R-am A At Q=0 e (3.53)
i-1,j-1 AX

If R is less than unity then the "conservation" form of the finite difference equation applies:

Agpy A

At

(LID]—q (3.54)

Quj ~ Q-1 |
AX

where Q; is the only unknown. Solving for the unknown:

Qi = Q(i—l,j)+qAX_[A(i—l,j)_A(i—l,j—l)] ............... (3.55)

knowing the value of .

The accuracy and stability of the finite difference scheme depends on approximately maintaining the
relationship &t = Ax, where c is the average kinematic wave speed in an element. The kinematic wave speed is a
function of flow depth, and, consequently, varies during the routing of the hydrograph through and element. Since
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Ax is a fixed value, the finite difference scheme utilizes a varisbieternally to maintain the desired relationship
betweenAx, At and c. However, HEC-1 performs all other computations at a constant time interval specified by
the user. Necessarily, the varialAtehydrograph computed for a subbasin by the finite difference scheme is
interpolated to the user specified computation interval prior to other HEC-1 computations. The resulting
interpolation error is displayed in both intermediary and summary output (see Example Problem #2).

The accuracy of the finite difference scheme depends on the selection of the distance inArenidme,
distance increment is initially chosen by the formAtka= cAt,,, where c in this instance is an estimated maximum
wave speed depending on the lateral and upstream inflowstgmslithe time step equal to the minimum of (1)
one third the travel time through the reach, the travel time being the element length divided by the wave speed (2)
one-fourth the upstream hydrograph rise time and (3) the user specified computation interval. Finally, the
computedAx is chosen as the minimum of the computgdand L/NDXMIN, where NDXMIN is a user specified
number ofAx values to be used by the finite difference scheme (minimum default value, NDXMIN = 5, for
overland flow planes and 2 for channels, maximum NDXMIN = 50).

Consequently, the accuracy of the finite difference solution deperutstiothe selection ofAx and the
interpolation of the kinematic wave hydrograph to the user specified computation interval The default
selection of thé\x value by the program will probably be accurate enough for most purposes. The user may wish
to check the accuracy by alterihgpXMIN (see Example Problem #2More importantly , the user should always
checkthe error in interpolating to the user specified computation interval as summarized at the end of the HEC-1
output. The interpolation error may teuced by reducing thecomputation interval.

3.4.3 Basic Concepts for Muskingum-Cunge Routing

The Muskingum-Cunge routing technique can be used to route either lateral inflow from either kinematic
wave overland flow plane or lateral inflow from collector channels and/or an upstream hydrograph through a main
channel.

The 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
Brunner, 1989); and (3) the solution is independent of the user specified computation interval. The major
limitations of the Muskingum-Cunge application in HEC-1 are that: (1) it can not account for backwater effects;
and (2) the method begins to diverge from the full unsteady flow solution when very rapidly rising hydrographs are
routed through very flat slopes (i.e. channel slopes less than 1 ft./mile).

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

6=A +6=Q = q (continuity) . ... (3.57)
5t dx L
(diffusion form of Momentum equation). . ....... (3.58)
s -5,-
f (0] Sx

30



By combining Equations (3.57) and (3.58) and linearizing, the following convective diffusion equation is
formulated (Miller and Cunge, 1975):

5Q _8Q 3%Q (3.59)
—+Cc—= = C
5t Cox  Naxz

where:

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 celerity in the x direction as defined below.

O <X > o

c - 4Q [ TP TRarY (3.60)
dA

The hydraulic diffusivity ) is expressed as follows:

U = QL (3.61)
2BS,
where B is the top width of the water surface.
Following a Muskingum-type formulation, with lateral inflow, the continuity Equation (3.57) is

discretized on the x-t plane (Figure 3.8) to yield:

n+1 n n+1 n

Q =C,Q+C,Q +C,Q +C,Q,  rrriiiiiiii (3.62)

j+1 i i j+1

Figure 3.8 Discretization on x-t Plane of the Variable Parameter Muskingum-Cunge Model.
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where:

%+2X %—ZX
CCm oo G m oo
—+2(1-X —+2(1-X
" (1-X) " (1-X)
2(1-x) - At 2(AY
c.-_—____K c-__ K
TOA Ly tOA 0
K K
QL = qLAx

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

S = KIXI +(1-X)O] oot (3.63)
where: S = channel storage
K = cell travel time (seconds)
X = weighing factor
I = inflow
@] = outflow

In the Muskingum equation the amount of diffusion is based on the value of X, which varies between 0.0
and 0.5. The Muskingum X parameter is not directly related to physical channel properties. The diffusion
obtained with the Muskingum technique is a function of how the equation is solved, and is therefore considered
numerical diffusion rather than physical. In the Muskingum-Cunge formulation, the amount of diffusion is
controlled by forcing the numerical diffusion to match the physical diffugipfr¢m Equation (3.59) and (3.61).

The Muskingum-Cunge equation is therefore considered an approximation of the convective diffusion Equation
(3.59). As a result, the parameters K and X are expressed as follows (Cunge, 1969 and Ponce, 1983):

kK = AX (3.64)
c
_ 1( ___Q N LA LR R R R T T TP EPREPPRPPIPPRPRRPPRRY (3.65)
2 BS,cAX
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Then the Courant (C) and cell Reynolds (D) numbers can be defined as:

C = Ci ........................................... (3.66)
AX
and
D - Q (3.67)
BSOCAX

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

C - 1+C-D C - -1+C+D
1 1+C+D 2 1+C+D
C. - 1-C+D c - 2C
3 1+C+D 4 1+C+D

in which the dimensionless numbers C and D are expressed in terms of physical quantitieg, @d¢)sand
the grid dimensionsAx andAt).

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

Values forAt andAx are chosen internally by the model for accuracy and stability. Eirst,evaluated
by looking at the following 3 criteria and selecting the smallest value:

Q) 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,.

3) The travel time of the channel reach.

OnceAt is chosenAx is evaluated as follows:

AX = CAL (3.68)

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

Q,

0C

) (3.69)

Ax < %(cAt +
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where Q is the reference flow and;@ the baseflow taken from the inflow hydrograph as:

QO - QB +0.50 (Q)eak_ QB)

Ax is chosen as the smaller value from the two criteria. The values chosen by the prograanfibAt are

printed in the output, along with 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.

Data for the Muskingum-Cunge method consist of the following for either a main or collector channel:

1) Representative channel cross section.

(2) Reach length, L.

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

4) Channel bed slopey.S
The method can be used with a simple cross section, as shown in Figure 3.6 under kinematic wave routing, or a
more detailed 8-point cross section can be provided. If the simple channel configurations shown in Figure 3.6 are

used, Muskingum-Cunge routing can be accomplished through the use of a single RD record as follows:

KK taon Computation ldentifier
RD . MuskingGomge Data

If the more detailed 8-point cross section (Figure 3.10) is used, enter the following sequence of records:

KK taion Computation Identifier

RD ... Blank record to indicate Muskingum - Cunge routing
RC

RX.} .............................................. 8-point Cross-Section Data
RY

When using the 8-point cross section, it is ratassary to fill out the data for the RD record. All of theassary
information is taken from the RC, RX and RY records. For more details see Example Problem #15.
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3.4.4 Element Application

1) Overland Flow. The overland flow element is a wide rectangular channel of unit width; so,
referring to Figure 3.6z = 1.4863/N and m = 5/3. Notice that Manning's n has been replaced by an overland
flow roughness factor, N. Typical values of N are shown in Table 3.5. When applying Equations (3.43) and (3.46)
to an overland flow element, the lateral inflow is rainfall excess (previously computed using methods described in
Section 3.2) and the outflow is a flow per unit width.

An overland flow element is described by four parameters: a typical overland flow length, L, slope and
roughness factor which are used to compytand the percent of the subbasin area represented by this element.

Two overland flow elements may be used for each subbasin. The total discharge, Q, from each element is
computed as

AREA (3.70)

= X e e e e e e e e e e e e e e
Q=q .

where q is the discharge per unit width from each overland flow element computed from Equations (3.44) or
(3.46), AREA is the area represented by each element, and L is the overland flow length.

Table 3.5

Resistance Factor for Overland Flow

Surface N value Source
Asphalt/Concrete* 0.05-0.15 a
Bare Packed Soil Free of Stone 0.10 c
Fallow - No Residue 0.008 - 0.012 b
Convential Tillage - No Residue 0.06 -0.12 b
Convential Tillage - With Residue 0.16 -0.22 b
Chisel Plow - No Residue 0.06 -0.12 b
Chisel Plow - With Residue 0.10 -0.16 b
Fall Disking - With Residue 0.30 -0.50 b
No Till - No Residue 0.04 -0.10 b
No Till (20-40 percent residue cover) 0.07 -0.17 b
No Till (60-100 percent residue cover) 0.17 -0.47 b
Sparse Rangeland with Debris:

0 Percent Cover 0.09 -0.34 b
20 Percent Cover 0.05 -0.25 b
Sparse Vegetation 0.053-0.13 f
Short Grass Prairie 0.10 -0.20 f
Poor Grass Cover On Moderately Rough 0.30 c
Bare Surface
Light Turf 0.20 a
Average Grass Cover 0.4 c
Dense Turf 0.17 -0.80 a,c.ef
Dense Grass 0.17 -0.30 d
Bermuda Grass 0.30 -0.48 d
Dense Shrubbery and Forest Litter 0.4 a

Legend: a) Harley (1975), b) Engman (1986), ¢) Hathaway (1945), d) Palmer (1946),e) Ragan and Quru
(1972), f) Woolhiser (1975). (See Hjemfelt, 1986)

*Asphalt/Concrete n value for open channel flow 0.01 - 0.016
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(2) Channel Elements. Flow from the overland flow elements travels to the subbasin
outlet through one or two successive channel elements, Figure 3.5. A channel is defined by length,
slope, roughness, shape, width or diameter, and side slope, Figure 3.6. The last channel in a subbasin
is called the main channel, and any intermediate channels between the overland flow elements and the
main channel are called collector channels. The main channel may be described by either the simple
cross-sections shown in Figure 3.6 or by specifying an eight-point cross section when choosing
Muskingum-Cunge routing. Note that Muskingum-Cunge and kinematic wave channels cannot be
used within the same subbasin and the use of a collector channel is optional.

Lateral inflow into a channel element from overland flow is the sum of the total discharge
computed by Equation (3.50) for both elements divided by the channel length. If the channel is a
collector, the area used in Equation (3.50) is the area serviced by the collector. Lateral inflow, g, from
a collector channel is computed as:

<AREAZ 1

a4 = Q* REAL L

where Q is the discharge from the collector, AREA1 is a typical area served by this collector, AREA2
is the area served by the channel receiving flow from the collector, and L is the length of the receiving
channel. If the receiving channel is thain channel, AREA2 is the subbasin area.

3) Element Combination. The relationship between the overland flow elements and
collector and main channels is best described by an example (see Figure 3.5). Consider that the
subbasin being modeled is in a typical suburban community and has a drainage area of one square
mile. The typical suburban housing block is approximately .05 square miles. Runoff from this area
(lawns, roofs, driveways, etc.) is intercepted by a local drainage system of street gutters and drainage
pipes (typically 10-15 inch diameter). Flow from local drainage systems is intercepted by drainage
pipes (typically 21 to 27 inches in diameter) and conveyed to a small stream flowing through the
community. Typically each of the drainage pipes service about a .25 square mile area.

One approach to modeling the subbasin employs two overland flow elements, two collector
channels and a main channel. One overland flow plane is used to model runoff from pervious land
uses and the other plane is used to model impervious surfaces. The first collector channel models the
local drainage system, the second collector channel models the interceptor drainage system and the
main channel models the stream. The model parameters which might typically be used to characterize
the runoff from the subbasin are shown in Table 3.6. These parameters can be obtained from
topographic maps, town or
city drainage maps or any other source of land survey information. Note that the parameters are
average or typicalfor the subbasin and do not necessarily reflect any particular drainage component
in the subbasin (i.e., these are parameters which are representative for the entire subbasin).

The model requires that at least one overland flow plane and one main channel be used in
kinematic wave applications. In theave example, fewer elements might have been used depending
on the level of detail required for the hydrologic analysis.

35 Base Flow

Two distinguishable contributions to a stream flow hydrograph are direct runoff (described
earlier) and base flow which results from releases of water from subsurface storage. The HEC-1 model
provides means to include the effects of base flow on the streamflow hydrograph as a function of three
input parameters, STRTQ, QRCSN and RTIOR. Figure 3.8 defines the relation between the
streamflow hydrograph and these variables.
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Table 3.6

Typical Kinematic Wave/Muskingum-Cunge Data

Overland Flow Plane Data

Average
Overland Flow Slope Roughness Percentage of
Identification Length (ft) (ft/ft) Coefficient Subbasin Area
Pervious Area 200 .01 .3 80%
Impervious Area 100 .01 1 20%

Channel Data

Channel Channel Contributing
Length Slope Channel Area
(ft) (ft/ft) Roughness (sq mi) Shape
Collector Channel 500 .005 .02 .05 2.0 (ft) (Diameter)
Collector Channel 1500 .001 .015 .25 2.0 (ft) (Diameter)
**Main Channel 4000 .001 .03 1.0* Trapezoidal

* Main channel always assumed to service total subbasin area.

**Note main channel may be eight-point cross section when using Muskingum-Cunge routing,
Muskingum-Cunge and kinematic wave channel elements cannot be inter-mixed.

The variable STRTQ represents the initial flow in the river. It is affected by the long term
contribution of groundwater releases in the absence of precipitation and is a functiecedamt
conditions (e.g., the time between the storm being modeled and the last occurrence of precipitation). The
variable QRCSN indicates the flow at which an exponergiz@gsion begins on the recediimgb of the
computed hydrograph. Recession of the starting flow and "falling limb" follow a user specified exponential
decay rate, RTIOR, which is assumed to be a characteristic of the basin. RTIOR is equal to the ratio of a
recession limb flow to theecession limb flow occurring one hour later. The program computes the
recession flow Q as:

Q = QO(RTIOR)’”At .................................... (3.72)

where Qis STRTQ or QRCSN, andM is the time in hours sincecession was initiated. QRCSN and
RTIOR can be obtained by plotting the log of observed flows versus time. The point at whistetiséon
limb fits a straight line defines QRCSN and the slope of the straight line is used to define RTIOR.
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Figure 3.9 Base Flow Diagram

Alternatively, QRCSN can be specified as a ratio of the peak flow. For example, the user can specify that
the exponentialacession is to begin when the "falling limb" discharge drops to 0.1 of the calculated peak
discharge.

The rising limb of the streamflow hydrograph is adjusted for base flow by addingctssed
starting flow to the computed direct runoff flows. The falling limb is determined in the same manner until
the computed flow is determined to be less than QRCSN. At this point, the time at which the value of
QRCSN is reached is estimated from the computed hydrograph. From this time on, the streamflow
hydrograph is computed using the recession equation unless the computed floborisgh@base flow
recession. This is the case of a double peaked streamflow hydrograph where a rising limb of the second
peak is computed by combining the starting flow recessed from the beginning of the simulation and the
direct runoff.
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3.6 Flood Routing

Flood routing is used to simulate flood wave movement through river reaches and reservoirs. Most of the
flood-routing methods available in HEC-1 are based on the continuity equation and some relationship between flow
and storage or stage. These methods are Muskingum, Muskingum-Cunge, Kinematic wave, Modified Puls,
Working R and D, and Level-pool reservoir routing. In all of these methods, routicepdsoon an
independent-reach basis from upstream to downstream; neither backwater effects nor discontinuities in the water
surface such as jumps or bores are considered.

Storage routing methods in HEC-1 are those methods which require data that define the storage
characteristics of a routing reach or reservoir. These methods are: modified Puls, working R and D, and
level-pool reservoir routing.

There are also two routing methods in HEC-1 which are based on lagging averaged hydrograph ordinates.
These methods are not based on reservoir storage characteristics, but have been used on several rivers with good
results.

3.6.1 Channel Infiltration

Chann