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Executive

The objective of the Drainage Design Manual for Maricopa County, Volume I, Hydrology,
(hereinafter referred to as the Hydrology Manual) is to provide technical procedures for the
estimation of flood discharges for the purpose of designing stormwater drainage facilities in
Maricopa County. Two methodologies are defined for the development of design discharges;
the Rational Method, and rainfall-runoff modeling using a design storm. For small, urban
watersheds, less than 160 acres and fairly uniform land-use, the Rational Method is .
acceptable. Use of this method will only produce. peak discharges and runoff volumes and
this method should not be used if a complete runoff hydrograph is needed, such as for routing

. through detention facilities. For larger, more complex watersheds or drainage networks, a
rainfall-runoff model should be developed. The Hydrology Manual provides guidance in the
development of such a model and the estimation of the necessary input parameters to the
model. Although not necessarily required, the use of the U.S. Army Corps of Engineers’
HEC-1 Flood Hydrology Program facilitates the use of the procedures that are contained in
the Hydrology Manual. (The Hydrology Manual was written to supplement the HEC-1
User's Manual.)

The Hydrology Manual can be used to develop design discharge magnitudes for storms of
frequencies up to and including the 100-year event. The design storm is of 6-hour duration
and that storm is to be used for the design of all stormwater drainage facilities except
detention and retention basins. According to the Uniform Drainage Policies and Standards -
Jor Maricopa County, Arizona (February 25, 1987), all development shall make provisions
to retain the peak flow and volume of runoff from rainfall events up to and including the
100-year, 2-hour duration storm falling within the boundaries of the proposed development.
Accordingly, the criteria to be applied to the 2-hour storm is also provided in the Hydrology
Manual, .

The rainfall-runoff modeling procedure thatis contained in the manual is physically based,

' that is, the procedures are based—to the extent practical—on the physical processes that

occur during the generation of storm runoff from rainfall. While the basic procedure is

physically based, this does not assure that the rigorous application of the procedures will, in

fact, reproduce the actual rainfall-runoff phenomenon of any storm that has occurred or may

. occur in the future. However, the procedure, when applied with good hydrologic judgement,
should yield consistent results for design purposes.
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Throughout the development of the Hydrology Manual three benchmarks were continually -
applied in judging the applicability of individual procedures and the overall methodologies;
accuracy, practicality, and reproducibility. Accuracy is a measure of how well the results of
the procedure reproduce the physical process being simulated. Although accuracy is highly

. desired, it is theoretically impossible to achieve in an earth science such as hydrology, and

in a practical sense, accuracy is not feasible to assess except for a few situations where
adequate verification data are available. Relative accuracy was assessed throughout the
development of the procedures in the manual through testing and verification against
recorded:data.

Practicality is a user’s decision regarding the best and most appropriate level oftechnology
to apply consideringthe information‘that is available, anticipated user, consequences of error,
and desired or required output. Whereas both simpler procedures-and more sophisticated
procedures.are available, the adopted methodologies provide a compromise between these
two extremes, and the best practical level of technology is judged to be recommended in the

‘manual considering the state of current hydrologic knowledge of arid and semi-arid lands.

Reproducibility is a characteristic that provides a reasonable assurance that consistent results
will be achieved by all qualified users. Reproducibility is highly desirable for a design
standard in order to eliminate—to the extent possible—unnecessary conflicts over the
interpretation. and application of the design method. Reproducibility is achieved through

.clear and concise manual procedures and user guidance. Every effort has been made toward

this end.
A brief discussion of the contents of each chapter of the Hydrology Manual follows:

Chapter 1, Introduction: The introduction states the purpose, scope and limitations, and
general use of the manual.

Chapter 2, Rainfall. The characteristics of severe storms in Maricopa County are documented
as a setting for defining the design rainfall criteria. Procedures and information are
provided for the determination of depth-duration-frequency statistics of storms in
Maricopa County. These are derived from NOAA Atlas 2, Arizona, which is the most
comprehensive and authoritative source of such information. The limitations and
potential inaccuracy of the NOAA Atlas are recognized and until an equivalently
accepted source of rainfall statistics is provided, this source must be used. Recent
reanalysis of the short duration (less than 1-hour) rainfalls by the National Oceano-
graphic and Atmospheric Administration have been used as a supplement to the NOAA
Atlas. '

The temporal distribution of rainfall for the majority of design conditions is a 6-hour
local storm. The 6-hour storm distribution is based on an analysis by the U.S. Ammy
Corps of Engineers, Los Angeles District, of the August 19, 1954 Queen Creek storm.
The Corps’ distribution has been modified somewhat to reflect the. design rainfall
criteria that is desired for use in Maricopa County, and this modification includes using
the hypothetical distribution for drainage areas less than 0.5 square mile. The temporal
distribution is a function of drainage area and this is to reflect the spatial variability of
rainfall intensities that are known to exist with severe local storms in Maricopa County.
A 2-hour distribution is provided for use in the design of detention/retention facilities.
The reduction of rainfall depth with storm area for the 6-hour rainfall is accounted for
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by adepth-area reductlon curve based on the 1954 Queen Creek storm. In some cases
a general storm may be the accepted des1gn rainfall. In Maricopa County, the general
storm to be used is the SCS Type II pattern using NWS HYDRO-40 areal reductions
of point rainfall.

Chapter 3, Rational Method: Use of the Rational Method is to be limited to areas of up to
160 areas, and is generally limited to urbanized conditions. The watershed should be
of uniform land use for application of this method. Intensity-duration-frequency
(I-D-F) statistics areto:be. obtained from the information contained in Chapter 2, and
an I-D-F curve“for.general use is:contained:in ithe:manualiAn+equation-for the -
estimation of time of concentration is provided which is a partial function.of rainfall
intensity. Values of the runoff coefficient “C” to be apphed to various land uses in
Maricopa. County are provided. : -

Chapter 4, Rainfall Losses: The preferred method for the estimation of rainfall lossesis-the ~ -

_ -‘Green andsAmpt-infiltration equation with.an.estimate-of surface retention loss. This -

. 'requires the classification of soil according:to:soil'texture, which is available for most

- “of Maricopa County. Adjustment of the'loss rate isiavailable as a‘function of vegetation
cover. Other methods are available to estimate rainfall losses if adequate soils and/or
vegetation data are not available.

Chapter 5, Unit Hydrograph Procedures: The use of unit hydrographs to route rainfall excess
from the land’s surface is recommended and the procedures recommended to do so are
either the Clark unit hydrograph or the application of selected S-graphs. The Clark unit
hydrograph is recommended for watersheds or subbasins less than five square miles
in size with an upper limit of application of ten square miles. Procedures are provided
for the estimation of the two numeric parameters: time of concentration and storage
coefficient. Two default time-area relations are provided; one for urban watersheds
and the other for natural watersheds. Four S-graphs have been selected for use in flood
hydrology studies of major watercourses in Maricopa County. The Phoenix Mountain,
Phoenix Valley, Desert/Rangeland, and the Agricultural S-graphs are described and
guidelines are provided for their selection. A procedure is provided for the estimation
of the S-graph parameter, lag.

Chapter 6, Channel Routing: General guidance is provided for the use of Kinematic Wave
routing, Muskingum and Muskingum-Cunge routing, and Normal-Depth routing.
Kinematic Wave routing can be applied to urbanized or artificial channels and closed
conduits. Muskingum routing is to be used for large natural channels where parameter
calibration data exists. Muskingum-Cunge or Normal-Depth routing may be used in
all other cases.

Chapter 7, Application: General guidelines and some specific aids in the use of the manual
are provided in this chapter.

Appendices: Loss rate tables for soﬂs in Maricopa County, Textural Class Diagram, selected
blank figures, worksheets, and other supporting .information are provided in the
appendices. Appendix H compares flood estimates obtained using the methods in this
manual with estimates obtained by other methods that are, or have been, used in
Maricopa County.

. Examples Detailed examples are provided that clearly illustrate the use of the procedures
in practical applications ‘ , ,

" January 1, 1995 ' o




THIS PAGE LEFT INTENTIONALLY BLANK

iv

January 1, 1995




Volume I, Hy rology
Revision I

Changes to the original Hydrologic Design Manual for Maricopa County dated Septem-
‘ber 1, 1990:

1.

The title of the document has changed. The hydrology and hydraulics manuals
are now the Drainage Design Manual for Maricopa County, Volumes I and II,
respectively. ’

A copy of the Agenda Form, signed by the Board of Directors on April 15,1991,
is included. This form indicates formal adoption of the manual, requiring its
use by jurisidictions that cost-share with the District in flood control projects,

-by contractors working for the District, and by all parties submitting drainage

reports and studies to the District for review and approval.

Page numbering has changed to section numbering rather than consecutive
(i.e., 1-1, 2-1, 3-1, etc.).

Chapter 2: Therainfall chapter has been substantially condensed. The computer
program PREFRE has been added to ease development of rainfall statistics for
sites outside the Phoenix metropolitan area. The PREFRE user’s manual is
included with the manual as Appendix J. An additional isopluvial map with
2-hour, 100-year depths has been added.

Chapter 3: New roughness factor descriptions were developed. “C” coefficients
will now be adjusted to reflect storm frequency, and a new table is included.
A computer program RATIONAL.EXE is included for development of dis-
charges and volumes using the Rational Method.

Chapter 4: The methodology used to develop Green and Ampt loss parameters
has been substantially modified and simplified. The section on the Initial plus
Uniform Loss Rate Method has been reduced, and limitations for the use of
that method are provided. An equation is provided for calculation of the
XKSAT vegetation adjustment coefficient. v
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Chapter 5: New land classification descriptions are provided to facilitate selec-

‘tion of parameters in the Kb equation. An error was corrected in the Lag

equation (the Corps of Engineers uses C = 24 Kn instead of C = 20 Kn). The
MCUHP1 and MCUHP2 computer programs were revised to reflect our
change of address, some additional data inputs wereadded to facilitate review,
and an error was corrected in the 2-hour storm distribution (the program was
underestimating Tc because of an incorrect summation of thefirst threerainfall -
excess values). '

Chapter 6: The routing chapter now includes guidance on using the Muskin-
gum-Cunge routing option recently available in HEC-1. A sample problem is
included in the Examples section.

Chapter 7, the Appendices, and the Examples have all been updated to
incorporate the changes outlined above. )

vi
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Volume I, Hydrology
Revision 1I

In addition tovthe correction of a few: typographical .errors,. changes-of January:1,-1995 revision-
of the Drainage Design.Manual, Volume I, Hydrology include the following: « -

1. Chapter 2: The SCS Type.Il rainfall distribution is recommended 'for usefor the 24-hour
general design storm. Areal reductions of point rainfall are to be made with Table 2.1a.
which is based on the NWS-HYDRO 40 data. Guidelines have also been added as to
when to select the. general storm ‘for.use in design hydrolegy in-Maricopa County.

2. Chapter 3. The RATIONAL.EXE program has been updated to better mafch 10-year
rainfall intensities for durations between 10 and 20 minutes as shown on the I-D-F curve,
Figure 3.2. The revised program is supplied on the DDMS diskette available with this

. revision (see 6. below).

3. Chapter 4: A table has been added to help with the selection of IA, RTIMP, and percent
’ vegetation cover for representative urban land use types in Maricopa County.

4. Chapter 5: Two new S-graphs have been added for use in Maricopa County. The newly
added S-graphs are the Desert/Rangeland S-graph and the Agricultural S-graph. A table
has also been added to facilitate the selection of S-graph type and Kn values for those
S-graphs for estimation of basin lag time.

5. Chapter 6:. The Normal-Depth routing method has been added to the Manual as an
additional routing method for use in flood hydrology studies in Maricopa County.

6. Appendix I A new computer program and user’s guide have been added to this revision
of the Manual. The new program brings together the PREFRE program, a modified
version of the loss parameter spreadsheet functionality, and the MCUHP programs to
speed up the creation of HEC-1 models using the methodologies recommended in the
Manual. Additionally, two changes have been made to the MCUHP programs. First, the
SCS Type II 24-hour’ design storm temporal distribution has been corrected and is now
entered into the HEC-1 data file as a 15 minute distribution. Second, the two S-graphs
added to Chapter S have been incorporated into the MCUHP2 program.

. 7. Appendix K: An appendix of Kn values for various real watersheds has been supplied for

' additional help in the selection of watershed Kn values. These data were taken from a

. report by George V. Sabol Consultmg Engmeers Inc performed for the District since
the last Manual revision: W e
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The information, procedures, and recommendations that are presented in this manual are
mainly the result of previously published efforts of many diligent and talented engineers
and scientists. The authors of this manual have made every effort to cite the original authors
and researchers whose contributions to this manual, and to the science of hydrology, are
gratefully appreciated.

The authors of this manual are indebted to the many individuals and organizations,
“including the staff at the Flood Control District, that have supported this effort through
recommendations, technical guidance, encouragement, and review of draft sections of this
manual. In particular, the following people have provided immeasurable assistance without
which this manual could not have been completed in this form. Those individuals, in

alphabetical order, are:

- Arthur G. Cudworth, Jr., Former Head (retired), Flood Seétion, Surface Water Branch,

U.S. Bureau of Reclamatlon Denver, Colorado.

Leonard J. Lane, Ph. D., Arid Lands Watershed . Management Research Wnit, U.S.
Department of Agrxculture Tucson, Arizona.

Robin McArthur (deceased), Hydrologist, Soil Conservation Service, U.S. Department of
Agriculture, Phoenix, Arizona.

Harry Milisaps, Hydrologist, Soil Conservation Service, U S. Department of Agriculture,
Phoenix, Arizona.

Herbert B. Osborn, Ph.D., P. E. (retlred) Arid Lands Watershed Management Research
Unit, U.S. Department of Agrlculture Tucson, Arizona. -

John T. Pedersen, P.E., Supervisor Hydraulic Engmeer U S. Army Corps of Engineers,
Los Angeles DlStI"lCt

Walter J. Rawls, Ph.D., Hydrologist, Agrlcultural Research Service, U.S. Department of
Agriculture, Beltsvﬂle Maryland.

Kenneth G. Renard, Ph.D., P.E., Arid Lands Watershed Management Research Unit,
U.S. Department of Agriculture, Tucson, Arizona.

Tim J. Ward, Ph.D., P.E., Professor of Civil, Agriculture, and Geologic Engineering,
New Mexico State University, Las Cruces, New Mexico.

David Woolhiser, Ph.D., P.E., Arid Lands Watershed Management Research Unit, U.S.
Department of Agriculture, Tucson, Arizona.
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Putpose

In April 1985 a task force was formed by the Flood Control District of Maricopa County
to establish a common basis for drainage management in all )unsdlctlons within
Maricopa County. Among the goals of the task force were provisions for consistent
analysis of drainage requirements, reducing costs and staff time when annexing
County areas, and supplying equal and common protection from the hazards of
stormwater drainage for all County residents. Additionally, developers would be
benefitted by having only one set of drainage standards with which to comply when
developing land within the incorporated or unincorporated areas of Maricopa County.
The task force determined that these efforts would be achieved in three phases:

Phase1 Research, evaluate, develop, and produce uniform criteria for drainage
of new development which resulted in the Uniform Drainage Policies and
- Standards for Maricopa County.
Phase2 Establish a Drainage Design Manual for use by all jurisdictional agencies
within the County.
Phase3 Prepareanin-depthevaluationofregional rainfalldataand establish precipita-
tion design rainfall guidelines and isohyetal maps for Maricopa County.

As a part of Phase 2, the Drainage Design Manual for Maricopa County, Volume I,
Hydrology, will provide the necessary data for Volume II, Hydraulics.

Scope and Limitation

When using the procedures.detailed in this manual, it is important to keep several
things in mind. First, this is a hydrologic design manual. The methods, techniques and
parameter values described herein are not necessarily valid for real-time prediction
of flow values, nor for recreating historic events—although some of the methods
are physically based and would be amenable for uses other than design hydrology.

Second, the lack of runoff data for urbanizing areas of the County, for the most part,
precludes the use of flood frequency analysis for stormwater drainage design. For
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Using this Manual

those watercourses with sufficient record, flood frequency analysis may be accept-
able. Similarly, for those watercourses with established regulatory floodplains, the
FEMA accepted flood frequency curves may. be used for design purposes, unless
they are demonstrably inappropriate. The purpose of this manual is to provide a

- means of assisting in the prediction of runoff which might result from adesign storm

of a given return interval. -

Third, thedesign storm has no point of referencein terms of a singular historicevent.

« Rather; itis intended to provide the best available information by utilizing historic

data as well as other precipitation design concepts. The design storm provides not
only the peak intensities which would be expected from a storm of a given duration
and return interval, but also the volumes associated with it. The tables describing

. -the temporal distribution of the design storm for use in a hydrologic model, i.e.,

HEC-1, are approximately equivalent to the graphs used to determine the rainfall
intensity to be used in the Rational Method. The net effect is that regardless of the
size of the area being investigated or the method of analysis, the same design storm
is used as the driving input.

Using this Manual

‘The use of the methods presented in this manual, even the rigorous application thereof, in

no way ensures that the predicted values are reasonable or correct. Hydrology is a
discipline which, in some respects, is much like music—quality requires not only
technical competence but also a feel for what is right. It often requires the exercise
of hydrologic judgement. The Flood Control District of Maricopa County does not
warrtant or guarantee the reliability of the hydrologic methods, techniques, and /or
parameter values set forth in this design manual. The user of the Hydrologic Design
Manual has no right to rely or depend on the methodology, techniques, and /or
parameter values described herein. The user of this manual is thus directed to
validate the reasonableness of the predicted values by applying alternative
methods, such as envelope curves, regression equations, or other checks which have
been developed for this area. Failure to do so may result in erroneous values.

Section 7 of this manual is intended to provide some general suggestions for the
user attempting tosolvea particular problem. A number of examples were designed
to aid the user with the development of input variables and parameter estimation.

It is not the intent nor purpose of this manual to inhibit sound innovative design or
the use of new techniques. Therefore, where special conditions or needs exist, other
methods and procedures may be used with prior approval.

It is anticipated that, over time, as more data becomes available and/or more
appropriate techniques are developed, this manual will be revised. With the excep-
tion of minor editorial corrections, such revisions will probably take place every
three to five years. If, in the intervening period, gross inadequacies/inaccuracies
are found with any of these procedures, they should be brought to the attention of
the Flood Control District of Maricopa County, or any other agency that might
subscribe to these suggested procedures.
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Application

. The contents of this manual, with the exception of Chapter 3 (Rational Method),
were prepared to supplement the HEC-1 User's Manual (U.S. Army Corps of
Engineers, September, 1990). Although the use of the HEC-1 Flood Hydrology
Program is not required in conjunction with the procedures in this manual, its use
will greatly facilitiate the execution of the recommended procedures that are
contained herein. To further enhance and simplify the use of the HEC-1 Program
with the procedures in this manual, the Flood Control District has written two
HEC-1 input loader programs, MCUHPI and MCUHP2 (see Appendix I), that
interactively convert screen-prompted keyboard input into a HEC-1 input file.
MCUHP1 is written for use with the Clark Unit Hydrograph option and MCUHP2
is written for use with the S-graph option, and are provided with the Hydrology
Manual. '
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General

21.1

Precipitation in Maricopa County is strongly influenced by variation in climate,
changing from a warm and semi-arid desert environment at lower elevations to a
seasonally cool and moderately humid mountain environment. Mean annual
prec1p1tat10n ranges from about 7 inches in the Phoenix vicinity to more than 25
inches in the mountain regions of northern Maricopa County. Precipitation is

typically divided into two seasons of comparative rainfall depths summer (June
through October) and winter (December through March). Warm, moist tropical air
canmove into Arizona at anytime of the year, but most often does so in the summer
months, resulting in severe storms and local flooding. Storms cf large areal extent
are usually associated with frontal or convergence storm activity that may result in
iong duration rainfall and flooding of major drainage watercourses. These types of
storms and flooding usually occur in the winter, but occasionally occur in the
summer.

Storm and Flood Occurrence in Maricopa County

Storms in Maricopa County areoften classified as general winter, general summer,
and local storms. General storms are usually frontal or convergence type that cover
large areas and have traditionally contributed. to flooding of the major drainage -
watercourses in the County. Local storms are usually associated with convective
activity and hence normally occur in the summer, although local storm cells
(typically of lesser intensity than without frontal activity) can beimbedded in larger,
general storm systems.

General winter storms usually move in from the north Pacific Ocean, and produce
light to moderate precipitation over relatively large areas. These storms occur
between late October and May, producing the heaviest precipitation from Decem-
ber to early March. Such storms could last over several days with slight breaks
between individual storms. Because of orographic effects, the mountain areas
generally receive more precipitation than the lower desert areas. These storms are
characterized by low intensity, long duration, and large areal extent, but on oc-
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General

casion, with an additional surge of moisture from the southwest, can contribute to
substantial runoff volumes and peak discharge on major river systems.

General summer storms are often associated with tropical storms. The Pacific

- Ocean north of the equator and south of Mexico is a breeding ground for such

2.1.2

- storms. On the average, about two dozen tropical storms and hurricanes are

generated in this area from June through early October. Most move in a
northwesterly direction. The remnants of these storms can be caught up in the large
scale circulation around a low pressure center in southern California and therefore
can bring a persistent flow of moist tropical air into Arizona. The storm pattern
consists of a band of locally heavy rain cells within a larger area of light to moderate
rainfall. Whereas general winter storms can cover much of the state, general

‘summer storms are more localized along a southeast to northwest band of rainfall.

They are similar to winter storms in that higher elevations receive greater rainfall
because of crographic influences. The period of late September through October
may have storm patterns which are similar to both general summer and winter

events.

Local storms consist of scattered heavy downpours of rain over areas of up to about

500 square miles for a time period of up to 6 hours. Within the storm area, -

exceptionally heavy rains usually cover up to 20 square miles and often last for less
than 60 minutes. They are typically associated with lightning and thunder, and are
referred to as thunderstorms or cloudbursts. While they can occur any time during
the year, they are more frequent during summer months (July to September) when
tropical moisture pushes into the area from the southeast or southwest. These
storms turn into longer duration events in late summer and may be associated with
generz! summer storms (see above). Local storms generally produce recorc peaks
for smalil watersheds. They can result in flash floods, and, sometimes, loss of life
and property damage.

Design Rainfall Criteria for Maricopa County

The critical flood-producing storm for most watersheds in Maricopa County is the
local storm. The limit of such storms is generally less than 500 square miles with
durations less than 6 hours. Local storms are characterized by central storm cells
(possibly as large as 100 square miles) that produce very high intensity rainfalls for
relatively short durations. The rainfall intensities diminish as the'distance fromthe
storm cell increases. Therefore, for the majority of watersheds and drainage areas
in Maricopa County, the local storm will produce both the largest flood peak
discharge and the greatest runoff volume. Based on a review of meteorologic
studies for Arizona (U.S. Army Corps of Engineers, 1974 and 1982a) and a con-
sideration of severe storms for Maricopa County, it was determined that the 6-hour
local storm should be used as the design storm criteria for watersheds in Maricopa
County with drainage areas of 100 square miles and less.

Record floods for large drainage areas, suchas for the Salt River near Phoenix, were
produced by large-scale general storms of multiple day duration and relatively low
rainfall intensities. Therefore, based on that observation, for drainage areas larger
than 500 square miles it was determined that the general storm should be used as
the design storm criteria. Because of the infrequent need for design criteria for such

2-2
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large areas as well as s other consxderatlons des1 gn ramfall criteria are not defined in
this manual. General storm criteria are to be defined for.such large, regional flood
studies on a case-by-case basis so that the most appropriate meteorologic and -
hydrologic factors (possxbly also including snowmelt for stream baseflow and
watershed antecedent moisture conditions) can be properly cons1dered in the flood
analysis. :

For drainage areas between the critical flood-producing upper limit for local storms

- (100 square miles), and the lower limit for general:storms.(20.square.miles), it can. . .

‘not be.determined whethera local storm or a-general'storm'will produce the greatest

~ flood peak discharges or the maximum flood volumes. For such drainage areas,
generally between 20.and 100 square miles, it.is:necessary to consider both general
storms and local storms. . This may require that site-specific general storm criteria
be. developed for the watershed and that various local storms-with-critical"storm
‘centering assumptions be:developed using the criteria'in thismanual. . Both of these
starm types would be modeled and executed in the watershed model to estimate flood

* dischiarges and runoff volumes. It is‘possible; inscertain-situations; that the local
storm could result in the largest peak discharge and the general storm could result
in the largest runoff volume.

The Uniform Drainage Policies and. Standards for Maricopa County, Arizona,
February 1987, stipulates that the 100-year, 2-hour rainfall be used for the design of
retention/detention facilities. As such, criteria are provided in this manual to define
the 100-year, 2-hour rainfall for use in Maricopa County.

The design rainfall criteria to be used in Maricopa County are summarized in Table
2.1. The specific procedures that are needed to define the design rainfall for the
100-year, 2-hour storm and the 6-hour local storm are provided in the following .
sections: :

Table 2.1 ,
Design Rainfall Criteria for Maricopa County
Purpose Criteria
“10n-Site Retention/Detention Facilities 100-year, 2-hour rainfall as defined in this manual.
All Other Purposes:
Drainage area: 0 to 20 square miles 6-hour local storm as defined in this manual.
Drainage area: 20 to 100 square Either a critically centered 6-hour local storm as
miles defined in this manual, or a 24-hour .
general storm using the SCS Type |l
distribution.
Drainage area: 100 to 500 square 24-hour general storm using the SCS Type Il
miles distribution.
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Rainfall Depth

2.2.1

2.2.2

Rainfall Depth

The most commonly used descriptor of rainfall is the rainfall depth; however, for
modeling purposes, two other types of rainfall descriptors must be defined. Flrst,
the rainfall duration and frequency of occurrence of rainfall depth for that duration
must be assigned. Second, since the rainfall depth is a descriptor of the rainfall
occurrence at a point in space, both the spatial and the temporal distribution of the
rainfall depth-must be defined. In this section, the rainfall-depth-duration-frequency .
statistics for use in Maricopa County are described. Subsequent sections describe
the spatial and'temporal distributions that are to be applied for the 6-hour local storm,

'and the: temporal dlstnbutlon forthe 100-year, 2-hour storm.’

Data Analyses

The most comprehens:ve and-available source of rainfall data-analysis for Maricopa

- County isthe ' NOAA: Precipitation-Frequency.Atlas of the:Western United States,

(Miller and others, 1973). Until a more up-to-date data base and data analysis
becomes available, the NOAA Atlas is to be used for all drainage design purposes
in Maricopa County. The only deviation from the NOAA Atlas procedures that are
currently recommended is the use of the short-duration (less than 1-hour) rainfall
ratios that were published by Arkell and Richards (1986).

Depth-Duration-Frequency Statistics

The depth-duration-frequency (D-D-F) statistics in the NOAA Atlas are shown as a
series of isopluvial maps of Arizona for specified durations and return periods
(frequencies). Selected isopluvial maps for Maricopa County havebeen reproduced

~ from the NOAA Atlas and these are contained in the Manual (Figures 2.1 through

2.13). It is possible that flood studies of certain large watersheds may require

~ reference to the NOAA Atlas directly to determine the rainfall depths for the portion

of the watershed that exists outside the boundaries of Maricopa County.
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Tab.lé 2.1a

Depth-Area Reduction Factors for 24-Hour Duration Rainfall

Rainfall

Area Ratio to
Square Miles __Point Rainfall
0 1
10 0.94
20 0.91.
30 0.90
40. 0.88.
50 0.87
60 0.86
70 0.856
80 0.855.
90 0.8486"
100 0.842
110 0.838
120 0.834
130 0.833
140 0.829
150 0.825
200 0.817
300 0.80
400 0.79
500 0.78
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Depth-Area Relation

2.2.3" Rainfall Statistics for Special Purpbseé" |

There tay arise situations for special purposes where it is necessary tc define
rainfall D-D-F statistics other than those provided in Figures 2.1 through 2.13. In
those situations, the isopluvial maps and procedures that are contained in the

 NOAA Atlas along with the short-duration rainfall ratios from Arkell and Richards
- (1986) should be used. As an aid in the analyses and development of D-D-F

statistics, a program (PREFRE) written by the Office of Hydrology, National
Oceanic and Atmospheric Administration, and as modified and documented by the

U.S. Bureau of Reclamation (1988), is provided. " Use 'of the ' PREFRE programto :* -

calculate D-D-F statistics for special purposes is encouraged to minimize analysis
errors and to increase the reproducibility of the rainfall depths that may be calcu--
lated by different users and reviewers. Thediskette included in this manual contains
the PREFRE program as well as the MCUHP1 and MCUHP2 programs. The
PREFRE users’ manual is contained in Appendix J. Appendix F contains a graph
form for plotting rainfall depth-frequency values.

Users of this manual who may also be interested in defining general storm criteria
for large watersheds, should note that it may be necessary to consider storms of
durations longer than 24 hours. Provision of the 24-hour rainfall statistics does not
preclude the use of a longer duration rainfall if deemed appropriate for a particular

. watershed or study. The 24-hour isopluvial maps are provided in this manual for

the user’s convenience because this is the rainfall depth often specified for general
storms. If rainfall depths are needed for a duration longer than 24 hours, plot the -
rainfall depth versus rainfall duration for 1-hour to 24-hour (for a given rainfall
frequency) on log-log paper and fit a straight line to the data points. Extend the
straight line to the desired duration(s) and read the corresponding rainfall depth(s).

Depth-Area Relation

. The rainfall depths from the isopluvial maps in Flgures 2.1 through 2.13 are point
rainfalls for specified frequencies and durations. This is the depth of rainfall that
is expected to occur at a point or points in a watershed for the specified frequency -

and duration. However, this depth is not the areally-averaged rainfall over the
basin that would occur during a storm. A reduction factor is used to convert the
point rainfall to an equivalent uniform depth of rainfall over the entire watershed. .
As the watershed area increases, the reduction factor decreases, reflecting the
greater nonhomogeneity of rainfall for storms of larger areas.

Regionalresearch by the Agricultural Research Service, U.S. Department of Agricul-
ture, for the Walnut Gulch Experimental Watershed near Tombstone, Arizona,
indicates that local storms are characterized by relatively small areas of high
intensity rainfall resulting in depth-area reduction curves that decreaserapidly with
increasing area. The U.S. Army Corps of Engineers studied historic storms in
Arizona and published the results of those studies (U.S. Army Corps of Engineers,
1974). The depth-area reduction curve that is to be used in Maricopa County is the -
curve that was developed by the U.S. Army Corps of Engineers for the 19 August
1954 Queen Creek Storm. That curve is shown in Figure 2.14 and in Table 2.2.

June 1, 1992
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Depth-Area Relation

co L S Table 2.2 -
A Depth-Area Reduction Factors
. for 6-Hour Duration Rainfall .
Area, L .. -Ratio to
: __._.._S_QLLQ&MJL_S , Point of Rainfall |
| - 1.0
1 , . 0.987
5 : ‘ 0.96. -
210 ' 094 . D
20 : 0.91 .
30 0.89
40 0.87
50 : 0.86
100 0.80
200 v Q.72
300 0.66
400 0.61
500 0.57

Use the depth-area reduction .values from Figure 2.14 or Table 2.2 to correct the
‘6-hour point rainfall depth from the isopluvial maps (Figures 2.2 through 2.7) for
all flood studies in which the 6-hour local storm is the design rainfall criteria (see
Table 2.1).

. : - Iftheflood study is for the design of a retention/detention facility fora small drainage
area and the design rainfall criteria is the 100-year, 2-hour storm, then the point
rainfall depths from Figure 2.1 are not to be reduced for area. This is because local
retention/detention basins will be provided only for very small drainage areas and
the point rainfall from Figure 2.1 is representative of the equivalent uniform depth

of rainfall over the entire contributing area.

If a general storm is the accepted design rainfall criteria (as opposed to the 6-hour
local storm as defined in this manual), then the appropriate depth-area reduction
curve will need to be defined to correspond with the rainfall duration and the
temporal distribution of the general storm. Usually the general storm for use in
Maricopa County is the SCS Type II 24-hour design rainfall. Areal reductions for
point rainfall for this 24-hour storm should be performed using Table 2.la. The data
for Table 2.1a have been taken from Figure 15 of the NWS HYDRO-40 (Zehr and
Myers, 1984). For other general storms, the depth-area reduction and temporal
distribution will need to be performed on a case-by-case basis depending on the
purpose of the study, location of the watershed, and other meteorological and
hydrological factors. :

2.3.1 Procedure for Depth-Area Adjustment

The following procedure is to be used with the 6-hour local storm rainfall depths
(Figures 2.2 through 2.7):

. 1. Determine the size of the drainage area.

220 | | January 1, 1985
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- Rainfall

- Calculate the point rainfall depth, or the areally-averaged pomt rainfall depth from
Figures 2.2 through 2.7 dependmg on the desired rainfall frequency.” =~ -

’

L .
ey F rn G
L

. Use elther Figure 2.14 or Table 2.2 to determme the depth~area reduction _factor.

4, Multiply the point rainfall depth by the appropriate depth-area reduction factor. This
is the equivalent uniform depth of rainfall that is to be applied to the entire watershed.

Design Storm Distributions

According to Table 2.1, three types of design storm distributions are to be used in
Maricopa: County. This Manual contains information for two. of those~design storm
distributions; the 2-hour storm.for. the design of retention/detention basins, and the 6-hour
local storm. Information for the*SCS. Type II 24-hour storm has been encoded in the
MCUHP programs. Otherwise data regarding the SCS:.24-hour storm is generally
available elsewhere, Distributions for other general storms:for larger watersheds will need
to be developed on a case-by-case basis based on appropriate. meteorologic and hydrologic
factors.

4.1 2-hour Storm Distribution

The 2-hour storm distribution is to be used for the design of retention/detention basins
: (see Table 2.1). The 2-hour distribution shown in Figure 2.15 and Table 2.3 is a
. dimensionless form of the 2-hour hypothetical distribution for the Phoenix Sky Harbor
: Airport location. This distribution can be applied throughout Maricopa County for the
design of retention/detention facilities.

Table 2.3
2-Hour Storm Distribution for Retention Design

- Time (minutes) | % Rainfall Depth | Time (minutes) | % Rainfall Depth

0 0.0

5 1.1 65 60.1
10 1.8 70 74.3
15. 2.3 75 86.3
20 2.8 80 90.1
25 3.2 85 93.0
30 4.6 90 95.4
35 7.1 95 96.2
40 10.0 100 97.0
45 13.7 105 97.7
50 17.6 110 98.2
55 23.2 115 99.2
60 32.7 120 100.0

; J‘""’nuary 1, 1995
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Figure 2.15
2-Hour Mass Curve for Retention Design

2.4.2 6_—hour Storm Distribution

The 6-hour storm distributions are used for flood studies in Maricopa County of drainage
areas less than 20 square miles, except for on-site retention/detention facilities (see Table
2.1). These distributions would also be used for drainage areas larger than 20 square
miles and smaller than 100 square miles by critically centering the storm over all or
portions of the drainage area to estimate the peak flood discharges that could be realized
on such watersheds due to the occurrence of a local storm over the watershed.

The Maricopa County 6-hour local storm distributions consist of five dimensionless storm
patterns. Pattern No. 1 represents the rainfall intensities that can be expected in the “eye”
of a local storm. These high, short-duration rainfall intensities would only occur over a
relatively small area near the center of the storm cell. Pattern No. 1 is an offset,
dimensionless form of the hypothetical distribution derived from rainfall statistics found
in NOAA Atlas for the Western United States, Arizona ( Miller and others, 1973 )
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. R ' and Arkell and Richards (1986) for the Phoenix Sky Harbor Airport location.
o ~ Pattern Numbers 2 through 5 are modifications of the U.S. Army Corps of Engineers
(1974) analysis of the Queen Creek storm of 19 August 1954. The dimensionless : i
form of these 6-hour storm distributions are shown in Figure 2.16 and Table 2.4 :

Inspection of the storm patterns in Figure 2.16 mdlcates that the peak rainfall
intensities are much greater for Pattern No. 1 than for the other pattern numbers, * -
and that peak rainfall intensity decreases as the pattern number increases. The
selection. of the pattern number is based on the size of the drainage area under
consideration, as shown in Figure 2.17. As illustrated by Figures 2.16 and 2.17, the
maximum rainfall intensities, averaged over the entire drainage area, decrease as

- the size of the drainage area increases. This is to account for.the spatial variability

- of local storm rainfall wherein the maximum rainfall intensities occur at the rela-
tively small eye of the storm but that the average ramfall intensities over the storm
area decrease as the storm area increases.

Procedure for usmg the 6-hour Storm Patterns
The following procedure is to be used for 6-hour Local Storm criteria:

1. Determine the size of the drainage area.

2. The equivalent uniform depth of rainfall for the drainage area would be
calculated as described in Section 2.3.1.

3. - Figure 2.17 is used to select the appropriate pattern number (round to the
nearest 0.1 of the pattern number).

A,

Use the dimensionless 6-hour distributions of Figure 2.16 or Table 2.4 to,
O calculate the dimensionless distribution by linear interpolation hetween thetw
B bounding pattern numbers. : :

S

5. Multiply the dimensionless values of the calculated storm pattern (in decimal)
by the equivalent uniform depth of rainfall from step 2. The resultant distribu-
tion is the design rainfall mass diagram for the equivalent uniform depth of
rainfall and rainfall intensities averaged over the entire drainage area.

Asanalternative to theabove procedure, the MCUHP1 and the MCUHP2 programs ...
will convert the point rainfall depth into the appropriate storm pattern based ona
given drainage area.

June.1, 1992 2-23
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| Table 2.4 -
. 6-Hour Distributions*
(',;’r’:; ‘Pattern 1 Pattern 2 Pattern 3 Pattern 4 Pattern 5
0:00 0.0 0.0 0.0 0.0 0.0
0:15 0.8 0.9 15 2.1 2.4
0:30 1.6 1.8 2.0 3.5 4.3
0:45 25 25 3.0 - 5.1 5.9
1:00 3.3 3.4 4.8 7.1 7.8
| 1:15 4.1 4.2 6.3 8.7 9.8
e | 130 5.0 5.1 7.6 10.5 11.9
1:45 5.8 5.9 9.0 12.5 14.1
2:00 6.6 6.7 10.5 14.3 16.2
2:15 7.4 7.6 1.9 16.0 18.6
., 2:30 8.7 8.7 13.5 17.9 21.2
2:45 9.9 10.0 15.2 20.1 23.9
3:00 11.8 12.0 17.5 23.2 27.1
3:15 - 13.8 16.3 22.2 28.1 32.1
. 3:30 21.6 25.2 30.4 36.4 40.8
| g 3:45 37.7 45.1 47.2 50.0 51.5
e 4:00 83.4 69.4 . 67.0 65.8 62.7
. 4:15 91.1 83.7 79.6 77.3 | 73.5
4:30 93.1 90.0 86.8 841 | 814
445 95.0 93.8 91.2 888 | 864
5 5:00 96.2 95.0 94.6 92.7 90.7
5:15 97.2 96.3. 96.0 94.5 93.0
5:30 98.3 97.5 - 97.3 96.4 95.4
5:45 99.1 98.8 98.7 98.2 97.7
6:00 100.0 1000 | 100.0 100.0 100.0
*Pattern represents percent Rainfall Depth.
.................................. e

. June 1,1992
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Rational M

G’éneral

The Rational Method was originally developed to estimate runoff from small areas

and its use should be generally limited to those conditions. For the purposes of this

manual, its use should be limited to areas of up to 160 acres. In such cases, the peak

discharge and the volume of runoff from rainfall events up to and including the

100-year, 2-hour duration storm falling within the boundaries of the proposed
o . development are to be retained. If the development involves channel routing, the

. B procedures given in Chapters 4 through 6 should be used, since the peak generated
o by the Rational Method cannot be directly routed.

Rational Equation

The Rational Equation relates rainfall intensity, a runoff coefficient and the water-
shed size to the generated peak discharge. The following shows this relationship:

Q=CiA ; ‘ (3.1)
where "

Q = thepeakdischarge (cfs) from a given area.

C = acoefficient relating the runoff to rainfall.

i = average rainfall intensity (inches/hour), lasting for a Tc.

Tc = thetime of concentration (hours).

‘A = . drainage area (acres).

The Rational Equation is based on the concept that the application of a steady,

uniform rainfall intensity will produce a peak discharge at such a time when all

: points of the watershed are contributing to the outflow at the point of design. Such

. - a condition is met when the elapsed time is equal to the time of concentration, Tc,
which is defined to be the floodwave travel time from the most remote part of the

LR U

June 1, 1992 ' ' 3-1




Rational Equation

o - watershed to the point of design. The time of concentration should be computed by
. applying the following equation developed by Papadakis and Kazan (1987):

where

Tc =  time of concentration in hours

Y = . length of the longest flow path in miles |
Kb = - watershed resistance coefficient (see Figure 3.1, or Table 3.1)
S = - watercourseslope in feet/mile
i = rainfall intensity in inches/hour*
*It should be noted that i is the “rainfall excess intensity” as originally
developed. However, when used in the Rational Equation, rainfall inten-
sity and rainfall excess intensity provide similar values because of the
hydrologic characteristics of small, urban watersheds which result in
minimal rainfall loss. This is because of the extent of imperviousness as-

sociated with urban watersheds and the fact that the time of concentra-
_tion is usually very short.

0.20 D. + . T T 020
. ' - W\FM—_ T e
L Ness iR v N L.

0.15 - Mg + + oo
‘aloly 1;

0.10+ : - T 010

t B : L I !
0.08 Modorately Low Roughness i

Resistance Coefficient, K,,
H—
—

0.05+ + : 1 005
004 —A-Miimal Roughmess T+ T oo
0.03 + =+ 003
0.02 1 + + 4+ 002
0.01 + : + +  + oot
0.00 : 10,00
1 10 100 160
Watershed Surface Area, Acres
. Figure 3.1
Reslstance Coefficlent Kp as a Functlon of Watershed Size .
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.Rational Method

SR : Table 3.1 '
. Equation for Estimating Kb In the Tc Equation -

Kb=mlogA+b .
Where A is dralnage area, In acres

Equation
Typical .~ Parameters

Type Description : Applications m . b
‘A |Minimal roughness Relatively smooth and/or- {Commercial/ - —0.00625 0.04

well graded and uniform land surfaces. industrial areas

Surface runoff is sheet flow. _ Residential area

Parks and golf
courses

B |Moderately low roughness: Land surfaces Agricultural fields | —0.01375 0.08
have irregularly spaced roughness elements  |Pastures '
that protrude from the surface but the overall  |Desert rangelands
character of the surface is relatively uniform.  |Undeveloped

Surface runoff is predominately sheet flow urban lands
around the roughness elements.
Moderately high roughness: Land surfaces Hillslopes -0.025 0.15
that have significant large- to medium-sized  |Brushy alluvial '
roughness elements and/or poorly graded fans
land surfaces that cause the flow to be Hilly rangeland
. ' diverted around the roughness elements. Disturbed land,
Surface runoff is sheet flow for short distances | mining, etc.
draining into meandering drainage paths. Forests with
underbrush
‘D [Maximum roughness: Rough land surfaces Mountains -0.030 0.20
with torturous flow paths. Surface runoff is Some wetlands :

concentrated in numerous short flow paths
that are often oblique to the main flow
direction.

Application of the Rational Equation requires consideration of the following:

1. The peak discharge rate corresponding to a given intensity would occur only
if the rainfall duration is at least equal to the time of concentration.

2. The calculated runoff is directly proportional_ to the rainfall intensity.

3. Thefrequency of occurrence for the peak discharge is the same as the frequency
. for the rainfall producing that event.

. 4. The runoff coefficient increases as storm frequency decreases...

June 1, 1992 3-3




leltatlons

Limitations

Apphcahon of the Rational Method is appropriate for watershedsless than 160 acres
in size. This is based on the assumption that the rainfall intensity is to be uniformly
distributed over the drainage area at a uniform rate lasting for the duration of the
storm. The Maricopa County Unit Hydrograph Procedure described in Chapter 5
may also be used for areas less than 160 acres where hydrograph routing is desired,
or, in cases where the Rational Method assumptions do not apply.

Application

The Rational Method can be used to-calculate the generated peak discharge and
runoff volume from drainage areas less than 160 acres.

3.5.1 Peak Discharge Calcul_atlon

. 1. Determine the area within the development boundaries.
2. Select the runoff coefficient, C from Table 3.2

3. Calculate time of concentration (see Example 4). This is to be done by an
. iterative process. Select aduration from the I-D-F curves, Figure3.2. This value
should not be longer than two hours and normally it will be less than an hour.
Determine the maximum rainfall intensity indicated on the I-D-F curve for a
frequency that includes the 100-year. The intensity value of the corresponding
. Tt in the above is for the Phoenix Metro area. Use ip in the following equation
for estimating i for other areas:

P*10) (3.3)

=W 507
where

i =  the desired intensity for a given duration and frequency.
= theintensity for the Phoenix Metro area.

P610 = the 10-year, 6-hour precipitation depth at the point of interest.
(Can be read from Figure 2.4.)

4. Use the adjusted intensity in Equatlon 3.2 to calculate time of concentration.
Repeat this process until the selected and computed Tc values are reasonably
close. For more details see Example 1.

5. Determine peak discharge (Q) by using the above value of i in Equation 3.1.

. 6. Asanalternative to the above procedure, the computer program RATIONAL.EXE
may be used to calculate peak discharges.

34 . ‘ ~ June1,1992 -
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Table 3.2

Rational Method

C Coefﬂclents for Use with the Ratlonal Method

Return Period

Land Usei 2-10 Year | 25 Year 50 Year 100 Year
Streets and Roads | __
Paved Roads * 10.75-0.85 |0.83 - 0.94 10.90 —0.95 10.94 —0.95
. Gravei Roadways & Shoulders 0.60 —0.70 |0.66 —0.77 |0.72 —0.84 |0.75 —0.88
industrial Areas L
Heavy 0.70-0.80 {0.77 —0.88 {0.84 —0.95 {0.88 — 0.95
, Light 0.60-0.70 |0.66 —0.77 |0.72 —0.84 {0.75 - 0.88
Business Areas
Downtown 0.75-0.85 [0.83 - 0.94 [0.90 —0.95 ]0.94 - 0.95
Neighborhood 0.55-0.65 |0.61 —-0.72 {0.66 —0.78 [0.69 — 0.81
Residential Areas
Lawns — Flat 0.10-0.25 |0.11-0.28 {0.12 -0.30 {0.13 - 0.31
- — Steep 0.25-0.40 |0.28 - 0.44 [0.30-0.48 {0.31 —0.50
Suburban 5 0.30-0.40 |0.33-0.44 [0.36 — 0.48 {0.38 —0.50
Single Family . 0.45-0.55 |0.50—0.61 |0.54 —0.66 |0.56 — 0.69
Multi-Unit 0.50 - 0.60 ]0.55—0.66 {0.60—0.72 |0.63 —0.75
~ Apartments ' 0.60-0.70 |0.66 — 0.77 [0.72 - 0.84 {0.75 —0.88
Parks/Cemetaries 0.10-0.25 10.11 - 0.28 [0.12-0.30 {0.13 - 0.31
| Playgrounds 0.40 - 0.50{0.44 — 0.55 [0.48 — 0.60 10.50 - 0.63
|Agricultural Areas 0.10-0.20 {0.11-0.22 10.12-0.24 10.13 -0.25
Bare Ground 0.20 - 0.30 10.22 -0.33 {0.24 - 0.36 {0.25 —0.38
{Undeveloped Desert 0.30 - 0.40 10.33—-0.44 |0.36 — 0.48 |0.38 — 0.50
Mountain Terrain (Slopes > 10%) 10.60 — 0.80 {0.66 — 0.88 |0.72 —0.95 [0.75 — 0.95

Note: Values of C for 25, 50 and 100 Year were derived using frequency adjustment
factors of 1.10, 1.20, and 1.25, respectively, with an upper limit of 0.95 for C for

- the 2-10 Year values. -

““June 1, 1992
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Rational Method

3.5.2 Volume Calculations

. ~ Volume calculation should be done by applying the following equation:
e [® | (3.4)
V=C ( 12) A »
where

V=" “Calculated volume.in acre-feet .

C =  Runoff coefficient from Table 3.2

P = Rainfall depth in inches-

A =  Drainage area in acres .

In the case of volume ‘calculations for retention/detention design, P-equals.the 100-year,
2-hour depth; in inches, from:Section 2.2 or Figure'3.3. - : ’

January 1, 1995
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Rainfall

General

Rainfall excess is that portion of the total rainfall depth that drains directly fromthe
land surface by overland flow. By a mass balance, rainfall excess plus rainfall loss
equals precipitation. When performing a flood analysis using a rainfall-runoff
model, the determination of rainfall excess is of utmost importance. Rainfall excess
integrated over the entire watershed results in runoff volume, and the temporal
distribution of the rainfall excess will, along with the hydraulics of runoff, deter-
mine the peak discharge. Therefore, the estimation of the magnitude and time
distribution of rainfall losses should be performed with the best practical technol-
ogy, considering the objective of the analysis, economics of the project, and conse-
quences of inaccurate estimates. -

Rainfall losses are generally considered to be the result of evaporation of water from
the land surface, interception of rainfall by vegetal cover, depression storage on the
land surface (paved or unpaved), and infiltration of water into the soil matrix. A
schematic representation of rainfall losses for a uniform intensity rainfall is shown
in Figure 4.1. As shown in the figure, evaporation can start at an initially high rate
depending on the land surface temperature, but the rate decreases very rapidly and
would eventually reach a low, steady-state rate. From a practical standpoint, the
magnitude of rainfall loss that can be realized from evaporation during a storm of
sufficient magnitude to cause flood runoff is negligible.

Interception, also illustrated in Figure 4.1, varies depending upon the type of
vegetation, maturity, and extent of canopy cover. Experimental data on intercep-
tion have been collected by numerous investigators (Linsley and others, 1982), but
little is known of the interception values for most hydrologic problems. Estimates
of interception for various vegetation types (Linsley and others, 1982) are:

June 1, 1992 - ' _ 4




General
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. ' Interception,
Vegetation Type inches
hardwood tree 0.09
cotton 0.33
alfalfa , 0.11
meadow grass ' 0.08

No interception estimates are known for natural vegetationthat occurs inMaricopa
County. For most applications in Maricopa County the magnitude of interception
losses is essentially 0.0, and for practical purposes mterceptmn isnot considered for
flood hydrology in Maricopa County.

Depression storage and infiltration losses comprise the majority of the rainfall loss
as illustrated in Figure 4.1. The estimates of these two losses will be discussed in
more detail in later sections of this manual.

Three periods of rainfall losses are illustrated in Figure 4.1, and these must be
understood and their implications appreciated before applying the procedures in
this manual. First, there is a period of initial loss when no rainfall excess (runoff) is
produced. During this initial period, the losses are a function of the depression
storage, interception, and evaporation rates plus the initially high infiltration
capacity of the soil. The accumulated rainfall loss during this period with no runoff

- is called the initial abstraction. The end of this initial period is noted by the onset of
‘ _ . ponded water on the surface, and the time from start of rainfall to this time is the

o time of ponding (Tp). It is important to note that losses during this first period are a

guviumation of losses due to all mechanisms including infiltration.

The second period is marked by a declining infiltration rate and generally very little
losses due to other factors.

The third, and final, period occurs for rainfalls of sufficient duration for the
infiltration rate to reach the steady-state, equilibrium rate of the soil (fc). The only
-appreciable loss during the final period is due to infiltration. |

The actual loss process is quite complex and there is a good deal of interdependence
of the loss mechanisms on each other and on the rainfall itself. Therefore, simplifying
assumptions are usually made in the modeling of rainfall losses. Figure 4.2 represents
asimplified set of assumptions that can be made. InFigure4.2, it is assumed that surface
retention loss is the summation of all losses other than those due to infiltration, and
that this loss occurs from the start of rainfall and ends when the accumulated rainfall
equals the magnitude of the capacity of the surface retention loss. It is assumed that
infiltration does not occur during this time. After the surface retention is satisfied,
infiltration begins. If the infiltration capacity exceeds the rainfall intensity, then no
rainfall excess is produced. As the infiltration capacity decreases, it may eventually
equal the rainfall intensity. This would occur at the time of ponding (Tp) which signals -
the beginning of surface runoff. As illustrated in both Figures 4.1 and 4.2, after the time

. of ponding the infiltration rate decreases exponentially and may reach a steady-state,
equilibrium rate (fc). It is these simplified assumptions and processes, as illustrated in
Figure 4.2, that are to be modeled by the procedures i in this manual..
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Surface Retention Loss

Surface retention loss, as used herein, is the summation of all rainfall losses other
than infiltration. The major component of surface retention loss is depression
storage; relatively minor components of surface retention loss are due to intercep-
tion and evaporation, as previously discussed. Depression storage is considered to
occur in two forms. First, in-place depression storage occurs at, and in the near
vicinity of, the raindrop impact: "The'mechanism for this depression storage is the
microrelief of the soil and soil cover. The second form of depression storage is the
retention of surface runoff that occurs away from the point of raindrop impact in
surface depressions such as puddles, roadway gutters and swales, roofs, ungatlon
bordered fields and lawns, and so forth. .

A.relatively minor contribution by interception is also considered as a part of the
total surface retention loss. Estimates of surface retention loss are difficult to obtain
and are a function of the physiography and land-use of the area.

The surface retention loss on impervious surfaces has been estimated to be in the
range 0.0625 inch to 0.125 inch by Tholin and Keefer (1960), 0.11 inch for 1 percent
slope to 0.06 inch for 2.5 percent slopes by Viessman (1967), and 0.04 inch based on
rainfall-runoff data for an urban watershed in Albuquerque by Sabol (1983). Hicks
(1944) provides estimates of surface retention losses during intense storms as 0.20
inch for sand, 0.15 inch for loam, and 0.10 inch for clay. Tholin and Keefer (1960)
estimated the surface retention loss for turf to be between 0.25 to 0.50 inch. Based
on rainfall simulator studies on undeveloped alluvial plains in the Albuquerque
area, the surface retention loss was estimated as 0.1 to 0.2 inch (Sabol and others,
1982a). Rainfall simulator studies in New Mexico result in estimates of 0.39 inch for
eastern plains rangelands and 0.09 inch for pinon-juniper hillslopes (Sabol and
others, 1982b). Surface retention losses for various land-uses and surface cover
conditions in Maricopa County have been extrapolated from these reported es-
timates and these are shown in Table 4.1.

Table 4.1
Surface Retention Loss for Various Land Surfaces In Marlcopa County
| Surface Retention
Land-use and/or Surface Cover Loss IA, Inches
(1 (2)
Natural
Desert and rangeland, flat slope - 0.35
Hillslopes, Sonoran Desert 0.15
Mountain, with vegetated surface 0.25
Developed (Residential and Commercial) '

' Lawn and turf 0.20
Desert landscape 0.10
Pavement _ ' 0.05

Agricultural _
Tilled fields and irrigated pasture ’ 0.50
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Infiltration

Infiltration is the movement of water from the land surface into the soil. Gravity
and capillary forces drawing water into and through the pore spaces of the soil
matrix are the two forces that drive infiltration. Infiltration is controlled by soil
properties, by vegetation influences on the soil structure, by surface cover of rock

- and vegetation, and by tillage practices. The distinction between infiltration and

percolation is that percolation is the movement of water through the soil subsequent
to infiltration.

Infiltrationi can be controlled by percolation if the soil does not have a sustained
drainage capacity to provide access for more infiltrated water. However, before
percolation can be assumed to restrict infiltration for the design rainfalls being
considered in Maricopa County, the extent by which percolation can restrict infiltra-
tion of rainfall should be carefully evaluated. SCS soil scientists have defined

hydrologic soil group D as:

“Soils having very slow infiltration rates when thoroughly wetted and consist-
ing chiefly of clay soils with a high swelling potential, soils with a permanent

“high water table, soils with a-claypan or clay layer at or near the surface, and
shallow soils over nearly impervious material.”

This definition indicates that hydrologic soil groups A, B, or C could be classified

- as Difanear impervious strata of clay, caliche, or rock is beneath them. When these

soils are considered in regard to long-duration rainfalls (the design events for many
parts of the United States) this definition may be valid. However, when considered
for short-duration and relatively small design rainfall depths in Maricopa County,
this definition could result in underestimation of the rainfall losses. This is because
even a relatively shallow horizon of soil overlaying an impervious layer still has the
ability to store a significant amount of infiltrated rainfall.

For example, consider the situation where only 4 inches of soil covers animpervious
layer. If the effective porosity is 0.30, then 1.2 inches (4 inches x 0.30) of water can
be infiltrated and stored in the shallow soil horizon. For design rainfalls in Maricopa
County; this-represents a significant storage volume for infiltrated rainfall and so
when developing loss rate parameters for areas of Maricopa County that contain
significant areas classified as hydrologic soil group D, the reason for that classifica-
tion should be determined.

Hydrologic soil group D should be retained only for:
» clay soils,
» soils witha permanént high water table, and
» rock outcrop.

Hydrologic soil group D should probably ot be retained in all situations where the-
classification is based on shallow soils-over nearly impervious layers; site specific

4-6
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. ' a studies and sensitivity analyses should be performed to festimatie the loss rates to be
used for such soils.

Recommended Methods for Estimatihg
Rainfall Losses |

- +*Many-metheds-have been developed for estimating rainfall losses; five are listed as
-options in the HEC-1 Flood Hydrology Package. They are:

1. - Holtan: Inflltratlon Equation
Exponentxal Loss Rate
-SCS Curve Numbers (CN) Loss Rate

BN

Green and Arr{pt Infiltration Equation

5. Initial Loss Plus Uniform Loss Rate (IL+ULR) '

. Of these five, however, only two—Green and Ampt and IL+ULR—are recom-
mended for estimating rainfall losses in Maricopa County for the reasons discussed
below.

. coan The Holtan Infiltration Equation is an exponential decay type of equation for
which the rainfall loss rate asymptotically diminishes to the minimum infiltration
rate (fc). The Holtan equatlon is not extensively used and there is no known
Yo application of this method in Arizona. Data and procedures to estimate the
e parameters for use in Maricopa County are not available. Therefore, the Holtan
o equation is not recommended for general use in Maricopa County.

The Exponential Loss Rate Method is a four parameter method that is not exten-
sively used, but it is a method preferred by of the U.S. Army Corps of Engineers.
Data and procedures are not available to estimate the parameters for this method
for all physiographic regions in Maricopa County, but Exponential loss rate
parameters have been developed from the reconstitution of flood events fora flood...
hydrology study in a portion of Maricopa County (U.S. Army Corps of Engineers,
1982a). However, adequate data are not available to estimate the necessary
parameters for all soil types and land uses in Maricopa County, and this method is
not recommended for general use in Maricopa County.

The SCS CN method is the most extensively used rainfall loss rate method in
Maricopa County and Arizona and it has wide acceptance among many agencies,
consulting engineering firms, and individuals throughout the community. How-
ever, because of both theoretical concerns and practical limitations, the SCS CN
method is not recommended for general use in Maricopa County.

. As mentioned previously, the two recommended methods for estimating rainfall
losses in Maricopa County are the Green and Ampt infiltration equation and the
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iriitial loSs and uniform loss rate (IL+ULR) method. Both methods, as programmed

into HEC-1, can be used to simulate the rainfall loss model as depicted in Figure -

" 4.2. (Fora full discussion of these methods, see Sections 4.4.1 and 4.4.2.) The IL+ULR

is a simplified model that has been used extensively for flood hydrology and data
often are available to estimate the two parameters for this method. The Green and
Ampt infiltration equation is a physically based model that has been in existence
since 1911, and has recently been incorporated as an option in HEC-1.

The preferred method, and the most theoretically accurate, is the Green and Ampt
infiltration equation. This method should be used for most studies in Maricopa
County where the land surface is soil, the infiltration of water is controlled by soil
texture (see Appendix D), and the bulk density of the soil is affected by vegetation.
Procedures were developed, and are presented, to estimate the three parameters of
the Green and Ampt infiltration equation. The alternative method of IL+ULR can

~ be used in situations where the Green and Ampt infiltration method is recom-

4.4.1

- mended, but its use in those situations is not encouraged, and, in general, should
‘be avoided. Rather, the IL+ULR method should be used in situations where the
Green and Ampt infiltration equation with parameters based on soil texture is not

appropriate. Examples of situations where the IL+ULR method is recommended
are: large areas of rock outcrop, talus slopes, forests underlain with a thick mantle
of duff, land surfaces of volcanic cinder, and surfaces that are predominantly sand
and gravel. Because of the diversity of conditions that could exist for which the
IL+ULR method is to be used, it is not possible to provide extensive guidance for
the selection of the two parameters of the IL+ULR method.

Other methods should be used only if there is technical justification for a variance
from these recommendations and if adequate information is available to estimate
the necessary parameters. Use of rainfall loss methods other than those recom-
mended should not be undertaken unless previously approved by the Fleod Con-
trol District and the local regulatory agency.

Green and Ampt Infiltration Equation

This model, first developed in 1911 by W.H. Green and G.A. Ampt, has since the
early 1970s, received increased interest for estimating rainfall infiltration losses.
The model has the form: ’

- ¥o ; :

f=Ks(1+ F) forf<i | @1)

f= i for fzi

where
f =  infiltration rate (L/T),
i = rainfall intensity (L/T),
Ks = hydraulic conductivity, wetted zone, steady-state rate (L/T)
b4 =  average capillary suction in the wetted zone (L),
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. e : B = soil moisture deficit (dimensionless), équal to effective soil
e porosity times the difference in final and initial volumetric
, soil saturations, and
F = depth of rainfall that has infiltrated into the soil since the
beginning of rainfall (L).

A sound and concise explanation of the Green and Ampt equation is provided by .
Bedient and Huber (1988)

~ltis unportant to note that as rain continues, F increases and f approaches Ks, and
- therefore, f is inversely related to time. Equation 4.1 is implicit with respect to f
- which causes computational difficulties. Eggert (1976) simplified Equation 4.1 by -
-expanding the equation in a power series and truncating all but the first two terms
of the expansion. The simplified solution (Li and others, 1976) is:

. F=-05(F~-Ks Af) + 0.5 [(2F - Ks At)® + 8Kst (By+F)] 2 “.2)
whére
At = thecomputation interval
'F = accumulated depth of infiltration at the start of At.

o The average infiltration rate is: .

. _AF (4.3)
Use of the Green and Ampt equation as coded in HEC-1 involves the simulation of
rainfall loss as a two phase process, as illustrated in Figure 4.2. The first phase is
thesimulation of the surface retention loss as previously described; this loss is called
the initial loss (IA) in HEC-1. During this first phase, all rainfall is lost (zero rainfall
excess generated) during the period from the start of rainfall up to the time that the
accumulated rainfall equals the value of IA. It is assumed, for modeling purposes,
that no infiltration of rainfall occurs during this first phase. Initial loss (IA) is -
primarily a function of land-use and surface cover, and recommended values of IA
for use with the Green and Ampt equation are presented in Table 4.1. For example,

about 0.35 inches of rainfall will be lost to runoff dueto surface retention for desert ‘
and rangelands on relatively flat slopes in Maricopa County. |
\

The second phase of the rainfall loss process is the infiltration of rainfall into the soil
matrix. For modeling purposes, the infiltration begins immediately after the surface
retention loss (IA) is completely satisfied, as illustrated in Figure 4.2. The three
Green and Ampt equation infiltration parameters as coded in HEC-1 are:

»  hydraulic conductivity at natural saturation (XKSAT) equal to Ks in Equation 4.1;
»  wetting front capillary suction (PSIF) equal to ¥ in Equation 4.1; and

' » volumetric soil moisture defmt at the start of rainfall (DTHETA) equal to
6 in Equatlon 4.1.
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. Thethreeinfiltration parametersare functions of soil characteristics, ground surface
' characteristics, and land management practices. The soil characteristics of interest
are particle size distribution (soil texture), organic matter, and bulk density.: The
primary soil surface characteristics are vegetation canopy cover, ground cover,and
soil crusting. The land management practices are identified as various tillages as
they result in changes to soil por051ty

Values of Green and Ampt equatlon parameters as a function of soil characteristics
alone (bare ground condition) have been obtained from published reports (Rawls
and others, 1983; Rawls and Brakensiek, 1983), and average values of XKSAT and
PSIF for each of the soil texture classes are shown in Columns (2) and (3) of Table
4.2. The values of XKSAT and PSIF from Table 4.2 or Figure 4.3 should be used if
general soil texture classification of the drainage area is available. References used
to create Table 4.2 can be found in the Documentation Manual.

In Table 4.2, loamy sand and sand are combined. The parameter values that are
shown in the table are for loamy sand. The hydraulic conductivity (XKSAT) for sand
is often used as 4.6 inches/hour, and the capillary suction (PSIF) is often used as 1.9
inches. Using those parameter values for drainage areas can result in the generation
of norainfall excess—which may or may not be correct. Incorrect results could cause
serious consequences for flood control planning and design. Therefore, it is recom-
mended that—for watersheds consisting of relatively small subareas of sand—the
‘Green and Ampt parameter values for loamy sand be used for the sand portion of

. the watershed If the area contains a large portion of sand, then either the Green and
Table 4.2 .
Green and Ampt Loss Rate Parameter Values for Bare Ground
Soll Texture XKSAT | PSIF __DTHETA'
Classification |Inches/hour| inches Dry | Normal |Saturated

(1) (2) (3) (4) (5) (6)
loamy sand & sand 1.2 2.4 0.35 0.30 0
sandy loam : 0.40 4.3 0.35 0.25 0
loam 0.25 3.5 0.35 0.25 0
silty loam 0.15 6.6 - | 0.40 0.25 0
silt | 0.10 7.5 035 | 0.15 0
sandy clay loam 0.06 8.6 0.25 0.15 0
clay loam 0.04 8.2 0.25 0.15 0
silty clay loam 0.04 - 10.8 0.30 0.15 0
sandy clay 0.02 9.4 0.20 0.10 0
silty clay 0.02 11.5 | 0.20 0.10 0
clay : - 0.01 12.4 0.15 0.05 0

! Selection of DTHETA: |
. . Dry =  Nonirrigated lands, such as desert and rangeland;
Normal = Irrigated lawn, turf, and permanent pasture; -
Saturated = Irrigated agricultural land:
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‘Ampt method should be used with parameter values for loamy sand orthe IL+ULR
method should be used with appropriately determined values for the parameters.

The soil moisture deficit (DTHETA) is a volumetric measure of the soil moisture
storage capacity that is available at the start of the rainfall. DTHETA is a function
of the effective poros1ty of the soil. The range of DTHETA is 0.0 to the effective
porosity. If the soil is effectively saturated at the start of rainfall then DTHETA
equals 0.0; if the soil is devoid of moisture at the start of rainfall then DTHETA
equals the effective.porosity of the soil.

Under natural conditions, soil seldom reaches a state of soil moisture less than the
wilting. point of vegetation. Due to the rapid drainage capacity of most soils in
Maricopa County, at the start of a design storm the soil would not be expected to
be in a state of soil moisture greater than the field capacity.

However, Maricopa éounty also has a large segment of its land area underirrigated

-agriculture, and it is reasonable.to assume that:the design frequency storm could

occur during or shortly after certain landshave beenirrigated. Therefore, it would
be reasonable to assume that soil moisture for irrigated lands could be at or near
effective saturation during the start of the design rainfall.

~ Three conditions for DTHETA have been defined for use in Maricopa County
-based-on the antecedent soil moisture condition that could be expected to exist at

the start of the design rainfall. These three conditions are:

» “‘Dry” for antecedent soil moisture near the vegetation wilting point;

» ““Normal” for antecedent soil moisture condition near field capacity due
to previous rainfall orirrigation applications on nonagricultural lands; and

» ““‘Saturated” for antecedent soil moisture near effective saturatlon due to
recent irrigation of agricultural lands.

Values of DTHETA have been estimated by subtracting the initial volumetric soil
moisture for each of the three conditions from the soil porosity.

The value of DTHETA “‘Saturated’ is always equal to 0.0 because for this
condition there is no available pore space in the soil matrix at-the start of
rainfall. Values of DTHETA for the three antecedent soil moisture conditions
are shown in Table 4.2. DTHETA “Dry” should be used for soil thatis usually
in a state of low soil moisture such as would occur in the desert and rangelands
of Maricopa County. DTHETA ‘“Normal’ should be used for soil that is
usually in a state of moderate soil moisture such as would occur in irrigated
lawns, golf courses, parks, and irrigated pastures. DTHETA “‘Saturated”
should be used for soil that can be expected to be in a state of high soil moisture
such as irrigated agricultural land.

4.4.1.1 Procedure for Areally Averaging Green and Ampt Parameter Values:

Most drainage areas or modeling subbasins will be composed of several subareas
containing soils of different textures. Therefore, a composite value for the Green
and Ampt parameters that are to be applied to the drainage areas or modeling.
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. T subbasins needs to be determined. The procedure for deteMng the composite
‘ value is to average the area-weighted logarithms of the XKSAT values and to select
the PSIF and DTHETA values from a graph.

The composite XKSAT is calculated by Equation 4.4:

XKSAT = ALOG [z Ajlog XKSAT;‘] BN CYY
where. -
... XKBAT = _compositev subarea hydraulié conductivity, inches/ hour
'-'_j';ﬁi‘:-'.'-XKSATi .= hydraulic conductivity of a map.unit, inches /hour

(from Appendix A, B, or C)

sizeof subarea

size of the watershed or modehng subbasm---f*-" o

After XKSAT is calculated, the values of PSIF and DTHETA HETA (normal or dry) are
selected from Figure 4.3, at the corresponding value of XKSAT.

4.4.1.2 Procedure for Adjusting XKSAT for Vegetation Cover: The hydraulic
conductivity (XKSAT) can be affected by several factors besides soil texture. For
: -example, hydraulic conductivity is reduced by soil crusting, increased by tillage,
. _ . and increased by the influence of ground cover and canopy cover. The values of
XKSAT that are presented for bare ground as a function of soil texture alone should

be adjusted under certain s011 cover conditions.

Ground cover, such as grass, litter, and gravel, will generally increase theinfiltration
rate over that of bare ground conditions. Similarly, canopy cover—such as from
trees, brush, and tall grasses—can also increase the bare ground infiltration rate.
The procedures and data that are presented are for estimating the Green and Ampt
parameters based solely on soil texture and would be applicable for bare ground
conditions. :Past research has shown that the wetting front capillary suction

. parameter (PSIF) is relatively insensitive in comparison with the hydraulic conduc-
tivity parameter (XKSAT); therefore only the hydraulic conductlvu:y parameter is
adjusted for the influences of cover over bare ground. -

Procedures have been develOped (Rawls and others, 1989) for."ihcorporating the
effects of soil crusting, ground cover, and canopy cover into the estimation of
hydraulic conductivity for the Green and Ampt equation; however, those proce-
dures are not recommended for use in Maricopa County at this time. A simplified
procedure to adjust the bare ground hydraulic conductivity for vegetation cover is
shown in Figure 4.4. This figure is based on the documented increase in hydraulic
conductivity due to various soil covers as reported by investigators using rainfall .
simulators on native western rangelands (Kincaid and others, 1964; Sabol and
others, 1982a; Sabol and others, 1982b; Bach, 1984; Ward, 1986; Lane and others,
1987; Ward and Bolin, 1989). This correction factor can be used based on an estimate
. o of vegetation cover as used by the Soil Conservation Service in soil surveys; that is,
vegetation cover is evaluated on basal area for grassesand forbs, and is evaluated
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Figure 4.4
Effect of Vegetation Cover on Hydraulic Conductivity
For Hydraulic Soil Groups B, C, and D, and for all Soil Textures
other than Sand and Loamy Sand

on canopy cover for trees and shrubs. Note that this correction can be applied only to
soils other than sand and loamy sand. )

The influence of tillage results in a change in total porosity and therefore a need to
modify the three Green Ampt equation infiltration parameters. The effect of tillage
systems on soil porosity and the corresponding changes to hydraulic conductivity, wetting
front capillary suction, and water retention is available (Rawls and Brakensiek, 1983).
Although this information is available, it is not presented in this manual, nor is it
recommended that these' adjustments be made to the infiltration parameters for design
purpose use in Maricopa County, because for most flood estimation purposes it cannot be
assumed that the soil will be in any particular state of tillage at the time of storm
occurrence and therefore the base condition infiltration parameters, as presented, should

_ be used for flood estimation purposes. However, appropriate adjustments to the

. infiltration parameters can be made, as necessary, for special flood studies. such as
reconstitution of storm events. .
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4.4.1.3 Selection of IA, RTIMP, and percent vegetation cover for urban areas:
. Table 4.2a contains suggested values for IA, RTIMP, and percent vegetation cover ",
.. for six urban land use types. The values in Table 4.2a are meant as guidelines and
are not to be taken as prescribed values for these parameters. Note that the values
for RTIMP reflect effective impervious areas not total impervious areas. Also, one
should note that the values for percent vegetation cover are for pervious areas only.
These three parameter values are used in the calculation of average subbasin
parameters for the Green and Ampt loss method as described above. Sound
engineering judgement and experience should always be used when selecting rainfall
. loss:parameters-and-assigning.land-use:categories for.any given.watershed. ...

- Table4.2a alsorelates the six land use typesto'zoning units for several municipalities -

" in' Maricopa County. The assignment of zoning units for municipalities not listed

¢ intTable.4.2a: could: be made by. comparison..with.those givenrin. Table 4.2a. - .
Likewise, the.land. use categories in Table 4.2a are.not the.only.valid land use -
categories-for.useiin Maricopa County:. ~ ... .. ... -

~ 4.4.2 Initial Loss Plus Uniform Loss Rate (IL+ULR) =+

Thissis a:simplified rainfall-loss method that is-often used; and generally accepted,--
for flood hydrology. In using this simplified method-itis assumed that the rainfall
loss process can be simulated as a two-step procedure, as illustrated in Figure 4.5.
First, all rainfall is lost to runoff until the accumulated rainfall is equal to the initial
loss; and second, after the initial.loss is satisfied, a-portion of all future rainfall is
lost at a uniform rate. All of the rainfall is lost if the rainfall intensity is less than the
uniform loss rate.

According to HEC-1 nomenclature, two parameters are needed to use this method;
the initial loss (STRTL) and the uniform loss rate (CNSTL).

. : Because this method is to be used for special cases where infiltration is not controlled
by soil texture, or for drainage areas and subbasins that are predominantly sand, the
estimation of the parameters will require model calibration, results of regional
studies, or other valid techniques. It is not possible to provide complete guidance in
the selection of these parameters; however, some general guidance is provided:

A. For the special cases of anticipated application, the uniform loss rate (CNSTL
will either be very low for nearl imFervious surfaces, o:_fpossiblgy quite hig
for exceptionally fast-draining (high ﬁ, pervious) land surfaces. For land sur-
faces with very low infiltration rates, the value of CNSTL will probably be 0.05
inches per hour or less. For sand, a CNSTL of 0.5 to 1.0inch per hour or larger
may be reasonable. Higher values of CNSTL for sand and other surfaces are
pessible, however, use of high values of CNSTL would require special studies
to substantiate the use of such values.

B. Although-the IL+ULR method is not recommended for watersheds where the -
soil textures can be defined and where the Green and. Ampt method is encour-
aged, some general guidance in the selection of the uniform loss rate is shown
in Tables 4.3 and 4.4. Table 4.4 was prepared based on the values in Table 4.3
and the hydraulic conductivities shown in Table 4.2, In Table 4.4, the initial
infiltration (II) is an estimate of the infiltration loss that can be expected prior
to the generation of surface runoff. The value of initial loss (STRTL) is the sum
of inititial infiltration (II) of Table 4.4 and surface retention loss (IA) of Table
4.1; STRTL=1I+1A. '

C. The estimation of initial loss (STRTL) can be made on the basis of calibration-
o&%eclql studies at the same time that CNSTL is estimated. Alternatively, since
STRTL is equivalent to initial abstraction, STRTL can be estimated by use of
the SCS CN equations for estimated initial abstraction, written as:

. _ 200 | (4.5)
. STRTL_.CN 2
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+INITIAL'LOSS (STRTL) = SURFACE RETENTION LOSS +
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 UNIFORM LOSS RATE (CNSTL) = f¢. |
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\a TIME |

INITIAL INFILTRATION LOSS
SURFACE RETENTION LOSS

Figure 4;5
Representation of Rainfall Loss According to the
Initial Loss Plus Uniform Loss Rate (IL+ULR)
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Table 4.2a 1A, RTIMP, and Percent Vegetaﬁon Cover for Represeatative Land Uses in Maricopa County

{Land Use Fover: Zoning Unit - Didecriptic Peririptio ing Unit Deserphion sing Lnit: Desdriptid
N Agnculture v AG Agr xcul'ure Agricniturs AG Agricnlture :
Tk Single Residence RURAL-180 190,000 sq. ft/dwsllingunit S§1 Rapch or Farm Reeidantial, > 1 aire
Suburban Ranch RURAL-70 ;70,000 sq. fi/dwelling unit &2 Ranch or Farm Commercial
R1-48 Rura} RURAL-43  une acre/dwelling unit RE-43 Single Family, { acre minimurs
6.3 15§ B0 R1-35 Rural Residential SP-33 Single Family R1-36 Single Residence ' © RI-85 * Bingle Familv Residential, RE-35 SF, 85,000 sg.ft min.
: 85,000 sg. ft/dwelling unit  RE-24 SF, 24,000 sq.ft min,
R1.20 SF, Residential ~ SPaB Single Family _ : : . R118 SFR, 18,000 sq. fi/unit R1-18 SF, 18,000 sq.f% min.
R1.15 t R1-18 Single Residence R1.i6 One Family Reeidential R1.14 SF, 14,000 sq.ft min,
0.25% 3en 50*  [R1.10 oo 8F-10 Single Family R1-9 Single Residence R1-10 One Family Residential  R1-10 SFR, 10,000 sq. R/unit ~ R1-10 SF, 10,000 sq.ft min.
B18 o _ : : ‘ : Ri-8 - -Qne Pamily Residentinl R1-8 PR, 8,000 zq. /unit R1-8 SF, 8,000 eq.R min.
R1-7 ) " 8F-7 Single Family R1.7 . " Single Residence R1-7 One Family Residential ) .
' C ' R1-6 © Single Residence RIS Qne Pamily Residential ~ R1-6 - 5FR 6,000 aq. R/Aunit E1-6 SF, 8,000 s3.&t min.
: TCR-1 Town Center, Single Family RO Residence/Office : . . RO Res. Office
0.25% 45* 50* |R2 Duplex MF-1 * Medium Density . R2 Restricted Multiple Resid. ~ R-2 Multi-Family Residential R-2 % Family Residence R2 MF, 4,000 sq B./unit
‘ B3 Multi-Family, Apariments MF-2 Multi-Family =~ E3 Limited Mitiple Resid. R3R - Multj-Family Restricted  R-3: * . Muliiple Family, Residential R-3 © MF, 3,000 sq.ft./anit -
R4 . Multi-Family, General MF.3 * High Density " R4 General Muliiple Resid. R-3 - Multi-Family Limited R4 Mulliple Farnily, Regidential - R4 - MF, 1,500 sq.f/unit
B Townhouse Residential v . ' o R4 = - MultiFamily General - R5 Multipie Famdy, Residenfial R-3A MF, 1,000 sq../unit
T e , : . , _ R-Th Townhouse , T B MF, 1,000 sq.ft-/unit
IMH - - Mobile Home ) MH-1 - . Mobile Homes TCR-2 TC, Resiricted Mulii-Res, RMH Mobile Home Residence ~ MHR Manuzactured Housing, Resid. CP/BP Business Park
cTe Commercial Trafler Park : - TCRS TC, General Res. MHS Manufactured Housing Subd. o RH Resort Distriet
~ ) : S . S . s L TP Trailer Park . ' i
0.18* 55+ 80* 11 Garden Type Indastrial - ' ‘ ) M-1 Limited Industrial - - Il Light Indusicial : IND PARK Industrial Park
. " P - Light Industrial 11  LightIndustrisl , R 12 Generallndustrial ¢ 12 Light Indus triat ' AL Light Industrial
118 - General Industriai" 32 General Indastrial - M-2 . General Indusirial - - 1-3 ’ Heavy Industrial . - e = * Jeavy Industrial . A2 . Heavy Industrial’
0.1* S 80* SN LA (o5 B Light Commercial ~ . C.l - Neighborbood Commercial C-1 - Neighbarhood Coman, "~ CCR ©  Convenisnce Commaereial  C-1 . Reighborhood Commereial C-1 " Naighborhood Commercial
. -+ |82 . GeneralCommsrcial- ° €2 Community Commercial G2 Limited Comm. . ©1 - ' Neighborhood Cowmmercial C-2 = ‘nigmediate Commereial = C-2 * Intermediate Commsrcial
S : 7 Lo P CGntral,Cqmmetcixg _ c.3 "~ Reglonal Commerﬁal c8 . General Cormin, BRI o3 »Gene'ral Commercial . 3 * General Commercial R & R General Commereial
: 1BS .~ Residential Services L '\ o - C 08 Office-Sercives e r I Ceniral Comun. Distriet -C.O . Commercial Office R 20 " Commertial Office -
- RCC Residential Conveniences S : o TCC TS, High Intsnm} Mxxed Uss ' ' . o o , ) “HR . High Rise District
: R T . : ‘ TCR-1 TC, Limited Comm/General Manufacturing : : - : -
: TCB-Z TC, General Comm./ Lxght Nanufa‘.turmg
v .. MISCELLANEOUS CATEGORIES: These zoning units should be evaluated on 8 case by ease basis, i
PAD Planned Area Development PAD Planned Area Develo ?ment ' 8 : Private School - . PD Plamed Development Overlay PAD Planned Area Development
PSC-1 Planned Neighborhood Shopping . o : : ' : C '
. PsC-2 Planned Shopjaing Center Cs Dlarned Shopping Center PSC Planned Shopping Center
I8 Industrial Buffer . |
PCO Planned C Officer PEP Planned Employment Park
- PF Public Facilities su - Special Uses
: : N 8C 3enior Citizen Ovarlay 2CD Planned Community Development
NOTES ' . : - NUP Neighbnrhood Flan of Development
* These values have been selected o £t many typical settings in Maricopa County. RUP Residential Plan of Developiment
However, the engineer/hydrologist should ALWAYS svaluate the apscific circumstances in any particular TP Andustrial Plan of Development
watershed for hydrolegicai variations from thege typical values. ) ROW.  Right of Way
Pl Parking, Open
** RTIMP = Percent Effective Impervicus Area, Including R.Q.W. -2 Parking. Woediurze
** Percent Veg. Cover = Porcent vegetation cover for pervious area only D.G Dwelii;g Group
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. Ralnfall Losses

: ~ Table4.3
Published Values of Uniform Loss Rates

Hydrologic Soll Uniform Loss Rate, inches/hour
Group Musgrave (1955) USBR (1975)' USBR (1987)°
) (2) @) . _ (4)
A 0.30-0.45 0.40 0.30-0.50
B 0.15-0.30 0.24 0.15-0.30
C 0.05-0.15 0.12 ~0.05-0.15
D 0-0.05 0.08 0-0.05

1

Design of Small Dams, Second Edition, 1975, Appendix A.

2 Design of Srall Dams, Third Edition, 1987.

Table 4.4

Initial Loss Plus Uniform Loss Rate Parameter Values
~ for Bare Ground according to Hydrologic Soll Group

, Initial lnflltra}lbn, Inches

Hydrologic Soll  |Uniform Loss Rate I
- Group CNSTL Dry Normal | Saturated

(1) @) @) 4) ()

A 0.4 0.6 0.5 : 0

B 0.25 0.5 0.3 0

C 0.15 0.5 0.3 0

D 0.05 0.4 0.2 0

1 Selection of Il:

- Dry = Nonirrigated lands such as desert and rangeland;
Normal = Irrigated lawn, turf, and permanent pasture;

Saturated

Irrigated agricultural land.

June ‘i, 1992
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- Procedure for Estimating Loss Rates

Estimates of CN for the drainage area or subbasin should be made by referring
to various publications of the SCS, particularly TR-55. Equation 4.5 should
provideafairly good estimate of STRTL in many cases, however, itsuse should
be judiciously applied and carefully considered in all cases.’

Procedure for Estimating Loss Rates

Green and Ampt Method
A. When soils data are available:

1.,‘

Prepare a base map of the drainage area delineating modeling subbasins,
if used.

Delineate the subareas containing different soils (as determined from soil
surveys, if available). Determine the soil texture for each soil type. Soils
reports such as those of the Soil Conservation Service can be used, if
available, or laboratory analysis of appropriate soil samples from the
drainage area can be used if adequate documentation on the sampling and

. laboratory procedure is provided and approved. A soil texture classifica-

tion triangle is provided in Appendix D.

If the watershed or subbasin contains soil of all one texture, then determine
XKSAT, PSIF, and DTHETA from Table 4.2. Adjust XKSAT for vegetation

-cover using Figure 4.4, if appropriate.

If the watershed or subbasin is composed of soils of different textures, then
area-weighted parameter values will be calculated: :

a. . Determine the size (Ai) and the XKSAT; values for each soil subarea.
b. Calculate the area-weighted value of XKSAT by using Equation 4.4. ..
c. Select corresponding values of PSIF and DTHETA from Figure 4.3.

d. Adjust the XKSAT value for vegetation cover using Figure 4.4, if
appropriate. The adjustment factor may be area-weighted, if neces-

sary.

Determine the land-use and/or soil cover for the drainage area and use
Table 4.1 to estimate the surface retention loss (IA). Arithmetically area-
weight average the values of IA if the drainage area or subbasin is com- .

- posed of subareas of different [A.

Estimate the impervious area (RTIMP) for the drainage area or subbasin,
and arithmetically area-weight average, if necessary.

4-18
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Rainfall Losses.

7. Enterthe area-weighted values of IA, DTHETA, PSIF, XKSAT, and RTIMP

for the drainage area or each subbasin on the LG record of the HEC-1 input
file. '

B. Alternative methods:

Asanalternative to theabove procedures, Greenand Ampt loss rate parameters -

can be estimated by reconstitution of recorded rainfall-runoff events on the
drainage area or hydrologically similar watersheds, or parameters can be
estimated by use of rainfall simulators in field experiments. Plans and proce-
dures for estimating Green and Ampt loss rate parameters by either of these

procedures should be approved by the Flood Control District and the local

agency before initiating these procedures.

4.5.2 Initial Loss Plus Uniform Loss Rate Method
A. Whensoils data aje available:

1.

Prepare a base mapvof_ the drainage area delineating modeling subbasins,
if used. , : :

- Delineate subareas of different infiltration rates (uniform loss rates) on the

base map. Assign a land-use or surface cover to each subarea.

Determine the size of each subbasin and size of each subarea within each
subbasin. .

Estimate the impervious area (RTIMP) for the drainage area or each
subarea. '

Estimate the ini_tiall loss (STRTL) for the drainage area or each subarea by
regional studies or calibration. Alternatively, Equation 4.5 or Tables 4.1
and 4.4 can be used to estimate or to check the value of STRTL.

Estimate the uniform loss rate (CNSTL) for the drainage area or each
subarea by regional studies or calibration. Table 4.4 can be used, in certain
situations, to estimate or to check the values of CNSTL.

‘Calculate the area-weighted values of RTIMP, S'fRTL, and CNSTL for the

drainage area or each subbasin.

Enter the area-weighted values of RTIMP, STRTL, and CNSTL for the
drainage area or each subbasin on the LU record of the HEC-1 input file.

June 1, 1992
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Unit Hydrog
- Procedures

General

Rainfall excess can be routed from a watershed to produce a storm discharge
: hydrograph at adownstream location (concentration point) by one of two methods:
1) hydraulic routing involving the complete or some simplified form of the equa-
. tions of motion (i.e., the momentum equation plus the continuity equation); or 2)
hydrologic routing involving the application of the continuity equation. Kinematic
wave routing, as available in HEC-1, is an example of simplified hydraulic routing.
Hydrologic routing is usually accomplished by either direct application of the
aquation of continuity (Equation 5.1), or a graphical procedure such as the applica-
tion of the principles of the unit hydrograph. : -

o dS 5.1)
1-0= %2 ,

Examples of hydrologic routing by direct application of the equation of continuity
_ are the Clark Unit Hydrograph (Clark; 1945), the Santa Barbara Urban Hydrograph: -
(Stubchaer, 1975), and the Single Linear Reservoir Model (Pedersen and others,
1980). Both the Santa Barbara Urban Hydrograph and the Single Linear Reservoir
Model are simplified (one parameter) versions of the Clark Unit Hydrograph (three
parameter) procedure (Sabol and Ward, 1985). Examples of unit hydrographs that
require a graphical procedure are the SCS Dimensionless Unit Hydrograph,
Snyder’s Unit Hydrograph, S-graphs, and unit hydrographs that are derived direct-
ly from recorded runoff data. Graphical or tabular methods of routing rainfall excess
by unit hydrographs are very amenable to hand-calculation methods commonly
used before computers became readily available. Direct mathematical solution of
the equation of continuity, such as the Clark Unit Hydrograph, is more efficiently

conducted with computers and appropriate computer programs.

. The recommended procedures for routing rainfall excess in Maricopa County are
either the Clark Unit Hydrograph or the application of selected S-graphs; these two -
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Clark Unit Hydrbgraph

methods are collectively referred to as the Maricopa County Unit Hydrograph
Procedure (MCUHP). The Clark Unit Hydrograph procedure, as described herein,
is recommended for watersheds or subbasins less than about 5 square miles in size
with an upper limit of application of 10 square miles. The application of S-graphs
is recommended for use with major watercourses in Maricopa County.

A unit hydrograph is a graph of the time distribution of runoff from a specific
watershed as the result of one inch of rainfall excess that is distributed uniformly
over thewatershed and that is produced during a specified time period (duration).
Theduration of rainfall excess is not generally equal to therainfall duration, because
aunit hydrograph is derived from or is to be representative of a specific watershed.

- A unit hydrograph is a lumped parameter and reflects all of the physical charac-

teristics of the watershed that will affect the time rate at which rainfall excess will
drain frorgl- thc land sgirface. .

The principles of the unit hydrograph were introduced by Sherman (1932) who
observed that for a watershed all hydrographs resulting from a rain of the same -
duration have the same time base, and that ordinates of each storm hydrograph
from the watershed are proportional to the volume of runoff if the time and areal
distributions of the rainfalls are similar. The principles that are applied when using
a unit hydrograph are:

1. For a watershed, hydrograph base lengths are equal for rainfall excesses of
equal duration.

2. Hwdrograph ordinates are proportional to the amount of rainfall excess.

3. Astorm hydrograph can be developed by linear éuperposition of incremental
hydrographs.

Application of these principles requiresalinear relation between watershed outflow

and storage within the watershed, S = KO. However, Mitchell (1962) has shown that

nonlinear storage, S = KO, is a condition that occasionally occurs in natural

watersheds. A method has been developed by Shen (1962) to evaluate the linearity

of the storage-outflow relation for gaged watersheds. Mitchell (1972) developed the

model hydrograph for use in watersheds that have nonlinear storage-outflow -
characteristics. Presently no method has been devised to evaluate the linearity of an

ungaged watershed, and the assumption of linearity is a practical necessity in

virtually all cases.

Clark Unit Hydrograph

Hydrologic routing by the Clark Unit Hydrograph method is analogous to the
routing of an inflow hydrograph through a reservoir. This analogy is illustrated in

-Figure 5.1. The inflow hydrograph, called the translation hydrograph in the Clark

method, is determined from the temporal and spatial distribution of rainfall excess
over the watershed. The translation hydrograph is then routed by a form of the
equation of continuity:

dina 1 1092
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Clark Unit Hydrograph

. - Oi=ChE+(1-0)0i-1 (5.2)
where '
Ca= _2At : (5.3)
2R+ At

Qi is the instantaneous flow at the end of the time period; Oi-1 is the instantaneous

flow at the beginning of the time period; Ij is the ordinate of the translation

‘hydrograph; At is the computation time interval; and R is the watershed storage

coefficient. The Clark Unit Hydrograph of duration, At, is obtained by averaging
" two instantaneous unit hydrographs spaced At units apart:

=0.5(0; + 0i-1) : , (5.4
where U = the ordinates of the Clark Unit Hydrograph.

The Clark method uses two numeric parameters, Tc and R, and a graphical
- parameter, the time-area relation. Clark (1945) defined Tc as the time from the end
. of effective rainfall over the watershed to the inflection point on the recession limb

of the surface runoff hydrograph as shown in Figure 5.2. In practice, for ungaged
- watersheds this time is usually estimated by empirical equations since runoff
-hydrographs from the watershed are not often available.

. The second parameter is the storage coefficient, R, which has the dimension of time.
This parameter is used to account for the effect that temporary storage in the
watershed has on the hydrograph. Several methods are available to estimate R from
recorded hydrographs for a basin. As originally proposed by Clark (i945), this
- parameter can be estimated by dividing the discharge at the point of inflection of
the surface runoff hydrograph by the rate of change of discharge (slope of the
hydrograph) at the inflection point as shown in Figure 5.2.

Another technique for estimating R is to compute the volume remaining under the

recession limb of the surface runoff hydrograph following the point of inflection

and to divide the volume by the discharge at the point of inflection. Both of these

methods require the ability to identify the inflection point on the recession limb of

the runoff hydrograph. This is difficult if not impossible for complex hydrographs

and flashy hydrographs such as occur from urban basins and natural watersheds - |
in the Southwest. A method to estimate R by a graphical recession analysis of the
hydrograph has been proposed (Sabol, 1988) and this method provides much more
consistent results than do the previously described methods. The parameter, R,
should be estimated by the analysis of several recorded events; however, in most
cases recorded discharge hydrographs are not available and R must be estimated
by empirical equations.

The time-area relation, a graphical parameter, is necessary to compute the transla-
' tion hydrograph. The time-area relation specifies the accumulated area of the
. : watershed that is contributing runoff to the outlet of the watershed at any point in
time. Procedures to develop a time-area relation fora watershed are discussed ina
later section of this manual.
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Unit Hydrograph Procedures .
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Figure 5.2
Definition Sketch of Clark Unit Hydrograph Parameters
from hydrograph analysis

The application of the Clark Unit Hydrograph method is best described with a
simple example. A watershed is shown in Figure 5.3(a), and a rainfall hyetograph
and rainfall excess distribution are shown in Figure 5.3(b). For the example water-
shed and given intensity of rainfall excess, the time of concentration is estimated at -
25 minutes. An isochrone interval of 5 minutes is selected and the watershed is
divided into five zones by isochrones as shown in Figure 5.3(a). The areas within
each isochrone zone are measured and the dimensionless time-area relation is
developed as shown in the table and depicted in Figure 5.3(c). The translation
hydrograph of the time rate of runoff is developed by considering each incremental
unit of runoff production that would be available as inflow to a watershed routing .
model. For example, at the end of the first 5 minutes of rainfall excess the runoff
that is available at the outlet of the watershed is the product of incremental area A1,
and the rainfall excess R1.

_ £
I1=(A1R1) x A

where ¢ = 605 cfs/ acre-inch/ minute

Ll R S R R e
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Ciark Unit Hydrograph-
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Unit Hydrograph Procedures:

At =5 minutes _
. . Ii (8 acres)(.10 inch)(60.5 cfs/acre-inch/minute) /(5 minutes)
= 97cfs
At the end of 10 minutes the available runoff is

I=(A1R2 + A2R1) % o

= [(8)(.55) + (24)(10)] x 6%—'5

=823 cfs
At the end of 15 minutes the available runo'ff is

I3=(A1R3+ AgR2 + A3R1) %

= [(8)(30) +(24)(55) + (38)(10)] x 222

=234.7 cfs
Atthe end of 20 mimites the available runoff is

Ia=(A1R4 + A2R3 + A3R2 + A4RD) X £

60.5

. =[).15) + (24)(.30) + (38)(.55) + (32)(.10)] X =

=393.5 cfs

At the end of 25 minutes the available runoff is |

I5 = (A1R5 + AoR4 + A3R3 + AsR + ASR1) X
‘ 60.5

= [(8)(0) + (24)(15) + (38)(.30) + (32)(:85) + (18)(.10)] x ~¢>
=4162cfs

Notice that, for this example, all incremental rainfalls equal 0.0 from R5 onward.
At the end of 30 minutes the available runoff is

Io = (A3Ra+ A4R3 + AsRD) X -
60.5

= [(38)(.15) + (32)(.30) + (18)(.55)] x —5—-
=304.9 cfs
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Limitations and Applications-

At the end of 35 minutes the available runoff is

I7= ARy + ASRS) X -

= [(32)(.15) + (18)(.30)] Q'LS

=1234cf

At the end of 40 minutes the available runoff is

Is=(A5R4)X —C—

= [(18)(.15)] X
=32.7 cfs

605

After 45 minutes (rainfall excess of 20 minutes plus travel time of 25 minutes) the
available runoff is

Io=0cfs

The translation hydrograph (Ij) is shown in Figure 5.3(d). This theoretical
hydrograph has the correct volume of runoff from the watershed, however it does

not reflect the effects of routing through the watershed. The translation hydrograph

is then routed and averaged using Equations 5.2 through 5.4 resulting in the final

runoff hydrograph. For this example, assume that R = 15 minutes, and the runoff
hydregraph is shown in Figure 5.3(d). Notice that the Clark Unit Hydrograph itself -

was never developed per se but that the three principles of the unit hydrograph
were applied directly (mathematically) to the rainfall excess without performing
graphical superposition of ratios of a unit hydrograph. Computationally, this
process can be completed very quickly and convemently with a computer program
such as is done with HEC-1..

Limitations and Applications

There are no. theoretical limitations governing the application of the Clark Unit
Hydrograph; however, there are some practical limitations that should be observed.
The method thatis used to estimate the parameters may dictatelimitations in regard
to the type or size of watershed that is being considered. If the parameters are
estimated through an analysis or reconstitution of a recorded rainfall-runoff event,
the parameters would be considered to beappropriate for that particular watershed,
regardless of type or size. This is the preferred method of parameter estimation, but

there will be limited opportunity for this approach because of the scarcity of -

instrumented watersheds in Maricopa County. The parameters could be estimated
by indirect methods, such as a regional analysis of recorded data. In this case,
application of the parameter estimation procedures should be applied only to those
ungaged watersheds thatare representative of the watersheds in the data base. Most
often, the parameters are estimated by generalized relations that may have been
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Unit Hydrograph Proc_edures

developed from a relatively large and diverse data base. The parameter estimation
procedures that are recommended herein are of this last category.

The Clark Unit Hydrograph parameter estimation procedures that are presented in
this manual have been adopted, modified, or developed from an analysis of a large
data base of instrumented watersheds, controlled experimental watersheds, and
laboratory studies; therefore, the application of these procedures is considered to
be appropriate for most conditions that occur in Maricopa County. The types of
watersheds for which the procedures.can be .applied .include.urban, rangeland, .
developed and natural alluvial fans, agricultural, hillslopes, and mountams

Watershed size should be 5 square miles or less, with an upper limit of application
to a single basin of 10 square miles. Watersheds larger than 5 square miles should
be divided into smaller sub-basins for modeling purposes. Many watersheds
smaller than 5 square miles should also be divided into sub- basins depending on
thedrainagenetworkand degree of homogeneity of the watershed. The subdivision
of the watershed into near homogeneous units should result in improved accuracy.
Subdivision may also be desirable or required to determine discharges at concentra-
tion points within the watershed.

Development of Parameter Estimators

The procedures for parameter estimation are based on available literature, research
results, and analysis of original data. For example, the Tc equation is based on the
recent research of Papadakis and Kazan (1987). A large data base of recorded
rainfall-runoff data was compiled and analyzed in developing and testing the
procedures. These data are for instrumented watersheds in Arizona, New Mexico,
Colorado, and Wyoming. A discussion of the development and testing of these
procedures is contained in the Documentation Manual that is a companion to the
Hydroloy Manual.

Estimation of Parameters

The following procedures are recommended for the calculation of the Clark Unit .. ..
Hydrograph parameters for use in Maricopa County. Other general procedures, as
previously discussed, can be used, however, these should be approved by the
jurisdictional agency pnor to undertakmg such procedures.

5.5.1 Time of Concentration

Time of concentration is defined as the travel time, during the corresponding period -
of most intense rainfall excess, for a floodwave to travel from the hydraulically most
distant point in the watershed to the point of interest (concentration point). Note
especially that Tc is not the travel time taken for a particle of water to move down
the catchment, as is often cited in engineering texts. The catchment is in equilibrium
when Tc is reached because the outlet then “feels” the inflow from every portion of
the catchment (Bedient and Huber, 1988). Since a wave moves faster than a particle
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Estimation of Parameters.

of water, the time of concentration (and catchment equilibrium) occurs sooner than
if based on overland flow or channel water velocities. An empirical equation for
time of concentration, Tc, has been adopted with some procedural modifications

. from Papadakis and Kazan (1987):

. Tc=114 LO.SOKbO.SZS—O.Bl {—0.38 5.5)

time of concentration in hours

where Tc

L = Ilength of the flow path for Tc in miles

Kb = - representative watershed resistance coefficient

S = watercourse slope in feet/mile and
i = the averége rainfall excess intensity, during the time Tc,
- in inches/hour.

Watercourse slope, S, is the average slope of the flow path for the same watercourse
that is used to define L. The magnitude of S can be calculated as the difference in
elevation between the two points used to define L divided by the length, L.
Watersheds in mountains can result in large values for S—which may result in an
underestimation of Tc. This is because as slope increases in natural watersheds the
runoff velocity does not usually increase in a corresponding manner. The slope of

_“steep natural watercourses is often adjusted to reduce the slope, and the reduced
slope is used in calculating runoff travel times. The slope of steep natural water-

courses should be adjusted by using Figure 5.4.

The selection of a representatlve watershed resistance coefficient, Kp, simnilar in
concept to Manning’s nin open-channel flow, is very subjective and therefore ahigh
degree of uncertainty is associated with its use. To diminish this uncertainty and to
increase the reproducibility of the procedure, a graph is provided in Figure 5.5 for
the selection of Kb based on watershed classification and watershed size. Interpola-
tion can be used for a given watershed size and mlxed classification. Equations for
estimating Kb are given in'Table 5.1.

The value of i in Equation 5.5 requlreé the knowledge of both the distribution of

rainfall excess intensity and the time of concentration, which is, of course, unknown.....

Therefore, Equation 5.5 must be solved in a trial-and-error procedure. First, the time
distribution of rainfall excess must be estimated for the design rainfall distribution
and a graph of average rainfall excess intensity versus time prepared. Then a value
of Tc is assumed and the corresponding value of i is read from the graph. Equation
5.5 is solved with that value of i. If the calculated value of Tc is reasonably close to
the value that was assumed for i then the solution is finished; if not, then assume a
new value of Tc, recalculate i, and recalculate Tc with Equatmn 5.5. The solution for
Tc should converge within three trials.

A worksheet has been prepared that facilitates the calculation of Tc. Appendix E is
a copy of this worksheet and the Examples section of this manual shows how it is
used. Alternatively, program “MCUHP1” can be used which will also provide the

- necessary HEC-1 input file.
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Figure5.4
Slope Adjustment for Steep Watercourses in Natural Watersheds
(Source: Drainage Criteria Manual, Urban Drainage and
Fiood Control District, Colorado; May 1984.)
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O L o . Unit Hydrograph Procedures

. e ' Table 5.1
- Equation for Estimating Kb in the Tc Equation
Kh=mliogA+b
Where A Is drainage area, in acres ‘
, Equation
_ _ Typlcal _ Parameters
Type , Description Applications m b
A | Minimal roughness: Relatively smooth . | Commercial/- . | "-0.00625{ ~0.04
and/or well graded and uniform land industrial areas
surfaces. Surface runoff is sheet flow. | Residential area
' Parks and golf
. courses .
B | Moderately low roughness: Land Agricultural fields | —0.01375 0.08
surfaces have irreguiarly spaced Pastures
roughness elements that protrude Desert rangelands
from the surface but the overall Undeveloped
character of the surface is relatively urban lands
uniform. Surface runoff is
predominately sheet flow around the
roughness elements.
C | Moderately high roughness: Land Hillsiopes -0.025 0.15
surfaces that have significant large- to | Brushy alluvial
. ’ medium-sized roughness elements fans
and/or poorly graded land surfaces Hilly rangeland
iiat cause the flow to be diverted Disturbed land,
around the roughness elements. mining, etc.
Surface runoff is sheet flow for short | Forests with
distances draining into meandering underbrush
drainage paths. ‘
D | Maximum roughness: Rough land Mountains ~0.030 0.20
surfaces with torturous flow paths. Some wetlands - '
| Surface runoff is concentrated in :
numerous short flow paths that are
often oblique to the main flow
direction.

June 1, 1992 ' 5-13




Estimation of Parameters

. 5.5.2

5.5.3
o

Stbrage Coefficient

Very liiide literature exists on the estimation of the storage coefficient (R} for the
Clark Unit Hydrograph. Clark (1945) had originally proposed a relation between
Tc and R since they can both be defined by locating the inflection point of a runoff
hydrograph (refer to Figure5.2). The Corps of Engineers has discussed the develop-
ment of regionalized relations for Tc and R as functions of watershed characteristics
in Training Document No. 15 (U.S. Army Corps of Engineers, 1982b). According to
Corps precedures, Tc and R are estimated from relations of Tc + Rand R/(Tc + R).
as functions of watershed characteristics. These forms of empirical equations indi-
cate an interrelation of Tc and R, and such dependence was observed in the data
base, as discussed in the Documentation Manual. The equation for estimating R for
Maricopa County is: ' ~

R = G.37T cl.ll A—0.57L0.80 (5.6)

where R = storage coefficient in hours
Tc = time of concentration in hours
A = drainage area in square miles, and
L = length of flow path in miles.

Time-Area Relation

Either a synthetic time-area relation must be adopted or the time-area relation for
the watershed must be developed. If a synthetic time-area relation is not v:s¢d, the
time-area relation is developed by dividing the watershed into incremental xunoff
producing areas that have equal incremental travel times to the outflow location.
This is a difficult task and well defined and reliable procedures for this are not

- available. The following general procedure is often used:

1. Use a topographic map of the watershed to trace along the flow path the
distance from the hydraulically most distant point in the watershed to the
outflow location; this defines L in both Equations 5.5 and 5.6.

2. Draw isochrones on the map to represent equal travel times to the outflow
location. These isochrones can be established by consideringthe land surface
slope and resistance to flow, and also whether the runoff would be sheet flow
or would be concentrated in watercourses. A good deal of judgement and
interpretation is required for this.

3. Measure and tabulate the incremental areas (in an upstream sequence) as well
as the corresponding travel time for each area.

4. Prepare a graph of travel time versus contributing area (or a dimensionless
graph of time as a percent of Tc versus contributing area as a percent of total
area). The dimensionless graph is preferred because this facilitates the rapid
development of new time-area relations should there be a need to revise the
estimate of Tc.
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Synthetic time-area relations can be used such as the default relation in the HEC-1
program: ' - ‘
(5.7)

e S
it

1414THS | 0<T <05

1-A" = 141401 -TH? 0.5<T" <1.0

I

where A* = eontn'buting area in percent of total area and

T* = time in percent of Tc.

. Equatmn 5.7 is. a symmetric relation and is not recommended for most watersheds
in Maricopa County.

Two other dimensionless time-area relations have been developed during the
reconstitution of recorded rainfall-runoff events as described in the Documentation
Manual. These dimensionless relations for urban and natural watershedsare shown
in Figures 5.6 and 5.7. Each of these figures show a synthetic time-area relation and
a shaded zone where the time-area relation is expected to lie. For an urban water-
shed, the synthetic time-area relation of Figure 5.6 is recommended, and for a
natural (undeveloped) watershed the synthetic time-area relation of Figure 5.7 is
recommended. If a time-area relation is developed from the watershed map, which
is generally recommended for unusually shaped watersheds, then the resulting
relation should lie within the shaded zones in either Figures 5.6 or 5.7. The HEC-1
default time-area relation is shown for comparison in each figure. Tabulated values
of the dimensionless time-area relations are shown in Table 5.2.

The computation interval (NMIN) on the IT record of HEC-1 must be selected to
correspond to the time of concentration for the unit hydrograph. This requirement
is necessary to adequately define the shape of the unit hydrograph. From Snyder’s
unit hydrograph theory, the unit rainfall duration for a unit hydrograph (computa-

- tion interval) is equal to lag time divided by 5.5. For the SCS Dimensionless Unit
Hydrograph the unit rainfall duration is to equal 0.133Tc, and although small
variation in the selection of computation interval is allowed, the SCS recommends -
that the duration not exceed 0.25 Tc. Although there is not a rigid theoretical
limitation to how small the computatxon intervalcan be, froma practical standpoint,
too small of a NMIN could result in excessive computer output. Therefore, as a
general rule the computation interval should meet the following:

NMIN =0.15T¢ » (5.8)

Equation 5.8 is preferred, however, as a general requuement NMIN should fall in
the range indicated in Equation 5.9. -

0.10Tc < NMIN <0.25T¢c (5.9

NMIN is normally selected as a multiple of five minutes. This may require that
watersheds with significantly different sub-basin sizes be modeled with some
sub-basins run separately and the outflow hydrographs from these separate runs
read directly into the multi-basin model. :
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Synthetlc Time-Area Relation for Urban Watershed
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Figure 5.7
Synthetic Time-Area Relation for Natural Watersheds
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Table 5.2

. Values of the Synthetic Dimensioniess Time-Area Relations
' for the Clark Unit Hydrograph
Time,as apercent | Contributing Area, as a Percent of Total Area
of Time of Urban Natural HEC-1
Concentration Watersheds Watersheds Default
) (2) ‘ 3) (4)
0 0 SR I T Y, W, S I
10 5 3 4.5
20 16 5 | 12.6
30 30 8 - = 23.2
40 65 12 : 35.8
50 77 20 50.0
60 84 43 64.2
70 90 75 76.8
80 94 90 87.4
90 97 96 95.5
100 100 ' 100 100.0
. S-Graphs

An S-graph is a dimensionless form of a unit hydrograph and it can be used in the
place of a unit hydrograph in performing flood hydrology studies. The concept of
the S-graph dates back to the development of the unit hydrograph itself, although
the application of S-graphs has not been as widely practiced as that of the unit
hydrograph. The use of S-graphs has been practiced mainly by the U.S. Army Corps
of Engineers, Los Angeles District, and the U.S. Bureau of Reclamation (USBR).

An example of an S-graph from Design of Small Dams (USBR, 1987) is shown in
Figure 5.8. The discharge scale is expressed as percent of ultimate discharge (Qult), -
and the time scale is expressed as percent lag. Lag is defined as the elapsed time,
usually in hours, from the beginning of an assumed continuous series of unit rainfall
excess increments over the entire watershed to the instant when the rate of resulting
runoff equals 50 percent of the ultimate discharge. The intensity of rainfall excess
is 1 inch per duration of computation interval (At). An equivalent definition of lag
is the time for 50 percent of the total volume of runoff of a unit hydrograph to occur.
It is to be noted that there are numerous definitions for lag in hydrology and the

- S-graph lag should not be calculated by methods that are not consistent with this
definition.

. Ultimate discharge is the maximum discharge that would be achieved from a
. particular watershed when subjected to a continuous intensity of rainfall excess of

~,June 1,1992 ' S 5-17




S-Graphs

100

90

o
(=)

~4
(o]

2]
(@]

5

G
o

DISCHARGE IN PERCENT OF ULTIMATE
v
©

[
(=]

(o]

T
T
]
A
/
. //
L/
/|
v
A
/ : : : FLORIDA RIVER NEAR HERMOSA, COLO.
JULY 1957 EVENT '
/ DRAINAGE AREA=69.4 SQUARE MILES
]
y

o

0

50 100 150 200 250 300 350° 400 450 SO0 S50 600 650 700 750 800 850 900

Figure 5.8
Example of an S-Graph from Design of Small Dams (USBR, 1987)

‘linchper duration (AD uniformly over the basin. Ultimate discharge (Quit). :n cubic
-feet per second (cfs), can be calculated from Equation 5.10:

_ 645.334 | (5.10)
where A = = drainage area in square miles, and

At = duration of the 1 inch of rainfall excess in hours.

S-graphs are developed by summing a continuous series of unit hydrographs, each
lagged behind the previous unit hydrograph by a time interval that is equal to the
duration of rainfall excess for the unit hydrograph (At). The resulting summation is
a graphical distribution that resembles an S-graph except that the discharge scale is
accumulated discharge and the time scale is in units of measured time. This graph
is terminated when the accumulated discharge equals Qult which occurs at a time
equal to the base time of the unit hydrograph less one duration interval. The basin
lag can be determined from this graph at the time at which the accumulated
discharge equals 50 percent of Qult. This summation graph is then converted to a
dimensionless S-graph by dlvxdmg the discharge scale by Qult and the time scale
by lag.

In practice, S-graphs have generally been developed by reconstituting observed
floods to define a representative unit hydrograph and then converting this to an -

5-18
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»-rrainfall excess:associated with-it as.does aunithydrograph;its:;general:shape.andthe.: . . .

5.6.1

Unit Hydrograph Procedures..

S-graph. Prior to the advent of computerized models, such as HEC-1, flood recon-
stitution was a laborious task of rainfall and hydrograph separation along with
numerous hand-cranked simulations to define the representative unit hydrograph. -
Modemn S-graph development generally relies on use of optimization techniques,
such as coded into HEC-1, to identify unit hydrograph parameters thatbest reproduce
the observed flood.

Although an S-graph is completely dimensionless and does not have a duration of

magnitude of lag is influenced by the distribution of rainfall‘overthe-watershed and
the time distribution of the rainfall. Therefore, the transposition of an S-graph from

- a gaged-watershed to applicationin-another watershed'must be:doneswith considera~

tion of both the phystographic characteristics of the watersheds.and the hydrologic
characteristics of the rainfalls for the two watersheds: - v

| Lifiﬂnwi_tétio.ns and Applications

S-graphs are empirical, lumped parameters that represent runoff characteristics for
the watershed for which the S-graph was developed. S-graphs that are developed
from recorded runoff data from one watershed can be applied to another watershed
only if the two watersheds are hydrologically and physiographically similar. In
addition, a recent study for the Flood Control District of Maricopa County (Sabol,
1987) has demonstrated that the shape of S-graphs is significantly affected by storm
characteristics, particularly the maximum intensity of the rainfall. Therefore, it may
not be advisable to adopt S-graphs that have been developed from one hydrologic
zone and to apply these to watersheds in other hydrologic zones because of possible
differences in rainfall characteristics in the two zones that may affect the shape of
the S-graph. Application of S-graphs requires the selection of an appropriate S-graph
and the estimation of the one parameter, basin lag. Four S-graphs have been selected
for use in Maricopa County and a method to estimate lag is provided.

The USBR has revised the Flood Hydrology Studies chapter of Design of Small
Dams (USBR, 3rd Edition, 1987), and it has identified S-graphs for application in
six generalized regional and physiographic type of watersheds. Recently, the USBR
has. issued a Flood Hydrology Manual (Cudworth, 1989) that contains extensive
discussion of flood hydrology in general, and S-graphs in particular. Both of these
references should be consulted before using S-graphs.. The S-graph hasbeen adopted
as the unit hydrograph procedure by Orange County and.San'Bermardino County,
California, and selected S-graphs are presented in the hydrology manuals for those
counties. The S-graphs in those hydrology manuals have been selected primarily
from S-graphs that previously had been defined by the U.S. Ammy Corps of
Engineers, Los Angeles District from a rather long and extensive history of analyses
of floods in California.

An S-graph can, in theory, be used in any application for which an unit hydrograph
can.be used. In practice an S-graph must be first converted to an unit hydrograph,
and this can be done by one of two methods. First, The S-graph can be converted to
an unit-hydrograph manually; or second, the S-graph can be converted to an unit
hydrograph by use of the MCUHP2 program. The MCUHP2 program outputs the

- HEC-1 input file with the S-graph converted to an unit hydrograph, and the unit

[ S
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S-Graphs

5.6.2

5.6.3

hydrograph is written to a HEC-1 input file using the UI (Given Unit Graph) recofd.
The use of MCUHP?2 greatly facilitates the use of S-graphs.

‘Although the S-graph is coxhpletefy dimensionless and .does not have a rainfall

excess duration associated with it, the unit hydrograph does require the specification
of a duration. In general, the same rules and recommendations apply to the S-graph
as were made for the Clark Unit Hydrograph; that is, the duration (computation
interval, NMIN) selected for the development of the unit hydrograph from a S-graph
should equal about 0.15 times the lag. A duration (NMIN) in the range 0.10:t0.0.25,
times the lag is usually acceptable.

Sources of S-Graphs...

S-graphs for Maricopa County have been selected from a compilation of S-graphs.
for the Southwestern United States (Sabol, 1987a) and an evaluation of S-graphs
(Sabol, 1993a) used in the Unit Hydrograph Study (Sabol, 1987b). The sources. of
S-graphs for that compilation were reports and file data of the U.S. Army Corps of
Engineers, Los Angeles District, and the USBR, as well as data collected for the Unit
Hydrograph Study from gauged watersheds in Walnut Gulch, Tucson, Albuquerque,
Denver, and Wyoming.

S-Graphs for Use in Maricopa County

The four S-graphs selected for use in flood hydrology studies in Maricopa County
are the Phoenix Mountain, the Phoenix Valley, the Desert/Rangeland, and Agricul-
tural S-graphs. The Phoenix Mountain S-graph is to be used in flood hydrology

studies of watersheds that drain predominantly mountainous terrain, such as Agua

Fria River above Rock Springs, New River above the Town of New River, the Verde
River, Tonto Creek, and the Salt River above Phoenix. Although the Corps of
Engineers developed a separate S-graph for Indian Bend Wash, it is nearly identical
to the Phoenix Mountain S-graph which may also be appropnate for Indian Bend
Wash.

- The Phoenix Valley S-graphis appropriate forflood hydrology studies of watersheds

that have little topographic relief and/or urbanized watersheds. However, the Clark
method is still the preferred unit hydrograph method for use in urban areas in
Maricopa County. The Desert/Rangeland S-graph is appropriate for use in natural
areas with.little to moderate relief, such as foothills, distributary flow areas, and other
undeveloped desert areas. The Agricultural S-graph as the name suggests should be
used for areas under agricultural crops like cotton, wheat, or vegetables. Table 5.4

~summarizes the four S-graphs and describes their general areas of applicability.

The four S-graphs are shown in Figures 5.9, 5.10, 5.11, and 5.12 and the coordinates
of the graphs listed in Table 5.3. The selection of S-graph should be made based on
a comparison of the watershed of interest to the watershed(s) used to develop the
various S-graphs.
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Unit Hydrograph Procedures _

o : Table 5.3
. " ‘ ' ‘ - Tabulation of Coordinates for S-graphs
Percent Ultimate Time in Percent Lag
Discharge Phoenix Valley! Phoenix Mountain | Desert/Rangeland | Agricultural

0 0.0 0.0 0.0 0.0

2 23.0 23.0 23.0 . 21.0

4 30.0 _ 31.0 31.0 31.0

6 36.0 37.0 36.9 ' 37.0

8 41.0 42,0 . e 41.7. -4 .. 41.0..

10 45.7 46.0° | . 45.9 - | 45.0

12 50.0 49.8 497 =] 48.0

14 54.1 53.4 53.2 52.0

167 58.0 56.8 _ 56.4 - 56.0

18- ’ '61.7 60.0 . 59.7 59.0

20. 65.2 63.1 62.5 62.0

22 68.5 66.1 65.3 64.0

246 71.6 69.0 I " 680 67.5.

26 - . . 74.6 . 718 1~ . 70.6 . | 70.0.-

28 77.5 74.4 73.2 '72.5

30 80.2 76.8 75.7 75.0

32 82.7 79.1 78.3 77.5

34 85.0 81.2 80.7 80.0

o 36 87.2 83.2 83.1 82.5

T 38 89.0 85.1 . 85.5 85.0

40 91.1 86.8 87.9 87.5

42 92.9 88.8 90.3 90.0

e 44 94.6 91.0 92.7 92.5

| . 46 96.3 93.8 95.1 95.0
| - 48 98.1 - 96.8 97.5 97.5
| ' 50 100.0 100.0 100.0 100.0
| 52 102.0 103.4 102.5 103.0
\ | | 54 104.1 107.0 105.1 106.0
s 56 106.3 110.8 "~ 107.6 109.0

: 58 108.6 114.7 110.3 112.0

60 111.0 118.7 113.0 115.0

62 113.5 122.9 116.9 117.5

64 116.1 127.3 119.0 120.5

66 118.8 131.9 122.3 123.0

68 121.6 136.7 125.6 127.0

70. . 124.5 141.7 129.3 131.0

72 127.5 ' 147.1 133.2 135.0

74 130.7 152.8 137.4 138.6

76 134.1 158.8 . 141.9 142.0

78 137.7 165.5 146.8 147.0

| 80 141.5 172.9 152.1 152.5
‘ 82 145.5 181.6 158.0 158.0
| 84 149.9 191.0 164.5 165.0
‘ 86 . 154.6 201.0 . 172.0 172.5
| _ 88 159.6 212.0 180.4 178.0
‘ 20 166.6 226.0 ©180.7 190.0
| 92 173.6 244.0 202.9 203.0
| 94 186.6 . 265.0 217.9 220.0
| 96 200.6 295.0 239.6 243.0
| 98 223.6 342.0 273.2. 280.0
100 298.6 462.0 . 367.7 448.0
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5.6.4 Estimation of Lag

The application of an S-graph requires the estimatibn of the paratheter, basin lag. A
general relationship for basin lag zs a function of watershed characteristics is given
by Equation 5.11:

5.11)
ILe (
Lag=C|* ca)
&

where Lag=basin lag in hours

L. =  length of thelongest watercoursein miles- - :-

Lca. = . lengthalong the ‘watercourse to apoint opposite the centroid in-

oo miles
S = watercourse slope in feet per.mile
C = ' coefficientand m & p = exponents.

The Corps of Engineers often uses C = 24Kn where Kn is the estimated mean
Manning’s n for all the channels within an area, and m = 0.38. The USBR (1987)
has recommended that C = 26Kn and m = 0.33. Both sets of values in Equation 5.11
will often result in similar estimates for Lag. Traditionally the exponent, p, on the
slope is equal to 0.5.

It should be noted that Kn is a measure of the hydraulic efficiency of the watershed
and it is not necessanly a constant for a given watershed for all rainfall depths and
rainfall intensities. As rainfall depth and/or rainfall intensity increases the efficiency
of runoff increases and Kn decreases. Therefore, some adjustment in Kn should be
made for use with rainfalls of different magnitudes (frequencies). Generaily, Kn is
the smallest for extreme floods such as PMFs and increases as the frequency of event
increases.

5.6.4.1 Selection of Kn The selection of a representative Kn value for a particular
watershed is an inherently subjective process. However, some guidelines are given
for the selection of Kn in Maricopa County in conjunction with the four recom-
mended S-graphs. Table 5.4 contains a summary of these guidelines. Additional
guidance may be gleaned from the calculated Kn values for numerous watersheds
provided in Appendix K. Care should be taken to keep in mind the limitations
discussed above when selecting Kn for any given watershed.

Several graphical relations are available for estimating basin lag. One such relation
(U.S. Army Corps of Engineers, 1982a) is shown in Appendix K. Several other
relations that should.be consulted when using S-graphs are.contained:in Design of
Small Dams (USBR, 1987) and the USBR Flood Hydrology Manual (Cudworth,
1989).
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| Unit Hydrograph Procedures

~ When estimating basin lag the follo‘Wi‘ngn Stepsi';sheulll be used:

1. From an appropriate map of the watershed, measure drainage area (A), and the
values of L, Lca, and S.

[

Calculate the basin factor LLca/(SO'S).

‘3. Use-data in. Appendix K or the:tables iri Design:of Small Dains or the Flood =~
Hydrology Manual to-attempt to identify watersheds of the-same physiographic- . -

- type and similar drainage area and-basin factor. Make a list.of watersheds with: -
--similar drainage areas and basin.factors, and tabulate the estlmated value of Kn'
- for those watersheds, and the measured lag :

A Estlmate Kanifor the watershed by mspectmn .of: the tabula:tlon step 3

5. MEshmate lag by Equatlon 5.11. Use values of C and m correspondmg to the
source (U.S. Army Corps of Engineers or USBR) that was used to estimate Kn.

6. Compare the calculated lag with the measured lag for similar watersheds (step 3).

The use of measured values of Kn from hydrograph reconstitutions of similar
watersheds will provide the most reliable estimates of Kn and basin lag.




. Ta!le 5-4 ,

S-Graphs and Kn Values

‘ Kn
- §-Graph Type Description Min Avg | Max Deecription
Phoenix Valley Very shallow slopes 0.015{ -~ 10.15 | variations dependent upon slope, degree of urbanization
and/or partially - | and connected impervious areas and development of
urbanized _ organized drainage nmprovements extreme high values

may be appropnate in very flat areas with little or no
drainage network ’

Phoenix Mountain | Mountain 0.045| 0.05 |0.055] quite rugged, with sharp ridges and narrow, steep
canyons through which watercourses meander around
sharp bends, over large boulders, and considerable
devbris obstruction; grojnd cover, excluding small areas
of rock outcrops includes many trees and considerable
underbrush; no dralnage improvements

Foothills 0.027] 0.03 }0.033 gent{y rolling, with rounded ridges and moderate side

' slopes; watercourses meander in fairly straight channels
with some boulders and lodged debris; ground cover
includes scattered brush, cactus and grasses; no -
drainage improvements | '
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