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INTRODUCTION

1.1  PURPOSE

In April 1985 a task force was formed to establish a common basis for
drainage management in all jurisdictions within Maricopa County. This was
deemed to be desirable because it would result in consistent analysis of
drainage requirements, less staff time and cost in annexing County areas, and
equal and common protection from the hazards of stormwatervdrainage for the
residents. Additionally, developers would have the advantage of having only.
one set of drainage standards to comply with developing land within the
incorporated or unincorporated areas of Maricopa Coupty. The task force

determined that the effort should be in three phases:

I Phase 1 Research, evaluate, develop, and produce uniform policies and
standards for drainage of new development within Maricopa

County (Resolution FCD 87-7).

Phase 2  Establish a Stormwater Drainage Design Manual for use by all

jurisdictional agencies within the County.

Phase 3 Prepare an in-depth evaluation of regional rainfall data and
establish precipitation design rainfall guidelines and

isohyetal maps for Maricopa County.

As part of fulfilling Phase 2 the Design Hydrology Manual will provide

. the necessary inputs for the Stormwater Drainage Design Manual.




1.2  SCOPE AND LIMITATIONS

When using the procedures detailed in this manual, it is important to
keep several things in mind. First, this is a DESIGN HYDROLOGY MANUAL. The
methods, techniques and parameter values described herein are not necessarily
valid for real-time prediction of flow values, or for re-creating 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 parts precludes the use of flood frequency analysis for stormwater
drainage design. For those watercourses with sufficient record, flood
frequency analysis may be acceptable. 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 predicting the runoff
which would result from a design storm of a given return interval.

Third, the design storm has no point of reference in terms of a singular
historic event. Rather, it is inﬁended to provide the best available
information by utilizing historic data as well as other precipitation design
concepts. This 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.




1.3 USES OF 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 respect, 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 user of this manual is thus encouraged to validate the

reasonableness of the predicted values by applying alternative methods, such
as envelope curves, regression equations, or other such "checks" which have
been developed for this area.

The last Chapter in the Manual, APPLICATION, is intended to provide some
general suggestions when solving a particular problem. In addition, a number
of examples were designed to aid the user with the development of input
variables and parameter estimation.

It is not the intent of this manual to inhibit sound innovative design or
the utilization of new techniques. 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 exception cf minor "editorial® correctionms,
such revisions will probably take place every three-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 another agency which subscribes to these

procedures.




RAINFALL

2.1 GENERAL

Precipitation in Maricopa County is strongly influenced by variation in
climate, changing from a warm and arid desert environment to a cool and
moderately humid mountainous area. Mean annual precipitation ranges from
about 7 inches in the Phoenix vicinity to more than 30 inches in the mountain
regions of northern Maricopa County. Precipitation is typically divided into
twvo seasons, summer season (June through October) and winter (December through

March), and these seasonal rainfall depths are about equal. The storm

patterns are generally categorized into three types;‘though any combination of

the storm types is possible. Warm moist tropical air can move into Arizona at
anytime of the year, but most often in the summer months.

2.1.1 General Winter Storms. This type of storm normally moves in from the
north Pacific Ocean, and produces light to moderate precipitation over
relatively large areas. These storms occur between late October and
May, producing the heaviest precipitation from December to early March.
A pattern could last over several days with slight breaks in between
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 occasion, with an additional surge of moisture from the

southwest can contribute to substantial runoff volumes and peak

discharge on major river systems.




2.1.2

General Summer Storms. The Pacific Ocean north of the equator and
south of Mexico is a breeding groﬁnd for tropical 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 remnents of thesé storms can be caught up
in the large scale circulation around a low pressure centér in southern
California and can bring a persistant 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. Vhereas,
general winter storms usually cover the entire 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 orographic influences. The period
of late September through October may have storm patterns which are
similar to both general summer and winter events.

Local Storms. These storms consist of scattered heavy downpours of
rain over areas of up to about 300 square miles for a time period up to
about 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 longér
duration events in late summer and.may be associated with general

summer storms (see above). Local storms generally produce record peaks




for small watersheds. They can result in flash floods, and sometimes
loss of life and property damage.

2.2 DEPTH-DURATION-FREQUENCY ANALYSIS |

The commonly required precipitation parameters used in hydrologic
modeling are depth, intensity, duration, spatial distribution and frequency of
rainfall. The selection of a design frequency is often influenced by
administrative or economic decisions as well as hydrologic ones. The duration
of the design storm is usually a function of the size and topography of the
watershed. In general, éne should insure that the design storm is of
sufficient duration to allow the entire watershed to contribute to the flow at
the point of interest.

Spatial and temporal variatién of precipitation, and lack of long term
data in Maricopa County requires a procedure for rainfall input for design
purposes. Regardless of whether the desired output is a peak discharge for
sizing a conveyance structure, or a volume for sizing a basin, or the overland
flow from a natural watershed, the designer needs to know the total depth of
the design precipitation event and how it is structured both in time and
space. However, selection of the appropriate event is constrained by
availability and quality of data.

2.2.1 Source of Data. The most comprehensive, available source of data for
depth-duration-frequency analysis is the Precipitation-Frequency Atlas
for Arizona. This data was published by National Weather Service
(N¥S), National Oceanic and Atmospheric Administration (NOAA), (Miller,
et al., 1973). Until a more up to date data base becomes available,
NOAA Atlas is to be used for all design purposes within Maricopa

County.




2.3 DEPTH-AREA RELATION

The problem of spatial variability of rainfall is quite difficult to
handle because of an irregular 1imited network of raingauges. Work in the
southwest by the ﬁnited States Deparment of Agricultufe, Agricultural Research
Service, indicates that high intensity storms do not have large areal extent.
Most runoff producing thunderstorms cover less than twenty square miles.

The above argument supports development of areal reduction curves which A
reflect the nature of the thunderstorms in the southwest. However, drainage
facilities such as storm drains, channels, and culverts should be sized to
handle the peak discharge resulting from the design storm critically centered
above them so as to create the worst case discharge. Retention/detention
facilities serving as an outfall for a small contributing area of up to 10
square miles would not appear to justify areal reduction of the depth. 1In all
other applications, areal reduction seems appropriate for runoff calculations
of contributing areas of any size.

2.3.1 Procedure Fo; Depth-Area Adjustments. The Depth-Area Reduction Curves
developed by Osborn, et al., (1980) are to be used. These curves were based
on data from Arizona and are appropriate for use in Maricopa County. Figures
1 to 4 illustrate the curves, which are for 2-, 10-, and 100-year frequencies.
If areal reduction is needed for a 25-, or 50- year frequencies, the values
for the 10-year and the 100-year frequencies can be used, respectively.
a. Determine the size of the drainage area, and decide if areal
reduction is necessary.
b. Use SECTION 2.4 to calculate depth for the design frequency.
¢c. If more than one isoline is shown over the drainage area, calculate
average depth.

d. Use Figures 2.1 to 2.4 to select the reduction coefficient. For
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large areas (>80 square miles) or durations longer than 6 hours,
. use Figure 2.4 at the end piont values.
e. Multiply reduction coefficient by the average rainfall depth.
2.4 SELECTION OF APPROPRIATE DESIGN STORM
The design hydrologist must specify the appropriéte rainfall frequency,
duration, depth and the corresponding time distribution for any design
purposes which require calculation of runoff volume and peak discharge.
Application of the Rational Formula does not require a time distributionm. The
Hydrology Manual applied the NOAA procedures which led to the 100-year; 6-hour
mass curve for small areas up to 0.5 milesz. This mass curve is also known
as pattern # 1, and will be discussed later. If a particular application
requires that a mass curve should be developed, the following procedures
(NOAA) or, alternatively, a program referred to as PREFRE by tbe National
Weather Service can be used:
1) Using Plates 1-12, read rainfall depths for 2-, 5-, 10-, 25-, 50,
and 100-year return periods, for 6- and 24-hour durations, employing
linear interpolation between isolines when required. The numbers on
the isolines show tenths of inches of rainfall (i.e, 23=2.3 inches).
2) Plot the values from 1 for each duration on a separate line on
Figure 2.5, look for any deviation from a straight line and make
corrections on the line. This process will minimize any error due to
transposition of values on the maps. Also, ény error due to reading
| and interpolating values between the isolines will be minimized. Note
that these numbers are already in partial-duration series, so there is
no need for annual to partial-duration conversion.

3) At this point the data should include 6-hour and 24-hour durations

‘ for all frequencies with the exception of l-year values.
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4) A particular design may require a duration different from 24-hour
‘ ' or 6-hour. For example retention design requires a 100-year frequency,
2-hour duration design storm. In such cases the following procedure is
used which is the established method in NOAA, 1973. The only exception
is the wuse of the values by Arkell and Richards (1986) for durations
of less‘than 1 hour.
First the 100-year, l-hour and the 2-year, l-hour depths are

calculated as follows:

Compute Y2 = -0.011 + 0.942(Xl)(Xl/X2)

Compute Y100 = 0.494 + 0.755(X3)(X3/X4)

where:

Y2 = 2-yr, l-hr estimated value;

Y100 = 100-yr, l-hour estimated value;

Xl = 2-yr, 6-hr value from precipitation-frequency maps;
. X2 = 2-yr, 24-hr value from precipitation-frequency maps;

X3 = 100-yr, 6-hr value from precipitation-frequency maps;

X4 = 100-yr, 24-hr value from precipitation-frequency maps.

Then the 100-year, 2-hour, and the 2-year, 2-hour depths, as
well as depths for other durations are calculated:

0.341 (6-hr) + 0.659 (1l-hr)

fl

Compute 2-hr

Compute 3-hr = 0.569 (6-hr) +0.431 (1-hr)
Compute 12-hr, Figure 2.6, using the 6-hr and the 24-hr values

Compute S5-min = 0.34(1-hr)

Compute 10-min = 0.51(1l-hr)
Compute 15-min = 0.62(1l-hr)
Compute 30-min = 0.82(1-hr)
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At this point the data includes all depths for the 100-year and the
2-year frequencies, for all durations. Depths for 5-, 10-, 25-, and Sb-year
frequencies will be estimated by reading the corresponding values f;om Figure
2.5. A rainfall mass curve can then be constructed by nesting around a
desired duration, i.e., 15-in, or 30-min.

2.5 DEVELOPMENT OF DESIGN STORM DISTRIBUTIONS

The design storms for use in Maricopa County will be a 2-hour,'6-hour, or
a 24-hour distribution. The 2-hour storm is used for retention design
purposes. The 6;hour storm is for all hydrologic analysis for areas of up to
500 square miles. The 24-hour storm should be used for very large, natural
watersheds (> 500 square miles).

2.5.1 2-hour Storm distribution. If the Rational Method is used, there is no
need forAa time distribution. The selected depth should be used based on the
procedures in Chapter 3 of this manual. If a time distribution is required,
i.e., rainfall input for HEC-1, the dimensionless 2-hour cumulative rainfall
distribution of Table 2.1 should be used. These values are for direct input
into HEC-1, assuming either a 5-minute or a_ls-minute intensity for rainfall
time step. Figure 2.7 illustrates the graphical form of this distribution.
2.5.2 6-hour Storm Distribution. The 6-hour rainfall distribution is a
function of drainage area size. For this purpose five dimensionless rainfall
patterns developed. Pattern #1 applied NOAA procedures to Phoenix Airport
data. Patterns #2 through 5 are intended to provide variability of rainfall
intensity as a function of drainage area. For this purpose the historic event
of Aug. 19, 1954 was used. In a study by the US Army Corps of Engineers a set
of rainfall patterns were developed, (US Army Corps of Engineers, 1974). This

information was modified for a 6-hour duration rainfall. A rainfall pattern

can be selected from Table 2.2 for direct input into HEC-1, once the size of




fhe drainage area is determined. 1In this case the rainfall time step is
15-minutes. Figure 2.8 illustrates graphical representations of the
dimensionless rainfall patterns. The following should be used vwhen selecting
a rainfall pattern, which is also shown in Figure 2.9:

For drainage area of up to 0.5 square miles use pattern #1;

For drainage area in the range (0.5-2.8) squaré miles use pattern #2;

For drainage area in the range (2.8-16.) square miles use pattern-#3;

For drainage area in the range (16.-90.) square miles use pattern #4;

For drainage area in the range (90.-500) square miles use pattern #5.
2.5.3 24-hour Storm Distribution. In those cases that a 24-hour distribution
is found suitable, the SCS TYPE II distribution may be used. Table 2.3 shows

its mass curve distribution and Figure 2.10 illustrates its graphical form.

Time (minutes) Z Rainfall Depth Time (minutes) Z 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 6.2
40 - 10.0 100 97.0
45 13.7 105 87.9
50 17.6 110 88.2
55 23.2 115 99.2
60 32.7 120 100.0

Table 2.1., 2-hour storm distribution for retention design.
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Time (hrs) Pattern #1 Pattern #2 Pattern #3 Pattern #4 Pattern £5

. 0:00 .0 .0 .0 .0 .0

0:15 ] .6 1.5 2.1 2.4
0:30 0.9 1.2 2.0 3.5 .‘4.3
0:45 | 1.4 2.0 3.0 5.1 5.9
1:00 2.2 3.1 4.8 7.1 7.8
1:15 3.0 3.9 6.3 8.7 9.8
1:30 3.8 4,9 7.6 10.5 1.9
1:45 4.7 5.7 9.0 12.5 14.1
2:00 5.4 6.7 10.5 14.3 16.2
2:15 6.2 7.6 11.9 16.0 18.6
2:30 7.5 8.7 13.5 17.9 21.2
2:45 8.8 10.0 15.2 20.1 23.9
. 3:00 10.7 12.0 17.5 23.2 27.1
3:15 12.7 16.3 22.2 28.1 32.1
3:30 20.5 25.2 30.4 36.4 40.8
3:45 36.6 45.1 47.2 50.0 51.5
4:00 82.3 69.4 67.0 65.8 62.7
4:15 90.0 83.7 79.6 77.3 73.5
4:30 62.0 90.0 86.8 : 84.1 81.4
4:45 93.9 93.8 91.2 88.8 86.4
5:00 95.2 96.7 94.6 92.7 90.7
5:15 96.5 98.5 97.4 95.8 94,5
5:30 97.7 99.0 98.0 96.5 95.5
5:45 98.8 99.0 98.7 97.6 96.9
6:00 100.0 100.0 100.0 100.0 100.0
. Table 2.2, 6-hour distributjons. Pattern # represents Zrainfall depth.
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Time (hours) ZRainfall Depth Time (hours) ZRainfall Depth
0:00 . 0.0 12:30 | 73.5
0:30 0.5 13:00 77.2
1:00 1.1 13:30 79.9
1:30 1.6 14:00 , 82.0
2:00 2.2 14:30 83.8
2:30 2.8 15:00 85.4
3:00 3.5 15:30 86.8
3:30 4.1 16:00 88.0
4:00 4.8 16:30 89.1
4:30 5.6 17:00 0.2
5:00 6.8 17:30 91.2
5:30 7.1 18:00 92.1
6:00 8.0 18:30 92.9
6:30 8.9 19:00 93.7
7:00 9.8 19:30 84.5
7:30 10.9 20:00 95.2
8:00 12.0 20:30 95.9
8:30 13.3 21:00 96.5
9:00 14.7 21:30 97.2
9:30 16.3 22:00 97.8

10:00 18.1 22:30 98.4
10:30 20.4 23:00 98.9
11:00 23.35 23:30 99.5
11:30 28.3 24:00 100.0
12:00 66.3

Table 2.3, 24-hour SCS TYPE-II distribution
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RATIONAL METHOD

3.1 GENERAL

The Rational Method was originally developed to estimate runoff from
small urban areas and its use should be generally limited to those conditions.
For the purposes of this manual, its use should be limited to area of up to
160 acres which require retention design. In such cases the peak discharge
and the volume of ruﬁoff from rainfall events up to and including the 100-year
2-hour duration storm félling within the boundaries of the proposed
development is to be retained. If the development involves channel routing,
the procedures given in Chapter 4 and Chapter 6 should be used.
3.2 RATIONAL EQUATION

The Rétional Equation relates rainfall intensity, a runoff coefficient
and the watershed size to the generated runoff, expressed as peak flow. The

following shows this relationship:

.Q = CiA (1)
vhere
Q = the runoff (cfs) from a given area.
C = a coefficient relating the runoff to rainfall.
i = average rainfall intensity (inches/hour), lasting for a Tc.

Tc = the time of concentration (hours).

A = drainage area (acres).




The Rational formula 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 time for water to
flow from the most remote part of the watershed to the point of design. For
the purposes of the Hydrology Manual the time of.concentration should be
computed by applying the following formula developed by Papadakis and Kazan

(1987):

.5 .52 ~.31 -.38

Tc = 11.4 L s i
c r (2)

wvhere
Tc = time of concentration (hours).

L = length of flow path.

r = resistance coefficient (Figure 3.1).
S = water course slope (feet/mile).
i = rainfall intensity (inches/hour).¥

*It should be noted that i is the "excess rainfall intensity" as originally
developed. However, when used in the Rational Equation, rainfall intensity
and excess rainfall intensity provide similar values. This is due to the
hydrologic characteristics of small, urban watersheds which result in minimal
soil loss, as well as a time of concentration which is typically less than

thirty minutes.
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3.3 ASSUMPTIONS
Application of Rational Formula requires consideration of the following:

1. The maximum runoff 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. The frequency of occurrence of the peak discharge is the same as the |
frequency of the rainfall producing that event.
4, The runoff coefficient would remain the same for all storms for a
given watershed.
3.4 LIMITATIONS
Application of the Rational Formula is appropriate for small urban
watersheds. 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. Beyond this limitation the rainfall distribution
may vary from the indicated point value.
3.5 APPLICATION
The Rational Formula should be used to calculate the generated peak flow
and runoff volume for small urban areas where a retention design is required.
3.5.1 Peak Flow Calculation
1. Determine the area size within the development boundaries.
2. Select the runoff coefficient, C from Table 3.1
3. Calculate time of concentration. This is to be done by an iterative
process. Select a duration from the I-D-F curves, Figure 3.2. 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. Use this intensity in Eq.(2) to calculate time of
concentration. Repeat this process until the selected and computed
Tc values are reasonably close. For more details see example 4.

4. Calculate rainfall intensity for the location. The intensity value
of the corresponding Tc in the above is for the Phoenix area. Use

it in the following equation for application in other areas:

1= ip(e® )/2.07 (3)
vhere
i = the desiréd intensity for a given duration and frequency.
ip = the intensity for the Phoenix area.
P6 = the 10-year, 6-hour precipitation depth at the point

10

of interest. It can be read from Plate 3.
5. Determine Q, peak flow by using the above value in Eq. (1)
3.5.2 Volume Calculations

Volume calculation should be done by applying the following equation:

V = C(P/12)A (4)
where
V = calculated volume (acre-feet).
C = runoff coefficient from Table 1.
P = 100-year, 2-hour rainfall depth (inches).
A = drainage area (acres).




. Streets

Industrial Areas

Business Areas

Residential Areas

Parks, Cemeteries

Playgrounds

Asphaltic 0.70
Cconcrete 0.80

Gravel roadways & shoulders 0.40

Flat commercial (about Z90 impervious)
Heavy areas 0.60

Light areas 0.50

Downtown areas ’ 0.70

Neighberhood areas 0.50

Lawns - flat 0.05
- steep 0.15
Suburban areas _ 0.25
Single family areas 0.30
Multi - unit areas 0.40
Apartment areas 0.50
0.10

0.20

0.40

0.50

06.70

0.30

‘ Table 3.1. C Coefficients for use with the Rational Formula.
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RAINFALL LOSSES ,9 Dec 88

PRELIMINARY

fheory For Rovi

or Review Onl
General y
Rafnf | excess is that portion of Whe total rainfall depth that
drains directly from the land surface by overtand flow. By a mass :
balance, rainfall excess plus rainfall losses equals precipifa+ion. ;
When‘performing a flood analysis using a rainfall-runoff model, The : \
determination of rainfall excess is of pfmosf importance- Rainfall V

excess integrated over the entire watershed results in runoff volume,
and the temporal dlsTrxou1\on of the faihfall excess will, along with
+he hydraulics of'runoff, determine ?he peak discharge- . - .Therefore,
the estimation of The‘magn;*udo and time distribution of ra;nfall
losses should be performed with the besT practical Technology,

cénsidering the objective of the analysis, economics of The project,

\~~
e

and consequences of inaccurate estimates.

Rainfall losses 3are generally considered to be the result of
interception of rainfall by vegetal cover, depresston storage on the
iand surface (paved or unpaved), evaporation of water from the fand
surface, and infiltration of water into the soil matrix. For the
purposes of this Hydrology Manual rainfall losses are classified as
either surface retention loss or infilfra%fon. Losses are also often
separated into accumulated losses prior to the initiation of sur face
runoff (initial abstraction}, and losses during surface runoff;
however, initial abstraction is not identical To surface retention
loss because initial abstraction includes some amount of infiltration

losses prior to the start of curface runoft.

surface Retention Loss

——

Surface retention loss, as used here yin, is the cummation of all

Faintall losses olbher ihan iotilteation. The major component of this
loss is depression siorage consicting of rainfall that is captured in
puddies, amall curitaoe deproasions, road gquiters, ditches, reobs, and
other non-draining nusd o o featuraes. A relatively wminer con fribution

H t - . - s . - : ‘ P
by 1nier: eplion 16 Aiso conai dered as 8 part oot dhe total aur baoe




retention fosa. Fotimaleas of csurface cedlantion loss are difficull 1o
obtiain and are o function of the physiography and land-use of the
aren. Fefimaics of surface vrelention loss contained in this manual

4

have beoen obizioned from the analycia of rainfall-runoff data, results

of vainfall simulator studis=s conducted on rangetands and turd and
7

pubiished esiimates for such losseac.

Infiltration

Infilfration is the movement of water from the land surface into the
soil. Infiltration is distinguished from percolation in that .
percolation 'is the movement of water through the soil subsequent to
infiltration. ‘lnfilfraTipn can be.cbnfrolled by perdolafion if the
soil does no¢ have a sustained drainage capacity to provide access for
more infilfrated wafér. However, the extent by which -percolation can
restrict infil+ra+ipn of rainfall should be carefully evaluated before
percolation can be assumed to restrict infiltration fof the design _
rainfalls that are being considered in Maricopa County. For example,

hydrologic soil group D has been defined by SCS soil scientists as:

"Soils having very slow infiltration rates when thoroughiy
wetted and consisting chiefly of clay soils wijh a high
swelling potential, soils wf+h é 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 soils in hydrologic soil groups A, B,
or C could be classified as D if they are underiain by an impervious
strats of clay, caliche, or rock. When these soils are considered in
regard to long-duration rainfalls that are the design events tor 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
under estimation of the rainfall losses for these storms. This is
because even a relatively shallow horizon of soil overlaying an
impervious layer_ still has ihe abilily to store a significant amount
of infillrated rainfail. For example, consider the situantion where

only 4 inches of <oil covers an impervious layer . It the effeciive

e




porosily is 0.50 then 1., inches (4 inches limes 0.3%0) of waler c¢an be
tnfilirated and stored in -ne chalbllow soil horizon. For s design
ratntatl of 6 hours and o raintall depth of abou! 4 inches Thisg

represents o osignificant «iarage volume for infiltrated cainfall.

Therefore, for drainage ciudies in Maricopa County thal contiin major
areas of soil that are clac<ified as hydrologic soil group D, the
reason for the soil survey classification as D should be determined.
Hydrologic soil group D should be retained for clay soils, soils with
a permanent high water table, and rock outcrop. Hydrologic soil group
D,should probably not be retained in all situations where the
classification is bésed on shallow soils over nearly impervious
layers, and site specific studies and sensitivity analyses should be
performed to estimate +hé loss rates that should bg used for such
soils. 4 ' )

infiltration of water into the soil is‘generally believed to follow an

exponential decay function as proposed by Horton (1939):

. %
- -kt R
f = fC + (fo - fc)e ) (1)

where f is the infiltration rate a+ time *,

fo is the minimum (equilibrium) infiltration }afe,

fo is the initial infiltration rate,

T is the time from start of rainfall,

k is a constant that is dependenf'ppon the soil-vegetation

complex, and

e is the base of the Naperian logarithms.

This infildration function is illustrated in Figure 1. In Figure 1|,
the infiltration rate is shown to be a continually decreasing function
of time and the surtace retention loss is shown fto be a |6$S that is
independent of and separate from the infiltration of rainfall into the
soil. This represents the physical process that is to be simulated in

modeling rainfall loss.

The driving force for infilteralion is gravity and capitlary forces

drawing water into and theough the pore spacas obl the <opl m.to i,




tufillintion is contralled by soil properiies, vegelation infloences
on Jhe aoil alructure, aurince cover | by rock and vegelation, and by

Piblage praciices.

Methods for Estimating Rainfall Losses

Numerous methods have been developed for estimating rainfall losses.

Five methods are available as options in the HEC-1 flood Hydrology

Package:
1. SCS CN loss rate, _
2. Initial loss plus uniform loss rate,
3. Expdnenfié! loss rate,

4. Holtan infiltration equation, and S

5. Green and Ampf infiltration equation.

The Holtan infiltration equation is similar to the Horton equation in

that it is an exponential decay Type‘of equation for which the
rainfall loss rate asymptotically diminishes to the minimum
infiltration rate, f_. The Holtan equation is not extensively used
and data and procedures to estimate the parameters for use in Maricopa
County are not available. The Hol+an equation is néf recommended for
general use in Maricopa County.. .

The Exponential loss rate method is a fouflparamefer method that is
not extensively used, but it is a preferred method of the U.S. Army
Corps of Engineers. Data and procedures are -not availablé fo estimate
the parameters for this loss rate method for all physiographic aress
in Maricopa County, but Exponential loss rate parameters have been
developed from the reconstitution of flood events for a flood
hydrology study in a portion of Maricopa County (U.S. Army Corps of
Engineers, 1982). However, adequate data is not available to estimate
the necessary parameters and this method is not recommended for
general use in Maricopa County.

The SCS CH method is the most extensively used rainfall loss rate

method in Maricopa County and it has wide noceptance among miny

A




sgencies, consul ling enginecring Tirme, and individuals, throughoul the

coumutd by . tlowever , the meithod 19 timited because of both itheorelical

and practical deficienciea of the melhod. Ceoveaeral of the deficiencies

OF the SO CH o melhod are:

1. Haintall Josses are iondependent of the duration of rainfaltl. Fhatl
is, ftor a given depth of rainfall ihe same rainfall loss resulids

regardless of the duration of rainfall, and the same rainfall
excess would be estimated for @ given rainfall depth occurring in,
for example, either 1 hour or 24 hours.

2. The estimated rainfall loss rate is a function of rainfall
intensity. Short periods of high intensity rainfall would often
result inilafge estimates of rainfall losses. This is contrary
to the Horton type infiltration relation as illusirated in Figure

3. The infil%ra?[on rate.approaches zero rather +Han.a minimum
infiltration rafe, fc. : - ‘

4. The initial abstraction of 0.2S is not justified nor is it based
on dopta for hydrologic condifiéns that are representative of
Maricopa County.

5. The selection of CN is too subjective and is based more on
traditional acceptance of CN values rather Tha? scientifically

substantiated findings. 4 ' _

6. At low rainfalls (less than 4 inches), the estimate of rainfall

loss is very sensitive to the selection of CN.
For these reasons the SCS CN method is not recommended for general use

in Maricopa County.

Two methods are recommended for use in Maricopa County; these are the
initial loss plus uniform loss rate (IL+ULR}, and the Green and’AmpT
infiltration equation. Other methods should be used only if there is
technical justification for a variance from this recommendéfion and if
adequate information is available to estimate the necessary parameter
values. Use of rainfall -loss methods other than those recommended

should not be undertaken unless previously approved by the Flood

Control District and the-local regulatory agency.




~Green and Ampt Infiliration Equation

IThis model, firsl doveloped in fult by W.H. Greoen and G.A. Ampt, has

>
cince 1975 veceived incrensed interest for estimating rainfall

infittration loseea. Fhe model has The form:

fKCez)
q-= 9//¢(51'5/)

where f = infilftration rate,

K = hydraulic conductivity in the wetted zone (the ultimate
> steady state rate),

//1P = avéfage capillary sucffon in the wetted zone,

{ % t final soil safurafioni{VOlume*ric),
SL: initial soil saturation (volumetric); ‘-H
¢7= soil porosity, and ) ' o
F = depth of rainfall that has infiltrated into the soil

since the beginning of rainfall.

it is important to note that as rain continues, F increases and f
approaches K, and therefore, f is inversely related to time. Equation
2 is implicit with respect to f which causes computational
difficulties. Eggert (1976) simbliffed Equation 1 By expanding the
equation in a power series and -truncating all buf¥ the first two terms

of the expansion. The simplified solution (Li and others, 1976) is:
AF = —.5(2F—KA+)+.5((2F-KA+)2 + BKAt(Q + F))”2 (3)

where 1t is the computation interval and F is accumulated depth of

infiltration at the start of +. The average infilftration rate is:

. .
Af=A__ (a4)
at

Use of tThe Green and Ampt equation as coded in HEC-1 involives the
simulation of rainfall loss as @ iwo phase process. The first phase
ts the simulation of the surface retention lose as previously

described, and this Joss i called ihe initial ltoas (LAY in HE o «1 .

%0




Duriing 1This first phase all rainfall is lost (zero rainiall excess

generated) during the period from the start of rainfall up 1o the time
that the accumulated rainfall equals the value of AL 't is assumed
for mode}ing purposes, ithat no infiltration of rainfall occurs during
this first phase. Initial toss (1A is primarily a function of tand-
use and surface cover, and recommended values of IA for use wiTh.The
Green and Ampt equation are presented in Table 1. For example, as
shown in Table 1 about 0.35 inches of rainfall will be lost to runoff

due to surface retention for desert and rangelands on relatively flat

siopes in Maricopa County.

The second phaée of the rainfall lésé process is the infiltration of
rainfall intfo the soil matrix. For modeling purposes, the
infiltration begins jmmediafely after the surface retention loss (1A)
is cbmplefely éafisfied. The three Green and Ampt equation ‘
infiltration parameters as coded in HEC-1 are hydraufié conductivity
at natural saturation (XKSAT), wetting front capillary suction (PSIF);

and volumetric soil moisture deficif‘a+ the start of rainfall

75
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(DTHETA). The three infiltration parameters are functions of soil
characteristics, ground surface characteristics, and land management
practices. The soil characferisfic§ of interest are particle size
distribution fsoil texturel, orgénictmaffer, and bu}k density. The
primary soil surface characteristics are végefafion cover, rock cover,
and soil crusting. The land management practices are identified as

various tillages as they result in changeé to soil porosity.

Values of Green and Ampt equation 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). Average values of XKSAT and PSIF for each of the soil texture
classes are shown in Columns (2) and (3) of Table 2 (Rawlé‘and others,

1983). Values of XKSAT and PSIF as a function of percent of sand and

percent of clay for soil with 0.5 percent organic matter and base
value (unaltered) soil porosity are shown in Figures 2 and 3,
respectively (Rawls and Brakensiek, 1983). The values of XKSAIT and
PSIF from Table 2 should be used if general soil texture
classification of the drainage area is available. The values of XKSAT




and PSTF from Figureés 2 and 3*can be vsed if more specific soil
toxturne classitication ia evailable from a detailed soil survey for

which the percentage of sand and clay has been determined by an

appropriate field soil survey. The use of the information in Figures
7 and 5 will require an exiensive study of the soil for the drainage
area and for most drainage studies only gyeneral soil texture

classification will be known and the values from Table 2 should be

used.

The soil moisture deficit (DTHETA) is a volumetric measure of the soil
moisture storage cespacity That is available at the start of the
rainfall. DTHETA is a function of_THe effective porosity of the soil.
if the soil is safﬁra%ed at the start of rainfall then DTHETA equals
0.0. If the soil is.devoid of moisfd}e at the start of. rainfall the
DTHETA equals the effective-rporosity of the soil. Tﬁghefore +he range
of DTHETA is 0.0 to the effective porosity. The porosify of soil'as.a
function of soil texture (percent of‘sand and percent of clay) is .

shown in Figure 4 (Brakensiek and others, 1984)..

Under natural conditions, soil seldom reaches a state of soil moisture
less than the wilting point of vegetation, and a graph of volumeiric
soil moisture at wilting point aé 3 func*ion of soi“ texture is shown
in Figure 5. 'Due to the rapid:drainage capacity of most soi!s in
Maricopa County the soil would not bé expgcfed to be in a state of
soil moisture greater than the field capacity at the start of a design
storm. A graph of volumetfric soil moisture at field capacity as a
function of soil texture is shown in Figure 6. However, Maricops
County also has a large segment of its tand area under irrigated
agriculture and it is reasonable to assume that the design freddency
storm could occur during or shortly after certain lands had been
irrigafed.‘ Therefore, for irrigated lands it would be reasonable to
sssume that soil moisture 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 antecedeni soil moisture condition that could be’

expeciond fo exist at the stari of ihe design rainfall. These ihrec




conditions are "Dry" for anitecedent soil moisture nenr the vegetation

wilting point; "Normal" for antecedent soil moisture condition near
field capacity due to previcus rainfall or irrigation applications on
nonagricultural lands; and "Saturated” for»antecedenT soil moisture
near effective saturation due to recent irrigation of agricultural
tands. Values of DITHETA have been estimaied by subtracting the
initial volumetric soil moisture for each of the three conditions from
the soil porosity. The value of DTHETA "Dry" as a function of soil

texture is shown in Figqure 7. This figure was prepared by subtracting
the wilting point soil moisture on Figure 5 from the soil porosity oﬂ
Figure 4. The value of DTHETA "Normal” as a2 function of soil texture
is shown in Figure.8. This figure wa; prepared by subiracting the
field capacity soil~mois+ure on Figdf¢'6 from the soil porosity on
Figure 4. The value -of DTHETA "Safuf%Ted" is always equal 1o 0.0
because for this condition there is no available poréﬂspace in the .
soil matrix at the start of rainfall. Values of DTHETA for the three
antecedent soil moisture conditions are shown in Table 2. "DTHETA
"Dry" should be used for soil that is usually in.a state of low soil
moisture such as would occur in the desert and rangeiands of Maricopsa
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 eourses, parks, and frrigafed pasfures.’ DTHETA
"Saturated” should be used for soil that is usually in a state of high

soil moisture such as irrigated agricultural land.

The hydraulic cghductivity (XKSAT) can be Affected by sever/al factors
besides soil jyexture. For egimple, hydr.ulic'conducfivif' is reduced
by soil crus it is increased by tillage, and it is 'ncreaéed by
the influe

+hat have

ver and éanory cover. The values of-XKSAT
oynd as a function of,éoil texture

alone shguld be adjusted/under ceriayn condiions.

Ground dove

4

and rock will gdnerally inmcrease

the inffilftratio over that off bare ground condiftions. Similarly,
canopy jcover, such ag tro brush, and tall gfasses can also
increage the bare gfound infiltrationsie. The prlocedures and data .
Fhat hidve been pregented are forf estimaling the Green_and Ampt




paramefers based solely on s0il texture and would be applicabte for-

bare ground conditions. Proceduras have been developed (Bawls and

others, N88) for incorporating the effects of ground coler and canopy

£

cover into Mhe estimation of the parameters for the Gren and Ampt

equation. Paxd research has shown that the wetling front capillary

(PSIF) is relatively insensitive

(XKSAT); +h

suction poaramet in comparison with

the hydraulic condyctivity parameter efore only the

hydraulic conductiviYy parameter is adjusted fof the influences of

ground cover and canop

The set of équafions that ZWave been developfed to adjust the bare soill
hydraulic conductivity for The influence /of soil ground cover and ’

cCanopy cover are:

(CAN) (KE_) + (OP) (KE

KE = (5)
KE. = k) (P ((B% _yceror A aci\e B8 ) (6)
CAN CAN . ¥
E
BO -
KE, = (K)| (—2_)(CcRC) A At - 22 (7)
] can ' ,
CF = 1 + 0.96 CAN
CRC =
A =

.000021(SA2)(TC) - 0.000315(SA)(TC) (1)
= hydraulic conductivity adjusted for ground cover and

canopy cover, and KE is the adjusted value of XKSAT in

the Green and Ampt equation,

1




KE = hydraulic conductivity of soil under canopy cover,

¢
KE, = hydraulic conductivity of sotl outsyde of canopy cover,
K = bare ground hydraulic conductivity/, equal tTo XKSAT,
CF =_ canopy factor,
CRC = soil crust factor,
A = pacroporosity factor,
CAN = rYytio of area under canopy cover to total area,
OP = raNo of area outside of cgnopy cover to total ares,
BC = ratiy of bare soil (no vegetation, litter, or rock

cover \ that is under carnopy cover to total aresa,
BO = ratio of bare soil thaf is outside of canopy cover fo-
total area, -/

L = wef%ing fxont depth /lassume 6 cm),

TC = soil crusTrfhicknezs-éassume 0.5 cm), - -
SC = correction fNactor/for partial saturation of the

subcrust soil (ske Table 3),

SA
BD

percent sand in\/the soil,

soil bulk densfity (see Figure 9).

These equations have been /developed for the SI system of units and

they should be solved in/this sysYem .and +he'resul+ihg hydraulic

conductivity (KE) in cm/hr should Ye converted to XKSAT in inches/hr.

Equations 5 through 7 can be simplified for use in estimating the

hydraulic conductivyty of turf by the\following equation:
KE = (K)(A . ' (12)
where A is defifhed by Equation 10.

The infiuence/ of tillage results in a change \In total porosity and

therefore a heed to modify the three Green and\Ampt equation

‘infilfration paramefers. "~ The effect of tillage\systems on soil

porosity anhd the corresponding changes 1o hydraulic conductivity,
wetting ffont capillary suction, and water retention is available
(Rawls ahd Brakensiek, 1983). Although this information is available

i1t is ot presented in this manual, nor is it recommended that these

|




adjustments be made 1o the ihree infiltration paramelers tor design

'

p yose use in Maricopa County. this is because 40 most flood

predicT™en purposes it coannol be assumed i the soil will be in any

particular state illage @1 the 1] of storm occurrence and

therefore the base conditio ltration parameters, as presented,

However, appropriate

should be used for flood ediction purpo

adjustments to the 4#fAfiltration parameters can be ma necessary

for special dod studies such as reconstitution of storm events.

s

initial Loss Plus Uniform Loss Rate (1L + ULR)

This is a simplified rainfall loss method that is often used, and

generally accepted, for flood hydhOIbgy. In using this simplified
method it is'assuméd_fhaf the rainfall loss process can be simulated
as 8 two-step procedure, as illusfra%ed in Figure 10. ~-First, all
rainfall is lo;T to runoff -until the accumulated ra{nfgll is equal to
the initial loss; and second, after fhe.inifial loss ié saTisfied; a
portion of all future rainfall is lost at a uniform rate. Two
parameters are needed to use this méfhod, the initial loss and the
uniform loss rate (STRTL and CNSTL), respectively, according to HEC-1
nomenclature).

The initial léss (STRTL) is the sum of all losses p;ior to the onset
of runoff and is made up of surface retention loss and some amount of
infiltration. This is also called iﬁi?ial abstraction. Values of the
infiltration part of STRTL for bare grouﬂd according to soil fexture
classification are shown in Columns (3) through (5) in Table 4. These
values have been derived from the Green and Ampt infilitration equation
and parameter values that are shown in Table 2. The value of STRTL
"Dry" should be used for soil that is usually in a state of low soil
moisture at or near the wilting point for vegetation. This is »a
reasonable assumption for most nonirrigated lands in Maricbpa County
because of the infrequency of rainfall and because of the rapid
drainage of these soils affer rainfall. The value of STRTL "Normal"
should be used for soil thal is usually in a state of moderate soil
moisture such as occurs for irrigaied lawns, turf, and permanent
pastures. The value of STRIL "Saturated"” should be used for soil that

is meintained in & state of high coil moisture such as occurs in




irrigated agricultural lands.

Values of STRIL for bhare ground that have been classified according lo
ha/(jr(;rl()gic soi group ara shown 1n fable 5. These values within each
hydroloygic soil group have been daerived from the data in Table 4 for

the various soil texture cltassifications.

The values of STRIL from Table 4 and 5 represent that portion of the
initial loss that is atfributable to infiliration and these should be‘
increased to account for the surface retention loss that is a function
of land-use and vegetation. These additive STRTL values are shown in’
Table 1. The value of STRTL that is dsed fs'fhe sum of the portion '
due to infilfﬁafion~(rable 4 or 5) plus the portion .that is due to

surface retention (Table 1X. : : - -

The uniform loss rate (CNSTL) represents the long-term, equilibriuﬁ
infiltration capacity of the soil. The values of CNSTL shown in
Column (2) of Table 4 for soils according to soil texture
classification are equivalent to the hydraulic conductivity at natural
saturation (XKSAT) as determined for the Green and Ampt equation
(Table 2). The values of CNSTL for soils classified according to
hydrologic soil groups are shown {n Table 5. These ;élues within each
hydrologic soil group have been selected from inspection of XKSAT
values in Table 2 for the various soil texture classifications. These
‘values of CNSTL shown in Table 5 are consistent with general

information that is availeble for estimating CNSTL as shown in Table

6.

Procedure for Estimating Loss Rates

Green and Ampt Method

1. Determine the soil texture classification. Soils reports such as
those of The Soii Conservaiion Service can be used if available,
or laboratory analysis of appropriate soil samples from the
drainage area can be used if adequate documentation on fthe
sampling and laboratory procedure is provided and approved.

7. Bstimate the hydraulic conductivity (XKSAT) for bar o grouad from




Fabtlte 7 if‘Q@HGFHI 56 téx1ﬁﬁn cltassification is available or
from Piqgure 7 it adequate soil texture data is available from an
approved campling program.

3. P desired, adjust the value of XKSAT for the influences of ground
covar and canopy cover using Fquations 9 dthrough 11 or Uquation 12
for turf.

4. Estimate the wetting front capillary suction parameter (PSIF) from
Table 2 if general soil texture classification is available or
from Figure 3> if adequate soil texture data is available from an.
approved sampling program.

5. Estimate the value of DTHETA from Table 2 if general soil texture
ciassificafioﬁ is available or from either Figure 7 or 8 if V
adequate soil texture data is aQaf!able from aﬁ approved samp]ing
program. The Vvalue of DTHETA must be selected based on the
appropriate antecedent soil moisture condition; "Dry" for )
nonirrigated lands such as desert and rangeland; “Normal" for soil
that would be expected to be near soil moisture field capacity
such as irrigated lawn, turf, and permanent pasture; and,
"Saturated" for irrigated agricultural land. .

6. Determine the land-use and/or soil cover for the drainage area and
use Table 1 +o estimate the §urface retention I?ss (1A).

7. As 3n alternative to the above procedure, Green and Ampt loss rate
parameters can be estimated by reconstitution of recorded
rainfall-runoff events on the drainage area or hydrologically
similar watersheds, or parameters caﬁvbe estimated by use of
rainfall simulators in field experimenfs; Plans and procedures
for estimating Green and Ampt loss rate parameters by either of
these procedures should be approved by the Flood Control Disfricf
of Maricopa County and the local agency before initiating these

procedures.

Initial Loss Plus Uniform Loss Rate Method

1. Determine the soil texture classification and/or the hydrologic
soil group. Soils reports such as those of the Soil Conservation
Service can be used it available, or laboratory analysis of

appropriate soil samples {rom the drainage area can be used to

ciascrly the ~oil i adeguate documentation on the sampling,ond




o~
.

laboratory procéedure is pgrovided and approved.

e values of CNSTL and STRIL frOm Table 4 if the losses are 1o be
baced on soil texture classificalion.

Use values of CNSTL and STRIL from Tablte 9 it the losses are to be
based on hydrologic soil group.

betermine the land-use and/or soil cover and use Table | to
estimate the surface retention loss 1o be added to STRTL from

either Table 4 or 5.

e}

Ké.",




TABIL 4/,3"1/’
4-]

Surizce retention loss for various land surfaces in Maricopa County

{(addition vo STRTL for IL+ULR method and 1A for Green and Ampt method)

Land-Use and/or Surface Cover Surface
' Retention Loss
inches
(1)- ' L : (2)
Natural : . .
Desert and rangeland, flat slope -35
Hillslopes, Sonoran desert -15
Mountain, brush ) .25
Developed (Residential and Commercial) . g%
Lawn and turf .20
Desert landscape B -10

Pavement .05

Agricultural
Titted 1.00
Irrigated pasture ° . .50
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TABLY Z3-2
q-2.

1

Ampi loss ralo parameler valuoo.

for bara arounsd

Soil Texture XKSAT PSIT , DTHETA'
Classification in/hr inches Dry Normal Saturated

(1) (2) (3) (4) (5) (6)
sand 4.6 1.9 -35 -30 0
loamy sand 1.2 2.4 .35 -30 0
sandy loem 40 4.3 .35 .25 0
loam .15 3.5 -35 .25 0
silty loam .25 6.6 .40 ..25 0
sandy clay loam .06 8.6 .25 <15 0
clay loam .04 8.2 .25 .15 0 -
silty clay loam .04 10.8 .30 -15 0
sandy clay .02 9.4 ‘ .20 -10 0
silty clay -02 11.5 .20 -10 0
clay .01 12.4 -15 .05 0 S
' Selection of DTHETA: ,

Dry - for nonirrigated Iands such as desert and rangeland

Mormal
Saturated

- for irrigated lswn, turi, and
- ftor irrigated aariculvural land

permanent pasture




TABLE A/30
U4
|

. “Ianitial Less plus Uniform Loss Rate parameler values
for bare ground according to soil texture classification

Initial Loss, _In inches

Soil texture Uniform Loss Rate STRTL
Classification CNSTL Dry  Normal Saturated
(1) (2) (3) (4) (5)
sand ' 4.6 1.3 1.3 0
loamy sand = . 1.2 o .8 .8 0
sandy loam .4 » -7 -6 0
loam ~ o .15 T -6 .5 0
siity loam ' .25 S0 .8 .7 0
sandy clay loam = - .06 ' .6 .5 - 0
clay loam ] .04 -5 -4 0
silty clay loam .04 -6 -5 0
sandy clay .02 -4 -3 0
silty clay .02 .4 .3 0
clay ' .01 ‘ .3 .2 0
! Seiection of STRTL:
"Dry - for nonirrigated lands such as desert and rangeland
Normal - for irrigated lawn, turf, and permanent pasture

Saturated - for irrigated agricultural land




TABLE 5 3-9

® - n
Initial Loss plus Uniform Loss Rate parameier values
for bare ground according to hydrologic soil group

Iinitial Loss, in_inches

Hydrologic Uniform Loss Rate STRTL
Soil Group CNSTL Dry Normal Saturated
(1) (2) (3) (4) (5)
A -40 - -6 -5 0
B .25 : -5 -3 0
C -15 v -5 -3 0
D -05 ‘.<‘ 04 '_2 O
| ' Selection of STRTL:
1 Dry - for nonirrigated lands such as deserti and rangeland
3 Normal - for irrigated lawn, furf, and permanent pasture

| Saturated - for irrigated agricultural land




r
IABLT #,3=D

h -
® - =

Poubibiched voiaes of uniform Joss ratoes
Hydrologic Uniform Loss Rate, in inches/hour
Soil Group Musgrave (1955) USBR (1975)! - USBR (1988) 2
(1) (2) (3) {4)
A .30 - .45 : -40 .30 - .50.
B .15 - .30 .24 .15 - .30
c-

.05 - .15 .12 0 - .05

. ! Design of Small Dams, Second Edition, 1¢75, Appendix A

% 2 Pesign cf Small Dams, Third Edition, 1988




. - PABLE 5

Soil crusiing seducion factor tor the Green and Ampl

infiltiration cguatian hydraulic conductivilty parameter.

Soil Texture Reduction-Factor
Classification for SubcrgS? Conductivity
=~ SC
(1) (2)
. ) X d
Sand" o 0.91
Loamy sand ~ R 0-.89
Sandy locam - ' 0.86 i
Loam . . 0.82
Silt loam 0.81
Sandy clay loam 0.85
Clay loam : 0.82
Silty clay loam " 0.76
Sandy clay ' 0.81 .
Silty clay. 0.73 v
i Clay 0.75

<
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UNIT HYDROGRAPH PROCEDURES
I

General

Rainfall excess can be routed from a watershed fo produce a storm
discharge hydrograph at a downstream location (concentration
point) by one of two methods: 1) hydraulic routing involving tThe
complete or some simplified form of the equations of motion, tThat
is, the momentum equation plus the continuity equation; or 2)
hydrologic routing involving the application of the continuity
equation. Kinemafic wave routing, as available in HEC-1, is an
example of hydraulic routing. HydEologic routing is usually
accomplishéd by either direct appiica+ion of Thelequafion of
continuity; : T

| - 0 =-dS/dt+ ° ‘ - - (1)
or, a graphical procedure such as the application of The .
principles of the unit hydrograph., 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, 1930).1 Both the Santa Barbara Urban
Hydrograph and the Single Linear Reservoir Model are siwmplified
(one parameter) versions of the Clark Unit Hydrograph (three
parameter) procedure (Sabol! and Ward, 1985). Examples of unit
hydrographs that require a graphical pfocedure are the SCS
Dimensionless Unit Hydrograph, Snyder's Unit Hydrograph, S-
graphs, and unit hydrographs that are derived directly from
recorded runoff data. Graphical or tabular methods of routing
rainfall excess b9 unit hydrbgraphs are very amenable to hand;
calculation methods which were common practice prior to the ready
availability of computers. 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 procedure that is reccmmended for routing rainfall excess in
Mariccpa County is either the Clark Unit Hydrograph or the

application of selected S-graphs. "The Clark Unit Hydrograph




procedure, as described herein, is limited to watersheds or sub-
basins less than about 5 square miles in size. The application
of S-graphs is recommended for use with major watercourses in

Maricopa County.

A unit hydrograph is a graph of fthe time distribution of runoff
from a specific watershed as the result of one inch of rainfall
excess tThat is distributed uniformly over the watershed and that
is produced during a particular time interval of the rainfall
(duration). It is noted that the duration of rainfall excess is
not genefafly equal To the rainfali duration. |In that a unit
hydrograph is derived from or is +Q be representative of a

specific watershed, it is a lumped,béramefer and it reflects all

of the physical characteristics of the watershed fthat will .affect
the time rate at which rainfall excess will drain from the land
surface.

5

The principles of the unit hydrograph were introduced by Sherman
(1932). Sherman 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 proporTionél to the volume of runofi if the time
and areal distributions of the rainfalls are similar. The
principles That are applied when using an unit hydrograph are:
1. For a watershed, hydrograph baéellengfhs are equal for
rainfall excesses of equal duration.
2. Hydrograph ordinates are proportional to the amdunf of
rainfall excess.
3. A storm hydrograph can be developed by linear

superposition of incremental hydrographs.

Application of these principles requires a linear relation
between watershed outflow and storage within the watershed,

S = KO. However, Mitchell (1962) has shown that nonlinear
storage, S = K(0X, is a condition that occasionally occurs in
natural watersheds. A method has been developed by Shen (1G62)

to evaluate the linearity of the sToraée—oqu!ow relation for

N




'Y

géged watersheds. Mitchell (1972) developed the model hydrogréph
for use in watersheds that have nonlinear storage-outflow

characteristics. Presently, however, there is no method that has

been devised to evaluate the lirearity of an ungaged watershed,
and the assumption of linearity is & practical necessify in
virtually all cases.’

Clark Unit Hydrograph

Theory
Hydrologic routing by the Clark Unit Hydrograph method is

analogous to the routing of an ihf]ow hydrograph through a
reservoir. Thishanalogy is illus}rafed in Figure K., The infiow
hydrograph, called the translation hydrograph in the-Clark.
method, is determined from the temporal and spatial disftribution
of rainfall excess over the watershed. The translation ‘

hydrograph is then routed by a form of the equation of continuity

Oy =Cl1j + (1 +C) Oj-1 -~ (2)
_ 2.8t
where C = R°F 4T . (3)
O; is the instantaneous filow at the endxof the time period, 0;_;

|
is the instantaneous flow at the beginning of the time period, I;

is the ordinate of the fransiation hydrograph, dt is the
computation time infterval, and R is the watershed storage
coefficient. The Clark Unit Hydrogreph of duration dt is
obtained by averaging two instantaneous unit hydrographs spaced

dt units apart
Qi = 0.5(0; + 0;-1) (4)

where Q. are the ordinates of the Clark Unit Hydrograph.

(92]
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The Clark method uses fwo numeric ﬁéramefers, TC and R, and a
graphical parameter, the time-area relation. The first
parameter, time of concentration (TC) is the ftravel time of water
from the hydraulically most disiant point in fThe watershed to the
outflow location. Clark (1945) defined this time 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 pragfice, for ungaged
watersheds this time is usually estimated by empirical equations

since runoff hydrographs from the watershed are not available.

The second parameter is-fhe_sforége coefficient, R, which has the

dimension of time. . This parame'f'er?. ,i's used +o account for the
effect that temporary s+orage in +ﬁe watershed has on the
hydrograph. Several methods are available to estimate R from
recorded hydrographs for a basin. As originally proposed by
Clark (1945), this parameter can be esfimated 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 2.
Another Techﬁique 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 infiection. Both of
these methods require the ability to idénfify 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 recordéd
events; however, in most cases recorded discharge hydrographs are
not available and R must be estimated by empirical equations.

<4

The time-area relation, a graphical perameter, is necessary to
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compute the translafion hydrogreph. The time-area retfaticn

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 for a |

watershed are discussed in a later section of this manual.

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 Figure53(b). For the example watershed and given
intensity of rainfall excess the time of concentration is
estimated as 25 minutes. An isochrone interval of 5 minutes is
selected and the watershed is divided info five zones by
isochrones as shown in Figurej3(a). The areas within each
isochrone zone are measured and the dimensionless time-ares
refation is developed as shown in the table and depicted in
Figures3(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 j
‘ minutes of rainfall excess the runoff that is available at the |
. outlet of the watershed is the product of incremenfal area Ay,

and the rainfall!l excess R1,

Iy = (Af Ry) x c/dt

60.5 cfs/acre-inch/minute, and df = % minutes.

x
pony
[¢]
]
(1]
[¢]
i

I1 = (8 acres)(.10 inch)(60.5 cfs/acre-inch/minute)/(5 minutes)

9.7 cfs
At the end of 10 minutes the available runoff is

o = (A{R2 + AZR{) x c/d+

fo = (8)(.55) + (24)(.10) x 60.5/5
= 82.3 cts

At the end of 15 minutes the available runoff is

‘
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bz = (AjR3 + AR + A3Ry) x c/df

I3

= (8)(.30) + (24)(.55) + (38)(.10) x 60.5/5
= 234.7 cfs
At the end of 20 minutes the available runoff is
lg = (A{R4 + A2R3 + A3R2 + AgR1) x c/df
'4 = (8)(.15) + (24)(.30) + (38)(.55) + (32)(.10) X 60.5/5
= 383.5 cfs
A+ the end of 25 minutes the available runoff is
5 = (AJRg + ARy + AszRz + AgRy + AsRy) x c/dt
|5 = (8)(0) + (24)(.15) + (38)(.30) + (32)(.55) + (18)(.10)
= 416.2 cfs
Notice that all rainfall increments after R4 = 0.
At the end of 30 minutes the available runoff

is

l'g = (AsR4 + AgR3 + AsR2) x c/dt
l6 = (38)(.15) + (32)(.30) + (18)(.55) x 60.5/5
= 304.9 cfs
At the

end of 35 minutes the available runoff is

Iy = (AgR4 + AsRz) x c/dt
I = (32)(.15) + (18)(.30) x 60.5/5
= 123.4 cfs

X 60.5,




)Af t+he end of 40 minutes the available runoff is

g = (A5R4) x c/dt
lg = (18)(.15) x 60.5/5
= 32.7 cfs
After 45 minutes (rainfall excess of 20 minutes plus travel Time
of 25 minutes) the available runoff is !9 = 0 ctfs

The translation hydrograph (1;) is shown in Figuref.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 transiation hydrograph is then routed
and averaged using Equations 2 through 4 resulting in the final
runoff hydrograph. For this example, assume That R = 15 minufes,
and the runoff hydrograph is shown in Figure 3(d). Notice that
the Clark Unit Hydrograph itself was never really developed but
that the three principles of the unit hydrograph were applied
directly (mathematically) without having fo perform graphical
superposition of ratios of a unit hydrograph. Computationally,
this process can be completed very quickly and conveniently 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 that is used fo
estimate the parameters may dictate iimitations in regard to the
Tfype or size of watershed that is being considered. |f The
parameters are estimated through an analysis or reconstitution of
a recorded rainfall-runoff event, the parameters would be
considered to be appropriate 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 ¢f the scarcity of instrumented watersheds

in Maricopa County. The parameters cculd be estimated by
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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 that are
representative of the watersheds iﬁ the data base.  Most often,
the parameters are estimated by generalized relations that may.
have been 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 fhaf
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 Iaborafdfy ':
studies; therefore, tThe 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 mountains.

Watershed size should be limited to 5 square miles or less.
Watersheds larger than 5 square miles should be divided info
smaller sub-basins for modeling purposes. Many watersheds
smaller than 5 square miles should also be divided into sub-
basins depending on the drainage neftwork and 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 defermine

discharges at concentration 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 T_ equation is based on the recent research of
Papadakis and Kazan (1987). A large data base of recorded
rainfall-runoff deta was compiled and analyzed in developing and
testing fthe procedures. These data are for instrumented

watersheds in Arizcna, 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 fTo this

Hydrology 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

prior to adopting such procedures.

Time of Concentration -- Time of concentration is defined as the

travel time, during the corresponding period of most intense
rainfall excess, for water fo travel from the hydraulically most
distant point in the watershed fo the point of interest
(concentration point). An empirical equation for time of

concentration, T. has been adopted with some procedural
modifications from Papadakis and Kazan (1987)

TC = 11.4 L'SO J);SZ S—'31 i—-38 _ (5)

where  T. is in hours,
L is length of the flow path for T. 6 in miles,
N is a representative watershed resistance coefficient,
S is watercourse slope, in feet/mile, and

i is the average rainfall excess intensity, during the

time T., in inches/hour.

The selection of a representative watershed resistance
coefficient, ﬁﬂ," simifar in concept to Manning's UQ" in open-
channe! flow, is very subjective and therefore a high degree of
uncertainty is associated with its use. To diminish this
uncertainty and to increase the reproducibility of the procedure,
a graph is provided for the selection of "p." This graph shown
in Figurgfﬂ provides for the selection of "a" based on watershed
classification and watershed size. interpolation can be used for
a given watershed size and mixed classification. Equations for

estimating "n" are given in Table 1.
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TABLE 1
Equation for esfimaTing'yﬁlin the T. equation.
=m log A + b

where A is drainage area, in acres

Equation Parametfers

Land Clessification m b
(1) (2) (3)
_ Urban 25 7 00625 ~02 , 04
Bare or nearly bare ground —0625 ~OI315 ~04-, 0%
(alluvial fan, agriculfural land,
desert rangeland)
Rough and/or moderate vegetation —04375 505 —08-. /%
(hillslopes)
Very rough and/or dense vegetation —i25— —~ 030 —15+ .20
(mountains)
The value of "i" in Equation 5 requires the knowledge of both fThe

distribution of rainfall excess intensity and the time of
concentration, which is, of course, unknown. Therefore, Equation
5 must be solved in a frial-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 is solved with that value of "i." |f the calculated
value of T_. is reasonably close to the value that was assumed for

nin® +hen the solution is finished; it not, then assume a new
value of T_, recalcutate "i," and recalculate T, with Equation 5.
The solution for T. should converge within three tfrials.

>

Storage Coefficient -- Very liftle literature exists on the

estimation of the storage coefficient, R, for the Clark Unit
Hydrograph. Clark (1945) had originally proposed a relation

betweep Tc and R since they can both be defined by locating the
inflection point of a runoff hydrograph (Figure52). The Corps of
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Engineers has discussed the development of regionalized relations
for T. and R as functions of waiershed characteristics in
Training Document No. 15 (U.S. Army Corps of Engineers, 1982b).
According to Corps procedures, T_. and R are estimated from
relations of T, + R and R/(T. + R) as functions of wetershed
characteristics. These forms of empirical equations indicate an
interretation of T. and R, and such dependence was observed in
the data base as discussed in the Documentation Manual. The

eqhafion for estimating R for Maricopa County is

‘R = 0.37 TC1.11 A-0.57 1 0.80 (6)
where R is in hours, '
T. is time of concentration, in hours,

A is drainage area, in square miles, and

L is length of flow path, in mites.

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 ftime-area relation is not used, the
time-area relation is developed by dividing the watershed into
incremental runoff producing areas that have equal incremental
travel times to the oufflow location. This is a difficult task
and well defined and reliable procedures for this are not
available. The following general procedure is often used.

First, using a topographic map of the watershed, the distance
from the hydraulically most distant point in the watershed is
traced along the flow path to the outflow location; This defines
L in both Equations 5 and 6. lsochrones are drawn on the map
t+hat represent equal travel time to fThe outflow location. These
isochrones can be established by considering the 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. Next,
+he incremental areas are measured and tabulated in an upstream
sequence along with the corresponding travel time for each area.
A graph is prepared of tfravel fime versus coniributing area, or 2

dimensionless graph can be prepared of time as & percent of T_
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versus contributing area as a percent of ftotal 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_

Synthetic time-area relations can be used such as the default

relation in the HEC-1 program

A¥ 1.414(7%)1.5 0 T 0.5 (7)

1-A% = 1.41401-T1.5 5 T 1.0
where A is contributing area, in percent of total area, and

™ is time, in percent of T..
Equation 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 watersheds are shown in Figures 5
and 6, respectively. Each of these figures show a synthetic
time-area relation and a shaded zone where the time-area relation
is expected to lie. It is recommended that for an urban
watershed that fthe synthetic time-area relation of Figure 5 be
used, and for a natural (undeveloped) watershed that the
synthetic time-area relation of Figure 6 be used. |If a ftime-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 5.5
OQ;6. 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 2.
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TABLE 2

Values of the synthetic dimensionless time-area relations for the
Clark Unit Hydrograph '

Time as a Contributing Area as a Percent of
Percent of Total Area
Time of Concentration
Urban Natural HEC-1
Watersheds Watersheds Defaul ¥
(1) : (2) (3) (4)
0 0 0 0.0
10 5 3 4.5
20 16 5 12.6
30 30 8 23.2
40 65 12 35.8
50 17 20 50.0
60 84 43 64.2
70 90 g 75 76.8
80 94 . 90 87.4
90 97 96 95.5
100 100 100 100.0
‘. S-CGraphs
Theory .

An S-graph is a dimensionless form of a2 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,
(referred to as the Los Angeles District), and the U.S. Bureau of

Reclamation (USBR).

An example of an S-graph is shown in Figurej7. The discharge
scale is expressed as percent of ultimate dfscharge (Qulf): 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

AN
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t+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 (D). An equivalent definition of lag is the
time for 50 percent of the total volume ¢f runoff of a unit
hydrograph fo occur. It is to be nofed 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 will be achieved
from a particular watershed when subjected to a continuous
intfensity of rainfall excess of 1 inch per duration (D) uniformly
over the basin. Ultimnate discharge (Qul+): in cubic feet per
second (cfs), can be calculated from Equation 1

= _843.33_A_
it T D (8)

where A is drainage area, in square miles, and

D is 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. 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 Q |+ which occurs at a time equal to the base
time of the unit hydrograph less one duration interval. The
basin |ag can be determined from this graph at the time at which
the accumulated discharge equals 50 percent of Q,;+. This
summation graph is then converted to a dimensionless S-graph by

dividing the discharge scale by Q,;+ and the time scale by lag.

In practice, S-graphs have generally been developed by

reconstituting observed floods to define a representative unit
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hydrograph and then converting this to an S-graph. Prior 1o the
advent of computerized models, such as HEC-1, flood
reconstifution was & laborious task of rainfall and hydrograph
separation along with numercus hand-cranked simulations to define
the representative unit hydrograph. Modern S-graph development
generally relies on use of optimization techniques, such as coded
into HEC-1, to identify unit hydrograph parameters that best

reproduce the observed flood.

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

a duration of rainfall excess associated with it as does a unit
hydrograph, its general shape and The magnitude of lag is
influenced by the distribution of rainfall over the watershed and
the time distribution of the rainfall. Therefore, the
transposition of an S-graph from a gaged watershed to application
in another watershed must be done with consideration of both The
physiographic characteristics of the watersheds and the
hydrologic characteristics of the rainfalls for the two

watersheds.

Limitations 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 1o another watershed only if
the two watersheds are hydrologically and physiographically
similar. |In addition, a recen+ sfddy for the Flood Conirol
District of Maricopa County (Saboil, 1987) has demonéfrafed 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 ore hydrologic zone and to apply
these to watersheds in other hydrologic zones because of possible
differences in rainfall characteristics in the two zones that mey

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. Two
S-graphs have been selected {or use in Maricopsa County and a

method to estimate lag is provided.

The USBR has revised the Flood Hydrology Studies chapter of the
Third Edition of Design of Small Dams (USBR, 1987), and it has

identified six S-graphs for application in generalized regional
and physiographic type of watersheds. The flood hydrology

procedure in Design of Small Dams should be reviewed and used as

a reference when performing drainage studies for major watersheds
in Maricopa County. Recently the S-graph has been adopted as the
unit hydrograph procedure by Orange County and San Bernardino
County, California, and selected S-graphs are presented in the
hydrology manuals for those counties. The S-graphs in those
hydroloéy manuals have been selected primarily from S-graphs that
previously had been defined by the 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
Yo an unit hydrograph by use of the LAPRE1 program. The LAPRE!1
program is a HEC-1 preprocessor program that converts a psuedo-
ﬂEC—1 input file containing input for an S-graph to a valid HEC-1
input file. The LAPRE1 program outputs the HEC-1 input file with
the S-graph converted fo a unit hydrograph, and the unit

hydrograph is written to the HEC-1 input file using the Ul (Given

Unit Graph) record. The use of LAPRE! greatly facilitates the
use of S-graphs and an implementation guide for the microcomputer

version of LAPRE1 is contained in Appendix A.
An example of the manual conversion of an S-graph to an unit

hydrograph follows.

Example: Conversion of an S—gréph fo 8 unit hydrograph
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(To be supplied.)

Although an S-graph is completely dimensionless and does not have
a rainfall excess duration associated with it, an unit hydrograph
does require the specification of a duration. As a general rule,
the duration selected for the development of the unit hydrograph
should equal about 0.15 times the lag. A duration inyfhe range

0.10 to 0.25 times the lag is usually acceptabie.

Sources of S-Graphs

S-graphs for Maricopa County have been selected from a
compilation of S~graphs for the Sothwestern United States that
was recently completed (Sabol, 1987). The source of S-graphs for
that compilation was reports and file data of the Los Angeles
District and the USBR. That compilation included 55 individual
S-graphs and 18 regional S-graphs. An individual S-graph is one
that can be identified with the watershed from which data was
used to develop the S-graph. Regional S-graphs are those that
are graphical averages or modifications of individual S-graphs +o
produce an S—-graph that is respresenfative of a specific

physiographic type of watershed.

S-Graphs for Use in Maricopa County

Two S—-graphs have been selected for use in flood hydrology
studies of major watercourses in Maricopa County. These two are
referred to as the Phoenix Mountain and the Phoenix Valley S-
graphs. The Phoenix Mountain S-graph is to be used in flood
hydrology studies of watersheds that drain predominantly
mountainous terrain. For example, this S-graph should be used
for the Agua Fria River above Rock Springs, New River above the
Town of New River, the Verde River, Tonto Creek, and the Salt

River. This S-graph is also appropriate for indian Bend Wash.

The Phoenix Valley S-graph is fto be used in flood hydrology
studies of watersheds that have little topographic relief. For
example, this S-graph should be used for the Agua Fria River

below Rock Springs, Mew River below the Town of New River, Skunk
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Creek, Cave Creek, and urbanized watersheds.

These two S-graphs are shown in Figures48 and§9, and the
coordinates of the graphs listed in Table 3. These same two S-
graphs have been selected for similar use in Maricopa County by
the U.S. Army Corps of Engineers (1974 and 1982). The
justification for the selection of these two S-graphs is provided
in the Documentation Manual, and a more comprehensive
presentation of S-graphs for Maricopa County is provided in the
S~-Graph Study report for the Flood Confrol District of Maricopa
County (Sabol, 1987).

Estimation of Lag

The application of an S-graph requires the estimation of the
parameter, basin lag. a general relationship for basin lag as a

function of watershed characteristics is given by Equation 9

Lag = C =---=-- (9)

where Lag is basin lag, in hours,
L is length of the longest watercourse, in miles,
Leg is length along the watercourse to a point opposite
the centroid, in miles,
is watercourse slope, in feet per mile,
is a coefficient, and

m and p are exponents.

The Los Angeles District often uses C = 20n where "n" 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 = 26n and

m = 0.33. Both sets of values in Equation 9 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 "n" is a measure of the hydraulic

efficiency of the watershed and it is not necessarily a constant
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TABLE 3
Tabulation of coordinates for the Phoenix Valley and the
Phoenix Mountain S-Graphs
Percent Time, in Percent Lag
Ultimate Phoenix Valley Phoenix Mountain

Discharge
(1) (2) (3)

0 0.0 0.0

2 23.0 23.0

4 30.0 31.0

6 36.0 37.0

8 41.0 42.0
10 45.7 46.0
12 50.0 49.8
14 54.1 53.4
‘16 58.0 56.8
18 61.7 60.0
20 65.2 63.1
22 , 68.5 66.1
24 71.6 68.0
26 74.6 71.8
28 ' 77.5 74.4
30 80.2 76.8
32 82.7 79.1
34 85.0 81.2
36 87.2 83.2
38 89.0 85.1
40 91.1 86.8
42 92.9 88.8
44 94.6 91.0
46 96.3 93.8
48 98.1 96.8
50 100.0 100.0
52 102.0 103.4
54 104.1 107.0
56 106.3 110.8
58 108.6 114.7
60 111.0 118.7
62 113.5 122.9
64 116.1 127.3
66 118.8 131.9
68 121.6 136.7
70 124.5 141.7
72 127.5 147.1
74 130.7 152.8
76 134.1 158.8
78 137.7 165.5
80 141.5 172.9
82 145.5 181.6
84 : 149.9 191.0
86 154.6 201.0
88 159.6 212.0
90 165.6 226.0
92 173.6 244.0
94 186.6 265.0
96 200.6 295.0
98 223.6 342.0
100 298.6 462.0
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for a given watershed for all rainfal!l depths and rainfall
intensities. As rainfall depth and/or rainfall intensity
increases the efficiency of runoff increases and "n" decreases.
Therefore, some adjustment in "n" shculd be made for use with
"o

rainfalls of different magnitudes (frequencies). Generally,

is the smallest for exireme floods such as PMFs and increases as

the frequency of event increases.

Several graphical relations are available for estimating basin
tag. One such relation (U.S. Army Corps of Engineers, 1982) is
shown in Figure510. Several other relations that should be

consulted when using S-graphs are contained in Design of Small

Dams (USBR, 1987).

When estimating basin lag the following steps should be used:

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

2. Calculate the basin factor (L Lca/30-5).

3. Use data in FigureSJO and the tables in Design of Small Dams
(USBR, 1987) to attempt to identify watersheds of the same

physiographic type and similar drainage aresa and basin
factor. Make a list of watersheds with similar drainage
areas and basin factors, and tabulate the estimated value of
"n" for those watersheds, and the measured lag.

4. Estimate "n" for the watershed by inspection of the
+abulation from step 3.

5. Estimate lag by Equation 9. Use values of C and m
corresponding to the source (U.S. Army Corps of Engineers or
USBR) that was used tc estimate "n".

6. Compare the calculated lag with the measured lag for similar
watersheds frcm step 3. '

The use of measured values of "n" from hydrograph reconstitutions

of similar watersheds will provide the most reliable estimstes of

"n" and basin lag.
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CONTRIBUTING ESTIMATED GUIDE FOR ESTIMATING BASIN FACTOR (R)
AREA Leo s n
Q. Mi. MILES MILES FT./M HOURS N = 0.200; DRAINAGE AREAS HAS COMPARATIVELY UNIFORM SLOPES
AND SURFACE CHARACTERISTICS SUCH THAT CHANNELIZATION DOES
|- SAL CASRIEL RVER AT SAN GABRIEL DAM, CA = 162.0 22 18 380 33 0.050 NOT OCCUR. GROUND COVER CONSISTS OF CULTIVATED CROPS OR
. ) 40.4 ) . . . SUBSTANTIAL GROWTHS OF GRASS AND FARLY DENSE SMALL SHRUBS,
3. SAN ANMA CREEK AT SANTA ANITA DAM, CA 10,8 58 25 690 1.4 1050
T R A Ty eI D, & 108 8 28 590 o 00 &AQ[’I’}EO& EiIMIU\R VEGETATION. NO DRAINAGE IMPROVEMENTS EXIST
5. EATON WASH AT EATON WASH DAM, CA 9.5 7.3 4.4 800 1.3 050 "
6. SAN ANTONIO CREEK NEAR CLAREMONT, CA 18.9 5.9 3.0 1017 1.2 055
7. SANTA CLARA RVER NEAR SAUGAS, CA 355.0 36.0 158 140 5.6 1050 _
8. TEMECULA CREEK AT PAUBA CANYON, Ca 168.0 26.0 11.3 150 37 050 = DRAINAGE AREA IS QUITE RUGGED, WITH SHARP RIDGES
5 SATA MARGARTTA RIVER NEAR. FALLBROOK, CA 845.0 80 no 105 73 058 AND NARROW, STEEP CANYONS THROUGH WHICH WATERCOURSES
. 740.0 . . . X MEANDER AROUND SHARP BENDS, OVER LARGE BOULDERS, ANO CON-
1 O R T o O DAL CA 2.3 28 13 45 o8 010 SIDERABLE DEBRIS OBSTRUCTION. THE GROUND COVER, EXLUDING
13 TURRIE: oaeek uT Tewtoii et o0 a2 183 o9 28 o SMALL AREAS OF ROCK OUTCROPS, INCLUDES MANY TREES AND
14, LOS ANGLES RIVER AT SEPULVEDA DAM, CA 152.0 19.0 9.0 145 35 050 CONSIDERABLE UNDERBRUSH, NO DRAINAGE IMPROVEMENTS EXIST
15. PACOIMA WASH AT PACOIMA DAM, CA 27.8 15.0 8.0 315 23 1050 IN THIS AREA.
16, ALHAMBRA WASH ABOVE SHORT STREET, CA 14.0 9.5 4.6 85 0.8 015
17, BROADWAY DRAIN ABOVE RAYMOND DIKE, CA 2.5 34 1.7 100 0.28 015
18. GILA RIVER AT CONNOR NO. 4 DAM SITE, AZ 2840.0 131.0 710 29 215 050 D= 0.030; DRAINAGE AREA IS GENERALLY ROLLING, WITH ROUNDED
19. SAN FRANCISCO RVER AT JUNCTION WITH BLUE RIVER, AZ 2000.0 30.0 74.0 32 20.8 050 RIDGES AND MODERATE SIDE SLOPES, WATERCOURSES MEANDER IN
20. BLUE BNER AR LT 2 780.0 o a0 e 103 050 FAIRLY STRAIGHT, UNIMPROVED CHANNELS WITH SOME BOULDERS AND
35 NtW RWER AT ROCK SPAINGS, AZ 43100 20.2 o7 14 31 e LODGED DEBRIS. GROUND COVER INCLUDES SCATTERED BRUSH AND
23] NEW RNER AT NEW RVER, 85.7 232 138 145 37 045 GRASSES. NO DRAINAGE IMPROVEMENTS EXIST IN THE AREA,
24, NEW RVER AT BELL ROAD, AZ 187.0 a8 20.7 83 5.3 037
25. SKUNK CREEX NEAR FHOENIX AZ 64.6 17.6 10.0 89 2.4 033 _ .
f= _0.015; DRAINAGE AREA HAS FARLY UNIFORM GENTLE SLOPES
WITH MOST WATERCOURSES EITHER IMPROVED OR ALONG PAVED
STREETS. GROUND COVER CONSISTS OF SOME GRASSES WITH
APPRECIABLE AREAS DEVELOPED TO THE EXTENT THAT A LARGE
PERCENTAGE OF THE AREA IS IMPERVIOUS.
TERMINOLOGY
30 30 L =  LENGTH OF LONGEST WATERCOURSE
1
L - LENGTH ALONG LONGEST WATERCOURSE,
.o |LAG CURVE FOR DRAINAGE AREA 1 20 o - g aom w
L]
WITH BASIN FACTOR (n)0.050 5 OPPOSTE GENTER CENTER OF AREA.
— T S T VATCROOURSE 'BETWEEN HEADWATER AND
Al
0 Ll 0.38 N 10,281 10 COLLECTION ROINT.
LAG = 1.2 1/2 - — LAG =  ELAPSED TIME FROM BEGINNING OF UNI
wn S PRECIPITATION TO INSTANT THAT
171 Ly~ SUMMATION HYDROGRAPH REACHES 50%
x OF ULTIMATE DISCHARGE.
2 3 224 5 T VISUALLY ESTIMATED MEAN OF THE n
g ¢ AT ! SR U R
LK) N A
LT 3 21823 3
=z 12/’ a4 22 NOTE:
= s Lt1" 25° 9 TO OBTAIN THE LAG (IN HOURS) FOR -
L ANY AREA, MULTIPLY THE LAG OBTAINED
w 5 L FROM THE CURVE BY:
<< 6 /‘:‘
—J A B o -
1.0 3k LiA . 1.0 ——— OR 20n
—- ' 0,050
il .l .
P el ;
5 1 .5
.4 4
3 3
L]
9 1A ) FIGURE 5. 70
0. 2 .3 .45 1.0 2 3 45 10 20 30 50 100 200 500 1000 2000 LAG RELAT]ON SHIPS
Ll
ca U.S. ARMY CORPS OF
S 1/2 ENGINEERS (1982)
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CHANNEL ROUTING

6.1 GENERAL

Channel routing involves generation of an outflow hydrograph for a reach
where an inflow hydrograph is speéified. A reach is either an open channel
with a certain geometrical/structural specifications, or a pipe with the
characteristics of an open channel. This type of application assumes that
the flow is not confined, and that surface configuration, flow pattern and
pressure distribution within the flow depend on gravity. It also assumes that
there is no movement of the bed or banks. In addition no backwater effects
are considered.

A routing technique is normally required for a multi-basin design where
flow is to be moved through time and space from one flow concentration point
to the next. For the purposes of this manual two types of open channels,
natural and urbanized are considered. Kinematic Wave Routing is to be applied
for urbanized channels since the routing process involves minimal attenuation.
Non-pressurized pipe flow will be through Kinematic Wave Routing procedures,
also. Muskingum-Cunge Routing is to be used for natural, undeveloped channels
since the method explains outflow peak attenuation resulting from storage
loss. Both Muskingum-Cunge and Kinematic Wave Routing methods are options in
HEC-1 which is again the principle modeling tool of the Hydrology Manual. The
Medified puls method which is typically used for routing through a structure

or a detention basin is discussed in details in the Hydraulics Manual.




6.2 KINEMATIC WAVE ROUTING

The Kinematic Wave Routing as described in HEC-1 can be applied for
routing of overland flow, collector channels and the main channel. However,
for the purposes of this manual the overland flow option of the Kinematic Wave
will not be used. The overland flow analysis will be performed using the
Maricopa County Unit Hydrograph Procedure (MCUHP) described in CHAPTER 5 of
this manual. Once a hydrograph is generated through the MCUHP, it can be used
as inflow hydrograph for an urbanized open channel or a pipe where an outflow
hydrograph is required. These reaches can be treated as collector channels or
the main channel as the case may be.
6.2.1 Collector Channel

Modeling of flow at a point where it becomes channel flow to a point
where it enters the main channel is done as a collector channel element. It
is assumed that the flow along the path of the channel is uniformly
distributed. This is a proper assumption for a case when overland flow runs
directly into a gutter. It is also a reasonable approximation of the flow as
it passes through a storm drain system from a catch basin and the collector
pipes along the collector channels.
6.2.2 Main Channel

The main channel element can be used to route inflow from an upstream
subbasin or a combination of inflows from collector channels along a subbasin.
The flow is assumed to be uniformly distributed, which appears to be a
reasonable assumption since the flow is received from collector channels at
several locatioms.
6.2.3 Parameter Selection

The data requirement for channel routing include surface drainage area,

channel length and slope, channel shape and geometry, Manning's n, and the




inflow hydrograph. The designer is referred to the HEC-1 manual for the
proper selection of these parameters.

When working with the Kinematic Wave Method, it is important to be
familiar with the computational procedures inherent invthe model. In order to
solve the governing equations which theoretically describe the Kinematic VWave
Method, proper‘selection of time step and reach length are required. The
designer will specify a channel reach length and a computational time step for
the inflow hydrograph. This time step could very weil be different from the
one selected by the computer for computational purposes. Further more, the
computer will use this information to select distance intervals based on the
given reach length.

The computational process could unrealistically attenuate the outflow
peak. It appears that a longer reach length would cause more attenuation. To
avoid this problem, the reach length for a "collector channel“ should be
limited to one mile in length. For the "main channel" it is difficult to
restrict the length. To overcome this problem, the new version of HEC-1 will
calculate the outflow peak by applying both the time step selected by the
designer as well as the one selected by the computer. If the resulting peaks
are not reasonably close, the designer can modify the selected time step or
the reach length to improve the calculatijions. It should be noted that the
computer will compare peak flow values for the main channel and not the
collector channels.

6.3 MUSKINGUM ROUTING

Flov routing through natural channels can be accomplished by applying the
Muskingum Routing technique. The main characteristic of natural channels with
respect to routing is that the outflow peak can be drastically attenuated

through storage loss, a process which is simulated by Muskingum routing.




6.3.1  Parameter Selection

Application of Muskingum Routing requires input values for parameters X
and K. Parameter X has a range of values 0.0 to 0.5, where 0.0 represents
routing through a linear reservoir and 0.5 indicates pure translation.
Parameter K indicates travel time through the entire routed reach. There are
several methods which can be used to estimate K such as average flow velocity,
the time difference between peak inflow and peak outflow, or by using
stage-discharge relationships. For more details the reader is referred to the
HEC-1 manual. Once again, since the computational method within HEC-1 may
resulﬁ in an unstable solution, parameters K, X, and NSTPS (Number of Steps)
must be checked to insure that an adequate number of subreaches was used.

In those rare situations that observed inflow and outflow hydrographs are
available, K, X, NSTPS can be calibrated by trial and error to enable

reproduction of outflow hydrographs.




APPLICATION

7.1 GENERAL

The methodologies presented in this Manual are for most parts standard
procedures and practices commonly used in hydrologic design. However, the
user of the manual may not always be familiar with.these techniques because of
a different previous experience or interest. A number of examples were “
developed to familiarize the user with the presented methods as well as the
details of parameter estimation. In addition, this Chapter should provide
some general suggestions so as to facilitate a particular application.
7.2 NOTES ON THE DESIGN OF RAINFALL

Examples #1-3 illustrate the development of Depth-Duration-Frequency
(D-D-F) table, Intensity-Duration-Frequency (I-D-F) table, and rainfall
distribution for a particular site. The user does not necessarily have to
redesign the rainfall distributions since those presented in the manual are
adequate for most of Maricopa County. Chapter 2, Table 2.1, and Pattern #1 of
Table 2.2 contains these distributions, which were developed from the Phoenix
Airport data. 1If different distributions are needed, Table 2.1 and Pattern #1
of Table 2.2 should be redeveloped. Patterns #2-5 should be appropriate for
all locations without modification.

A particular site might have orographic features, resulting in a
100-year, 6-hour rainfall depth, significantly different from Phoenix Airport.
In such a case, the short duration rainfall part of the rainfall such as the

15-minute depth would be different from the one by Pattern #1. This will give

a different peak outflow, subtantiating the design of new distributions.




As a note to developing D-D-F tdble, the user can alternatively use
FREPRE, a computer program by the National Weather Service. FREPRE will
produce the D-D-F Table by performing the computations internally.

7.3 NOTES ON CALCULATING LOSS PARAMETERS

1. Since many of the soil groups contain horizons of different textures,
the top horizon may or may not control the total volume and rate of
infiltration. The decision of which soil layer controls the infiltration rate
is based on soil texture, horizon thickness, and the accumulated depth of
water during the initial low-intensity period of a design storm. As a gereral
rule, sandy and loamy soils less than 2 inches thick will not act as the
controlling horizon during a 100-year design storm.

2. Percent Sand & Gravel: Sand is defined as that percentage of the soil
matrix between 0.5 and 2.0 mm. The SCS So0il Survey books list a percentage of
each soil typé passing sieve #200, which has openings of 0.074 mm. It can
therefore be assumed as an estimate that the percentage of particles retained
by this sieve are 'sand size and larger. It will also be assumed that particles
between .074mm and 3.0 inches have infiltration rates greater than or equal to
sand. This is necessary because Green & Ampt and IL+ULR loss parameters have
not been developed for cobbly, gravelly, channery, etc. soils. When choosing
the value for percent sand and clay, choose the median value from the range
listed in the "Engineering Index Properties" and "Physical and Chemical
Properties" tables. For example, if a range of 10-35% clay is listed, choose
22.5%Z. On rare occasions, the sum of the median values for percent sand and
clay will be greater than 100Z. In this case, adjust both values equally until
they total 100. With a known percent sand and clay, enter Figure *** to
determine the textural class for that particular soil. Then choose Green &

Ampt loss parameters from Table *** or IL+ULR parameters from Table **%,




3. Most soil map units consist of major and minor soil areas, as listed in
the "General Soil Map Units" sections of the Soil Survey books. The
descriptions will list the percentage of each of the major soils, and one
pércentage for all (usually 2 to 4) minor soils. When calculating weighted
averages for the minor soils, assume and equal contribution from each. For
example, if a minor group makes up 20Z of the map unit and consists of 3
soils, then each group member contributes (20/3)=6.67Z.
4. Hydrologic Soil Groups: It is often necessary to check the hydrologic soil
group classifications against the textural infiltration rates and the
cohtrolling horizon. In some cases, "C" and "D" soils may be so designated
because of an underlying hardpan, but it may be at an unreasonable depth given
a two or six-hour design storm. In many cases, "D" soils are so designated
because of a large percentage of exposed, impervious rock outcrop. When using
the IL+ULR loss rate method in HEC-1 with hydrologic soil groups in this
situation, do not use the "D" soil loss rate parameters with the impervious
cover value (RTIMP), or severe underestimation of iosses will occur.
5. Hydrolgic soil groups can be weighted in the following manner:
A=1 - B=2 - C=3 - D=4

Say a particular soil group is 20Z B, 25Z C, and 557 D. Then the weighted
value is:

(.20)(2)+(.25)(3)+(.55)(4)=3.35
Since 3.35 is less than 3.5, round down to 3.0, and choose "C" group loss
parameters for this soil group.
6. Textural Classes: Textural class descriptions, as used in this context,
contain only adjectives from the three primary textures: sand, silt, and clay.
To determine the textural class, calculate the percent sand and clay for the

soil, then use Figure 4.11.




7. WVhen using the IL+ULR loss rate methods, remember that the variable
STRTL in HEC-1 is composed of two parameters: IL-the initial loss due to
infiltration, and IA- the loss due to surface retention. STRTL=IL+IA.

8. Examples #5 and #6, and the loss rate parameters in Tablés 4.2,4.3, and
4.40are for bare ground only. In areas where surface cover and/or vegetation
influences are significant, the saturated conductivity parameters (XKSAT &
CNSTL) should be adjusted using procedures outlined in Section **#% of Chapter
*%% and Example #*%%*,

o. As an option to the methods of loss parameter calculation presented in
the examples, Green & Ampt and IL+ULR (by soil texture) loss parameters have
been calculated for Maricopa County soils and are presented in Tables #*#%¥% &%
and *¥%*, Choose the pafameters for each soil type within a Map Unit, then
calculate a weighted average as in Step 3 of Example #5.

10. There are currently three Soil Survey volumes available for Maricopa
County and adjoining areas, generally in the central, eastern, and northern
regions. Copies of the Soil Surveys can be obtained from the Soil Conservation
Service Field Offices.

7.4 NOTES ON CALCULATING PARAMETERS FOR USE IN THE CLARK UNIT HYDROGRAPH

1. A Note on Tc: It should be noted that Tc represents the time for water
to travel from the hydraulically most distant point in the watershed to the
outlet during the most intense period of rainfall excess. The flow path length
(L) directs the conveyance of water to the outlet. In the case of a natural
watershed, L is the length of the main, well-defined channel, such as shown in
blue on USGS maps, or that section of a channel referred to as the "Channel
Flow" length on the SCS's "Worksheet 3" in TR-55 (Technical Release-55, 1986).

In the case of an urban basin where flow is mainly in streets and no primary




channels exist, an average flow path should be selected, such as a line
parallel to grade from the outlet to the upper watershed boundary.

2. Excess Rainfall Values: When developing the peak period of rainfall
excess on the "Calculation of Tc & R" worksheet, start at the highgst depth
for the *t used, then choose the largest value above or below the peak, then
the value abo&e or below those two, and so on so that a contiguous grouping
results. Do not list the depth values in a strictly decreasing order unless

they are contiguous. Example:

Time Excess(in) Rank Sorted
1415 .21 6 .40
1420 .28 5 .35
1425 .35 2 .32
1430 .40 -——> 1 -——> .33
1435 .32 3 .28
1440 .33 4 .21
1445 .18 7 .18
3. Worksheet: The worksheet allows a maximum of eight excess rainfall

values to be entered, and this is sufficient in most cases. As a result, if at
= 5 minutes (where at is hydrograph time step), then Tc should be less than
(8*5)=40 minutes. For ot = 10 minutes, Tc < 80 minutes, and so on. Remember
that in no case should Tc be less than at for computational stability.

4. Remember that Tc is a function of excess rainfall intensity and must be
recalculated when the duration or frequency of a design storm is changed. If
multiple frequencies are desired for a given duration, it may be acceptable to
construct a graph of Tc vs. Frequency,‘when the peak producing portion of the
distribution is maintained. In such a case plot the 2, 10, and 100 year Tc
values on semi-log paper, and interpolate intermediate values.

5. In watersheds where variations in slope are significant, the following

equation may be used to determine an average slope (Simon, et al., 1986):




L
3 .5
S = n ‘&aLi
)N PRI
i=1 AaHi
vhere S = average slope in (ft/fts
L = total reach length (ft)
Aluf subreach length (ft)

‘AHi= elevation difference corresponding to Li
n = number of subreaches

To use S in the Tc¢ equation, convert to ft/ft by multiplying by 5280.
7.5 NOTES ON DEVELOPING MUSKINGUM PARAMETERS
1. The following parameter estimation procedures apply primarily to
natural stream channels which convey a significant amount of flow in the
overbank areas during design-frequency events.
2. NSTPS: The choice of a number of subreaches for a particular stream
reach can be checked for computational stability using the following equation

from the HEC-1 Manual, (Hydrologic Engineering Center, HEC-1, 1985):

1 K 1
__________ S - om e - —————— - <  mmmmee—e——
2(1-X) - NSTPS*at 2(X)
wvhere K = the travel time through the entire reach (hrs),
X = Muskingum 'X',
at = the computational time step (hrs),
NSTPS = the integer number of subreaches.
3. K: K is the travel time of the floodwave peak through the entire

reach. Calculation using Manning's equation is usually an appropriate method

for estimating the floodwave velocity, with the following provisions:




A. Use an average channel area and wetted perimeter for the
. reach - assume bankfull conditions.
B. Choose an 'n' value representative of the main channel only
- do not include the overbank roughness in a weighted average.
4. X: For wide, shallow channels with low to moderate slopes and
significant overbank flow during the design flood being modeled, choose X =

.15 to .25. For steep to very steep, narrow, deep channels with little

overbank flow, choose X = .25 to .40,
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FLOOD CONTROL DISTRICT OF MARICOPA COUNTY

PAGE & OF _3

PROJECT

DETAIL COMPUTED DATE

CHECKED BY ' DATE

 orE i i s :(A L/d} A (//\//:? L‘Q\,j_ /g/t:“g
e b o PPL CAT/O/« : .
‘ ’“§"E(M:>7/v C//”

A :

5//’4/4/?R. 7’E

STEP 2.1 CONSTRUCS

V"D/AN Gtz\f&P\ALi
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[ 20 y ;me 815 7.5 CLCAMY SAND

S ' {MARIPO | g5 10 | SANDY LOAN

sz—* A
f ASSUME" DRY)

-

6 Uy Gy

3
o
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:’.12‘7 CAREFREE| 7.5 575 LAY =11
T e EgeM b 72,5 27.5 ShpY CIAY LoAM Lo 1 BG
o Mowall |25 27.5 suTy zeam || .25 A e
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STEP X : CALCULATE - WEIGHTED

UNIT /4

Hi
i

= 74 'Ln/hr
A

\ -/ — R : \ ] - 7o
‘ UNIT S0:  XKSAT = . %0 (.15)-‘-',0.6/{./;) o067 (42)+,067 (.25

PSIF = .90 (28)+ 067 (2.5) + 067 /f/s)* ae/(é,é/ 3.77 in
DTHETA = . %O (35‘)-{— 67(35)1‘— 0(97(35) # Oca7(¢/ ) 35 :




FLOOD CONTROL DISTRICT OF MARICOPA COUNTY

PAGE 2 OF _3

PROJECT
COMPUTED DATE

DETAIL .
CHECKED BY DATE

o364, 167(13) . 67 (1)
28) + 167 (35} + . .

E""ALCULATE WE QHT’ED PAEAHETFDS ------- F oz:’

0 ‘A‘k..' H?/y}r

73 in

._ +30({7z./+ 7&(5 C/)T /5—(/[
-1-[?5(':25%)'}%-’5'30(3 /7/T ’/Oc// 77) et (- 75!)
(35} £ L/Cj)( /7} # /g( 753} }}}}}} »

25 % ALt 510 EES
|57 MeunTAIN —>

TA = ] ‘65(./5)+ . 15(-25} =




FLOOD CONTROL DISTRICT OF MARICOPA COUNTY

PROJECT Magicops CounTyY /‘/‘/DR‘OLOCSY Maruat PAGE L oOF 3

DETAIL __EXAMPLE F# A COMPUTED DATE
CHECKED BY DATE

| INITIAL AND UNIFORM LOSS RATE ME

“BY SOLTEXTUKE,A wp HYDEOZO{:’;IC SoIL GROUP
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{
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PROJECT

DETAIL

FLOOD CONTROL DISTRICT OF MARICOPA COUNTY
PAGE 2 OF .3

DATE

COMPUTED

CHECKED BY DATE

,fmprm @/\7 ADV
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FLOOD CONTROL DlSTRlCT OF MARICOPA COUNTY
PAGE 3 OF 3

PROJECT
DETAIL - : COMPUTED DATE
CHECKED BY DATE
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FLOOD CONTROL DISTRICT OF MARICOPA COUNTY

PROJECT /MARICOPA CounTy MHYDROLOGY MANUAL. pacE L oF _2
DETAIL_EXAMPLE # F COMPUTED

DATE

CHECKED BY DATE _

e T 5‘::"' P AQAM‘ e lnbenit) s

/HXS/CA‘ (’7//‘?’/? /4 < 7 f’ /?/.,r._.. .,: s

o ke 17 mi? 1367 acres LT

o CALCULATE r 6/5//1/6 e é’%UAT/O/VS o />/O o
el @r THE CALCULA'F/@/J o~ /(,: ,Q V/ORKJHé’é fv(APPbNDlX)

"""" reom (lgA)v b :

Smcg THIS /5 AN A//gsmz 5,45//(/ = 005,25 aw{ b

p~ - o0625 (/oj /387)7‘— 04/
r=.0z20

Step 3¢ (REFER To THE WORKSHEET DURING THE REMAINING

7e= [//.s/ 27 5"3’:{ ;0
o 7= 0.703 (L) I8




FLOOD CONTROL DISTRICT OF MARICOPA COUNTY

PROJECT PAGE 2 OF _C

DETAIL . COMPUTED DATE

CHECKED BY DATE _

s E/\/T'A':'“Z’“% /\PAW,«:ALL, LossAND e K

- PARA METER DATA w70 AN HEC—2 4,
DECK . @//7 SETTEEL
| 4— U ales /QUN __170 s b
oSS ’5555 774 EZ.E'

STep 51 ERus Cﬁcamﬁeq-r:c THE /‘\\/EE‘A@E £ xce:ss ”Z' /(/7'5‘/2/5/7/55_:';
= i A Tive PERIOD GREATER THAN To.
v (sEE WOR KSHEE’T‘ AND SAMF_E'; HEC“i RUM) L

STEP G i,‘;m."_,v:C;kEATb e GI?A?H GF AVE@Aéé? EXCé“iS o
(RS DR ;'.ﬁﬂ”'.'_f",IA/TENSIT)/ vs. CTIME. L

."‘ffi,;i;_.fCALCULATE 77:, BY _ATE/QAWO/V YL \/A/.u&’.s ,425 '
:.;.,.i,EEAD FRoM THE éRAPﬁ' CALC(,{LATE‘ /.z |
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- STEP 8 S E /ur&-z Tc % /? VALuE.S /n/ro //EC - I AMD




FLOOD CONTROL DISTRICT OF MARICOPA COUNTYA

PROJECT MARIcOPA Couwry HyorotoaY Mawvunl.  page | oF _ &
DETAIL EXAMPLE WATEQSHED COMPUTED DATE

CHECKED BY DATE _

WA TE Rsuse souwoAEY,“‘f;‘;
SUBBASIN. Bou,voA RY.

- WATE Rc.ou RSE‘- -
~SUBBASIN G NUM BEEM
i r}mcsm?Ano__N L pOINT

DN W ‘SECOI\/DARY FLoa} PAT,L/.S E




FLOOD CONTROL DISTRICT OF MARICOPA COUNTY

proJecT MARICOPA  CounTY HYDROLOGY MANUAL ppce 2 oF 2

DETAIL EXAMPLE WA TERSHED COMPUTED DATE
CHECKED BY DATE

SUBBASIN CHARACTERISTICS

SUBBASIN  AREA  TMPERVIOUSNESS — FLow PATH =~ SLOPE T LAND USE.
- ENGTH () (F/m) - e

A e (mid) (%)

4 |ss2z | 33 | zes /70 - Yo% /ueTi= Uy Areas

(GO% Apastriewr Aneas

2o Jaa | oo | e | s0s | seon swae Far

Sz ogg Yz s bger o 5’0’0 L/CiHTTNDAsTHAL
el I D R e — N 50%  Donp'rosm ARrREAS -

el [ I =1 S0 ' - “: :.A wiDesert . MOUNTA!/J :

. _WATERCOURSES

. SUBBASIN ,DESC'él.F,%zozv GEOMETRY 1/,.“;’5 -DQ:E;‘ SIPE MANNINGS
(£t} LTl

SLOPE- | nt

| SE T e 26 S 20 e

DReosss Lury  Rect. /5 Y= oz

'CoUﬁéETE . e .
3 mivh | 7 raAP. 20 4/ 31

NATURAL _ o AT - o e
. 7 . peserRT - TRAP /5 2 2l ¥ 0?@ o
STREAM ; | ot




CALCULATION OF Tc & R

Calculated by: Date:
Checked by: Project:
Watershed: ZXAMPLE WATERSHED ~  SUBBASIN # 2
Rainfall Frequency: /9¢ - yr Duration: - hr. Pattern #:___/ 5
Rainfall Loss Method: [ ] Green & Ampt Method
[X] IL + ULR by soil texture
[ ] IL + ULR by hydrologic soil group
Tabulate Period of "Rearrange Incremental Excesses in
Peak Rainfall Excess Order of Decreasing Average TIntensity
Clock Time Increm. Accum, Increm. Accum. Avg. Excess
@ end of Excess Time Excess Excess Intensity
Increm. in. hr./min. in, in. in. /hr.
0335 .18 g .37 .37 4.44
0340 .18 1o 37 .74 H.ouM
0345 N 15 37 {1 4, 44
0350 .27 20 ¥ 1.29 3.87
0355 .37 25 S .47 3.53
0y20 .37 20 18 1. 68 3.30
CHoZ i 35 A .76 3,02
cHl10 M 40 Al 137 2.81
A= 2.17 sq.mi. A
L = /.85 mi. v
S = 30.5 ft/mi. ‘e
r
r =m [log(A * 640)]+ b a
r = (~00625) log (2.7 *640) + (.94 ) |g
r = 020 e
.50 .52 -.31 -.38 AN
Tc = 11.4 L r s i E <
. -.38 x \Nk
Tc = (0.703 ) i : ST
Trial Tc i Calc, Tc s -~
s
47 2.53 435 ™
950 342 4] I ™~
30 548 738 n N
A28, S5. 95 . 437 t
e
n
Tc = 44 hr. s
i
t
1.11 -.57 .80 y
R = .37 Tc A L
i
n
R = /54 hr. /
h
r 2o 25~ 30 35
Time (Tc) (hr./min.)

4.5

4.0

3.5

v
O

N
U“



e sedevedo e dete vt e e dede vesedede e de e dedesde dede e dedededededededede e dededeke

‘: FLOOD HYDROGRAPH PACKAGE = (HEC-1) *

*

£

¥*

*

*

FEBRUARY 1981 *
REVISED 31 JAN 85 *

%

RUN DATE 9/ 5/1989 TIMELS5: 4: O *
%

e ook dede sk e devededle e s dede e dedededeakdedededtrdeded ek ek

* *
* U.S. ARMY CORPS OF ENGINEERS *
* THE HYDROLOGIC ENGINEERING CENTER *
* 6C9 SECOND STREET *
* DAVIS, CALIFORNIA 95616 *
% (916) 440-3285 OR (FTS) 448-3285 *
* *

FedesededeRevedededesedevevedededevesede e dededevedede R e dededee Rk

X X XXX XXKXXX X
X X X X X X
X X X X X
XXXXXX XXXX X XXxx X
X X X X X
X X X X X X
X X XXXEXXX XXXXX XX

THIS PROGRAM REPLACES ALL PREVIOUS VERSIONS OF HEC-1 KNOWN AS HEC1 (JAN 73), HEC1GS, HECIDB, AND HECIKW.

THE DEFINITIONS OF VARIABLES -RTIMP- AND -RTIOR- HAVE CHANGED FROM THOSE USED WITH TEE 1973-STYLE INPUT STRUCTURE.
TEE DEFINITION OF -AMSKK- ON RM-CARD WAS CHANGED WITH REVISIONS DATED 28 SEP 81. THE VERSION RELEASED 31JAN85
CONTAINS NEW OPTIONS ON RL AND BA RECORDS, AND ADDS THE EL RECORD. SEE JANUARY 1985 INPUT

DESCRIPTION FOR NEW DEFINITIONS.

SAMPLE RUN
ExampLe # /




. LINE

%% FREE %k

0 ~N O bn

10

11
12
13
14
15
16
17
18
19
20
21
22
23

HEC-1 INPUT

TDeveeveolensneneZasesesedacncoeshoseasssBocnarsebuoenricducesnssBivasesi®eanssll

D SAMPLE HEC-1 RUN USING TECHNIQUES OUTLINED IN THE

1D MARICOPA COUNTY HYDROLOGY MANUAL

g dededeeefefedededodedevesedoRered e ddedede ootk ek ke deddededkh ke kdekk e e vedede s e vt v ek oo ve Sk dede e e
D EXAMPLE #7 - CLARK UNIT HYDROGRAPH

% ek edesededere oo Y e e vevett R R Yefe e T R R KX F K VAR RN AR XA RTIRHRRNAX Joke vede st ek e ve e dededb v ve e v ke ek
D RAINFALL: 6-HR, 100-YEAR POINT RAINFALL DEPTH OF 3.25 INCHES

1D HYDROGRAPH: CLARK - TC & R FROM WORRSHEET

D URBAN TIME-AREA CURVE

D LOSSES: IL+ULR BY SOIL TEXTURE

D BASIN AREA: 2.17 SQUARE MILES, PATTERN #1.5

de sedevevedefevesededed dede st veveseve ke de R ek RN TR oo ek e re kX R W R W R A F R AR T IR R RN FATIARN TR IR ISR

1T 5 058EP89 0000 85

10 0

B Sedere s deedevededeve e e dede e s e Sede e dedeFede e de oo s e e desese de e ded et deddededeSede e ke deSedededeededededededededededededededede
KK BASIN2

KM  COMPUTE DISCHARGE AT THE OUTLET OF SUBBASIN #2

IN 15 05SEP89 0000

PB 3.25

PC 0. .55 1.05 1.7 2.65 3.45 4.35 5.2 6.05 6.9
PC 8.1 9.4 11.35 14,5 22.85 40.85 75.85 86.85 91. 93.85
PC  95.95 97.5 98.35 98.9 100.

BA 2.17

Ly .65 .20 21.

UA 0 5 16 30 65 77 84 90 94 97
UA 100

uc 440 .156

ZZ

PAGE

1



Setedededesedesed S dedeSeds e Sede e Fede e dede e fededesededededeededest

) %*

‘ FLOOD HYDROGRAPE PACRKAGE (HEC-1)  *-
FEBRUARY 1981 *

REVISED 31 JAN 85

*

* ¥ ¥

RUN DATE 9/ 5/1989 TIME1S: 4: 3

Serkestverereve v e oo sat RS ek kst SR Rede e do e e e de e tde e

SAMPLE HEC-1 RUN USING TECENIQUES OUTLINED IN THE
MARICOPA COUNTY HYDROLOGY MANUAL
EXAMPLE #7 - CLARK UNIT HYDROGRAPH
RAINFALL: 6-HR, 100-YEAR POINT RAINFALL DEPTH OF 3.25 INCHES
HYDROGRAPH: CLARK - TC & R SET EQUAL TO ZERO
URBAN TIME-AREA CURVE
LOSSES: IL+ULR BY SOIL TEXTURE
BASIN ARFA: 1.10 SQUARE MILES, PATTERN #1.5

10 10 OUTPUT CONTROL VARIABLES
IPRNT 0 PRINT CONTROL
IPLOT 0 PLOT CONTROL
QSCAL 0. HYDROGRAPH PLOT SCALE
% ‘ IT HYDRCGRAPH TIME DATA
NMIN 5 MINUTES IN COMPUTATION INTERVAL
IDATE 5SEP89 STARTING DATE
ITIME 0000 STARTING TIME
NQ 85 NUMBER OF HYDROGRAPH ORDINATES
NDDATE 58EP89 ENDING DATE
NDTIME 0700 ENDING TIME
COMPUTATION INTERVAL .08 HOURS

TOTAL TIME BASE 7.00 HOURS

ENGLISH UNITS

DRAINAGE AREA SQUARE MILES
PRECIPITATION DEPTH  INCHES

LENGTH, ELEVATION FEET

FLOW CUBIC FEET PER SECOND
STORAGE VOLUME ACRE-FEET

SURFACE AREA ACRES

TEMPERATURE DEGREES FAHRENHEIT

Fedevere feekdek Tk e edederereseede sedeve e dede ek dededodedede

*

%  U.S. ARMY CORPS OF ENGINEERS
% THE HYDROLGGIC ENGINEERING CENTER
% 609 SECOND STREET

* DAVIS, CALIFORNIA 95616

* (916) 440-3285 OR (FTS) 448-3285
*

¥ % % ¥ ¥ %* ¥

FededesevesededesedeSese oo dovoredede e sede e dedede e dee et




deWese Srdede Vedkde Fedede Whde Yevede deded dekde Sekde dedede dedse dededr dedede dedede kedede Fewek dedede destd dodbd dedhk Fekde Kk Sk dedek dedkdk dekde gk dodde kedek dedese Rt fdedt ek

e et e dFedede ek
3 * \
11 KK %*  BASINZ *
% %
R R R S T
COMPUTE DISCHARGE AT THE OUTLET OF SUBBASIN #2
13 IN TIME DATA FOR INPUT TIME SERIES
JXMIN 15 TIME INTERVAL IN MINUTES
JXDATE 5SEP89 STARTING DATE
JXTIME 0 STARTING TIME

SUBBASIN RUNOFF DATA

18 BA SUBBASIN CHARACTERISTICS
TAREA 2.17 SUBBASIN AREA

PRECIPITATION DATA

14 PB STORM 3.25 BASIN TOTAL PRECIPITATION
15 PI INCREMENTAL PRECIPITATION PATTERN
.18 .18 .18 .17 .17 .17 .22 .22 22 .32
.32 .32 .27 .27 .27 .30 .30 .30 .28 .28 .
. .28 .28 .28 .28 .28 .28 .28 .40 40 40
.43 43 .43 .65 .65 .65 1.05 1.05 1.05 2.78
2.78 2.78 6.00 6.00 6.00 11.67 11.67 11.67 3.67 3.67
3.67 1.38 1.38 1.38 .95 .95 .95 . .70 .70 .70
.52 .52 .52 .28 .28 .28 .18 .18 .18 .37
.37 .37
19 LU UNIFORM LOSS RATE
STRTL .65 INITIAL LOSS
CNSTL .20 UNIFORM LOSS RATE
RTIMP 21.00 PERCENT IMPERVIOUS AREA
22 UC CLARK UNITGRAPH
TC <44 TIME OF CONCENTRATION
R .16 STORAGE COEFFICIENT
18 UA ACCUMULATED-AREA VS. TIME, 11 ORDINATES
.0 5.0 16.0 30.0 65.0 77.0 84.0 90.0 94.0 97.0
100.0

kkk

UNIT HYDROGRAPH PARAMETERS
CLARK TC= .44 HR, R= .16 HR
SNYDER TP~ .23 HR, CP= .64

' UNIT HYDROGRAPH

13 END-OF-PERIOD ORDINATES
523. 2343. 3727. 3386. 2548. 1746. 1066. 617. 357. 206.
119. 69. 40.




Fedededeve Rk Sedevedese e vesedede e Sedede e ek dedesededede e veSeTe e KSR KKK K deKdew R KR Fe NN fe R KRNtk el dede Rk ke hho ko dohk ek defedohvetedese ke d e hde ke kR ek ddedededde T devdededededekedeie

. HYDROGRAPH AT STATION  BASIN2

e e de e e ve s S e e v e Yo e de e e do e de v de ve e S dede So e dede e e defe e e Fe o Fe sk e de Fe o e o de e e e ook e Fedede ek e o de ok ve sk e e deredede Fede s dedededede dede ek dede e v Sk Ao e de e de ke e dedede e e de e dedededede e dedede e e ‘

*

DA MON HRﬂN ORD RAIN L0OSS EXCESS CoMP Q * " DA MON HRMN ORD RAIN LOSS EXCESS CoMP Q
*
5 SEP 0000 1 .00 .00 .00 0. * 5 SEP 0335 44 .19 .01 .18 461.
5 SEP 0005 2 .01 .00 .00 1. * 5 SEP 0340 45 .19 .01 .18 955,
5 SEP 0010 3 .01 .00 .00 4. * 5 SEP 0345 46 .19 .01 .18 1563.
5 SEP 0015 4 .01 .00 .00 8. * 5 SEP 0350 47 .38 .01 .37 2174.
5 SEP 0020 5 .01 .00 .00 12, % 5 SEP 0355 48 .38 .01 .37 2980.
5 SEP 0025 6 .01 .00 .00 15. * 5 SEP 0400 49 .38 .01 .37 3915.
5 SEP 0030 7 .01 .00 .00 17. * 5 SEP 0405 50 .12 .01 .11 4552.
5 SEP 0035 8 .01 .01 .00 18, * 5 SEP 0410 51 .12 .01 .11 4498,
5 SEP 0040 9 .01 .01 .00 20. * 5 SEP 0415 52 .12 .01 .11 3901.
5 SEP 0045 10 .01 .01 .00 21. * 5 SEP 0420 53 .04 .01 .03 3207.
5 SEP 0050 1l .01 .01 .00 23. * 5 SEP 0425 54 .04 .01 .03 2501.
5 SEP 0055 12 .01 .01 .00 25. * 5 SEP 0430 55 .04 .01 .03 1845.
5 SEP 0100 13 .01 .01 .00 28. * 5 SEP 0435 56 .03 .01 .02 1351,
5 SEP 0105 14 .01 .01 .00 31, * 5 SEP 0440 57 .03 .01 .02 991.
5 SEP 0110 15 .01 .01 .00 32. * 5 SEP 0445 58 .03 .0l .02 729.
5 SEP 0115 16 .01 .01 .00 32. * 5 SEP 0450 59 .02 .01 .01 552.
5 SEP 0120 17 .01 .01 .00 32. * 5 SEP 0455 60 .02 W01 .01 420.
5 SEP 0125 18 .01 .01 .00 32. * 5 SEP 0500 61 .02 .01 .01 321.
5 SEP 0130 19 .01 .01 .00 33. * 5 SEP 0505 62 .02 .01 .00 249,
‘ 5 SEP 0135 20 .01 .01 .00 33. * 5 SEP 0510 63 .02 .01 .00 197.
5 SEP 0140 2