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ABSTRACT

The performance of four rainfall-runoff models on small

watersheds near Tucson, Arizona is compared. The models are:

"Flood Peak Estimator" of Pima County, Arizona, TR-20, HEC-1,

and Hydrosoftware Inc.'s "RAINFLO". In sensitivity analyses,

variations in parameters describing effective rainfall, time

of concentration, and channel losses are compared to resulting

changes in runoff volume and Qpeak. Volume was found most

sensitive to the Curve Number while Qpeak was most sensitive

to time of concentration. On five small watersheds, the models

were applied using a 100-year rainfall. Qpeak was compared to

Q100 developed by Log Pearson Type-III from 15-18 years of

data on each watershed. On three, the models showed some

agreement with LP-III. On two, the model results were far

below LP-III, most likely due to inadequacy in methods for

estimating time of concentration. Applicability and

shortcomings of the models were discussed.
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I. INTRODUCTION

A large part of the drainage network in the southwest

United States consists of ephemeral streams and washes. The

ephemeral nature of these streams and the relatively recent

acquisition in this area result in rainfall and runoff records

that are often inadequate for estimating the flood hazard with

statistical methods. Furthermore, no record exists for many

of the smaller local tributary washes around which suburban

development often takes place.

Tucson, Arizona, is typical of the rapidly expanding

cities in the southwest. In Tucson, growth is encroaching on

the mountain ranges that border the city on three sides.

Runoff from winter frontal storms and summer convective storms

is conveyed through the developments via ungaged ephemeral

washes.

In response to the need for flood planning, cities such

as Tucson turn to methods that predict runoff from a given

rainfall based on measurable or observable watershed

characteristics. There are a number these "rainfall-runoff

models" available. Examples include the U. S. Army Corps of

Engineer's "HEC-1" (U.S. Army Corps of Engineers, 1981), the

Soil Conservation Service's "TR-20" (SCS, 1982), and the

commercially available "RAINFLO" (Hydrosoftware, Inc., 1986).

Some local government agencies, such as Pima County (Tucson)
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in southern Arizona have developed their own models which are

commonly referred to as "regional methods". Presumably the

regional methods, developed and tested using local data, are

more applicable for the particular area than the more general

models.

Planners and designers can predict the flood hazard for

chosen design rainfalls with general models or regional

methods. The accuracy of the predicted flood peaks and volumes

depends on the applicability of the model to the problem and

the quality of the input data. Information regarding the

applicability of a model to the area in which it is used and

its sensitivity to variations in the input data will aid

those who must use it and interpret its results.

H. OBJECTIVE

The objective of this thesis is to evaluate the

sensitivity and applicability of four rainfall-runoff models

on small watersheds around Tucson, Arizona. The models under

consideration are:

1) The Army Corps of Engineer's HEC-1;

2) the Soil Conservation Service's TR-20;

3) Hydrosoftware Inc. 's RAINFLO;

4) and the Pima County Department of Transportation

& Flood Control District's "Flood Peak Estimator",
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(Zeller, 1979), or "PCDOT" in this study.

Sensitivity will be evaluated qualitatively by applying

the models to a particular study watershed and comparing the

variation of the output with systematic variation in the

input. The intent is to see how sensitive the models are to

errors in the input.

Applicability will be evaluated qualitatively by applying

the models to five Tucson area watersheds gaged by the US

Geological Survey, and comparing the results from the models

with frequency distributions developed from the USGS data. The

intent is to see how well the models reproduce the 100-year

flood when used in a typical fashion. This portion of the

study will be referred to as the "typical application".

The results will assist designers of hydraulic structures

and floodplain managers in the southwestern United States,

especially in Pima County, Arizona.

III. THEORY

Event based rainfall-runoff models are often thought of

as two types: phenomenologic and transfer function.

Phenomemologic models attempt to quantify and combine known

watershed characteristics in order to produce an outflow

hydrograph from a given rainfall. Transfer functions, or

"black boxes" as they are commonly called, attempt to convert
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rainfall into runoff over an entire watershed with the use of

a mathematical function that may not necessarily reflect the

characteristics of the watershed. No practical model is

completely phenomenon based, as the calculations and data

required to completely and accurately model diverse watersheds

would be prohibitive. PCDOT, TR-20, HEC-1, and RAINFLO, though

phenomenologic in nature, rely on approximate parameters. They

are considered to be "lumped parameter models" because

weighted averages, rather than distributions, are used to

represent ranges of values (Larson, et al, 1982). Typical

examples of lumped parameters include curve numbers, weighted

slopes, and routing coefficients.

Rainfall-runoff models attempt to describe the processes

in a part of the hydrologic cycle and thus have certain

elements in common. In general terms, these elements are:

precipitation, losses, and routing (Figure 1). The

precipitation element describes the spatial and temporal

distribution of rainfall, snow, hail, etc. to a watershed. The

losses element subtracts from the precipitation the water that

goes to infiltration, ponding, interception, and evaporation

during an event, leaving an intermediate element commonly

referred to as effective precipitation. The routing element

consists of one or more procedures for converting effective

precipitation into a hydrograph at a watershed outlet.



        

17    

Rainstorm    

A

( DOSS
FUNC11ON                        

Rainfall
Excess

InIcrmcdtate Product                         

ROUTING

PROCEDURES                 

Outflow
Hydrograph    

Figure 1 - Basic elements of rainfall runoff models.

IV. PARAMETERS 

There are numerous alternatives for describing each of the

above elements. Rainfall can be modelled as a single depth
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over a watershed or as different depths over parts of a

watershed. The rainfall intensity can be uniform, or variously

concentrated within the event. Losses can be modelled by

applying an infiltration function to points on the watershed

or by the use of an overall loss parameter such as the SCS

curve number. Routing can consist solely of applying a unit

hydrograph to a watershed, or it can take hydrographs from

subwatersheds within the watershed and apply channel and/or

reservoir routing techniques before combining the hydrographs

at the outlet.

Which combination of alternatives is "best"? To a

professional, best signifies a combination of accuracy, ease .

of use, and economy. Making an informed choice among available

rainfall-runoff models requires knowledge of the models'

assumptions, performance and data requirements.

The following is a list and discussion of the rainfall-

runoff parameters specifically considered in this study, and

the models to which they apply.

1) Rainfall - common to all models.

a) 100-year, 1-hour and 6-hour rainfall depths

from NOAA Rainfall Atlas 2.

b) Uniform and SCS Type IIA 24 hour rainfall

distributions.

2) Loss Function - The SCS curve number, common to
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all of the models.

3) Routing Procedures

a) Time of concentration, which is calculated

internally by RAINFLO and PCDOT but is a

required input to HEC-1 and TR-20;

b) Unit hydrograph - SCS Triangular Unit

Hydrograph, (TR-20), and SCS Dimensionless

Unit Hydrograph (HEC-1 and RAINFLO).

C) Channel routing procedures - Att-Kin (TR

-20), Muskingum (HEC-1), Muskingum-Cunge

(RAINFLO).

d) Channel Infiltration - RAINFLO

4.1 Rainfall

Rainfall is described	 by depth, duration, aerial

distribution and temporal distribution within the storm. Flood

planning usually evaluates a given "design storm", which is

a storm of specified duration and frequency that is chosen for

the project in question. A typical design storm is the 100-

year, 1-hour rainfall. The depth of the design rainfall

depends on location. In Arizona, a source for design rainfall

data is: The National Oceanic and Atmospheric Administration

(NOAA) Precipitation - Frequency Atlas of the Western United

States, Volume VIII - Arizona, NOAA Atlas 2 (NOAA, 1973).
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NOAA Atlas 2 includes maps and equations for determining

rainfall depths of storms with durations of 5 minutes to 48

hours, and frequencies from 2 to 100 years. It is an

improvement over the U. S. Weather Bureau's Technical Paper

40 published in 1961 (USWB, 1961). Atlas 2 mapped the changes

in storm depth in much greater detail than did TP-40, and was

able to show the orographic effects on rainfall in the .

numerous mountain ranges in the west (NOAA, 1973).

Areal distribution is in general dependent on watershed

size and rainfall type. We expect more variable distributions

for large watersheds and/or convective storms, and more

uniform distributions for small watersheds and/or frontal

storms. NOAA Atlas 2 lists point source values which require

a reduction based on watershed area (Figure 2).

50	 100 150 200 250 300 350 400

Area (square miles)

Figure 2 - Areal reduction of point rainfall (NOAA, 1973).
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Watersheds of the size used in this study - less than

three square miles - require a reduction of approximately 2%

for storms from one to 24 hour durations. Because the

reduction is so small, it is ignored in the PCDOT model for

watersheds less the 10 square miles in area. It will likewise

be ignored in this study.
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Figure 3 - SCS 24-hour rainfall distributions (Macarthur,
1988).

Temporal distribution within the storm depends on

location and season. The SCS has empirically determined a

number of 24 hour rainfall distributions (Figure 3) for
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different geographic areas of the United States, though there

is some doubt that such large areas can be represented by a

single distribution (Renard, 1975).

The distributions vary with season, especially in Tucson

which has a marked biseasonal rainfall pattern. Winter

rainfall in Tucson is generally from Pacific frontal storms

which are characterized by the SCS Type II distribution

(Figure 3). Summer rainfall in the southwest is generally

convective and is better characterized by SCS Type IIA (Figure

3), as recommended (Macarthur, 1983) Type IIA has a steeper

curve which arrives sooner in the distribution, resulting in

higher rainfall intensities.

This study incorporates two temporal rainfall

distributions. A uniform distribution is applied to all

modelling in the sensitivity analysis for two reasons. First,

Qpeak can be influenced by the coincidence of the rainfall

peak intensity and the watershed time of concentration, which

will vary in this study. A rainfall peak which occurs after

the time of concentration will result in a different

hydrograph than a rainfall peak which occurs before. The

uniform distribution removes the storm dependency from the

problem provided the storm duration is at least as long as the

time of concentration. Second (as will be explained fully in

Section 5.1) the inherent distribution in PCDOT is uniform
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and cannot be changed. Adopting a uniform distribution for the

other models eliminates that variation.

An SCS Type IIA is applied to the typical applications

portion of this study. The SCS assumes that this is the

rainfall distribution most applicable to the southwest

(Macarthur, 1988).

4.2 Loss Function - SCS Curve Number CN

Runoff curve numbers are coefficients used to estimate

surface runoff from a given rainfall depth in a technique

developed by the Soil Conservation Service. The rainfall

runoff equation:

R = (P-0.2S) 2/(P+0.8S) P>0.2S (la)

R = 0 P<0.2S (lb)

in which R = runoff depth in inches, P = rainfall depth in

inches, and S = maximum watershed retention in inches, is

developed in chapter 10 (Mockus, 1972) of the SCS National

Engineering Handbook, Section 4 - Hydrology (NEH-4).

The development is based on the assumption that the ratio

of actual retention after runoff begins (F) to maximum

watershed retention (S), is equal to the ratio of runoff (R)

to the rainfall available for runoff (P-Ia) where Ia is

initial abstractions, i. e. interception, infiltration and
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surface storage:

F/S = R/(P - Ia).	 (2)

Actual retention is the difference between available rainfall

and runoff:

F = (P - Ia) - R.

Substituting eq. 3 into eq. 2:

((P - Ia) - R)/S = R/(P - Ia)

and rearranging:

R = (P - Ia) 2/(P - Ia + S).

The SCS empirically related initial abstractions Ia to maximum

retention S:

Ia = 0.2S	 (6)

which substituted into eq. 5 gives eq. 1.

S can theoretically vary from 0 to infinity but is

transformed by:

CN = 1000/(10 + S)	 (7)

to a curve number (CN) between 0 (S = infinity) and 100 (S =

0). This transformation makes interpolating, averaging and

weighting operations more nearly linear (Mockus, 1972).

In practice, CN is estimated from published values for

given soil types, hydrologic cover complexes, and land

treatment. With a value for CN, eq. 7 is solved for S which

is substituted into eq. 1 to determine Q, the runoff volume

in watershed inches (Mockus, 1972))
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Considering that some water is always retained in surface

wetting before runoff is induced, the maximum CN must be

something less than 100. Also, the minimum curve number must

exceed 0, and since low curve numbers imply high watershed

retention (if CN=50, S=10 inches), they are not frequently

observed due to the low frequency of storms large enough to

produce runoff where they might exist (Hawkins, et al., 1985).

In addition to the theoretical considerations, curve

numbers are limited by the models that use them. In practice

the maximum CN is typically 99. For example, PCDOT, in its

curve number adjustment routine, will not adjust a curve

number to a value higher than 99, and furthermore, it assigns

99 to all impervious areas. Minimum curve numbers are not so

rigidly defined. NEH-4 indicates a curve number of six (AMC

= 2) for 100% cover in contoured sugar cane fields. However,

in the PCDOT manual, the minimum curve number is 50, as

indicated for Hydrologic Group B soils with 80% ponderosa pine

cover. The manual does not include Hydrologic Group A soils,

though they do exist in the area.

Since S (theoretically 0 to infinity) is normalized to

CN (theoretically from 100 to 0), a percent variation in S is

not the same as a percent change in CN. In other words the

change in S with respect to S is different than the change in

CN with respect to CN, as shown in the following equations:
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S = 1000/CN - 10

dS/S = -1000/CV * dCN/S

dS/S = -1000 * dCN/(Cle (1000/CN - 10))

dS/S = -1000/(1000 - 10CN) * dCN/CN

dS/S = -100/(100-CN) * dCN/CN

dS/S is related to dCN/CN by a factor which includes CN.

In other words, the percent change in S as compared to a

percent change in CN is dependent on the CN from which the

change takes place. Notice that as CN approaches 0, dS/S

approaches -dCN/CN. The change is identical in magnitude and

opposite in direction. As CN approaches 100, dS/S approaches

infinity. Table 1 lists the differences in the percent changes

for a range of CN's .

Table 1 - dS/S in terms of dCN/CN, for CN's 50 - 95.

CN = 50, dS/S = -2.0 dCN/CN

CN = 60, dS/S = -2.5 dCN/CN

CN = 70, dS/S = -3.3 dCN/CN

CN = 80, dS/S = -5.0 dCN/CN

CN = 90, dS/S = -10.0 dCN/CN

CN = 95, dS/S = -20.0 dCN/CN

Table 1 illustrates two reasons why a percent change in

S is not comparable to a percent change in CN. First, the
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magnitude of a percent change in S is larger than the

magnitude of a change in CN. This is because CN is a value

normalized to between 0 and 100 while S can theoretically vary

from infinity to 0. Second, the percent change in S depends

on the base curve number from which the changes originate. A

higher base curve number results in a lower base S which in

turn results in large percentage variations from S.

A resulting potential for large errors in Qpeak and R

occurs during storms which are on the threshold of producing

runoff (Hawkins, 1986). Imagine a watershed on which CN was

determined to be 80 but with an uncertainty of plus or minus

two CN units. Recall that the SCS assumes that runoff begins

when the initial abstractions Ia = 0.2S (Eq. 6) are

satisfied. Given a 0.50 inch rainstorm, the change in volume

given the change in CN from 80 is summarized in Table 2.

Table 2 - The Change in Runoff/Change in CN
on the Runoff Producing Threshold.

for a Storm

CN S Ia dR/dCN

78 2.82 0.56 0.06 (0-0.06)/(80-78) = -0.03
79 2.66 0.53 0.03 (0-0.03)/(80-79) = -0.03
80 2.50 0.50 0 (0-0)/(80-80) =	 0
81 2.35 0.47 0 (0-0)/(80-81) =	 0
82 2.20 0.44 0 (0-0)/(80-82) =	 0

Table	 shows that for storm depths near the runoff

producing threshold, 0.2S, runoff can vary from a measurable
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quantity to nothing at all and is thus very sensitive to CN.

Whether or not the storm is on the threshold is much more

apparent from S than from CN, but CN is the factor used by the

practitioners, who are presumably "calibrating" themselves in

its terms.

4.3 Routing Procedures

This section considers the parameters and methods which

influence the shape of the hydrograph at the a subwatershed

or watershed outlet. They include time of concentration, the

Unit Hydrograph method, channel routing methods, and channel

infiltration rates.

4.3.1 Time of Concentration

Time of concentration (Tc) has been called the most

significant variable in the determination of peak flow

(Papadakis, 1986). However, "the assignment of a numerical

value to a term which encompasses so many complex physical

conditions of a watershed is subject to substantial

inaccuracies." (Huggins and Burney, 1982).

There are numerous theoretical and empirical equations

to determine Tc from watershed characteristics. They give wide

ranging results. From Papadakis and Kazan (1986) the general

format for equations to compute time of concentration is :

Tc = k(V) (Nb ) (V) (i-z )	 (8)
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where L = Length of flow path

N = Roughness coefficient similar to Manning's n

or Chezy's C.

S = Average slope of flow path

I = Rainfall intensity

k = Constant

a,b,y,z = Exponents

Eleven common equations used to determine the time of

concentration on a watershed are listed below. The first five

(A - E) do not use rainfall intensity and can be solved

directly using watershed parameters. The remaining six (F -

K) involve rainfall intensity (i) and must be solved using

watershed and rainfall parameters. The rainfall parameter i

is a function of time Tc thus Tc and i must be solved for

simultaneously.

Iterative Solution for Tc. The PCDOT model (Eq. K, page

35) involves both watershed and rainfall data, and the user's

manual details a procedure by which Tc and i are solved for

by iteration, using measured watershed parameters, and

rainfall parameters derived from the NOAA Atlas 2. The same

procedure can be applied to the other five equations involving

i. In the procedure, the watershed parameters are entered

into the equation so that Tc is related to i by a coefficient

C :
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Tc = (C)E	 (9)

C = K(L)(e)(S/) (10)

To solve the relationship, a Tc is chosen, and i at Tc is

found using NOAA Atlas 2. Given the watershed location and a

return interval, the atlas can be used to find rainfall depths

for 1, 2, 3, 6, and 24 hr durations. Included are the

coefficients for finding depths for durations less than one

hour. Depths for durations between the given durations can be

found by linear interpolation. The intensity i is found by

dividing the depth at Tc by Tc. If (C)i z does not equal the

chosen Tc, a new Tc is chosen and the procedure repeated until

a match is obtained.

For example, take the Morgali and Linsley (1965) equation

(Eq. H, page 34) and apply it to the Fortyniner's Wash upper

subwatershed (detailed in section 6.1). The upper subwatershed

has a length L of 18400 feet, a channel slope of 0.093, and

a Manning's N of 0.05. The rainfall for a 100 - year storm

from NOAA Atlas 2 is:

Duration (hr)	 Depth (in)

1	 2.56
2	 2.87
3	 3.08
6	 3.47

24	 4.40
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Using these parameters, the Morgali and Linsley equation is:

Tc(hr) =0.99(18400 563 )(0.05 °6°5 )(0.093 -°36 )(fa386 )/60

= 2.25 ( f°388 )

The iterative solution to the equation is:

Tc(hr)	 Depth @ Tc/Tc = i(in/hr) 2.25(f°566 ) = Tc(hr)

1	 2.56/1 = 2.56	 1.56
2	 2.87/2 = 1.44	 1.94
1.93	 2.86/1.93 = 1.48	 1.93 (match)

Thus the Tc is 1.93 hours.

Tc Evaluations for Fortyniner's Wash. Tc was evaluated

for both the upper and lower subwatersheds on Fortyniner's

Wash using the following eleven equations. The watershed

characteristics are described in detail under Sensitivity

Analyses - Study Watershed (Section 6.1). The lower

subwatershed has a length L = 17200 feet, a channel slope S

= 0.0138, and a Manning's n = 0.035. The upper watershed has

L = 18400, S = 0.093, and n = 0.05. The values within the

parentheses on the right hand side of the equations beginning

on the next page give units of various quantities in the order

the appear in each equation, excluding the roughness

parameters and CN.



A. Kirpich (1940) Equation

Tc =0.0078(L 7 ) (S4'385)/60 (hr,ft,ft/ft)

Tc, UWS = 0.62 hr	 Tc, LWS = 1.23 hr

B. Kerby/Hathaway Equation (Kerby, 1959)

Tc =0.827(LOE487 )(Na467 )(S4 '233 )/60	 (hr,ft,ft/ft)

Type of Surface	 Average Surface Retardance N
Smooth impervious surface	 0.02
Smooth bare packed soil	 0.10
Poor grass, cultivated row crops or
moderately rough bare surface	 0.20
Pasture or average grass	 0.40
Deciduous timberland	 0.60
Conifer timberland, deciduous timberland
with deep forest litter or dense grass	 0.80

Tc, UWS = 1.12 hr	 Tc, LWS = 1.68 hr	 (N =0.20)

C. Carter Equation (Schulz and Lopez, 1974))

Tc = (L") (Cc) (S4 '3 )/60	 (hr,ft,ft/ft)

where Cc = retardance coefficient equals 0.045 for
pristine conditions.

Tc, UWS = 0.55 hr	 Tc, LWS = 0.95 hr	 (Cc=0.045)

D. Federal Aviation Agency (FAA), (Kibler et al., 1982)

Tc =0 . 39(L") (1. 1-C) (S4• 333 )/hr	 (hr,ft,ft/ft)

where C = rational method runoff coefficient.

Type of surface
Concrete, asphalt
Drives ,walks
Business districts and local areas
Residential single family areas
Res. with 1/2 acre lots & larger
Parks ,cemeteries
Unimproved areas 

Value of C
0.80-0.95
0.75-0.85
0.50-0.70
0.35-0.45
0.25-0.40
0.10-0.25
0.10-0.30 
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Tc, UWS = 1.75 hr (C=0.20) 	 Tc, LWS = 3.19 hr (C=0.20)



33

E. SCS Curve Number Method (Kent, 1972)

Tc = (1.67/1900) (L") ( (1000/CN - 9) °7 (S -") (hr,ft,%)

where S is the land slope in percent. The average land
slopes are 33% for the upper watershed and 2.7% for
the lower; CN is the SCS curve number.

Tc, UWS = 0.69 hr (CN = 89)

Tc, LWS = 3.43 hr (CN = 77)

F. Kinematic Wave by Henderson and Wooding (Kibler et al.,
1982)

Tc =0.94(L")(n o.8 )(s-03 )(r
o4 )/6 0 (hr,ft,ft/ft,in/hr)

where n = Manning's roughness coefficient for floodplains.

Type of Surface	 Value of n 
Smooth impervious surface	 0.01 - 0.2
Smooth bare packed soil (no crop)	 0.02 - 0.0
Poor grass, moderately bare surface	 0.025 - 0.035
Gravel, cobbles	 0.03 - 0.05
Pasture or average grass cover	 0.03 - 0.05
Mature field crops	 0.04 - 0.05
Light brush and trees	 0.04 - 0.08
Dense brush	 0.07 - 0.16
Dense willows, dense grass, forest	 0.11 - 0.20

Tc, UWS = 1.92(in hr = 1.50 hr	 (N =0.05)

Tc, LWS = 2.63(in hr = 2.42 hr	 (N =0.035)

G. Izzard Equation (Kibler, et al., 1982)

Tc = 41(L033 )(0.0007i+C)(S 4.333 )(E°667 )/60
(hr,ft,in/hr,ft/ft)

Type of Surface	 Retardance Coef. C 
Very smooth pavement 	 0.007
Concrete pavement	 0.012
Dense grass	 0.060

Tc, UWS = 80(i4687 ) + 1.61(i °333 ) minutes	 (C=0.050)
= 0.58 hr

Tc, LWS = 149(i 4667 ) + 2.95 (i° 333 ) minutes	 (C=0.035)
= 2.0 hr



H. Morgali and Linsley (1965) Equation

Tc =.99(L°593 ) (n°805 ) (S -838 ) (i ° 388 ) /60
(hr,ft,ft/ft,in/hr)

where n = Manning's n value.

Tc, UWS = 2.25(r°388 ) hr, 1.92 hr
Tc, LWS = 3.58(i4388 ) hr, 3.85 hr

(N=0.05)
(N=0.035)
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I. Singh's (1976) Kinematic Wave and Chezy Formula

Tc = . 58 ( L ° '667 ) (C -"87 ) (S 4133 ) (r8333 ) /60
(hr,ft,ft/ft,in/hr)

Type of Surface	 Chezy's Roughness Coef
Smooth impervious surface	 50-100
Smooth bare packed soil	 25-50
Poor Grass, moderately bare surface	 30-40
Gravels,cobbles	 20-30
Pasture or average grass cover	 20-30
Mature field crops	 20-30
Light brush and trees	 12-25
Dense brush	 6-14
Dense willows, dense grass,forest	 5-9

Tc, UWS = 1.38(i 43333 ) hr	 = 1.01 hr, (C = 35)

Tc, LWS = 2.47(i4313 ) hr	 = 2.24 hr, (C = 35)
J. Papadakis Equation (Papadakis and Kazan, 1986)

Tc =0 .66 (T2 5 ) (N882 ) (S -331 ) ( i -838 ) /60
(hr,ft,ft/ft,in/hr)

where N is a roughness coefficient dependent on
watershed area.

Type of Surface	 N (WS Area = 1000 Acres)
Very dense turf, forest	 0.19
Dense grass	 0.14
Pasture, average grass	 0.08
Poor grass, moderately bare	 0.04
Smooth bare, packed surface	 0.025

Tc, UWS = 0.58(i -°m ) hr	 = 0.31 hr, (n=0.04)

Tc, LWS = 0.63 (i ° m ) hr	 = 0.63 hr, (n=0.04)



K. Pima County Department of Transportation and Flood
Control District (PCDOT) (Zeller, 1979)

Tc =0.02(Nb)((L*Lca)")(S")((Cw*i)")/60
(hr,ft,ft,ft/ft.in/hr)

where Lca = 0.5L, Nb is a basin roughness factor, and
Cw is the runoff to rainfall ratio.

Nb Undeveloped Areas:

Watershed Type
Mountain
Foothills
Valley 

Mean Slope
>0.04

0.01 - 0.04
<0.01 

Nb (Normal)
0.05
0.035
0.03 - 0.04  

Nb Developed Areas:

Watershed Type	 Density	 Nb (Normal) 
Suburban Fthills	 >1 house/acre	 0.034

1 - 2 houses/acre	 0.032
Suburban Valley	 >1 house/acre	 0.029 -0.038

1 - 2 houses/acre 0.028 -0.036
Light to Moderate
Urbanization	 3 - 5 house/acre	 0.022

Highly Urbanized

Highly Urbanized

Multiple Dwellings	 0.020
Moderate Industrial
Light Commercial

Heavy Commercial	 0.018
and Industrial

Tc, UWS =0.8951(i' 4 )hr = 0.52hr, (Nb =0.050, Cw =0.67)

Tc, LWS = 1.502(i °4 )hr = 1.05hr, (Nb =0.035, Cw =0.46)
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The results from the above equations are summarized in

the table 3.

Table 3 - Summary of Tc calculations on Fortyniner's Wash.

Source	 Time of Concentration (hr)
Upper	 Lower

A. Kirpich 0.62 1.23
B. Kerby/Hathaway 1.12 1.68
C. Carter 0.55 0.95
D. FAA 1.75 3.19
E. SCS 0.69 3.43
F. Henderson and Wooding 1.50 2.42
G. Izzard 1.12 2.00
H. Morgali and Linsley 1.92 3.85
I. Singh 1.01 2.24
J. Papadakis 0.31 0.63
K. PCDOT 0.52 1.05

There is noticeably little agreement between the

equations. The first five equations - based solely on

watershed parameters - range from 0.55 to 1.75 hours on the

upper subwatershed and 0.95 to 3.43 hours on the lower

subwatershed, a difference of about 300%. The following six,

which add rainfall intensity, vary from 0.31 to 1.92 on the

upper subwatershed, and 0.63 to 3.85 on the lower

subwatershed, for differences as large as 600%. These

differences are the basis for the range of values chosen in

the coming Tc sensitivity analysis.

A similarity in the results is that the estimates for the

lower watershed are very nearly twice those for the upper

watershed, with two notable exceptions. First, the SCS Tc for

the lower subwatershed is considerably longer than that for
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the upper subwatershed due to the curve number effect and the

large change in the land slope. The smaller curve number and

land slope in the lower subwatershed both work to increase

Tc. Neither land slope nor CN are factors in the other

equations.

Second, the Kerby/Hathaway Tc for the lower subwatershed

is only 50% longer than that of the upper. Since the same

roughness factor is used and the lengths are similar, the

difference is largely attributable to the change in channel

slope, which in this equation is raised to only the -0.233

power, or roughly the inverse fourth root. In all of the other

equations, channel slope is raised to a power between -0.3 and

-0.4, or roughly the inverse third root. Kerby/Hathaway is

least sensitive to channel slope.

Further discussion of Tc estimates appears inappropriate

since all but the Kirpich equation involve some kind of

roughness factor which - excepting two equations that use

Manning's n -is different for each equation.

The four models in this study use methodologies that

require estimates of Tc. As shown, PCDOT solves for Qpeak and

Tc with a semi-empirical equation that relates the two. TR-

20, HEC-1 and RAINFLO all use unit hydrograph methods which

require a value for the lag time (Tlag) from the centroid of

rainfall excess to the time of peak of the unit hydrograph.
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Tlag is estimated as 0.6Tc (U.S. Army Corps of Engineers,

1981; Kent, 1972). RAINFLO automatically applies the SCS Curve

Number Method for Tc (Eq. E, page 33) to watersheds with an

area less than six square miles. HEC-1 requires a user input

for Tlag while TR-20 requires a user input for Tc and converts

it to Tlag.

4.3.2 Synthetic Unit Hydrographs

The runoff from a storm is produced over some area of the

watershed and flows downstream to the outlet. The pattern of

flow is affected by the rainfall depth and distribution, and

by watershed characteristics such as retention, channel

hydraulics, and reservoir storage. Trying to quantify each

variable would be difficult. It is far simpler to represent

the variables, in total, by a hydrograph at the watershed

outlet. Such a hydrograph would be unique to that watershed

(Snider, 1972).

Typically, that hydrograph is unavailable on an ungaged

watershed. An alternative is made possible by two developments

in the field of hydrology. First, the development of unit

hydrograph theory by L. K. Sherman in 1932, (Snider, 1972),

and second, the development of synthetic unit hydrographs by

the SCS and the US Army Corps of Engineers (among others).

A unit hydrograph is that which is produced by one unit

(inch, centimeter, millimeter, etc.) of runoff. The procedure
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for using unit hydrographs requires three assumptions. First,

the hydrograph of surface runoff on a watershed for a given

rainfall pattern is invariable, or in other words, similar

storms produce similar hydrographs. Second, the hydrograph

resulting from a given rainfall can be developed by

superimposing the hydrographs due to separate amounts of

rainfall excess occurring at specific durations within a

storm. And third, the ordinates of a hydrograph are

proportional to the volume of runoff (Snider,1972).

Practical application of unit hydrograph theory first

requires the separation of a rainfall into losses and

effective rainfall. The SCS curve number method, eqs. 1 and

7, can be applied to increments of a cumulative storm

hyetograph to develope an effective storm hyetograph. In doing

so, the curve number method acts as an infiltration equation

in which losses decrease exponentially after initial

abstractions are satisfied (Hawkins, 1980).

Given the assumptions of invariance, superposition, and

proportionality, a rainfall can be divided into a number of

elements of the same duration, each of which will have an

associated depth, loss, and rainfall excess. The unit

hydrograph can be applied to each element of rainfall excess

to give a hydrograph of that element. Each hydrograph is

recorded in time and the total storm hydrograph found by
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summing ordinates of the individual graphs.

The optimum duration for the rainfall elements is

referred to as the "unit hydrograph duration" and is generally

about 20% of the time between the beginning of runoff and the

peak of a short high intensity storm (Snider, 1972).

Synthetic unit hydrographs are unit hydrographs with a

generic shape that are made to fit a watershed using storm and

watershed parameters. The simplest is the triangular unit

hydrograph developed by the SCS, in which the outflow

hydrograph is approximated by a triangle with the peak flow

at the apex. The location of the apex is determined on the

basis of storm duration and time of concentration. Another

synthetic graph is the SCS Dimensionless Unit Hydrograph

(DUH). The DUH has a shape more representative of an actual

hydrograph than a triangle and has been distilled from a large

number of natural hydrographs by Victor Mokus (Snider, 1972).

The DUH is made dimensionless by expressing each value of time

as a percentage of time to peak and each value of runoff as

a percentage of the runoff peak. The same can be done with the

triangular hydrograph. The two dimensionless graphs are shown

superimposed in Figure 4.

TR-20 incorporates the triangular unit hydrograph in its

runoff procedure. HEC-1 and RAINFLO both incorporate the SCS

DUH in their runoff procedures. PCDOT does not generate a

hydrograph.
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Figure 4 - Unit hydrographs (Snider, 1972).

4.3.4 Channel Routing

It is often advantageous to subdivide a large and

heterogenous watershed into smaller subwatersheds, each

represented by a single unit hydrograph. In a subdivided

watershed, the hydrographs for the individual subwatersheds

can be developed and combined, but in doing so, they are

transformed in two ways.

Consider that a flow hydrograph developed in a

subwatershed upstream of the outlet travels as a floodwave to

the outlet. The first effect is that it is translated in time

as each flow represented by ordinates of the graph must travel

0

Tb 	
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through the stream system. The second effect is that some

runoff is temporarily stored in the stream system, thus

reducing the peak flow at the outlet. These effects are

accounted for by channel routing procedures.

Channel routing routines are useful when the watershed

is large enough to have a significant channel effect on the

outflow hydrograph. It is often the case that the outflow

graph is most dependent on the overland flow effects that are

a function of Tc and represented in the subwatershed

hydrographs. Whether or not to employ channel routing will

depend on the watershed in question. If channel effects appear

to be significant, it may be useful. If the overland effects

are dominant, channel routing will have little effect on the

outcome. This is often the case on smaller watersheds like

those examined in this thesis.

The three models that produce hydrographs, TR-20, HEC-1,

and RAINFLO, each have a different routing procedure. TR-20

uses the Modified Attenuation-Kinematic (Att-Kin) method

described in SCS Technical Release No. 66 (TR-66, 3rd Edition,

SCS, 1985). HEC-1 has many options, but this study considered

only the classic Muskingum method. RAINFLO uses a modified

Muskingum method developed by J. A. Cunge, referred to as

Muskingum-Cunge. A brief description of the principles

involved in each is presented here.
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Att-Kin Method. The Att-Kin method preforms the lag in

time and the peak attenuation separately. As the name

suggests, the floodwave is first attenuated and then

kinematically translated. The attenuation is achieved using

the "storage indication method" to solve the integral form of

the conservation of mass equation using a single valued,

valley storage-discharge relationship. The conservation of

mass equation states that the difference between average

inflow and average outflow in a period is equal to the change

in storage for that same period. It is written:

(Q1 - CL)(t, -	 = S(t1 ) - S(t2 )	 (11)

where: t, = time at the beginning of the interval

t2 = time at the end of the interval

= average inflow during t2 - t,

Qo = average outflow during t2 - t,

S(t) = valley storage at time t

The single value storage-discharge relationship is a

rating curve which relates outflow to storage. The curve can

be represented by (SCS, 1982):

Q(t) = k[S(t)]""	 (12)

where: Q(t) = outflow at the end of the reach at time t

S(t) = valley storage at time t

k and ml = coefficient and exponent for the storage

discharge relationship.
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The method is identical to the standard reservoir routing

method except that the storage-discharge relationship for a

reach in a valley is not as well defined as that of a

reservoir outlet.

Kinematic routing solves the differential form of the

conservation of mass equation using a single-valued flow area

- discharge relationship. The differential form of the

continuity equation states that the change in flow over a

length of reach is related to the change in flow area, and

that it is exactly equal to the change in area during the

travel time through the reach. The equation is written as:

aQ/ X - alk/ at = 0	 (13)

where: Q = discharge in cfs

X = distance in feet

A = cross sectional flow area in square feet

t = time in seconds

The single valued flow area-discharge relationship is

also a rating curve, and relates flow area to discharge. The

curve can be represented by:

Q = x(A) m2 	(14)

where Q and A are discharge and cross sectional area and x and

m2 are coefficient and exponent for the relationship (SCS,

1982).

Both of the rating curves depend on the assumption that
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the cross sectional shape of the valley is constant over the

length of the reach. Though they are separate, the two rating

curves can be related by:

S = LA (15)

which states that valley storage (S) is equal to valley cross

sectional area (A) times the valley length (L). It is implied

but not explicitly stated (SCS, 1982) that ml = m2. If we use

simply m, then:

Q = k(S) m = k(LA) m = x(A) m (16)

and x = kLm. (17)

When running the program, the user will supply values

for the reach length and time interval, and either values for

x and m from which the rating curves are developed, or the

rating curves themselves.

The routing procedure takes a subwatershed hydrograph

and attenuates it using equations (11) and (12). The

attenuation shifts the center of mass of the hydrograph in

time. The procedure then calculates the travel time through

the specified reach using equations (13) and (14). If the

travel time exceeds the shift due to attenuation, the

attenuated hydrogaph is further shifted until the two shifts

in time match. If the attenuated time shift is equal to or in

excess of the travel time, no further adjustments are made.

Muskingum Method. The classic Muskingum method routs a
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floodwave through a reach using the continuity equation and

a relation between both inflow and outflow, and storage. The

continuity equation is written:

dI/dt - dO/dt = dS 	 (18a)

or	 (I, + 12)/2 - (0, + 02 )/2 = (S2 - Si)/t	 (18b)

where: I t , 1 2 = inflow at T, and T2

011 02 = outflow at T, and T2

S„ S2 = storage at T, and T2

t = T2	 T,

The storage - inflow outflow equation is written:

S2	 Si = 1C(X(I2	 Ii)	 (1	 x)(02 4)0]	 (19)

where: x = a weighting factor between 0 and 0.5.

K = a constant with units of time

When x is equal to 0, the storage relationship is a function

of outflow only and the reach is acting as a reservoir. When

x = 0.5, the storage is effected equally by inflow and

outflow, and the floodwave is translated without any

attenuation. Typically, x is between 0.2 and 0.3 which weights

the storage function towards outflow, implying that some water

is temporarily stored in the reach, thus attenuating the

floodwave (Dunne and Leopold, 1978).

Eq. (19) shows that K is a function of storage divided

by flow which yields units of time. Within an interval T, "

T2/ storage over flow should equal the travel time of the wave
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through the reach. Application of equation (19) to a large

number of rivers has confirmed that K approximates the travel

time through the reach. (Dunne and Leopold, 1978).

K and x are usually found by calibrating the equations

with known inflow and outflow hydrographs. There is a

graphical technique to aid in the calibration but this author

has found trial and error to be as effective. The routing is

performed by substituting equation (19) into equation (18b)

and solving for 02 in terms of I" 1 2 1 0" t, K and x:

02 = C0I2 + C,I, + C20 1 (20)

where: Co = —(Kx — 0.5t)/(K — Kx + 0.5t) (21)

C l = (Kx + 0.5t)/(K — Kx + 0.5t) (22)

= (K — Kx — 0.5t)/(K — Kx + 0.5t). (23)

Using these equations, the inflow hydrograph is converted to

an outflow hydrograph step by step.

HEC-1 performs the above procedure, requiring inputs for

K, x, and the desired number of subreaches. The HEC-1 user's

manual provides guidelines for choosing the number of

subreaches based on K, x, and the routing time interval (U.S.

Army Corps of Engineers, 1981).
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Muskingum - Cunge Method. Cunge (1969) asserted that the

Muskingum method works not because of the underlying

principles it invoked, but rather because of the error it

introduces as a finite difference solution to partial

differential equations. The assertion that the method has

little physical basis is supported by the fact that the

parameters K and x must ultimately be confirmed by trial and

error with known input and output hydrographs (Ponce, 1979).

Cunge showed that the parameters x and K could in fact

be related to the physical characteristics of the channel. The

expression for x is:

x =0.5(1 - (g/SocL).	 (24)

K is approximated by the reach travel time t, the expression

for which is (Cunge, 1969; Ponce 1979):

t = (A24") /(zin2BS0 )	 (25)

where: q = discharge/unit width

S o = channel bed slope

c = wave celerity

L = reach length

A = cross sectional area

B = channel top width

z and m = coefficient and exponent in the single valued flow

area - discharge relation: Q = zAm .

The Muskingum - Cunge method allows K and x to be
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determined from measurable channel characteristics, and allows

variation of K and x as the physical parameters change over

the length of the reach. Using constant or variable parameters

involves the usual trade-off of simplicity for accuracy

(Ponce, 1979).

RAINFLO incorporates the Muskingum - Cunge method,

freeing the user from determining K and x. Instead, the user

must supply value for S o, and L, and either the cross

sectional data from which a flow area-discharge relation can

be found, or the relationship itself. The program will run

either the constant or variable scheme, and will automatically

estimate intermediate cross sections needed for the variable

scheme from those given (Hydrosoftware, 1986). Care and

judgement must be exercised in using these methods (Ponce,

1979).

4.3.4 Channel Infiltration

A floodwave travelling through an alluvial gravel-bed

stream system is almost certain to suffer losses to channel

infiltration. Channel infiltration, expressed as a velocity

(inches/hour or ft/day) generally increases with increasing

flow (Matlock, 1965).

Ponce, et al. (1985) cited Matlock (1965) and Lane (SCS,

1983) in reporting channel infiltration velocities ranging

from 0.5 to 10.0 feet/day or 0.25 to 5.0 inches/hour, for the
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Santa Cruz River in Tucson. A 1984 hydrologic evaluation of

the Santa Cruz river basin estimated an infiltration velocity

of 5.2 feet/day or 2.6 inches/hour on Aqua Caliente Wash,

which is adjacent to Fortyniner's Wash (Hydrosoftware, Inc.,

1984).

RAINFLO incorporates a procedure for subtracting channel

infiltration. The user enters a value for infiltration

velocity, and the program calculates the loss from both Qpeak

and R using the channel geometry and travel times.

V. RAINFALL - RUNOFF MODELS 

The models compared in this study, PCDOT, TR-20, HEC-1,

and RAINFLO, reflect the current availability of rainfall-

runoff models. PCDOT is an example of a regional method,

developed and calibrated specifically for watersheds in Pima

County, Arizona. TR-20 and HEC-1 are examples of more general

models readily available from the federal government. RAINFLO

is an example of a commercial model, available to anyone with

the money and the capability to use it. While TR-20, HEC-1,

and RAINFLO, are general models, each can be calibrated to an

area using existing rainfall-runoff data. Thus each of the

four models could be equally feasible for use in Pima County.

Since the procedures used in this study were dictated by the

characteristics of the models, a brief description of each



51

model is in order.

5.1 PCDOT

The Pima County model is based on the assumption that

peak flow occurs at the moment when the entire watershed is

contributing. Thus time to peak equals time of concentration

(Zeller, 1979). A semi-empirical equation:

Tc =0.02(Nb(LLca) Œ3q414Se4) (26)

relates time of concentration (Tc) to the runoff supply rate

(q) according to watershed characteristics. L is the length

of the longest watercourse, from the outlet to the farthest

ridge in the watershed. Lca is length along L from the outlet

to the watershed centroid and is often estimated as 0.5L. Sc

is a weighted slope value of the longest watercourse

calculated with a procedure specified in the manual. Nb is a

basin friction factor similar to Manning's N, and is

determined by guidelines specified by the manual.

Runoff supply rate "q" is a function of rainfall

intensity "i". Rainfall intensity is calculated according to

the maps and methods published in the NOAA Atlas 2. For design

purposes, a return period is chosen and since Qpeak occurs at

Tc, the chosen duration of the storm is Tc. The chosen Tc and

resulting depth yield an intensity that does not change

throughout the storm thus the rainfall distribution is

uniform. In the equations:
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q = Cwi	 (27)

Cw = Ri/Pi	 (28)

R= (P-0.2S) 2/(P+0.8S* )	 (29)

S = 1000/C1( - 10	 (30)

q is related to i by Cw, the "rainfall runoff ratio". Cw is

simply the ratio of the total depth of runoff from a 1 hour

storm (R1) to the depth of the 1 hour rainfall (P1). The

runoff is calculated using the familiar SCS rainfall runoff

procedure excepting that S is calculated using an adjusted

value (CN) of the SCS curve number. The adjustment of the

curve number is described in the user's manual for PCDOT, and

is based on the premise that at high rainfall intensities,

raindrop splash tends to seal the soil pores, leading to a

higher effective curve number.

Qpeak itself is calculated according to:

Qpeak = 1.008qA	 (31)

in which Qpeak is in cfs, q is in inches hr, and A is drainage

area in acres, or:

Qpeak = 645.33qA	 (32)

where A is expressed in square miles. Equations 31 and 32 are

merely versions of the Rational Equation, Qpeak = CIA, in

which C and I correspond to PCDOT's Cw and i.

To find Qpeak, the user first solves for q and Tc by

iteration with equations 26 and 27. To begin, Tc is chosen.
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and the resulting i is calculated from the depth at Tc given

by the NOAA Atlas. Given i, Cw is calculated from eq. 28 and

q found. Given q, equation 26 is solved for Tc. If the Tc from

equation 26 matches the chosen Tc, then q has been found and

can be used in equations 31 or 32 to find Qpeak. If the Tc

from equation 26 does not match the chosen Tc, a new Tc is

chosen and tried again, until a match is obtained.

PCDOT does not give a complete hydrograph. It gives Qpeak

and an iterative solution for time of concentration Tc.

5.2 TR-20

In 1964, the SCS developed TR-20, a computerized event

based rainfall-runoff model, for use in "analysis of water

resource projects" (SCS, 1982). The model uses the

methodologies described in the SCS National Engineering

Handbook, Section 4 - Hydrology (NEH-4), to compute peak flows

and their time of occurrence, water surface elevations and

hydrographs. Calculations can be made over the entire basin

or within subwatersheds. Subwatershed hydrographs can be

combined and routed to the basin outlet through up to 99

structures and 200 stream reaches. The program is designed to

allow for changes in the watershed and alternatives to storms

all in a single run (SCS,1982).

Running TR-20 requires storm and watershed inputs. The

required storm parameters are rainfall depth, storm duration,
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and a cumulative temporal distribution. The watershed

parameters required for TR-20 are:

1) Area and reach lengths;

2) SCS curve number adjusted to include impervious

areas;

3) time of concentration;

4) and routing coefficients or rating tables

from which the coefficients can be calculated.

The unit hydrograph used is the SCS Triangular Unit

Hydrograph. The equations specific to triangular hydrograph

generation are:

D = 0.133Tc	 (33)

R = (P-0.2S) 2/(P+0.8S) (1)

S = (1000/CN)-10 (7)

TP = 0.5D + 0.6Tc (34)

Tb = 2.67TP (35)

Qpeak = (484RA)/(0.67Tc) (36)

where P is cumulative rainfall, R is cumulative rainfall

excess, CN is the SCS curve number, D is the unit hydrograph

duration, Tc is time of concentration, Tp is the time to peak

from the beginning of rainfall excess, Tb is the total length

of the SCS Triangular Hydrograph, A is watershed area in

square miles, and Qpeak is the peak flow in cfs.
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Using this information, the subwatershed hydrograph is

generated as described under Unit Hydrographs. The procedure:

1) Calculates effective rainfall duration from eq

33;

2) Calculates a cumulative rainfall excess (R) curve

from the cumulative rainfall (P) curve using

eqs. 1 and 7;

3) Develops a hydrograph for the volume in each

increment of D using the SCS Triangular Unit

Hydrograph and eqs. 34 through 36;

4) Adds the hydrographs in step 3 to get a total

storm hydrograph.

Hydrographs from subwatersheds that join at confluences

are combined by adding ordinates.

Hydrographs are routed through a reach by use of the Att-

Kin (Attenuation-Kinematic) method in which the input

hydrograph is first attenuated by a storage routing scheme

and then kinematically translated in time. The user has a

choice of entering routing coefficients or entering cross

sectional data from which the coefficients are calculated.
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5.3 HEC- 1

The "HEC-1, Flood Hydrograph Package" was developed by

the Army Corps of Engineers' Hydrologic Engineering Center

in 1967. It was developed to "...simulate the surface runoff

response of a river basin to precipitation by representing the

basin as an interconnected system of hydrologic and hydraulic

components." (U.S. Army Corps of Engineers, 1981). Like TR-

20, HEC-1 is an event based rainfall-runoff model, but with

many more options. Rainfall can be entered as cumulative

distributions, hypothetical depth-durations or even by

weighted depths from a network of gauges. Losses can be

computed by curve number, initial-plus-uniform loss rates, an

exponential loss rate, or the Holtan loss rate. Hydrographs

can be computed using the SCS Dimensionless Unit Graph, the

Clark Unit Hydrograph or the Snyder Unit Hydrograph. Numerous

channel routing procedures and reservoir routing procedures

allow hydrographs from upland watersheds to be combined and

routed to the basin outlet. The user can apply the model with

the combination of techniques most applicable to the

watershed.

In this study, rainfall was entered as a cumulative

distribution, losses were calculated with the SCS curve number

method, and routing was accomplished with the SCS

Dimensionless Unit Hydrograph and Muskingum Channel routing.
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5.4 RAINFLO

"RAINFLO", a commercially available model from

Hydrosoftware, Inc., San Diego, California, is similar in

principle to both HEC-1 and TR-20, but differs in technique.

Rainfall can be entered as actual rainfall amounts at discrete

intervals, as a depth with a user provided dimensionless

pattern, or as a depth with a preprogrammed SCS dimensionless

pattern. Losses are calculated by the SCS curve number

approach and the SCS Dimensionless Unit Hydrograph is used for

hydrograph development. The hydrograph lag time (Tlag) is

calculated by RAINFLO for watersheds smaller than 6.2 square

miles (1600 hectares) using the SCS lag equation:

Tlag = (1/1900)(L")((1000/CN - 9) 0.7)(S"") (37)

in which L is the length in feet along the primary stream

course from the watershed outlet to the farthest ridge, CN

is the SCS curve number, and S is the average land slope in

percent. Given that Tlag = 0.6Tc, this equation is the same

as eq. E in the discussion of Tc. For larger watersheds,

RAINFLO estimates Tlag as a percentage of Tc which is

calculated from user estimates of the hydraulic length of the

watershed and the average flow velocity.

In using RAINFLO, the watershed is divided into upland

subwatersheds which lie on the perimeter, and reach

subwatersheds on the interior. The upland and reach
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subwatersheds are tied together by a system of "topological

numbers" that order each subwatershed and reach in the basin.

Hydrographs are developed in the upland subwatersheds and

combined with and routed through the reach subwatersheds to

the outlet. Channel routing is done by the Muskingum-Cunge

routing method in which the Muskingum coefficients are

calculated from channel cross sections and roughness values.

The method allows the coefficients to be varied over a reach,

and the program has the option of constant or varied

coefficients. Losses to channel infiltration are calculated

on the basis of infiltration velocity and channel geometry.

Thus, RAINFLO differs from the other three methods in its

sophisticated routing procedure, and in its topological

numbering procedure. These two features are especially useful

in modeling flow of large river basins.
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VI. SENSITIVITY ANALYSES

The sensitivity analyses were conducted on a single small

watershed. This study specifically looked at:

1) The variation in Qpeak and Runoff Volume due to

variation in the SCS Curve Number (CN) in PCDOT,

TR-20, HEC-1, and RAINFLO.

2) The variation in Qpeak due to the variation in

Time of Concentration (Tc) in TR-20, and HEC-1.

3) The variation in Qpeak due to variation in the

Muskingum parameters x and K in HEC-1.

4) The variation in Qpeak and Runoff Volume due to

variation in the channel infiltration velocity in

RAINFLO.

The results of the sensitivity analyses were compared to

each other on a percentage change in input versus a percentage

change in output basis. The percentage changes were calculated

by:

100* (input - base input)/base input	 (38)

100* (output - base output)/base output (39)

6.1 STUDY WATERSHED

The study area for the sensitivity analysis is

Fortyniner's Wash above Tanque Verde Creek (Figures 5a and

5b). It is located in the foothills of the Santa Catalina

Mountains near Tucson, Arizona, and is within the Sonoran
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Desert. The watershed is geomorphically divided into two

distinct portions, nearly equal in area. The upper half of the

watershed is in the foothills of the Santa Catalina Mountains

and has an area of 2.09 square miles and a principal drainage

length of 18400 feet. Land slopes are steep, 20-40 percent,

and the channel is contained in a sharp triangular canyon and

has a mean slope of 9.3 percent. The lower half of the

watershed has an area of 2.19 square miles and a principal

drainage length of 17200 feet. It is located on an alluvial
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Figure 5b - Fortyniner's Wash watershed map.
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fan extending from the above canyon to the watershed outlet

at Tanque Verde Creek. The land slopes are approximately 2.0-

2.5 percent and the channel slope is approximately 1.4

percent. Taken as a whole, the watershed has an area of 4.28

square miles, a principal drainage length of 35,000 feet, and

an overall channel slope of approximately 3.4 percent.

The soils in the upper subwatershed are shallow, semi-

arid soils with rock outcrops and fall entirely in the SCS

Soil Group D. The soils in the lower subwatershed are mixed.

Fine sandy barns that fall into SCS Soil Group B predominate,

with portions of shallow semi-arid soils from Group D; and,

near the outlet at Tanque Verde Creek, sandy bains and river-

wash complexes that fall into Soil Group A. The upper

subwatershed is vegetated by Upper Sonoran brush and forbs,

with cacti and occasional grasses. Included are mesquite,

acacias, creosote, palo verde, saguaro, cholla, prickly pear,

and lupines. With the exception of some ranching facilities,

there is virtually no development by man on the upper

watershed. The lower watershed is vegetated by Lower Sonoran

brush and forbs, with cacti and occasional grasses. Included

are creosote, saguaro, and brittlebush. Development on the

lower watershed is limited to less than 1 house/acre, with the

exception of Fortyniner's Country Club located at the

watershed outlet.
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The Fortyniner's Wash watershed was delineated from 7.5

minute USGS quadrangles, and, at the outlet, 1" = 200' aerial

photo-topos prepared by McClain Aerial Survey of Tucson.

Channel lengths, cross sections, and slopes were measured from

the quadsheets and aerial photos. Centroid lengths were

estimated as one-half channel length. Soils were determined

from SCS soils maps drawn onto USGS 7.5 minute ortho-photo

quadrangles, and grouped in the SCS Hydrologic Soil Groups A,

B, C, and D. Vegetation was determined by site survey, though

no formal sampling was carried out.

6.2 GI vs. Runoff Volume and Qpeak

The methods, results and a discussion of the sensitivity

analyses concerning CN and runoff are presented in sections

6.2.1 - 6.2.4.

6.2.1 Method

Each model was applied to the individual subwatersheds

and the SCS curve number was systematically varied to evaluate

the percentage change of CN with the percentage change of

runoff volume and Qpeak.

In this analysis, the curve numbers for the upper and

lower watersheds were estimated according to the methods in

the PCDOT users manual and the SCS's NEH-4. In general, they

were area-weighted averages of the curve numbers obtained for

individual soil types as mapped by the SCS. Cover was
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estimated to be half "desert brush" and half "herbaceous"

(Zeller, 1979). Antecedent Moisture Condition II was assumed.

The resulting curve numbers were 89 for the upper watershed

and 77 for the lower.

To judge the accuracy of the base curve numbers, the SCS

curve number method was also applied to three Tucson

watersheds for which storm rainfall and runoff data were

available. Rainfall and runoff gages in Roller Coaster Wash

(RC), Cholla Wash (CH), and Craycroft Wash (CC) are maintained

by the US Geological Survey. The curve number determined from

the procedure in the NEH-4 handbook was compared to the curve

number estimated from measured storm rainfall depth and .

measured runoff volume. Six rainfall events were examined and

the results are shown in Table 4 and Figure 6. Storms that

occurred when the watersheds were unquestionably within

antecedent moisture condition (AMC) III (Mockus, 1964) were

chosen to limit uncertainty about the effects of AMC on CN.

The CN's estimated from rainfall and runoff data exceeded the

NEH-4 handbook CN's by less than 2% for five of six events.

In the sixth, the estimated CN was 4% higher than the NEH-4

handbook CN. Though the data set is limited, it gives some

assurance of the appropriateness of the values selected for

Fortyniner's Wash subwatersheds.

The two curve numbers, 77 and 89, were taken as base
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values from which a variation of plus-or-minus 10% was

applied. The upper watershed curve number was varied from 80

to 98 in increments of 3, and the lower watershed curve number

was varied from 69.5 to 84.5 in increments of 2.5.

In conducting the curve number vs. Qpeak analyses, a

question of limiting variable arises. As stated earlier, the

rainfall distribution in PCDOT is fixed and is uniform. Recall

that PCDOT assumes Qpeak at Tc and simultaneously solves for

Tc and i. In the solution, PCDOT determines i by dividing the

Table 4 - Summary of six rainfall events for which the
SCS CN was calculated from measured rainfall and
runoff.

Previous
Handbook 5 days Handbook

Wash Date	 Time AMC II Rain- AMC III
CN fall	 AMC CN

1.	 RC 10-02-83	 0200-2400 79 4.68"	 III 91
2.	 CH 08-23-82	 1430-1730 82 1.38"	 III 92
3. CH 10-02-83	 0200-0630 82 5.28"	 III 92
4. CC 10-02-83	 0230-0730 80 6.12"	 III 91
5. CC 09-11-82	 1130-1430 80 0.96"	 III 91
6. CC 09-11-82	 1730-1930 80 1.38"	 III 91

Wash Rainfall (P)*	 Runoff (R)* S* CN*
(in.)	 (in.) (in.)

1. RC 1.02 0.297 1.237 89
2. CH 1.77 1.220 0.586 94
3. CH 0.87 0.503 0.436 96
4. CC 1.20 0.467 1.080 90
5. CC 0.72 0.234 0.789 93
6. CC 0.60 0.176 0.723 93
* From Eq.	 1,	 S = 5(P + 2R -	 (4R2 + 5PR)°5)
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100

Figure 6 - Measured vs. NEH-4 CN's for six events on three
gaged watersheds in Tucson.

rainfall depth at time Tc (NOAA Atlas 2) by Tc. For example,

if Tc was assumed to be 1.5 hours, and the depth was 2.77

inches, then i = 2.77/1.5 = 1.85 in/hour. From i, q is found

and so forth. The important point is that PCDOT calculates a

single rainfall intensity over the time period from the storm

beginning to Tc, hence the rainfall distribution is uniform.

The remaining models require the user to enter rainfall

in terms of depth, duration, and distribution. They could be

configured to nearly imitate PCDOT by writing the rainfall

input to match that which results from PCDOT, e.g. a uniform
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storm of duration Tc with a depth at Tc from NOAA Atlas 2.

However, it is unlikely that TR-20, HEC-1, and RAINFLO would

ever be used that way since they give complete hydrographs.

It would be more instructive to vary the rainfall between

models in order to see how it might effect the results.

The decision was made to configure the input for TR-20

and HEC-1 with uniform rainfall distributions with a duration

of one hour in the lower subwatershed and one-half hour in the

upper subwatershed. The resulting NOAA Atlas 2 depths are 2.05

inches for the upper subwatershed and 2.56 inches for the

lower. The durations are close to the Tc's given by PCDOT,

Kirpich, and Carter using the base curve numbers. The values

of Tc do not change with CN, thus these two models contrast

with PCDOT in which Tc = f(CN). The decision was made to

configure the input for RAINFLO with a uniform rainfall

distribution with a duration in excess of the longest Tc. In

RAINFLO, Tc = f(CN) by eq. 37, thus Tc will vary while

rainfall is fixed. The storm durations are one hour for the

upper subwatershed and six hours for the lower subwatershed.

The resulting NOAA Atlas 2 depths are 2.56 inches for the

upper subwatershed and 3.47 inches for the lower.

Tables 5 and 6 summarize the values for the parameters

in the CN vs. Runoff Volume and Qpeak sensitivity analysis.
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Table 5 - Input values: Fortyniner's Wash, lower subwatershed.

Area = 2.19 mi 2 , L = 17200 ft, Lca = 8600 ft
Channel Slope =0.0138, Land Slope = 2.5%, Nb =0.035

Time of Concentration (hr)/Rainfall (in)

CN
	

PCDOT	 TR-20	 HEC-1	 RAINFLO

69.5 1.33/2.66 1.0/2.56 1.0/2.56 4.25/3.47
72.0 1.23/2.63 n 3.96/3.47
74.5 1.15/2.61 ,, ,, 3.70/3.47
77.0 1.07/2.58 Il II 3.44/3.47
79.5 1.00/2.56 ,, ,, 3.19/3.47
82.0 0.95/2.53 n ,, 2.94/3.47
84.5 0.90/2.50 II II 2.71/3.47

Table 6 - Input values: Fortyniner's Wash, upper subwatershed.

Area = 2.09 mi 2, L = 18400 ft, Lca = 9200 ft
Channel slope =0.093, Land slope = 33%, Nb =0.05

CN

Time of Concentration

PCDOT	 TR-20

(hr)/Rainfall (in)

HEC-1	 RAINFLO

80.0 0.63/2.20 0.5/2.02 0.5/2.02 0.95/2.56
83.0 0.59/2.15 If 0.86/2.56
86.0 0.55/2.10 Il II 0.78/2.56
89.0 0.52/2.05 ,, II 0.69/2.56
92.0 0.49/2.00 i, 0.61/2.56
95.0 0.46/1.95 ,, ,, 0.53/2.56
98.0 0.44/1.90 II Il NA
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6.2.2 Results

The results of the sensitivity tests with respect to CN

are given in Tables 7 - 10 and Figures 7 - 10.

Table 7 - % Change in volume vs % change in CN and S on
Fortyniner's Wash lower subwatershed. Base CN = 77

% Change % Change	 % Change in Volume
CN	S in CN in S	 PCDOT	 TR-20	 HEC-1	 RAINFLO

69.5	 4.39 -10.0 46.8	 -29.6	 -39.7	 -39.7	 -40.2
72	 3.89 -6.7 30.1	 -20.5	 -28.2	 -28.2	 -28.2
74.5	 3.42 -3.3 14.4	 -11.4	 -14.6	 -14.1	 -14.9
77	 2.99 0 0	 0	 0	 0	 0
79.5	 2.58 3.3 -13.7	 11.4	 15.9	 16.7	 16.3
82	 2.2 6.7 -26.4	 22.7	 33.8	 33.3	 33.9
84.5	 1.83 10.0 -38.8	 36.4	 54.3	 53.9	 53.4

Table 8 - % Change in volume vs % change in CN and S on
Fortyniner's Wash upper subwatershed. Base CN = 89

% Change % Change Change in Volume
CN	S in CN in S PCDOT	 TR-20	 HEC-1	 RAINFLO

80	 2.5 -10.0 101.6 -29.8	 -38.4	 -38.4	 -38.3
83	 2.05 -6.7 65.3 -20.9	 -27.2	 -27.2	 -27.0
86	 1.63 -3.3 31.5 -11.9	 -14.6	 -14.6	 -14.2
89	 1.24 0 0 0	 0	 0	 0
92	 0.87 3.3 -29.8 11.9	 15.9	 15.9	 16.1
95	 0.53 6.7 -57.3 23.9	 33.8	 33.8	 34.1
98	 0.20 10.	 0 -83.9 38.8	 54.3	 54.3	 N/A
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Figure 7 - % Change in volume vs % change in CN on
Fortyniner's Wash lower subwatershed, Base CN = 77.

Figure 8 - % Change in volume vs % change in CN on
Fortyniner's Wash upper subwatershed, Base CN = 89.
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Table 9 - % Change in Qpeak vs % change in CN and S on
Fortyniner's Wash lower subwatershed. Base CN = 77

% Change % Change	 % Change in Qpeak
CN	 S	 in CN	 in S PCDOT TR-20 HEC-1 RAINFLO

69.5 4.39 -10.0	 46.8	 -41.4	 -37.4	 -37.4	 -31.4
72	 3.89	 -6.7	 30.1	 -29.6	 -26.1	 -28.2	 -21.7
74.5 3.42	 -3.3	 14.4	 -15.7	 -13.6	 -13.4	 -11.1
77	 2.99	 0	 0	 0	 0	 0	 0
79.5 2.58	 3.3	 -13.7	 18.4	 14.6	 14.4	 12.1
82	 2.2	 6.7	 -26.4	 36.5	 30.3	 30.0	 25.1
84.5 1.83	 10.0	 -38.8	 57.0	 47.2	 46.7	 32.8

Table 10 - % Change in Qpeak vs % change in CN and S on
Fortyniner's Wash upper subwatershed. Base CN = 89

% Change % Change	 % Change in Qpeak
CN 	S	 in CN	 in S PCDOT TR-20 HEC-1 RAINFLO

80 2.5 -10.0 101.6 -38.0 -30.2 -29.9 -38.3
83 2.05 -6.7 65.3 -26.9 -20.5 -20.1 -27.0
86 1.63 -3.3 31.5 -14.3 -10.4 -10.1 -14.2
89 1.24 0 0 0 0 0 0
92 0.87 3.3 -29.8 15.7 10.5 10.3 16.1
95 0.53 6.7 -57.3 33.4 20.6 20.3 34.1
98 0.20 10.0 -83.9 53.7 29.2 28.3 N/A
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6.2.3 Discussion: CN vs. Volume

In terms of volume, TR-20, HEC-1, AND RAINFLO use the

same procedures to subtract losses and are all equally

sensitive to changes in CN. PCDOT is less sensitive because

of the procedure it employs to adjust CN. As explained under

MODELS, PCDOT increases the SCS CN to account for the sealing

of soil pores due to rainfall impact. The SCS curve numbers

and PCDOT adjusted curve numbers used in this study are shown

in the following tables:

Table 11 - % Change from the base CN and the PCDOT adjusted
CN, Fortyniner's Wash lower subwatershed.
Base CN = 77

CN	 % Change from 77 Adjusted ON 	% Change from 82
69.5 10.0 76.2 7.1
72.0 6.7 78.3 4.5
74.5 3.3 80.1 2.3
77.0 0 82.0 0
79.5 3.3 84.3 2.8
82.0 6.7 86.1 5.0
84.5 10.0 87.9 7.2

Table 12 - % Change from the base CN and the PCDOT adjusted
CN, Fortyniner's Wash upper subwatershed.
Base ON = 89

a % Change from 89 Adjusted CN	 % Change from 91.3

80.0 10.0 84.6 7.3
83.0 6.7 86.8 4.9
86.0 3.3 89.2 2.3
89.0 0 91.3 0
92.0 3.3 93.7 2.6
95.0 6.7 96.0 5.2
98.0 10.0 98.4 7.8
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It is apparent from Tables 11 and 12 that the curve

number adjustment in PCDOT increases the smaller curve numbers

more than the larger ones thus reducing the differences

between them. This reduction is reflected in the % change in

runoff volume.

The four models show similar behavior to changes in CN.

Two types of behavior were expected. First, the watershed with

the higher initial CN should be more sensitive to changes,

both plus and minus, in CN. Second, for a given watershed,

an increase in CN should result in a greater change in runoff

volume than would a decrease of equal magnitude. Both effects

are a result of the relationship between CN and S. First, a

watershed with a higher initial CN has a maximum retention S

that is nearer to 0, which causes specific changes to be

higher in terms of a percentage. Second, a specific increase

in the curve number results in a larger percentage change in

S and thus a larger percentage change in runoff.

The first expected result is not supported by the data.

The percentage changes in volume are virtually identical on

both subwatersheds. Apparently the design storm has enough

rainfall to dampen the effect of S. Consider that in the range

of curve numbers considered, initial abstractions Ia (eq. 6)

range from 0.88 inches at CN = 69.5 to 0.04 inches at CN = 98.

The data suggest that on these subwatersheds a 2.56 inch
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rainfall is enough to negate the effect of S in terms of

choosing the base curve number. In practical terms, the data

suggest that a user need not be concerned about increased

sensitivity on a more impervious watershed when considering

runoff volume in a 100-year storm.

The second expected result is supported by the data.

Increases in CN result in greater percentage changes in runoff

volume than do decreases in CN as shown in Tables 7 and 8,

Figures 7 and 8, and in Figure 11. Figure 11 is from the SCS

(SCS, 1986) and shows runoff versus rainfall for given CN's.

Notice that in the vicinity of 2 inches-3 inches of rainfall,

the changes

	3 	 Mis116*IIMMIMUNIMBENFAIMIUMINIni
*1111•16111W011WAFROAIIMPAIE

AumarmalwAmmwassrAmmmamm
rmanswasnaminAmwurnurammi

	iirma....amnamineunamorna
	nimmulindamnamnamunimeryAmmnam

	nalimwminamnumnimmwannamw*orm
	 .1, 	 nosimmnnumwalmnimmummn

....nammumummunmsrAwwwwonimirmis

	

6 	
 •....-Aliminsummilimnamnalmummummmumm

....bummiumpummuninsinuturamowAimm
	  . Ams•Arinimp.dwirminuininnuwailniamorm

	I 	 ... u
	,.. 4.,:mm•Amipi 

u
Ammummnrommunsimanassinds

ri. Amndimm•Aumnammumnsundium
	 AM M 'A '	 TIMMEAUIYAIIMirAMIrallIWAIMIN

	C s 	  e	  v:..,	 - AmmumnammnAmisummensAumworwmpumnirwimnsmnimmparminammom

	

73  
	 n • ' ' „Apunormunamanimumnammonamm

nummemindimminmsrimpAmmmumnimmnammonsomm

	

t 4 	 *IMOU	
	*MS* -

* MM *4135:WWWWWW111=1*OMEWM4111
UMMONOMM.461111MMASEMW*

	1 	 *UM*	
	* •	 J. M 63* U pn M turnallowsomminassmonamm

Assionmername
	 n. • A	 MM p4UMMA 411111111.31•1

	

1 3  
	 !rd'I.	

J.SIMUUT 
*IIMMNWPANUFF

tam	 undomsnammumnam
41M1111113.1416611W*4•1111

	 * *
	

	UNWAMP4 MM 7:6 M wmAmmrwmawAsumarsaummaim

	

n 	 •	 low= Ampunimerwsmami

1

3	 4	 S	 6	 7	 6	 9	 10	 11

6,141611 (P). Inches

MO
161M
ME

Curves fn this sheet ors fill. 	

the see. I. • 0.2$ . ss that

(P 0.25) 2
17-. 073§-

3

	.MIng M *	 AmnsIniminAmnalimmmonimmrnammommumumummomm
...walusnAinnur.....Mrammina	* 	 AM*111/41W*AM. 	 A UP

2  	A MMMM n MMMM *WEdO*	

	*IMAM* M .	 *I1PlaMPII ' -amsnammommumw
	 nmrAp-Amnpn	 namnammamonommondimmummummemmumm
	 .... 	 n	 aminiummaimmammnammmommommmimmum
	 n 	 Amslimarlammamponammon.mommommummumumworm
SOME* M YAP% *41.041018.041143.414*111.3.111PiSIOPIWILIMAINIM1111•1111•11

111111,02~:111*Ir : : : nomminlAmon4awm.- 	 MIZIONIMIIMMININIMMIMI

mansnoningononotandinnommornT.	 MMUMMINUMMIIMEMEMEM

!..r...,t,. ..
vlw.i&a,ZOMo!ii!=o4n11:44!= M 	 MUMMUMMUMMMUNGINVOMENIOMM

	 WWWWMMUMMIUMMMEOmmWmUs

12

Figure 11 - Rainfall-runoff volumes for CN's 40 - 100 (Mockus,
1964).
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in runoff are greater as CN increases. Notice also that this

effect is less pronounced as rainfall increases. Up to a

rainfall depth of about 10 inches, the runoff calculation is

more sensitive to errors in CN than it is to equal errors in

rainfall (Hawkins, 1975).

In all four models, the resulting changes in runoff

volume R are greater than the changes in the curve number.

CN differences of -10% to +10% can result in volume

differences of about -30% to +40% in PCDOT and about -40% to

+50% in TR-20, HEC-1, and RAINFLO (Tables 7 and 8). Given the

subjective nature of the curve number method, "errors" of 10%

are quite possible, especially when considering adjustments

for antecedent moisture.

6.2.4 Discussion: CN vs Qpeak

In terms of Qpeak, TR-20 and HEC-1 are equally sensitive

to changes in CN while PCDOT and RAINFLO differ (Tables 9 and

10, Figures 9 and 10). It is expected that TR-20 and HEC-1

would be very similar since both had the same input value for

Tc and since both use the same SCS methodology, differing only

in the shape of the unit hydrograph.

PCDOT has a range of variation wider than either TR-20

or HEC-1 in both subwatersheds. This is a direct result of

the connection between rainfall intensity and Tc. Smaller

curve numbers result in a longer Tc (eqs. 26 and 27), which
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result in decreased rainfall intensities and thus decreased

Qpeaks. The opposite is true for larger curve numbers. In

addition, the built-in CN adjustment in PCDOT increases all

CN's and increases the smaller CN's more than the larger ones.

Therefore, increases in the non-adjusted CN result in a

larger variation in Qpeak than do decreases, since the

adjustment augments the increase and opposes the decrease.

RAINFLO has a range of variation that is less than

TR-20, HEC-1 and PCDOT on the lower subwatershed (Table 9,

Figure 9) but greater than TR-20 and HEC-1 and nearly equal

to PCDOT on the upper subwatershed (Table 10, Figure 10).

Since Tc = f(CN) a change in CN effects Qpeak by changing the

amount of available runoff and by changing the time to peak

of the hydrograph. An increase in CN results in more runoff

and a shorter time to peak, and thus a higher Qpeak. It is

expected that a model of this type would show more sensitivity

than a model in which Tc is fixed, as it is in both TR-20 and

HEC-1. The expectations are met in the upper subwatershed but

not the lower.

A similar situation arises when RAINFLO is compared to

PCDOT. In PCDOT, a change in CN effects available runoff, time

to peak, and rainfall intensity. Increasing CN results in more

available runoff, a shorter time to peak, and a shorter more

intense storm. It is expected that Qpeak in a model like PCDOT
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is more sensitive than in a model like RAINFLO in which CN

affects only available runoff and Tc but not rainfall

intensity. The expectation is met on the upper subwatershed

but not the lower.

As in the case of runoff volume, it is expected that the

Qpeak on the upper subwatershed would be more sensitive to

change in CN than the Qpeak in the lower because it has a

larger base CN. As in the case of runoff volume, this

expectation is not supported by the data. With the exception

of RAINFLO, Qpeak shows greater sensitivity on the lower

subwatershed than on the upper. Again, given a large rainfall

(low frequency event) the sensitivity of Q to CN is less

dependent on the base CN. Impervious watersheds are no more

sensitive than pervious watersheds. In fact, large rainfalls

are more likely to match the runoff producing threshold on the

more pervious watersheds with low CN. Both Qpeak and volume

will exhibit the greatest sensitivity near the runoff

producing threshold (Hawkins, 1986).

The data show that PCDOT, TR-20, and HEC-1 tend to have

greater variation in Qpeak when CN is increased over the base

curve number. Since Qpeak is a dependent on available runoff

volume, the relation between CN and S applies. As stated

before, an increase in CN results in a greater percentage

change in S than does a decrease in CN. RAINFLO shows the same
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effect but not as strongly.

In general, an "error" of -10% to +10% in determining CN

results in an "error" in the resulting Qpeak of -40% to +50%

in most cases. The sensitivity of Qpeak is very similar to

that of runoff volume.

6.3 TC vs. QPEAK

The methods, results, and a discussion of the sensitivity

analyses concern Tc and Qpeak are presented in sections 6.3.1

- 6.3.3.

6.3.1 Method

HEC-1 and TR-20 were applied to the individual

subwatersheds with systematic variation of the time of

concentration in order to compare the percentage change in Tc

with the percentage change in Qpeak.

Time of concentration was calculated using the 10

equations previously described. The values provided by the

PCDOT solution using the base curve numbers were assumed to

be the best estimate since PCDOT was derived and calibrated

using local data. These values, 0.52 hours for the upper

watershed and 1.05 hours for the lower, were rounded to 0.50

and 1.0 for convenience. Similar values are found using

equations by Rirpich and Carter. The range of variation chosen

includes all of the Tc values calculated using the 10
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equations. The upper watershed Tc value varied from 0.25 hours

to 2.0 hours, and the lower watershed Tc value varied from 0.5

hours to 4.0 hours. The curve numbers were 77 for the lower

subwatershed and 89 for the upper subwatershed. The remaining

watershed parameters were identical to those used in the CN

analyses. The rainfall inputs were the NOAA 100-year 1, 3, and

6 hour rainfall depths, which were 2.56, 3.08, and 3.47 inches

respectively, with a uniform rainfall distribution. The

resulting rainfall intensities were 2.56, 1.03, and 0.58

inches/hour respectively.

6.3.2 Results

The results of the sensitivity tests with respect to

changes in Tc are given in tables 13 and 14, and Figures 12 -

15.

Table 13 - % Change in Qpeak vs % change in Tc, Fortyniner's

Wash, upper subwatershed. Base Tc = 0.5 hours.

Tc
(hr)

% Change
in Tc

lhr
TR-20
3hr

% Change in Qpeak
HEC-1

6hr	 lhr	 3hr 6hr

0.25 -50 12.3 1.6 0.4 13.8 1.8 0.6
0.50 0 0 0 0 0 0 0
0.75 50 -14.4 -1.8 -0.6 -15.1 -2.3 -0.7
1.00 100 -26.9 -4.5 -1.3 -27.7 -5.2 -1.6
1.25 150 -37.3 -8.0 -2.0 -38.0 -8.7 -2.4
1.50 200 -45.6 -11.5 -2.8 -46.2 -12.7 -3.4
1.75 250 -52.2 -15.5 -3.9 -52.7 -16.8 -4.6
2.00 300 -57.7 -19.5 -5.2 -57.8 -20.8 -5.7
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Table 14 - % Change in Qpeak vs % change in Tc, Fortyniner's
Wash, lower subwatershed. Base Tc = 1.0 hours.

Tc
(hr)

% Change
in Tc

lhr

%
TR-20
3hr

Change in Qpeak
HEC-1

6hr	 lhr	 3hr 6hr

0.5 -50 50.0 10.8 3.5 51.7 11.9 4.1
1.0 0 0 0 0 0 0 0
1.5 50 -28.2 -11.7 -4.2 -28.3 -12.5 -4.7
2.0 100 -44.7 -22.7 -8.8 -44.5 -23.5 -9.4
2.5 150 -55.2 -32.0 -14.0 -54.4 -32.2 -13.7
3.0 200 -62.4 -39.8 -18.9 -60.9 -38.8 -17.2
3.5 250 -67.6 -46.4 -23.9 -65.0 -43.6 -19.9
4.0 300 -71.6 -51.9 -28.5 -67.8 -46.9 -21.5

-50
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Figure 12 - % Change in Qpeak vs % change in Tc, Fortyniner's
Wash, upper subwatershed. Base Tc = 0.5 hours.
TR-20
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Figure 14 - % Change in Qpeak vs % change in Tc, Fortyniner's
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Figure 15 - % Change in Qpeak vs % change in Tc, Fortyniner's
Wash, lower subwatershed. Base Tc = 1.0 hours.
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6.3.3 Discussion: Tc vs Qpeak

The most obvious result visible in the data is that TR-

20 and HEC-1 are equally sensitive to changes in Tc (Tables

13 and 14, Figures 12 - 15). Since both models as used in this

study differ only on the shape of the unit hydrograph, this

is the expected result. Both models show an inverse

relationship with Tc. As Tc increases, Qpeak decreases. The

amount of decrease depends on Tc and rainfall.

Qpeak is a function of both watershed and rainfall

parameters and in fact, the choice of a uniform rainfall

distribution for this analysis was made to reduce the

83
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influence of rainfall on Qpeak so that the watershed

parameters would be more obvious. However, as can be seen in

the data, the sensitivity of Qpeak to changes in Tc is still

quite dependent on the storm chosen for the comparison. In

general, a higher intensity storm is more likely to be

"regulated" by the watershed than a lower intensity storm.

What constitutes high and low intensities will depend on some

concept of watershed capacity and will thus be different on

each watershed. What is apparent in the data is that in the

six hour storm, Qpeak changes little with changes in the

watershed parameter Tc, while in the one hour storm, Qpeak

changes markedly in relation to changes in Tc.

A separate effect of combined watershed parameters can

be seen by comparing the results from the upper subwatershed

to the lower. In all storms, the sensitivity of Qpeak to

changes in Tc is less in the upper subwatershed than in the

lower. Given the previous discussion of how a watershed might

"regulate" runoff, it seems as if the upper subwatershed with

its shorter Tc would be more likely to do so, resulting in

greater sensitivity to changes. However, this is apparently

more of a case of watershed capacity. The upper subwatershed

with its steeper slopes and higher curve numbers is more

likely to generate and convey larger amounts of runoff with

less regard for variation in Tc. In other words, the lower
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subwatershed with its lower curve number and flatter slopes

is more likely to detain the runoff and affect the shape of

the hydrograph.

On the upper subwatershed, input differences of -50% to

+300% in the parameter Tc for both models result in output

differences in Qpeak ranging from about +10% to -60% for a 1-

hour storm and from about 0% to -6% for a 6-hour storm. On the

lower subwatershed, the same differences in input result in

differences in Qpeak ranging from about +50% to -70% for a 1-

hour storm and from about 4% to about -30% for a 6-hour storm.

In contrast to CN, the output variation is generally less than

the input variation and it seems as if Tc is a less sensitive

variable. However as Papadakis and Kazan (1986) pointed out,

large variations are not uncommon when trying to determine Tc.

6.4 Muskingum K and x vs. Qpeak

The method, results, and a discussion of the sensitivity

analyses concerning the effect of Muskingum K and x on Qpeak

are presented in sections 6.4.1 - 6.4.3.

6.4.1 Method

HEC-1 was applied to Fortyniner's Wash watershed as a

whole. In this application, runoff from the upper subwatershed

is routed through the lower subwatershed and combined with

runoff from the lower subwatershed. Systematic variation of
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the routing coefficients was applied in order to compare the

percent change in Qpeak at the outlet with the percent change

in the Muskingum coefficients x and K.

The base value Muskingum coefficients were adopted from

a U.S. Army Corps of Engineers' research on nearby washes and

from the "typical application" of TR-20 which lists an

estimate of K in its output. The Corps of Engineers reported

a Muskingum x value of 0.25 for five reaches on Tangue Verde

Creek and one reach on Agua Caliente Wash (U.S. Army Corps of

Engineers, 1984). TR-20, using the Att-Kin channel routing

method on the 17200' reach through the lower subwatershed,

indicated a Muskingum K of 0.4 hr.

From these base values, the coefficients were separately

varied. With K held at 0.4 hr, x was varied from 0.1 to 0.5,

in increments of 0.1, with x = 0.25 included. Then with x held

at 0.25, K was varied from 0.2 hr to 0.7 hr in increments of

0.1. Given that K approximates the travel time in the reach,

the velocities resulting from the varied K values ranged from

24 fps (K = 0.2) to 6.8 fps (K = 0.7). The rainfall inputs

were the NOAA Atlas 2 100-year 1-hour and 3-hour rainfalls

which had depths of 2.56 and 3.08 inches respectively. A

uniform rainfall distribution was applied so that the results

would be comparable to the previous CN and Tc analyses.
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6.4.2 Results

The results of the sensitivity tests with respect to
changes in Muskingum K and x are given in Tables 15 and 16,
and Figures 16 and 17.

Table 15 - % Change in Qpeak vs % change in Muskingum K on
Fortyniner's Wash. Base K = 0.4 hours, x=0.25.
HEC-1

%
K	 (hrs)

Change
in K

% Change in Qpeak
lhr ppt	 3hr ppt

0.2 -50 3.2	 0.6
0.3 -25 1.7 0.4
0.4 0 0 0
0.5 25 -3.3 -0.7
0.6 50 -9.2 -1.7
0.7 75 -14.0 -2.7

Table 16 - % Change in Qpeak vs % change in Muskingum x on
Fortyniner's Wash. Base x=0.25, K=0.4 hours.
HEC-1

%
x

Change
in	 x

% Change in Qpeak
lhr ppt	 3hr plot

0 -100 -4.3	 -0.2
0.10 -60 -2.7 -0.1
0.20 -20 -0.9 0
0.25 0 0 0
0.30 20 0.9 0
0.40 60 2.9 0.1
0.50 100 5.1 0.1
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6.4.3 Discussion: Muskingum K and x vs Qpeak

Like Tc, Muskingum K and x are watershed parameters that

affect the shape of the hydrograph and like Tc, they will have

more affect during the shorter higher intensity storms. As can

be seen in the data (Tables 15 and 16, Figures 16 and 17),

the percent change in Qpeak is almost zero for all changes in

K and x during the 3-hour storm, implying that these

parameters have less influence than Tc on the shape of the

hydro graph.

In terms of K, the data show that in this study Qpeak is

more sensitive to increases from a base value than to

decreases. This is because the decreases are approaching a

value of 0 and thus some ultimate value for Qpeak. The

increases are not so limited and thus have a greater effect

on Qpeak. In practical terms, K is a relatively insensitive

term when compared to CN and Tc. Input errors of -50% to +50%

result in output changes from 3% to -14%. Again it becomes a

question of how hard is it to estimate the variable. Since K

implies a velocity through a reach, it is limited to values

which yield reasonable velocities. A user with experience can

probably estimate K to within plus or minus 50%.

In terms of x, the data show that given a base value of

x = 0.25, variation which includes the entire range of x (0

to 0.5) results in variation of only plus or minus 5% at the
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outlet of the study watershed. In practical terms, the study

watershed could be modeled with any x with little effect on

the outcome. The results would be different on another

watershed, and one with a larger routing reach would likely

have a greater effect on Qpeak requiring closer attention to

both K and x. But in a watershed like Fortyniner's Wash in

which a mountain canyon spills onto an alluvial fan and both

halves have similar area and length, the runoff appears to be

dominated by the upland subwatershed component. The peak is

only slightly attenuated implying that the user would be

better off by focusing on the other variables.

6.5 Channel Infiltration vs. Volume And Qpeak

The method, results, and a discussion of the effects of

channel infiltration on runoff volume and Qpeak are presented

in sections 6.5.1 - 6.5.3.

6.5.1 Method

RAINFLO was applied the Fortyniner's Wash watershed as

a whole. In this application, a hydrographs are generated in

a number of upland watersheds that border the perimeter of the

watershed. These hydrographs are routed through the interior

reach subwatersheds and then combined with the hydrographs

generated by the reach subwatersheds. A value for channel

infiltration can be entered in each reach subwatershed.

The channel infiltration velocity was systematically
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varied in order to observe its effect on Qpeak and runoff

volume at the watershed outlet. Given the infiltration

velocities described under PARAMETERS (section 4.3.4), a base

value of 5.0 feet/day was chosen, and the velocities were

varied from 0.0 to 10.0 feet/day, a difference of plus and

minus 100%. The rainfall inputs were the NOAA Atlas 2 1-hour

and 6-hour storms using a uniform rainfall distribution. The

storm depths were 2.56 and 3.47 inches respectively.

6.5.2 Results

The results of the sensitivity tests with respect to

changes in the channel infiltration rate are given in Tables

17 and 18, and Figures 18 and 19.

Table 17 - % Change in Volume vs % change in Channel infil-
tration, Fortyniner's Wash. Base C.I. = 5.0 ft/day.
RAINFLO

CI (ft/day)
% Change

in C.I.
% Change in Volume
lhr ppt 6hr ppt 

	0.0	 -100	 21.0	 25.7

	

2.5	 -50	 9.8	 12.1

	

5.0	 0	 0	 0

	

7.5	 50	 -9.4	 -11.2

	

10.0	 100	 -17.8	 -21.3
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Table 18 - % Change in Qpeak vs % Change in Channel infil-
tration, Fortyniner's Wash. Base C.I. = 5.0 ft/day.
RAINFLO

CI (ft/day) 
% Change	 % Change in Qpeak

in C.I.	 lhr ppt	 6hr ppt 

0.0 -100 15.4 21.4
2.5 -50 7.5 10.3
5.0 0 0 0
7.5 50 -7.1 -9.8

10.0 100 -13.8 -21.3   

50

4 —

-

SO

- 100	 -SO	 0
	

50
	

100

X Cnahoe Channel infiltration
0 1 )4R KT	 + 6 HR PPT

Figure 18 - % Change in Volume vs % change in Channel infil-
tration, Fortyniner's Wash. Base C.I.= 5.0 ft/day.
RAINFLO
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Figure 19 - % Change in Qpeak vs % Change in Channel infil-
tration, Fortyniner's Wash. Base C.I. 5.0 ft/day.
RAINFLO

6.5.3 Discussion: Channel Infiltration

Unlike Tc and the Muskingum coefficients, Channel

infiltration is not intensity dependent. Because it is a

velocity, it is duration dependent. Thus a storm with a longer

duration of runoff will increase losses to the channel. This

effect is apparent in the sensitivities of both Qpeak and

runoff volume to variation in channel infiltration. The 6-hour

storm shows greater variation in both parameters (Tables 17

and 18, Figures 18 and 19).

The data show that a -100% to +100% variation in

infiltration velocity results in a variation of about +20% to
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-20% in both Qpeak and volume. The sensitivity of Qpeak equals

or exceeds that given by similar variation in the Muskingum

coefficients. The sensitivity of runoff volume to a plus or

minus 100% variation in infiltration is comparable to that

given by a plus or minus 3% variation in CN, Implying that

infiltration is not a significant factor. However, channel

infiltration or transmission losses do have a significant

effect on hydrograph shape (Renard and Keppel, 1966).

VII. TYPICAL APPLICATIONS

PCDOT, TR-20, HEC-1, and RAINFLO can all be applied to

small watersheds anywhere. To help answer the question - which

is best to use when? - each model was applied to five small

watersheds, gaged by the USGS, near Tucson in order to obtain

a qualitative indication of the accuracy of the model as it

was used.

Each watershed has a flood frequency curve developed from

the record using a log-Pearson Type III frequency distribution

according to the guidelines from the U.S. Water Resources

Council Bulletin #17B (Water Resources Council, 1981). Each

model was applied to the watersheds using the 100-year 1 and

6 hour NOAA Atlas 2 rainfall depths and an SCS Type IIA

temporal distribution. This study compares the peak flows from

these storms to the 100-year flows predicted by the Log
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Pearson Type III frequency curves.

7.1 Study Watersheds

The data for five small watersheds were chosen from USGS

Water-Resources Investigations Report #84-4142 (Eychaner,

1984). Each watershed has an area of less than 10 square miles

and is located far enough out of Tucson so that the record is

not significantly effected by urbanization (Eychaner, 1984).

The following is a brief description of each watershed with

a summary of the input parameters.

7.1.1 Anklam Wash

Anklam Wash (Figure 20) originates in the Tucson

Mountains and flows northeast, eventually draining into an

improved drainage way. The gage is located far upstream of the

improvements, at a point where the wash crosses Anklam Road,

approximately 3300 feet west of Greasewood Road. The watershed

has an area of 1350 acres or 2.11 square miles, a principal

stream length of 14774 feet, an average channel slope of 3.0%,

and an average land slope of 21%. The soils are entirely in

SCS Hydrologic Group (HSG) D.

This area was included in the 1986 Tucson Mountain Basin

Study, (TMBS) prepared for the Pima County Department of

Transportation and Flood Control District by Camp Dresser and

McKee (1986). TMBS estimated the cover to be 40% desert brush

with CN = 89 for HSG Type D soils. Time of concentration is
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Figure 20 - Anklam Wash and Big Wash watershed maps.
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internally calculated by PCDOT and RAINFLO, using eq. 26 and

eq. 37 respectively. The input values for Tc in TR-20 and Tlag

in HEC-1 were calculated by the author using these same two

equations and the relationship Tlag = 0.6Tc. From eq. 26, Tc

= 0.56 hours and Tlag = 0.34. From eq. 37, Tc = 0.79 hours and

Tlag = 0.48 hours. The results for TR-20 and HEC-1 using both

equations are presented. Anklam Wash was modelled as a single

watershed in all four models. No routing parameters are

required. The NOAA Atlas 2 1-hour and 6-hour rainfall depths

were 2.77 and 3.80 inches respectively.

7.1.2 West Speedway Wash

West Speedway Wash (WSW) (Figure 21) originates in the

Tucson Mountains and flows first north and then east,

eventually draining to the same improved wash as Anklam Wash.

The gage is located at the power station, approximately 1.5

miles west of Greasewood Road. The watershed has an area of

294 acres or 0.46 square miles, a principal streamlength of

6580 feet, an average channel slope of 12% and an average land

slope of 24%. Soils are all from HSG D. WSW, also included in

the TMBS, has cover of 40% desert brush with CN = 89. From eq.

26, Tc = 0.22 hours and Tlag = 0.13 hours. From eq. 37, Tc =

0.36 hours and Tlag = 0.22 hours. Since WSW was modelled as

a single watershed in all four models, no routing parameters

are required. The NOAA Atlas 2 1-hour and 6-hour rainfall
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depths were 2.77 and 3.80 inches respectively.

Watershed Boundary
Subwatershed Boundary
Outlet
Scale: 1" = 3670'

Figure 21 - West Speedway Wash watershed map.

7.1.3 Big Wash

Big Wash (Figure 20) originates in the Tucson Mountains

and flows east towards the Santa Cruz River. The gage is

located at Mission Road, approximately 3000 feet north of Ajo

Way. The watershed has an area of 1882 acres or 2.94 square

It•



99

miles, a principal stream length of 30413 feet, an average

channel slope of 1.6% and an average land slope of 23%. Soils

are all in HSG D with the exception of 10 acres at the outlet

which are in HSG A. Big Wash is immediately adjacent to Anklam

Wash and is similar in elevation and aspect. Thus the cover

values from the TMBS for Anklam Wash were adopted for Big

Wash. Cover is 40% desert brush, and CN = 89 for HSG D soils.

The area of HSG A soils is considered negligible. The wash was

modelled in PCDOT as a single watershed using the above

parameters.

Big Wash is a long narrow watershed that was divided into

three sections for modelling in TR-20, HEC-1, and RAINFLO. The

upper subwatershed is completely mountainous. The middle

subwatershed is a basin surrounded by mountains and hills. The

lower subwatershed grades from hilly near the middle

subwatershed to fairly flat at the outlet. It is somewhat

separated from the middle subwatershed by hills in which there

is a pass through which Big Wash flows. As modelled in TR-20,

HEC-1, and RAINFLO, the hydrograph generated in the upper

subwatershed is routed through the middle subwatershed and

added to the hydrograph generated by the middle subwatershed.

This combined hydrograph was routed through the lower

subwatershed and added to the hydrograph generated in the

lower subwatershed to give the hydrograph at the watershed
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outlet. The NOAA Atlas 2 1-hour and 6-hour rainfall depths

were 2.77 and 3.80 inches respectively.

The upper subwatershed has an area of 300 acres or 0.47

square miles, a principal stream length of 7310 feet, an

average channel slope of 10.7%, and an average land slope of

31%. From eq. 26, Tc = 0.34 hours and Tlag = 0.20 hours. From

eq. 37, Tc = 0.34 hours and Tlag = 0.20 hours. Flow is not

routed in this subwatershed.

The middle subwatershed has an area of 985 acres or 1.54

square miles, a reach length of 8290 feet, an average channel

slope of 1.5% and an average land slope of 23%. From eq. 26,

Tc = 0.45 hours and Tlag = 0.27 hours. From eq. 37, Tc = 0.44

hours and Tlag = 0.26 hours. Muskingum K for use in HEC-1 was

estimated to be 0.25 hours using the Att-Kin routing procedure

in TR-20. Muskingum x was judged to be 0.25.

The lower subwatershed has an area of 600 acres or 0.94

square miles, a reach length of 14813 feet, an average channel

slope of 1.3%, and an average land slope of 20%. From eq. 26,

Tc = 0.75 hours and Tlag = 0.45 hours. From eq. 37, Tc = 0.74

hours and Tlag = 0.44 hours. Muskingum K for HEC-1 was

estimated to be 0.30 hours using the Att-Kin routing procedure

in TR-20. As above, Muskingum x was 0.25.
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7.1.4 Geronimo Wash

Geronimo Wash (Figure 22) originates in foothills to the

Santa Catalina Mountains north of Tucson. Flow is to the

southwest and eventually drains to the Rillito River. The gage

is located at the point where Geronimo Wash crosses Orange

Grove Road, approximately 1 mile east of Oracle. The watershed

has an area 1376 acres or 2.15 square miles, a principal

streamlength of 24460 feet, an average channel slope of 14%

and an average land slope of 36%. Soils are 33% HSG B, and 67%

HSG D. All of the B soils lie in the lower half of the

watershed. Cover was estimated to be 30% - 35%. For HSG D, CN

= 89. For HSG B, CN = 77. Geronimo Wash was modelled in PCDOT

as a single watershed using these parameters.

The watershed is similar to the Fortyniner's Wash

watershed in that flow from a steep mountain canyon spills

onto an alluvial fan, neatly dividing the watershed into two

parts. As modelled in TR-20, HEC-1, and RAINFLO, a hydrograph

was generated in the upper subwatershed and routed through the

lower where it was combined with the hydrograph generated by

the lower subwatershed to give the total hydrograph at the

outlet. The NOAA Atlas 2 1-hour and 6-hour rainfall depths

were 2.74 and 3.7 inches respectively.

The upper subwatershed has an area of 836 acres or 1.31

square miles, a principal stream length of 13660 feet, an
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average channel slope of 23%, and an average land slope of

63%. Since soils are all HSG D, CN = 89. From eq. 26, Tc =

0.30 hours and Tlag = 0.18 hours. From eq. 37, Tc = 0.40 hours

and Tlag = 0.24 hours. Flow is not routed in this

subwatershed.

The lower subwatershed has an area of 540 acres or 0.84

square miles, a reach length of 10800 feet, an average channel

slope of 3.5%, and an average land slope of 8%. Since the

soils are mixed between HSG's B and D, the CN's from each are

combined in an area weighted average. The average CN = 85.

From eq. 26, Tc = 0.58 hours and Tlag = 0.35 hours. From eq.

37, Tc = 1.30 hours and Tlag = 0.78 hours. Muskingum K for use

in HEC-1 was estimated to be 0.23 hours using the Att-Kin

routing procedure in TR-20. Muskingum x was judged to be 0.25.

7.1.5 Aqua Caliente Tributary Wash

Agua Caliente Tributary Wash (ACT Wash) (Figure 23)

originates in foothills to the Catalinas and drains southwest

to Aqua Caliente Wash. ACT Wash is immediately adjacent to

Fortyniner's Wash and is geomorphologically similar. It has

an area of 1306 acres or 2.04 square miles, a principal stream

length of 27912 feet, an average channel slope of 9.5%, and

an average land slope of 33%. Soils are 15% HSG B, and 85% HSG

D, with the B soils entirely within the lower half. Given ACT
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Figure 23 - Agua Caliente Tributary Wash watershed map.
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Wash's location and similarity to Fortyniner's Wash, the curve

numbers were assumed to be the same: 77 for HSG B and 89 for

HSG D. The wash was modelled in PCDOT as single watershed

using the above parameters.

The modelling in TR-20, HEC-1 and RAINFLO is in the same

format as Geronimo Wash. A hydrograph was generated in the

upper subwatershed and routed through the lower where it was

combined with the lower to make the total.

The upper subwatershed has an area 680 acres or 1.06

square miles, a principal stream length of 16872 feet, an

average channel slope of 14%, and an average land slope of

51%. All soils are HSG D thus CN = 89. From eq. 26, Tc = 0.42

hours and Tlag = 0.25 hours. From eq. 37, Tc = 0.52 hours and

Tlag = 0.31 hours. Flow is not routed in this subwatershed.

The lower subwatershed has an area of 625 acres or 0.98

square miles, a reach length of 11040 feet, an average channel

slope of 2.4%, and an average land slope of 8%. The soils are

mixed between HSG's B and D, and the average CN = 85. From eq.

26, Tc = 0.61 hours and Tlag = 0.37 hours. From eq. 37, Tc =

1.09 hours and Tlag = 0.65 hours. Muskingum K for use in HEC-

1 was found as before and was equal to 0.35 hours. Muskingum

x was set equal to 0.25.

The input parameters and a shape factor pertinent to

discussion are summarized for the five washes in table 19.
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Table 19 - Typical Applications Input Data Summary, A = area,
L = streamlength, S = land slope, Sa = channel
slope, Nb = basin friction factor from PCDOT,
CN = SCS curve number, TC = time of concentration,

Wash

Shape =

	A 	 L

	

mi2 	ft

(L/5280) 2/A.

Sch Nb CN TCpcm,

hr

TC9cs Shape

Ank. Ws. 2.11 14774 21 3.0 0.035 89 0.57 0.8 3.71

WSW Ws. 0.46 6580 24 12.0 0.035 89 0.22 0.36 3.38

Big Ws. 2.94 30413 23 1.6 0.037 89 1.31 1.17 11.28

Up 1/3 0.47 7310 31 10.7 0.043 89 0.34 0.34 -

Mid 1/3 1.54 8290 23 1.5 0.035 89 0.45 0.44 *4.23

Low 1/3 0.94 14813 20 1.3 0.035 89 0.75 0.74 **7.73

Ger. Ws. 2.15 24460 36 14.0 0.044 85 0.70 0.97 9.97

Up 1/2 1.31 13660 63 23.0 0.050 89 0.30 0.40 5.12

Low 1/2 0.84 10800 8 3.5 0.035 79 0.58 1.30 5.00

ACT Ws. 2.04 27912 33 9.5 0.043 87 0.81 1.04 13.70

Up 1/2 1.06 16872 51 14.0 0.050 89 0.42 0.52 9.66

Low 1/2 0.98 11040 8 2.5 0.035 85 0.61 1.09 4.45

*Shape factor for combined upper and middle 1/3's.

** Shape factor for combined middle and lower 1/3's.

7.2 USGS Record

The USGS records for the study watersheds and an

additional wash pertinent to the discussion are summarized in
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Tables 20 and 21. The tables were adapted from Eychaner,

(1984).

Table 20 - USGS station information for the five study
watersheds and Pima Wash.

Name	Station # Water	 Area Max Obs. Flood
	Years	 (mi2)	 Date	 CFS 

Anklam Wash 09483030 '65-'81 2.11 8-17-71 2420
WSW Wash 09483040 '65-'81 0.46 9-25-76 240
Big Wash 09482480 '66-'81 2.94 8-17-71 3000
Geronimo Wash 09485950 '64-'81 2.15 8-12-71 705
ACT Wash 09483200 '65-'81 2.04 8-19-71 430
Pima Wash 09485900 '64-'81 4.93 7-26-78 300

Table 21 - USGS frequency information for the five study
watersheds and Pima Wash.

Flood Estimates (cfs) At Given
Annual Floods
	 Recurrence Interval in Years.

Name
Yrs Stnd.

Dey.
Skew Line 1

Line 2
- Weighted
- Gage Record

2 5 10	 25	 50 100 500

Big Wash 16 0.83 -0.24 83 370 703 1300 1880 2600 4940
58 275 593 1310 2140 3290 7640

Ank. Ws. 17 0.29 0.00 71 438 1610 2250 2820 3480 5390
63 410 2020 2780 3400 4050 5900

WSW Ws. 17 0.44 -0.25 87 201 315 485 635 803 1270
89 201 300 452 585 732 1130

Ger. Ws. 18 0.43 -0.17 122 277 424 653 857 1090 1730
121 271 407 619 807 1020 1620

ACT Ws. 16 0.39 -0.15 103 233 348 540 708 896 1410
99 210 306 453 581 725 1120

Pima Ws. 18 0.48 -0.27 77 220 370 623 841 1080 1730
64 155 239 373 491 625 998

Standard deviation and skew values are from logarithms
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of annual floods. Because of high variability of skew values

from these short records, the station skew value and a

generalized skew value (Water Resources Council, 1981) were

weighted in inverse proportion to the standard error in each

estimate. The generalized skew value ranged from -0.2 to 0.1

(Eychaner, 1984), but were not specified station by station.

Weighting reduced the peak flows for Big Wash and Anklam Wash,

but increased the peak flows for West Speedway Wash, Geronimo

Wash ACT Wash, and Pima Wash.

7.3 Applications Results

The peak flow values given by the models and the USGS

Q100's on the five typical applications watersheds are

presented in Tables 22 - 26.

Table 22 - Anklam Wash Q, 00 (cfs): USGS records vs. models.

USGS
	Weighted Record
	

3840

	

Gage Record
	

4050

PCDOT
	

3668

1-hr Rainfall 6-hr Rainfall

RAINFLO
	

2831
	

2769

TR-20

	

PCDOT Tc
	

3226
	

3221

	

SCS Tc
	

2529
	

2765

HEC-1

	

PCDOT Tlag	 3457	 3230

	

SCS Tlag	 2745	 2845
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Table 23 - West Speedway Wash Q, 00 (cfs): USGS records vs.
models.

USGS
	Weighted Record
	

803
	Gage Record
	

732

PCDOT	 1375

1-hr Rainfall 6-hr Rainfall

RAINFLO	 1187	 780

TR-20
PCDOT Tc

SCS Tc

HEC-1
PCDOT Tlag

SCS Tlag

1132
988

1145
1028

853
825

849
816

Table 24 - Big Wash Q, 00 (cfs): USGS records vs. models.

USGS
	Weighted Record
	

2600
	Gage Record
	

3290

PCDOT	 2904

1-hr Rainfall 6-hr Rainfall

RAI NFLO
C.I. = 0 ft/day 3308 3656
C.I. = 5 ft/day 3179 3519

TR-20
PCDOT Tc 4059 4228

SCS Tc 4059 4228

HEC-1
PCDOT Tlag 4525 4445

SCS Tlag 4525 4445
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Table 25 - Geronimo Wash Q 1. (cfs): USGS records vs. models.

USGS
	Weighted Record
	

1090

	

Gage Record
	

1020

PCDOT	 2777

1-hr Rainfall 6-hr Rainfall

RAINFLO
C.I. = 0 ft/day 2610 2677
C.I. = 5 ft/day 2555 2625

TR-20
PCDOT Tc 3319 2993

SCS Tc 2569 2611

HEC-1
PCDOT Tlag 3403 3094

SCS Tlag 2644 2587

Table 26 - Agua Caliente Tributary Wash (2 1 00 (cf s): USGS
records vs. models.

USGS
	Weighted Record
	

896

	

Gage Record
	

725

PCDOT	 2502

1-hr Rainfall 6-hr Rainfall

RAINFLO
C.I. = 0 ft/day 2299 2384
C.I. = 5 ft/day 2195 2318

TR-20
PCDOT Tc 2471 2554

SCS Tc 2213 2357

HEC-1
PCDOT Tlag 2610 2644

SCS Tlag 2306 2430



1 11

7.4 Discussion: Typical Applications

This analysis is predicated on the assumption that the

100-year NOAA Atlas 2 rainfall will produce a 100-year runoff

event. The assumption is not necessarily true since large

runoff events could result from lesser rainfalls on previously

saturated watersheds. However, since these models are commonly

used for design and planning purposes, such assumptions are

required in order to devise a standard procedure for their

use.

Tables 22 - 26 show wide variation in the model results.

In comparing the 1-hour with the 6-hour rainfalls, it is

apparent that the 1-hour rainfall generally produced a higher

peak in the cases where Tc is relatively short. This is true

for all of the models on West Speedway Wash, on which Tc was

equal to only 0.22 or 0.36 hours, depending on the equation

used. The effect is also true for the other watersheds when

TR-20 and HEC-1 were applied using the PCDOT Tc, which was

generally less than the SCS Tc. Conversely, when TR-20 and

HEC-1 were applied using the SCS Tc, the 6-hour rainfall

generally produced the higher peak. Apparently there is some

threshold Tc below which Qpeak depends more on the increased

intensity of the one hour storm than the increased depth of

the six hour storm. Conversely, above the threshold Tc, Qpeak

is more dependent on the increased depth of the six hour storm
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than intensity of the one hour storm.

Why is this? It might be the temporal coincidence of the

rainfall hyetograph peak with the synthetic hydrograph peak.

If a rainfall peak occurs before the watershed time to peak,

the highest intensity of the storm will contribute to the

rising leg of the hydrograph. Additionally, if the rainfall

peak occurs very early in the storm, the highest intensity may

be absorbed in the initial abstractions which must be

satisfied before runoff is produced. In both instances, the

part of the storm with the highest runoff producing potential

is "used up" merely in satisfying the watershed requirements

before the time of peak. Conversely, if the rainfall peak

occurs later in the storm, the watershed may be satisfied in

both abstraction and time to peak requirements. The most

intense part of the storm will be reflected as a peak in the

hydrograph.

On these watersheds, the one hour storm results in a

higher peaks for Tc's which are shorter because of watershed

size (WSW Wash), or because of the equation used to calculate

Tc (SCS Tc versus PCDOT Tc on Anklam Wash, Geronimo Wash and

ACT Wash). Determining the exact threshold is beyond the scope

of this study.

Tables 22 - 26 show limited agreement between the

models themselves. On Anklam Wash and West Speedway Wash
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(Tables 22 and 23), which were modelled as single watersheds,

the models using the SCS Tc (TR-20, HEC-1, and RAINFLO) show

general agreement as do those using PCDOT Tc (TR-20, HEC-1,

and PCDOT). It is expected that of the four models, the PCDOT

model would produce the greatest peaks on these two watersheds

since it incorporates a routine that adjusts the curve numbers

upward. This effect is observed on both watersheds.

On Big Wash, Geronimo Wash, and ACT Wash (Tables 23 -

24), where routing becomes a factor, the variation between

the modelled peak flows is greater. A crude measurement of

this variation is the percent difference between the highest

and lowest modelled values for a given storm length. Since

PCDOT is based on time to peak rather than a specific input

storm, it was compared with both the 1-hour and 6-hour results

from HEC-1 and TR-20 using the PCDOT Tc. In the modelling

based on PCDOT Tc, (PCDOT, TR-20, HEC-1) the largest peaks for

both storm lengths are generally produced by HEC-1, followed

by TR-20 and PCDOT. The widest variation is on Big Wash, where

the difference between the lowest peak (2865 cfs produced by

PCDOT) and the highest peak (4525 cfs produced by the 1-hour

event using HEC-1) is 58%. On Geronimo wash, the difference

between the lowest peak (2777 cfs produced by PCDOT) and the

highest peak (3697 cfs produced by the 1-hour event using HEC-

1) is 33%. On ACT Wash, the results are relatively close with
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the difference between the lowest peak (2502 cfs produced by

PCDOT) and the highest peak (2644 cfs produced by the 6-hour

event using HEC-1) is only 6%. On all three watersheds, the

lowest value for peak flow is given by PCDOT, which does not

incorporate channel routing. This suggests that model

differences are a result of the routing procedures used in the

other two. This assertion is supported by the fact that the

greatest difference between models is on Big Wash on which

approximately 23000 feet or 75 percent of the 30413 foot

stream length is included in the routing procedures. On

Geronimo Wash, 10800 feet or 44 percent of the 24460 foot

streamlength is routed. On ACT Wash, 11040 feet or 39 percent

of the 27912 foot stream length is routed. The reasons behind

the differences due to the routing procedures are not

immediately evident. TR-20, HEC-1 and RAINFLO all combine

hydrographs based on the principle of superposition, or in

other words, addition of ordinates. The final peak depends not

only on the degree of attenuation in a reach, but also on the

degree of translation. If the routed peaks tend to be

coincident in time, the final peak will be much higher than

if they were not.

In the modelling based on the SCS Tc (RAINFLO, TR-20,

HEC-1), there is no clear pattern. The peaks produced by HEC-

1 exceed those produced by TR-20 and RAINFLO on Big Wash and
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ACT Wash (Tables 24 and 26), while the peaks produced by

RAINFLO exceed those produced by HEC-1 and TR-20 on Geronimo

Wash (Table 25). The widest variation was again on Big Wash

where the difference between the highest and lowest peaks was

38% for the 1-hour event and 22% for the 6-hour event. The

differences between the high and low peaks on Geronimo Wash

were 11% for the 1-hour event and 8% for the 6-hour event. The

differences on ACT Wash were only 3% for the 1-hour event and

only 4% for the 6-hour event. As in the case where PCDOT Tc

was used, the greatest variation is in Big Wash, with two

routing reaches. The differences between models on Geronimo

Wash and ACT Wash are quite small.

Overall, the variation between models is greater when the

generally shorter PCDOT Tc is used. In a routing model, a

shorter Tc implies higher subwatershed peaks which are the

inputs to the routing procedures. Apparently, the intermodel

variation attributable to the routing method is dependent on

the magnitude of the peak flow. In other words, the higher

peaks are attenuated more. This suggests that channel routing

is more important in larger storms.

In comparing PCDOT, a single watershed model, to the

three routing models on the divided watersheds (Table 24 -

26), no trend is apparent. PCDOT produces the lowest peak of

all configurations on Big Wash and one of the lowest peaks on
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Geronimo Wash. However, it produces one of the highest peaks

on ACT Wash.

Finally, in comparing the peak flows produced using 100-

year rainfalls in the four models to the 100-year peak flows

developed from the USGS records, there is wide disagreement

on Geronimo Wash and ACT Wash (Table 25 and 26), and some

agreement on Anklam Wash, West Speedway Wash, and Big Wash

(Tables 22 - 24). The modelling results for Anklam Wash, West

Speedway Wash, and Big Wash show minimal agreement with the

USGS gage records only in that the four models give a 100-year

peak flow within approximately 50% of the USGS 100-year

flood, averaged between the gage record and weighted record.

On Anklam Wash, the results from the models based on PCDOT Tc

tend to be closer to the USGS 100-year flood value than the

results from the models based on the SCS Tc. On West Speedway

Wash, the tendency is just the opposite. On Big Wash, the time

of concentration determined by the two methods is the same and

the large variation in the results from TR-20, HEC-1, and

RAINFLO is due to differences in routing. The results from

PCDOT most closely resembled the USGS value.

The modelling results for Geronimo Wash and ACT Wash

exceed the 100-year flood determined by the USGS records by

at least 100%. The results from the models based on the PCDOT

Tc are generally higher and farther off the mark than the
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results from the models based on the SCS Tc.

Notice that Geronimo Wash (2.15 square miles) and ACT

Wash (2.04 square miles) are roughly the same size as Anklam

Wash (2.11 square miles) and Big Wash (2.94 square miles).

However, the USGS gage records (Table 21) show that the 100-

year flood peaks on the first two are roughly one third to one

fourth of the magnitude of the 100-year flood peaks of the

second two. All four models produce lower peaks on Geronimo

Wash and ACT Wash but the differences are only by a factor of

less than two rather than a factor of three to four.

There are three possibilities for the anomalous results

on Geronimo Wash and ACT Wash: the USGS records are too short

to estimate the Q100, there are watershed characteristics

which influence the flow but are not represented in the

models, or the input parameters where not estimated correctly.

Following discussion of the first two possibilities, an

additional section, 7.4.1, will be •devoted to an evaluation

of the input parameters by sensitivity analysis.

The USGS gage records are inadequate for a Q100 estimate.

It is generally agreed that when developing a flood frequency

curve, the maximum return period should not exceed twice the

period of the record. Given the 15 - 18 years of record on

these washes, floods with a return periods of 30 -35 years are

all that can be reliably estimated.
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Further confirmation of the inadequacy of the USGS record

is found by looking at Pima Wash, to which Geronimo Wash is

a tributary. Pima Wash has an area of 4.93 square miles, over

twice the area of Geronimo Wash, but a non-weighted Q100 of

only 625 cf s, which is roughly 60 percent of the same peak in

Geronimo Wash. If the records were truly representative, the

expected peak in Pima Wash would be significantly larger than

the peaks in any of the five washes under study. The fact that

it is not suggests that the record for Pima Wash and its

tributary Geronimo Wash is anomalous.

The watersheds may have characteristics that are not

accurately represented in the models. Perhaps long narrow

watersheds such as these are not well represented by the

chosen models. Watershed shape can be defined using a

dimensionless shape factor (Eychaner,1984) which is equal to

Length2/Area, where length is in miles and area is in square

miles. The shape factor of a circle of radius r would equal

(2r) 2/(pi*r2) = 4/pi = 1.27. From Table 19, ACT Wash and

Geronimo Wash, the two washes that disagree most with the

models, have higher shape factors than do Anklam Wash and WSW

Wash which are in general agreement. This suggests that a

shape factor can be incorporated into the models or into the

Tc equations (which include L but not A) to reduce Tc, and

thus the Qpeak. However, Big Wash, with an equally high shape
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factor does not disagree as widely as do ACT Wash and Geronimo

Wash.

If the shape factors for the subwatersheds are examined,

different patterns emerge. The shape factors in the upper

subwatersheds where most of the runoff is generated are 4.23

for the combined upper and middle subwatersheds on Big Wash;

and, 5.12 and 9.66 on the upper subwatersheds of Geronimo Wash

and ACT Wash respectively. The two most anomalous washes have

the higher shape factors though the Geronimo Wash factor is

only about 20% higher than the Big Wash factor. The shape

factors in the lower subwatersheds where runoff is both routed

and generated, are 7.73 for the combined middle and lower

subwatersheds on Big Wash and 5.00 and 4.45 for Geronimo Wash

and ACT Wash respectively. In this case, the two most

anomalous watersheds have the lowest shape factors; exactly

the opposite of the upper subwatershed results. It should be

noted that drawing conclusions based on subwatershed shape

factors is risky since the factor depends on how subwatersheds

are delineated. Geronimo Wash and ACT Wash where divide based

on their obvious topography. The topography in Big Wash was

much more complex thus the delineation involved judgement and

could have done differently.
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7.4.1 Additional Sensitivity Analyses

The appropriateness of the input data on Geronimo Wash

and ACT Wash can be examined with a sensitivity analysis. If

the USGS Q100 can be reproduced by varying the input within

a reasonable range, the anomalous results might be

attributable to errors in estimating the input parameters.

Since each model has slightly different parameters, each will

have a slightly different analysis. Qpeak can be varied by

changing: CN and Nb in PCDOT; CN and Tc in TR-20; CN, Tc, and

the Muskingum coefficients in HEC-1; and CN and the channel

infiltration rate in RAINFLO. Only the one hour rainfall will

be examined.

On Geronimo Wash, the original CN's of 79 and 89 for the

lower and upper subwatersheds respectively were decreased over

three steps by a total of nine CN units in TR-20, HEC-1, and

RAINFLO. In PCDOT, the watershed was modelled as whole using

a CN weighted according to the proportions of HSG B and D

soils. Thus the nine CN unit reduction was applied to the

original CN's of 77 for HSG B and 89 for HSG D.

Application of selected Tc equations from Section 4.3.1

showed that on the upper subwatershed, Tc was 0.3 hours using

the PCDOT equation, 0.4 hours using the SCS equation, 0.78

using the Kerby/Hathaway equation, and 1.12 hours using the

FAA equation. On the lower subwatershed, Tc was 0.58 hours,
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1.3, hours, 1.09 hours, and 1.86 hours using the same

equations respectively. These four Tc's were applied as well

as values found by multiplying the SCS Tc's (at CN's 89 and

79) by factors of 1.5 and 2.0. Thus there is systematic

variation in Tc as well as variation based on available

methods. The variation in Tc was combined with the variation

in CN in TR-20 and HEC-1. In addition, Tc was varied in PCDOT

by increasing Nb from the original value of 0.44 to 0.50 and

to 0.55, which is considered the high limit for this

watershed.

In HEC-1, the Muskingum K of 0.23 hours was increased to

0.35 and 0.40 hours while x, which had little effect on Qpeak

was left unchanged. This variation was combined with the

systematic variation of Tc at a constant CN of 80 and 70 for

the upper and lower subwatersheds respectively.

In RAINFLO, channel infiltration rates were varied from

0.0, to 5.0, to 10.0 feet/day, in combination with the

variation in CN.

The results of the sensitivity tests on Geronimo Wash are

presented in Tables 27 - 33.



Nb 

0.044

0.050

Tc (hr)
Qpeak (cfs)

Tc (hr)
Qpeak (cfs)

	89/77	 86/74	 83/71	 80/68 

	

0.77	 0.81
	

0.86	 0.92

	

2777	 2397	 2059	 1753

	

0.91	 0.96
	

1.03	 1.10

	

2473	 2139	 1824	 1526

Tc (hr)
Qpeak (cfs)

1.04	 1.11
	

1.19	 1.28
2257	 1909	 1605	 1345

0.055
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Table 27 - Qpeak and Tc on Geronimo Wash with respect
to variation in CN and Nb for the 100-year
rainfall in PCDOT.

Curve Number (HSG D/HSG B) 

Table 28 - Qpeak (cfs) on Geronimo Wash with respect
to variation in CN and four methods for
estimating Tc given a 1-hour, 100-year
rainfall in TR-20.

Tc (hr) Upper/Lower

CN
Upper/Lower

89/79

86/76

83/73

80/70

PCDOT	 SCS	 Ker./Hath.	 FAA
0.30/0.58 0.40/1.30 0.60/1.95	 0.80/2.60 

3318	 2569	 2216	 1542

2857	 2220	 1817	 1327

2435	 1904	 1547	 1133

2034	 1616	 1304	 957
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Table 29 - Qpeak (cfs) on Geronimo Wash with respect
to variation in CN and systematic variation
in Tc, given a 1-hour, 100-year rainfall
in TR-20.

CN
Upper/Lower

Tc (hr)	Upper/Lower

0.40/1.30 0.60/1.95	 0.80/2.60

89/79 2569 2041 1675

86/76 2220 1763 1447

83/73 1904 1512 1241

80/70 1616 1285 1053

Table 30 - Qpeak (cfs) on Geronimo Wash with respect
to variation in CN and four methods for
estimating Tc given a 1-hour, 100-year
rainfall in HEC-1.

Tc (hr) Upper/Lower

CN
Upper/Lower

PCDOT
0.30/0.58

SCS
0.40/1.30

Ker./Hath.
0.60/1.95

FAA
0.80/2.60

89/79 3403 2644 2258 1635

86/76 2939 2296 1944 1409

83/73 2532 1974 1667 1204

80/70 2042 1688 1374 1012
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Table 31 - Qpeak (cfs) on Geronimo Wash with respect
to variation in CN and systematic variation
in Tc, given a 1-hour, 100-year rainfall
in HEC-1.

CN
Upper/Lower

Tc (hr)	Upper/Lower

0.40/1.30 0.60/1.95	 0.80/2.60

89/79 2644 2118 1774

86/76 2296 1844 1538

83/73 1974 1592 1322

80/70 1688 1360 1128

Table 32 - Qpeak (cfs) on Geronimo Wash with respect
to variation in Muskingum K and systematic
variation in Tc Given a 1-hour, 100-year
rainfall in HEC-1.

Tc (hr) Upper/Lower
Muskingum

K 0.40/1.30 0.60/1.95 0.80/2.60

0.23 1688 1360 1128

0.30 1644 1322 1107

0.40 1561 1269 1069
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Table 33 - Qpeak (cfs) on Geronimo Wash with respect to
variation in CN and channel infiltration given
a 1-hour, 100-year rainfall in RAINFLO.

CN	 Channel Infiltration (feet/day)
Upper/Lower 	0.0	 5.0	 10.0

89/79 2610 2556 2501

86/76 2047 1998 1948

83/73 1754 1708 1660

80/70 1491 ' 1446 1401

A similar sensitivity analysis was performed on ACT Wash.

The procedure was the same but the base values for CN, Tc, Nb,

and Muskingum K were those on ACT Wash. The base curve numbers

were 89 and 85 for the upper and lower subwatersheds

respectively, and 89 and 77 for HSG D and B soils

respectively. In the upper and lower subwatersheds, the

respective Tc's were 0.42 and 0.61 hours by PCDOT, 0.52 and

1.09 hours by the SCS, 0.97 and 1.20 hours by Kerby/Hathaway,

and 1.46 and 2.13 hours by the FAA. As on Geronimo Wash, Tc

was varied over the four methods, and systematically by

multiplying the SCS Tc's (for CN's 89 and 85) by 1.5 and 2.0.

The base Nb in PCDOT was 0.043 and was increased to 0.05 and

0.055.

The original Muskingum K in HEC-1 was 0.35 hours, and

was increased to 0.40 and 0.50 hours, while Tc was varied

systematically and CN was fixed at 80 and 76 for the upper and



Nb 

0.043

0.050

Tc (hr)
Qpeak (cfs)

Tc (hr)
Qpeak (cfs)

	89/77	 86/74	 83/71	 80/68 

	0.81	 0.86
	

0.94	 1.00

	

2503	 2145	 1796	 1522

	

0.99	 1.06
	

1.14	 1.22

	

2186	 1851	 1544	 1279

Tc (hr)
Qpeak (cfs)

1.14	 1.22
	

1.31	 1.41
1940	 1625	 1361	 1133

0.055
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lower subwatersheds.

The results of the sensitivity tests on ACT Wash are

presented in Tables 34 - 40.

Table 34 - Qpeak and Tc on ACT Wash with respect
to variation in CN and Nb for the 100-year
rainfall in PCDOT.

Curve Number (HSG D/HSG B) 

Table 35 - Qpeak (cfs) on ACT Wash with respect
to variation in CN and four methods for
estimating Tc given a 1-hour, 100-year
rainfall in TR-20.

CN
Upper/Lower

89/85

86/82

83/79

80/76

Tc (hr) Upper/Lower 

PCDOT	 SCS	 Ker./Hath.	 FAA
0.42/0.61 0.52/1.09 0.97/1.20	 1.46/2.13 

2471	 2214	 1617	 1144

2095
	

1894
	

1376
	

978

1760
	

1605
	

1161
	

829

1460
	

1347
	

969
	

697
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Table 36 - Qpeak (cfs) on ACT Wash with respect
to variation in CN and systematic variation
in Tc, given a 1-hour, 100-year rainfall
in TR-20.

CN
Upper/Lower

Tc (hr)	Upper/Lower

0.52/1.09 0.78/1.64	 1.04/2.18

89/85 2214 1679 1329

86/82 1894 1438 1139

83/79 1605 1222 968

80/76 1347 1027 815

Table 37 - Qpeak (cfs) on ACT Wash with respect
to variation in CN and four methods for
estimating Tc given a 1-hour, 100-year
rainfall in HEC-1.

Tc (hr) Upper/Lower

CN
Upper/Lower

PCDOT
0.42/0.61

SCS
0.52/1.09

Ker./Hath.
0.97/1.20

FAA
1.46/2.13

89/85 2610 2306 1754 1223

86/82 2247 1788 1503 1047

83/79 1916 1528 1278 891

80/76 1619 1291 1077 750
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Table 38 - Qpeak (cfs) on ACT Wash with respect
to variation in CN and systematic variation
in Tc, given a 1-hour, 100-year rainfall
in HEC-1.

CN
Upper/Lower

Tc (hr)	Upper/Lower

0.52/1.09 0.78/1.64	 1.04/2.18

89/85 2306 1765 1409

86/82 1788 1516 1210

83/79 1528 1295 1030

80/76 1291 1094 869

Table 39 - Qpeak (cfs) on ACT Wash with respect
to variation in Muskingum K and systematic
variation in Tc Given a 1-hour, 100-year
rainfall in HEC-1.

Tc (hr) Upper/Lower
Muskingum

0.52/1.09 0.78/1.64 1.04/2.18

0.35 1437 1094 869

0.40 1389 1071 860

0.50 1310 1043 848
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Table 40 - Qpeak (cfs) on ACT Wash with respect to
variation in CN and channel infiltration given
a 1-hour, 100-year rainfall in RAINFLO.

CN
Upper/Lower

Channel Infiltration (feet/day)
0.0	 5.0	 10.0

89/85 2299 2231 2037

86/82 1970 1908 1848

83/79 1284 1236 1189

80/76 1083 1039 996

7.4.2 Comments on Geronimo and ACT Washes

On Geronimo Wash, the USGS Q100 of approximately 1100 cfs

was matched in a few instances. In TR-20 and HEC-1 (Tables 28

- 31) the combined variation of Tc and CN lowered the original

Qpeak from approximately 2600-3400 cfs to approximately 950 -

1100 cfs only at the very limit of the analysis. In other

words, attributing the anomalous results to input errors

requires that the original CN was nine CN units or ten

percent too high AND that the original Tc was about 100

percent too low. Since limited agreement between CN and

measured runoff volume has been observed (Table 4, Figure 6),

it might be preferable to consider Tc only. At the Base CN's

of 89 and 79, the variation in Tc reduces Qpeak to 1500 - 1800

cfs, a 30 - 50 percent reduction which is still far above the

USGS 0100.

A similar conclusion is drawn from PCDOT (Table 27) in
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which the lowest Qpeak, 1345 cfs, is obtained at the maximum

reduction of CN and the maximum increase in Tc. Note that the

longest Tc, 1.28 hours, is only 66 percent longer than the

shortest, 0.77 hours. If Tc had been increased further,

perhaps by increasing Nb, the 1100 cfs Qpeak may have been

achieved. However, if the base CN's are assumed to be correct,

the increase of Tc from 0.77 to 1.04 hours by increasing Nb

from 0.44 to 0.55 only reduces Qpeak by about 20 percent. Thus

if both CN and Tc are adjusted, PCDOT behaves much like TR-20

and HEC-1. However, if CN is correct and not modified, PCDOT

lacks the adjustment capabilities of TR-20 and HEC-1. RAINFLO

(Table 33) adjusts Tc only when CN is adjusted. Adjusting the

CN's to 80 and 70 reduces Qpeak by approximately 40 percent

to 1491 cfs, which is far short of the USGS Q100. If CN is

assumed to be correct, the only other adjustment available is

channel infiltration which reduces Qpeak by less than seven

percent.

The effects of the channel routing parameters are not as

marked. Increasing Muskingum K (Table 32) from 0.023 to 0.04

changes Qpeak less than ten percent at any of the Tc's

presented.

On ACT Wash, the USGS Q100 of approximately 800 cfs was

match in some instances. In TR-20 and HEC-1, (Tables 36 and

38) the original Qpeak of approximately 2500 cfs was reduced
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to approximately 800 cfs with the maximum reduction in CN AND

the systematic 100 percent increase in Tc. In Tables 35 and

37, Qpeak was reduced to approximately 800 cfs with a six

percent reduction in CN AND use of the FAA equation for Tc

which is roughly 300% longer than Tc from the SCS equation.

As in Geronimo Wash, attributing the anomalous Qpeak to input

error requires almost the maximum reduction in CN and the

maximum increase in Tc at the same time. However, if CN is

assumed to be correct, the systematic variation in Tc (Tables

36 and 38) reduces Qpeak to 1300-1400 cfs, or by about 35

percent. The method variation in Tc (Tables 35 and 37) reduces

Qpeak to 1150-1225 cfs, or about 55 percent. The reduction is

significant, but short of the USGS Q100.

PCDOT (Table 34) behaves as on Geronimo Wash; the maximum

decrease in CN and a 75 percent increase in Tc almost matches

the USGS Q100 but adjustment limited to Nb only reduces Qpeak

by about 22 percent. RAINFLO, with the CN reduction and built-

in Tc increase (Table 40), reduces Qpeak by over 50 percent,

and comes closer to matching the USGS Q100 on this watershed

than it did on Geronimo Wash. However, if CN is assumed to be

correct, the only adjustment available is by channel

infiltration which reduces Qpeak by less than eleven percent.

The channel routing parameters again had smaller effects.

In HEC-1, Table 39, increasing Muskingum K from 0.35 hours to
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0.50 hours changed Qpeak less than ten percent for any of the

given Tc's.

Overall, these two sensitivity analyses concur with the

analysis on Fortyniner's Wash. CN and Tc are far and away the

most important parameters in determining the Qpeak on an

ungaged watershed. What is disturbing is the fact that the two

parameters can be concurrently adjusted to yield Qpeak values

over a large range, even to the point of matching a Q100 from

a gage record like that on Geronimo Wash which is obviously

not representative of the true condition.
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VIII. CONCLUSIONS AND RECOMMENDATIONS 

This study compared the performance of four rainfall -

runoff models on small watersheds near Tucson, Arizona. The

models: PCDOT, TR-20, HEC-1, and RAINFLO, are described as

lumped parameter models because the input parameters are

represented as weighted averages of heterogenous watershed

characteristics. The potential variation in the input due to

error in estimating these parameters raises two questions:

1. How sensitive are the results to variation in the

input?

2. Are the models applicable to small, semi-arid

watersheds?

The sensitivity analyses performed on Fortyniner's Wash

(approximately 4.5 square miles or 3000 acres) showed

conclusively that on Curve Number (CN) was the most critical

parameter in estimating runoff volume. The sensitivity

analyses also showed conclusively that Time of Concentration

(Tc) was the most critical parameter in estimating Qpeak.

Qpeak is dependent on both CN and Tc but CN is the

parameter most easily calibrated to a local condition,

requiring only measurements in rainfall and runoff volume.

Thus, of the two, Tc is likely to be the parameter with the

highest uncertainty.

Typical applications of PCDOT, TR-20, HEC-1, and RAINFLO
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were performed on Anklam Wash, West Speedway Wash, Big Wash,

Geronimo Wash, and Agua Caliente Tributary Wash, which had

drainage areas ranging from 0.46 square miles or 294 acres to

2.94 square miles or 1882 acres. The results showed limited

agreement between the Q100 determined by using a 100-year .

rainfall in the models and the Q100 determined by applying the

Log Pearson Type-III (LP-III) probability distribution to 15 -

18 years of USGS runoff data. Despite the differences between

models, the estimates of Q100 on Anklam Wash, West Speedway

Wash and Big Wash tend to be within 50 percent of the LP-III

Q100's. However, on Geronimo Wash and Aqua Caliente Tributary

Wash, which are characterized by distinctly elongated shapes,

the models consistently overestimated Qpeak by about 250-300

percent. The disagreement on these two washes was attributed

to three sources of error. First, the USGS record is too short

to reliably predict Q100; second, some of the methods for

determining Qpeak are inadequate; and third, the estimates of

the input data could be incorrect.

The 15-18 year data sets from the USGS are reliable for

predicting Q30 - Q35, but not Q100. The inadequacy of the data

was conclusively illustrated by the relative size of the LP-

III Q100's from Geronimo Wash and the adjacent Pima Wash. Pima

Wash has roughly twice the area of Geronimo Wash but its non-

weighted Q100 is about half the Q100 of Geronimo Wash. Both
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washes have Q100's far below that Anklam and Big Wash which

are roughly the size of Geronimo Wash. These discrepancies

suggest that the records on Geronimo Wash and Pima Wash are

not representative of the flows expected for watersheds of

this size. The short period of record on these two washes also

seems to have be unusually dry.

Inadequacy in the methods refers to shortcomings in the

models or the methods for estimating the parameters. As Tc is

considered the most important parameter in determining Qpeak,

two of the models, PCDOT and RAINFLO, fall short in that they

do not allow for direct adjustment of Tc, while TR-20 and HEC-

1 permit such adjustment.

The major shortcomings in the methods for estimating the

input parameters are in the equations for estimating Tc. Both

Geronimo Wash and Aqua Caliente Tributary Wash are long and

narrow, with extreme slope differences between the upper and

lower subwatersheds. None of the equations for estimating Tc

incorporate a factor expressing watershed shape, and all would

be based on an average slope if the watersheds were modelled

as a whole. The criteria for selecting an appropriate Tc

relation for a watershed cannot be established from the

limited analysis of this study. Further research is

recommended for this purpose.

A shortcoming in the methods and models which was not
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explored in this study is in estimation of rainfall. PCDOT

lacks the ability to estimate the temporal or spatial

distribution of rainfall. TR-20, HEC-1, and RAINFLO do allow

for temporal and spatial distribution estimates. The problem

is choosing an estimate that is representative. Development

of temporal and spatial distribution estimates on regional

and seasonal bases is encouraged.

The final source of error in the typical applications is

in the author's estimates of the input parameters. Additional

sensitivity analyses were performed on the two washes in

question, to see if the LP-III Q100's could be matched with

reasonable variation in the input. The analyses confirmed the

conclusion that the two most critical parameters are CN and

Tc, and showed that with combined variation within "reasonable

limits" the LP-III Q100's could be matched. However, there is

limited evidence (Table 4, Figure 6) which suggests that CN

estimated by the SCS Handbook is close to the actual CN on

Tucson watersheds. If the variation is thus limited to Tc, the

LP-III Q100's could be approached but not matched. Thus the

disagreements in Qpeak cannot be entirely attributed to errors

in the estimating input. It is likely that the models are

overestimating Q100 through error in the methods and their

use.

Given the importance of Tc and CN in the determination
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of Qpeak on an ungaged watershed, the recommended model would

be one that allows direct adjustment of both. Two models

examined here, TR-20 and HEC-1, allow direct input of CN and

Tc, and include options for rainfall, channel routing

procedures, and division of heterogeneous watersheds into

smaller units. Of the two, TR-20 is more limited in that it

uses only the curve number method and the Triangular Unit

Hydrograph. HEC-1 has many options not explored in this study,

making it a versatile tool. Both PCDOT and RAINFLO are limited

to the curve number method for determining rainfall excess,

and both have a single preprogrammed method for estimating Tc.

Thus, the recommended models are HEC-1 and TR-20.
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IX. FURTHER WORK

The completion of this study raised a number of questions

concerning both the method used and the parameters involved.

Further study could:

1. Examine the applicability of the four models using a

shorter return period to improve the reliability of limited

gage data.

2. Attempt to determine localized values for CN and Tc based

on measured rainfall and runoff.

3. Extend the analyses for TR-20, HEC-1, and RAINFLO to

include the rainfall effects, especially the effect of

temporal distribution on Qpeak.

4. Extend the analyses for TR-20, HEC-1, and RAINFLO to larger

watersheds where the channel routing parameters are like

to be more important.

5. Develop a factor which expresses watershed shape in

methods for determining Tc.

6. Revise and update PCDOT based on additional data with

emphasis on Tc.
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