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ABSTRACT 

The U.S. Geological Survey and the City of Tucson, Arizona, 

have been collecting rainfall and runoff data on several watersheds 1n 

the Tucson area for several years. Among the purposes of this project 

1s to use the data to Investigate rainfall-runoff models 1n an effort 

to find one to successfully simulate flood flows 1n Tucson. One such 

model, the Distributed Routing Rainfall-Runoff Model (0R3M), was tested 

using data collected on Rob Wash 1n Tucson. 

It was found DR3M performs about as well as 1t does 1n other 

parts of the United States, although 1t tends to underestimate flood 

flows for large storms and overestimate flows for smaller storms. 

Unique features with regard to the hydrology of urban Tucson require 

special attention when using DR3M; these features are associated with 

the nature of dry washes and summer rainfall 1n Tucson. Experience 

Indicates DR3M 1s not truly a deterministic model. 
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CHAPTER 1 

INTRODUCTION 

fanerql 

In 1981, the United States Geological Survey (U.S.G.S), 1n 

cooperation with the City of Tucson, Arizona, began an investigation of 

urban rainfall and runoff 1n the Tucson Metropolitan area. The 

objectives of their study (Roeske, n.d.) are: 

1. To collect rainfall and streamflow data that can be used 1n the 

verification of storm rainfall-runoff models. 

2. To determine flood-volume frequency characteristics of the 

urban area. 

3. To find the best available urban rainfall-runoff model for the 

Tucson area. 

4. To provide a rainfall and runoff data collection network and 

quantitative model that can be used 1n future studies of urban 

runoff water quality. 

The U.S.G.S. is collecting data in seven watersheds 1n the 

Tucson Metropolitan area. Because of a reduction 1n funds in 1984, the 

collection of data has since been limited to the summer rainy season, 

from mid June to mid October. 

This thesis was undertaken to further the work of the U.S.G.S. 

and the City of Tucson by using the rainfall and runoff data from one 
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of the seven watersheds to test an urban rainfall-runoff model selected 

from among the many available today. 

The watershed chosen for this study 1s the Rob Wash watershed, 

the configuration and location of which are shown 1n Figures 1 and 2. 

It was selected over the others for the following reasons. With five 

rain gages 1n a watershed of 2.04 square miles area (5.29 square 

kilometers), there 1s good coverage and an abundance of data. 

Furthermore, the rain gages and the stream gage at the basin outlet 

have remained 1n the same location for the period of the study. The 

character of the basin 1s typical of a mixed residential and commercial 

area in Tucson, and 1t has remained stable during the period of data 

collection. Largescale aerial photo topographic maps are available 

that make analysis of the watershed physical characteristics easier and 

more accurate. 

The rainfall-runoff model used in this study is the Distributed 

Routing Rainfall-Runoff Model (DR3M), Version II, developed by the 

U.S.G.S. Huber and Heaney (1982) listed in tabular form seventy-three 

rainfall-runoff models that have well-established records of usage, 

along with the prominent characteristics of each. The original 

U.S.G.S. rainfal1-runoff model, the older cousin of DR3M, 1s listed 

under the category of single event models (although DR3M can also be 

used as a continuous model) and is Included with some of the more well-

known models such as SWMM (developed by the U. S. Environmental 

Protective Agency) and HEC-1 (developed by the U.S. Army Corps of 

Engineers) with which it shares many characteristics. 
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Figure 1. Location of Rob Wash.—From Roeske (n.d.). 
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Figure 2. Rob Wash arid gages.—From Roeske (n.d.). 
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DR3M 1s appropriate for this type of study and also appropriate to the 

purposes of the U.S.G.S. Investigation because 1t was designed specif

ically for the analysis of urban storm runoff problems. It 1s a model 

especially suited for this project because 1t uses data directly from 

U.S.G.S. data-base management programs which are used to store and 

manipulate the rainfall and runoff data. DR3M is used widely within 

the U.S.G.S. 1n other parts of the country and in different climates, 

and there are a number of people 1n the U.S.G.S. who have long experi

ence in its use. And finally, DR3M can also be used in connection with 

an urban runoff water quality model, DR3M-QUAL, also developed by the 

U.S.G.S. 

The purpose of this thesis is to determine whether or not DR3M 

can be used to simulate accurately flood flows 1n the Tucson metropoli

tan area. While DR3M has seen extensive use over the years, it has 

been applied mostly to problems 1n humid climates. A point of interest 

1n this study 1s to see how well 1t performs in an arid Southwest 

climate such as that of Tucson. Testing DR3M on Rob Wash was done by 

first assembling data from Rob Wash Into one group of storms and using 

these data to calibrate the model. A second set of storms was then 

used to verify the ability of the calibrated model to simulate storm 

flood flows. A measure of the difference between the simulated and the 

observed flood hydrographs was used to assess the abilities of the 

model. 
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getting 

Rob Wash 1s within the city of Tucson and 1s centrally located 

within the Tucson basin. The Tucson basin is a northwest-sloping 

valley bordered by narrow rugged mountain ranges, and has an area of 

about 1000 square miles. The average elevation of the study area 1s 

about 2750 feet above mean sea level. 

The climate of the Tucson basin Is semlarid. The average 

annual precipitation at Tucson 1s about 11 Inches, while the average 

annual class A pan evaporation 1s about 90 Inches. About half the 

annual rainfall falls during the summer monsoon season from July to 

September. These storms are short Intense convectlve storms that 

derive most of their moisture from the Gulf of Mexico. Winter storms 

are longer, less Intense frontal storms that come from the Pacific. 

Land use within Rob Wash 1s a mixture of single-family 

residential, multi-family residential, commercial, and undeveloped, 

though most of the area 1s single-family residential or undeveloped. 

Undeveloped land areas have a sparse cover of desert vegetation typical 

of the Sonoran Desert, consisting of cactus, mesqulte, creosote, and 

palo verde. Pervious surfaces within developed areas have mostly the 

same vegetation cover as the undeveloped areas, but many home sites 

have irrigated lawns and landscape vegetation. About 70% of the 

watershed surface area is pervious. 

The average house density for single-family residential areas 

is 3.5 houses per acre, and the average roof area 1s 3000 square feet. 

A large percentage of roofs are flat while the rest are pitched. 
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The Rob Wash watershed has a parallel drainage pattern, and the 

man-made drainage reflects the natural pattern. The drainage density 

1s high. All natural drainages are washes with sandy beds which remain 

dry until 1t rains. The greatest channel width of Rob Wash 1s about 35 

feet. Most of the main channels 1n the watershed have been Improved to 

have a trapezoidal cross section, but all are unlined except for a few 

short reaches. Very few storm drains exist. 



16 

CHAPTER 2 

DESCRIPTION OF THE MODEL 

General 

DR3M simulates runoff produced by storm events by computing 

rainfall excess produced on pervious and Impervious surfaces on the 

watershed and then computing the streamflows that result from the 

concentration of runoff 1n the receiving channels. To simulate runoff 

produced by rainfall with DR3M, the user must approximate the complex 

geometry and topography of the natural watershed by dividing it into a 

number of subbaslns, each subbasln then being represented 1n the model 

as one or two inclined overland-flow planes that contribute flow to 

adjacent channel segments. The model channel segments are approxima

tions of the true channel geometry and hydraulic properties. The more 

subdivisions contained in the simulation, the closer the model approxi

mates the real watershed. DR3M first computes the amount of rainfall 

excess produced on each overland-flow plane, then routes that rainfall 

excess to the corresponding channel segment. It then routes the flood 

wave down successive channel segments to the basin outlet. 

Rainfall Excess Computations 

DR3M computes rainfall excess on pervious and Impervious 

surfaces. On pervious surfaces, rainfall excess 1s rainfall minus 

infiltration. Prior to computing infiltration during a storm, DR3M 

computes the antecedent soil moisture condition through the use of a 
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soil moisture accounting procedure. This 1s done by performing dally 

calculations using dally rainfall and evaporation records. The model 

adds a specified percentage of rainfall to an upper soil moisture 

storage reservoir, which 1s 1n the saturated condition as 1t receives 

moisture. During periods of no rain, moisture drains from the upper 

storage to a base moisture storage reservoir. When base soil moisture 

reaches field capacity, 1t begins to drain to deeper storage not 

included in the model. Evapotransplration removes moisture from both 

upper storage and base storage. On those days when storm runoff 1s 

modeled, moisture 1s added to the upper storage according to an 

infiltration simulation. 

Infiltration 1s computed using the Green-Ampt equation. This 

simulates Infiltration of water into the subsurface as a zone of 

saturation that advances Into the soil behind a wetting front, below 

which the soil 1s at antecedent moisture content. The rate of advance 

1s determined by Darcy's law using the saturated hydraulic conductivity 

and the difference In head between the soil surface and the wetting 

front. The head at the wetting front 1s determined by the elevation of 

the wetting front and the suction head. 

The equation is: 

FR = KSAT (SMS + PS )/SMS 

where KSAT is the saturated hydraulic conductivity, SMS 1s the depth of 

saturated soil moisture storage, PS 1s the suction head at the wetting 

front, and FR 1s the infiltration rate. 
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Suction head will vary from a maximum when base soil moisture 

is at the wilting point, to a minimum when base soil moisture 1s at 

field capacity; the model assumes that this variation 1s linear as 

shown in Figure 3 and as described below: 

PS = PSP [RGF - (RGF - 1 )BMS/BMSN] 

where PSP is the suction head at field capacity, BMS base soil moisture 

storage, BMSN 1s the maximum base soil moisture, and RGF 1s the ratio 

of suction head at wilting point to that at field capacity. 

w> 
OL 

BMSN 

Wilting Field 
point capacity 

(BMS =0) (BMS=BMSN) 

SOIL-MOISTURE CONTENT 

Figure 3. Suction potential in relation to soil moisture as 
used in the infiltration equation.—From Alley and Smith (1982). 
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Point Infiltration 1s converted to an effective Infiltration 

for the entire basin pervious area, and the rate of rainfall excess for 

the basin 1s given by the following equations: 

QR = SR2/2FR, when SR < FR 

QR = SR - FR/2, When SR > FR 

where QR 1s the overall rainfall excess, and SR 1s the supply rate. 

This relationship 1s Illustrated 1n Figure 4 in which the infiltration 

rate is assumed to vary linearly from zero to FR over the basin. It 

can be seen from the figure and equations that there will be some 

amount of rainfall excess produced on the watershed by any amount of 

rainfall. 

Rainfall excess 
(QR) Infiltration 

PERCENTAGE OF AREA WITH INFILTRATION CAPACITY 
EQUAL TO OR LESS THAN INDICATED VALUE 

Figure 4. Rainfall excess as 1t relates to maximum Infiltra
tion rate and rainfall supply rate (Alley and Smith, 1982). 



Rainfall excess on Impervious surfaces 1s computed 1n a 

different way. The model considers two types of Impervious surfaces: 

effective Impervious area (EIA) and noneffective Impervious area 

(NEIA). Rainfall excess on EIA flows directly to a channel segment, 

while rainfall excess on NEIA flows onto a pervious area. 

Rainfall excess on EIA 1s computed by diverting one third of 

the rainfall to Impervious retention storage until 1t reaches its 

capacity. 

Rain falling on NEIA runs off onto a pervious surface. This 

volume 1s added to rainfall on the pervious surface and infiltration 1s 

abstracted from the total. This is accomplished by multiplying 

rainfall on the pervious area by the quantity RAT: 

RAT = (DA2 + DA3)/DA3 

where DA2 1s noneffective impervious area, and DA3 1s pervious area. 

It 1s not necessary that the user know beforehand the precise 

values of the Infiltration and soil moisture accounting parameters, 

only estimated values within a reasonable range. DR3M contains an 

optimization routine that automatically adjusts any set of the six 

infiltration and soil moisture accounting parameters, as specified by 

the user at the start of the run, until the best correspondence between 

the observed runoff volume, and the simulated runoff volume 1s 

obtained. The program computes the value of an objective function 

which 1s a measure of the discrepancy between the observed and the 

simulated, given by the following equation: 
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U = Z [ln(S|) - ln( M j ) ]  

1=1 

where U 1s the value of the objective function, N 1s the number of 

storms Included 1n simulation, S 1s the simulated runoff volume, and M 

1s the measured runoff volume for each storm. The program repeatedly 

adjusts the parameters, within the specified boundaries, until the 

least value of the objective function 1s obtained, or until the maximum 

allowed number of iterations 1s reached. 

One can Imagine the objective function as forming a surface (1n 

several dimensions), and the optimization routine is a mathematical way 

of walking downhill 1n a search for the lowest point on the surface. 

The optimization routine used 1n DR3M Includes a procedure developed by 

Rosenbrock (1960) to make this walk as efficient as possible. There 

are, however, no safeguards against ending the search In a false low 

point. Also, the routine cannot find a unique minimum 1n a long narrow 

valley. 

In addition to searching for an optimum set of soil moisture 

accounting and Infiltration parameters, DR3M will make adjustments to 

the percent effective impervious area by adjusting the parameter EAC, 

which 1s a number that adjusts the percent effective Impervious area. 

Routing Procedure 

As described previously, DR3M simulates runoff by computing 

rainfall excess and then routing the excess through the basin to the 

outlet. To accomplish this, the subbaslns are considered to be 
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composed of two components for routing purposes: overland-flow 

segments and channel segments. Overland-flow segments are represented 

as Inclined planes over which rainfall excess flows, eventually dis

charging as lateral Inflow to the receiving channel. Channels receive 

this lateral Inflow and pass 1t on downstream as a flood wave. In 

addition, subbasln channel segments can receive Inflow from upstream 

subbaslns. 

Routing of the flood wave, that 1s, the computation of the 

progress of the flood as 1t passes through the basin, 1s based on a 

mathematical description of the physics of unsteady flow 1n open 

channels. The original description of this problem, and the one still 

1n use, was obtained by Barre de Salnt-Venant 1n 1871, and consists of 

two equations known by the author's name: 

aQ + - n (1) 
3X 91 H 

+ v tq-Jb- = g cs0-  s f) .  (2)  
3t ax B 3X 

In the above equations, Q 1s discharge, A 1s the cross 

sectional area of the flow, h 1s the depth of flow, x 1s distance along 

the direction of flow, q 1s flow per unit length in the x-d1rection 

entering the flood wave laterally Cor as rainfall 1n the case of 

overland-flow segments), V 1s the velocity of flow (not the wave 

celerity), S„ 1s channel slope, Sf 1s friction slope, g 1s the 

acceleration of gravity, and t 1s time. 
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The first of the above equations 1s the continuity equation 

obtained through consideration of the balance of net mass flux of fluid 

entering an elementary volume of the fluid. The second equation 1s an 

expression of the conservation of momentum 1n the flow stream obtained 

by equating the sum of forces acting on an element of fluid with the 

net momentum flux entering the element. Both equations are derived for 

the general case of a nonprismatic channel. 

The physical Interpretation of the terms 1n Equation 2 from 

left to right 1s as follows: 

1. local acceleration of the fluid 

2. convectlve acceleration 

3. the net force due to pressure 

4. the net gravitational force acting on the fluid 

5. the force due to frlctlonal resistance 

A number of approximations have been made 1n the derivation of 

Equation 2. The flow must be shallow 1n order to eliminate the need to 

consider vertical acceleration effects. Error will result 1f the depth 

exceeds about 5% of the flood wave length. It 1s further assumed that 

the bed slope 1s flat (less than about 0.29), that the momentum flux 

due to lateral flow 1s zero, and that the distribution of velocity 

across the cross section 1s uniform (Mahmood and Yevjevlch, 1975). 

The description of a flood wave consists of the determination 

of the depth and velocity, or cross sectional area and discharge, at 

any point in the channel (or overland flow plane) at any time. Such a 
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determination 1s obtained through simultaneous solution of Equations 1 

and 2, subject to the appropriate boundary conditions. 

Numerous methods are available for the solution of the Salnt-

Venant equations by numerical methods, and a subset of these contain 

those methods that rely on simplifying approximations. One such 

approximate method 1s kinematic routing, the method used by DR3M. 

Kinematic routing 1s based on the observation that for most cases 

encountered 1n drainage problems, the momentum equation can be simpli

fied without Incurring excessive error by elimination of the terms for 

the local and convectlve accelerations, and the term for the forces due 

to pressure. Justification for this simplification 1s shown 1n Table 1 

which shows the relative size of these terms (Gunaratnam and Perkins, 

1970). The momentum equation then becomes: 

Sf = S0. (3) 

With this simplification, one of the uniform flow equations, such as 

the Manning equation can be substituted Into Equation 3 to give, 1n 

general terms: 

Q = aAm, (4) 

where a and m are constants depending on channel slope, roughness, and 

geometry. 

Some accuracy 1s lost 1n the above simplifications. A flood 

wave described by Equations 1 and 4 1s referred to as a kinematic wave, 

while a flood wave described by the complete Salnt-Venant equations 1s 
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Table 1. Order of magnitude of terms 1n dynamic equation.— 
From Gunaratnam and Perkins, 1970). 

Convectlve 
Accln. Accln. Pressure Gravity Friction 

Type of 1 St Jat Ml vlv I 
Flow g H g 3x 3x SQ C'R Units 

Rivers 0.05 .125-.25 0.50 26 25.50 ft/m1 

Gutter flow 4.90 4.90 9.80 182.0 180.0 ft/m1 

Overland flow 1.64 1.64 16.40 212.0 212.0 ft/m1 

referred to as a dynamic wave. It has been observed that 1t 1s the 

kinematic component of the flood wave that dominates in flood flows 

when the flow 1s subcrltlcal. The dynamic wave component is a wave of 

smaller amplitude that propagates at a higher velocity (referred to 

as the celerity c = /gh, where h 1s the depth), and that quickly 

attenuates so that 1t 1s felt only weakly at points downstream. In 

those cases where the kinematic wave component does not dominate, 

kinematic routing will produce errors (Mahmood and Yevjevlch, 1975). 

The limit of dominance of the kinematic solution can be found 

by equating the velocities of the kinematic wave and the dynamic wave. 

In this way the kinematic solution is found to dominate at values of 

the Froude number (F = U//gFi) less than 1.5 (or 2 1f the Chezy equation 

1s used instead of the Manning equation for the resistance term) 
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(Mahmood and Yevjevich, 1975). On Rob Wash, the Froude number at the 

outlet for the range of flows experienced during the period of 

simulation was less than 1.5. 

Another insight into the distinction between the kinematic and 

dynamic solutions 1s provided by examination of the effects of nonlln-

earlty. Nonllnearity 1s due to the presence of the convectlve acceler

ation term (V/g)(8V/3x), which causes a steepening of the flood wave. 

The presence of the diffusive term, Bh/Sx, on the other hand, causes a 

dampening of the wave. The counteraction of these two effects eventu

ally balances and the result 1s a stable wave that propagates down

stream with a permanent shape. Since a kinematic wave is likewise a 

stable wave, the difference between the dynamic solution and the 

kinematic solution is normally not of much concern (Gunaratnam and 

Perkins, 1970). 

DR3M allows for the solution of Equations 1 and 4 by three 

methods: the method of characteristics, the explicit finite-difference 

method, and the implicit finite-difference method. Because of the 

complications involved 1n the finite-difference method, most users of 

DR3M recommend selecting the method of characteristics, and that 1s the 

method described here. 

Substitution of Equation 4 into 1 gives, 

-|4- , J1"' J>4_ =,  (5 )  
31 8X 

Examination of this equation shows that 1t has the form of the 

general expression for a total differential, so that if amA11"1 is set 
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equal to dx/dt, then 1t follows that dA/dt = q. These two equations 

possess the special properties of characteristic equations (Eagleson, 

1970) and together they allow the solution of Equation 5. Thus, one 

partial differential equation has been converted Into two ordinary 

differential equations, 

Equation 6 is the wave celerity, and represents the speed with which 

any wave property propagates downstream; 1t 1s greater than the flow 

velocity. 

During a given time step, q remains constant and Equations 6 

and 7 can be integrated to give: 

dx/dt = amA""1 ( 6 )  

dA/dt = q . (7) 

AX = a £(qAt + A(x,t))n - ACx.t)"] 
q 

( 8 )  

A(x +AX,t+At)  = A(x,t) + qAt (9) 

for q 1 0, and 

Ax = amACXjt^At (10) 

A(x+Ax,t+At)  = A(x, t )  (11) 

for q = 0 (Alley and Perkins, 1982). 
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DR3M computes a family of characteristics 1n the (x,t) plane 
s 

using Equations 8 and 10 starting at t = 0 at several points along the 

segment (overland-f7ow or channel) and terminating at the end of the 

segment. Flow area 1s computed using Equations 9 and 11 at the outlet 

of each segment where the characteristics terminate. Flow rate 1s then 

computed using Equation 4. 

Difficulties arise with this method of solution where a channel 

segment receives Inflow from an upstream segment. The Inflow can give 

rise to a characteristic path that propagates downstream faster than 

the characteristics originating within the channel segment. This 

causes characteristics to Intersect, resulting 1n the computation of 

two flow areas at the same place at the same time. To overcome this 

discontinuity, DR3M averages the two flow areas and continues the 

calculation using this average. This phenomenon 1s known as kinematic 

shock. 

Kinematic shock can be observed 1n nature where there 1s a 

change 1n channel slope, or the rainfall pattern 1s complex 1n time and 

space; the shock manifests itself as an abrupt wave of water moving 

down the channel, a sight frequently observed 1n the American 

Southwest. 
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CHAPTER 3 

PROCEDURE 

General 

The procedure employed 1n testing DR3M consisted of two parts: 

calibration and verification. In calibration, the model was used with 

one set of storms to produce a set of simulated hydrographs, and a set 

of estimated model parameters. The parameters were adjusted during 

calibration until the discrepancy between simulated and observed runoff 

volumes, and simulated and observed peak flood flows was reduced to the 

smallest possible value, as measured by the objective function (see 

page 20). The set of parameters so obtained was taken as the set that 

most closely describes the physical characteristics of the basin. 

These parameters were then used 1n the verification step. 

In verification, the model was used with a second set of 

storms, along with the set of parameters obtained in calibration, to 

produce a second set of simulated hydrographs. The simulated runoff 

volumes and simulated peak flows were then compared to the observed 

runoff volumes and the observed peak flows, and a measure of the 

discrepancy between simulated and observed computed 1n order to 

determine the performance of the model. 

The calibration and verification procedures were carried out 

for three cases. In the first case, designated ROBC, data from all 

five rain gages was used, and the basin was subdivided into 21 
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subbaslns. Since DR3M can accept data from only three rain gages, the 

rainfall data were combined Into three sets of rainfall data by using 

weighting factors. This case was run to get the best performance from 

DR3M. The second case, R0B5, was run to test how the model would per

form if only three rain gages had been used. The model was used with 

the maximum number of subbaslns, and rainfall data from rain gages 1, 

2, and 4. The third case, designated as R0B3, was run to test how DR3M 

would perform using fewer basin subdivisions 1n the simulation. In 

this case, the basin was subdivided into three subbaslns. The same 

rainfall data as used in ROBC was used in R0B3. The basin configura

tions for the three cases are illustrated in Figures 5 and 6. 

Rainfall and Runoff 

The U.S.G.S. made rainfall measurements during the summer 

months of 1982 to 1986 using five rain gages as shown 1n Figure 2. The 

rain gages are punched-tape recording float-gages that record water 

levels in the gage to the nearest one hundredth of a foot every 5 

minutes. The gages are located within fenced enclosures about 5 feet 

off the ground but are not equipped with wind shields. 

The streamflow gage 1s at the outlet of the 2.04 ml2 watershed 

as shown in Figure 2; 1t also is a punched-tape recording float-gage 

that records the stream stage to the nearest one hundredth of a foot at 

5-minute intervals. During the summer of 1982, the gage recorded 

measurements at 15-m1nute intervals Instead of 5-minute intervals. 



Figure 5. Basin configuration for ROBC and R0B5 
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The stream stage 1s converted to flow by a rating curve that was 

developed, and verified a number of times, by the slope-area method, 

and by flow velocity measurements by U.S.G.S. personnel. During the 

receding limb of some of the flood hydrographs, the float came to rest 

on sediment accumulated in the stilling well that houses the gage; data 

from these floods were corrected by assuming a linear decline 1n stage 

during the recession of the flood. 

Basin Characteristics 

Basin characteristics Include the location of watershed 

divides, drainage areas, percent Imperviousness of the subbasins, and 

the hydraulic characteristics of the different flow segments. Together 

these quantities form part of the input data required to simulate flood 

flows with DR3M. 

Estimates of basin characteristics are affected by the degree 

to which the basin 1s subdivided into subbasins for analysis, and the 

judgment of the modeler on this point will affect the outcome of the 

simulation. If the basin 1s subdivided too finely, little improvement 

1s obtained at a great cost 1n effort, and 1f the subdivision 1s too 

crude, the results will not be accurate. Somewhere between the 

extremes lies the best level of subdivision. To examine this effect on 

the performance of DR3M, the calibration and verification procedures 

were conducted for two levels of subdivision. 

Watershed boundaries were located on aerial photographic 

topographic maps having a scale of 1 Inch to 200 feet, and the subbasin 

areas were obtained with the use of a planimeter. On the same maps, 



34 

Impervious surfaces were identified and the areas of these surfaces 

were also planlmetered. Street surface areas were obtained by 

measuring the lengths of streets and multiplying by the width. Roof 

areas were measured from the aerial photographs and averaged for 

different types of residential areas. An average house density was 

then figured from the aerial photographs for different types of 

residential areas, and this average density times the average roof area 

was then multiplied by the total residential area for each subbasin to 

get the Impervious area attributed to roofs. An allowance was made for 

driveways and sidewalks. 

Since DR3M distinguishes between effective Impervious area 

(EIA), and noneffective Impervious area (NEIA), some estimate of this 

was needed. The U.S.G.S. conducted a study in Denver (Alley and 

Veenhuis, 1983) to find out what typical values are for EIA for dif

ferent types of urban residential areas. Based on that study, EIA for 

Rob Wash was taken as 57% of total Impervious area for residential 

areas, and 90% for commercial areas. To make some judgement as to the 

reasonableness of these percentages, It was observed that 1f only 

streets and parking lots were taken as effective on Rob Wash, then EIA 

would be 40% of total Impervious area. If the true EIA 1s 57%, 17% of 

the total Impervious area must be EIA that 1s on residential home 

sites; or about 28% (17/60 = 0.28) of the onslte Impervious area 1s 

effective. If about 10% of onsite Impervious area 1s driveways, 

sidewalks, pool decks, etc., which 1s assumed to be effective, then 

about 18% of onslte impervious area 1s roof area that is effective. 
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If the average roof area 1s 3000 square feet, then about 540 square 

feet of roof area 1s effective. This 1s a reasonable amount, and 

therefore 1t appears reasonable to accept EIA equal to 57% of the total 

Impervious area. 

If the estimate of EIA 1s as accurate as possible, then any 

significant adjustment 1n 1t brought about by optimizing EAC (see page 

21) must account for something other than errors 1n EIA. This will be 

discussed later. 

Hydraulic properties for the different flow segments consist of 

Manning's roughness coefficients, slopes, and, for channel segments, 

geometric properties of the channel cross sections. For overland-flow 

segments, the slopes of the overland-flow planes were taken from the 

topographic maps. This was done by taking cross sections of at least 

three locations along the channel. The effective slope of the 

overland-flow planes was computed with the following equation (Alley 

and Smith, 1982): 

n 
1 S^.Lj 

Slope = 1=1 
n 

* Li 1=1 

where 

S = cross-section slope of the 1th half cross section 

L = length of half cross section of the 1th half cross section 

n = number of half cross sections. 
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This equation computes a weighted average of the cross-section slopes 

by summing the differences 1n elevation between the channel centerllnes 

and the subbasin boundaries for all cross sections taken 1n the 

subbasin, then dividing this sum by the sum of all the cross-section 

lengths. 

Three initial values for the overland-flow plane roughnesses 

were used: 

n = 0.100 for pervious surfaces 

n = 0.013 for paved surfaces 

n = 0.016 for surfaces composed of both pervious and 

Impervious surfaces. 

These roughnesses were adjusted during calibration. 

Hydraulic characteristics of the natural channel segments were 

obtained in a different way. The difference 1n elevation between two 

points located a distance 10% and 85% of the channel length from the 

channel outlet divided by the distance between those points was used as 

an estimate of the average channel slope. Geometric properties of the 

channel cross sections were obtained by field measurements at several 

points in each of the channels. In addition, at these points a photo 

was taken for later study 1n order to make an estimate of the roughness 

coefficient for that reach. From the cross-section properties and the 

roughness coefficients, a and m were computed for each of the points 

examined, and then several points were averaged to obtain the values 

for each of the channel segments. 
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To determine the hydraulic characteristics of the storm sewers, 

as-bu1lt drawings maintained by the city engineering department were 

examined. In Tucson, storm sewers consist mainly of street gutters, 

and culverts under roadways. In four locations, larger storm sewers 

have been included as channel segments 1n the simulation. In some of 

the subbasins there are streets that receive storm flow from a number 

of side streets, and in effect these function as trunk sewers. These 

drainage streets were Included 1n the simulation as channel segments, 

whereas the collector sewer streets were Included as part of the 

overland-flow segments. 

The slopes, cross-section geometry, and roughness coefficients 

for the sewer channel segments were obtained from the as-built drawings 

where possible, and where these data were not available, some estimate 

was made from the topographic maps and by field examination. All 

street channels were taken as triangular sections with side slopes of 

25:1 and 4:1, regardless of the fact that in some streets flow takes 

place 1n the gutters along the sides of the paved way, while 1n others 

1t takes place down the center where the street 1s built with a reverse 

crown. 

Roughnesses for the street channels were taken to have a value 

of 0.015, and for corrugated metal pipe, a value of 0.022. These 

values and the slopes were not adjusted during calibration. 

The entire watershed was field-Inspected to make sure that all 

new major construction and all new major storm sewerage was Included 1n 

the formulation of the simulation. 
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Calibration 

Table 2 contains a 11st of the storms used for calibration. 

The goal of calibration 1s to produce a set of Infiltration parameters, 

soil moisture accounting parameters, and percent effective Impervious 

area, that can be used 1n the model to simulate runoff volumes as 

accurately as possible. In addition, a set of hydraulic parameters 

must be obtained that accurately simulate peak flows. The parameter 

set obtained 1n calibration 1s then used 1n verification. Since only 

runoff volume need be computed to obtain the soil moisture accounting 

and Infiltration parameters, 1t 1s not necessary to exercise the flood 

routing option 1n DR3M to compute a hydrograph for these parameters. 

The model was configured with three subbaslns, one corresponding to 

each of the three rainfall data sets. Each subbasln contained two 

overland-flow segments and one channel segment. 

In a separate run of the model, the hydraulic parameters, slope 

and roughness, for the overland-flow segments were adjusted until the 

model simulated as closely as possible the observed peak flows. In 

this step, the hydrographs must be simulated, and therefore, routing 

must be performed. The model was configured with its full compliment 

of overland-flow segments and channel segments 1n order to enhance the 

routing calculations and produce the best hydrograph possible. 

Since storm runoff 1s sensitive to the amount of effective 

Impervious area (EIA), DR3M includes EIA as an adjusted parameter in 

the optimization routine. This adjustment 1s accomplished by 

optimizing the parameter EAC, which is a factor that multiplies EIA. 
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Table 2. Storms used for calibration and verification 

Runoff/ 
Storm Rainfall Runoff Peak Flow Rainfall 
Date (1n.) (1n.) (cfs) (X) 

Calibration 

9/23/83 0.910 0.115 124 13 

6/29/84 0.799 0.148 187 19 

7/03/84* 0.385 0.058 121 15 

7/12/84* 0.204 0.058 91 28 

7/16/84 1.126 0.236 405 21 

8/23/84* 0.205 0.042 86 21 

7/21/86* 0.457 0.085 97 19 

8/13/86* 0.478 0.055 72 12 

8/24/86 0.692 0.149 221 22 

Verification 

8/12/82 0.836 0.164 107 20 

8/23/82 2.187 0.957 1571 44 

9/10/82 0.528 0.059 88 11 

9/11/82 1.995 0.533 193 27 

8/14/84 0.651 0.108 105 17 

9/11/84 0.550 0.077 121 14 

9/26/84 1.252 0.155 79 12 

* = Storms used to calibrate soil moisture accounting and infiltration 
parameters. 
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The first step 1n calibration 1s computation of the optimum value of 

EAC. 

Storms that produce little or no pervious area runoff can be 

used to adjust EIA, since most runoff from these storms must come from 

the effective Impervious area. In this simulation, storms that were 

expected to produce pervious areas runoff that was less than 10% of the 

total runoff, and that was less than 0.010 Inch, were selected for cal

ibration of EAC. These storms are marked with an asterisk on Table 2. 

After optimizing EAC, the next step was optimization of the 

Infiltration and soil moisture accounting parameters. These are listed 

in Figure 7. For this step, the remainder of the storms, those 

producing large amounts of pervious area runoff, were used, working on 

the assumption that the hydrographs from these storms would be most 

sensitive to this group of parameters. 

Experienced users of DR3M have reported that the four parame

ters (KSAT, PSP, RGF, BMSN; F1g. 7) dominate the result. Therefore, 

the procedure 1s to start with the best possible estimate of these 

parameters, and to then optimize them Individually one at a time. The 

remaining two parameters (EVC and RR) are set at the best estimate and 

not changed. 

After obtaining an initial set of parameter values, the next 

step was to optimize the above four paremeters simultaneously, while 

leaving the rest unchanged. If the starting point 1n the first step 

was close to the optimum, then little change 1n the parameter set can 

be observed. 
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Soil-Moisture Accounting 

Parameters: 

EVC — A pan coefficient for converting measured ban 
evaporation to potential evapotransplration 

RR — The proportion of dally rainfall that Infiltrates Into 
the soil for the period of stimulation excluding unit 
days 

BMSN — Available soil water at field capacity, in inches 

infiltEailon 

Parameters: 

KSAT —The effective saturated value of hydraulic conductivity 
in inches per hour 

RGF —Ratio of suction at the wetting front for soil moisture 
at wilting point to that at field capacity 

PSP —Suction at wetting front for soil moisture at field 
capacity, in inches. 

Figure 7. List of soil moisture accounting and infiltration 
parameters 
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As 1t turns out, there 1s often no clearly defined optimum. 

This occurs because there 1s a strong correlation between the two 

parameters, PSP and KSAT; if the value of one of these parameters 1s 

Increased, the effect can be offset by decreasing the other. One can 

picture this condition by Imagining the surface created by the 

objective function: correlated parameters result 1n the formation of a 

long narrow valley in this surface. The search for the lowest point 

1n this valley may be futile, since any point along the axis of this 

valley may produce a minimum value of the objective function. In this 

case, there is no unique optimum parameter set. 

This being the case, the procedure was to examine the two sets 

of parameters that resulted from the above two steps and to select as 

the optimum the set that gave the lowest value for the objective 

function. If the value was the same for both sets, then the parameter 

set resulting from the simultaneous optimization was selected. 

One other parameter, that 1s not Included 1n the optimization 

routine, 1s impervious retention, IMP. IMP can range from 0.01 to 0.11 

inch (Ellis, 1989), and its value can have a significant effect on the 

results. To arrive at an estimate for IMP, a plot was made of the 

rainfall (ordinate) and runoff (abscissa) for the storms producing the 

least amount of pervious area runoff. The value of rainfall where 

runoff 1s zero was taken as the Impervious retention. 

The parameter RR 1s the percentage of daily rainfall that 

never appears as runoff. It was observed that for the sixteen storms 



used 1n calibration and verification, the average ratio of runoff to 

rainfall was 20%. Therefore, the value of RR was fixed at 80%. 

The final step 1n calibration is the adjustment of ALPADJ. 

ALPADJ 1s the parameter that multiplies alpha 1n the routing equations. 

Alpha Includes the effect of roughness and slope on the flow over 

overland-flow segments, and through channel segments. An Increase in 

alpha (a value of ALPADJ greater than 1.0) speeds up the routing, 

increasing the hydrograph peaks, and a decrease (ALPADJ less than 1.0) 

slows down the routing, decreasing the peaks. 

The model was run successively with the routing routine using 

the full subbasln configuration for all nine calibration storms; a 

different value of ALPADJ was used for each run until the minimum value 

of the objective function for peaks was obtained. The value of ALPADJ 

thus obtained was then used to adjust the alphas 1n the input to an 

optimum set of values. 

The complex geometry and topography of a natural watershed can 

only be approximated 1n the model. The grosser the approximation, the 

more profound are the distortions that result 1n the optimized 

parameters. It was felt that the greatest deviations between the real 

watershed geometry and the model approximation to 1t exist on the 

overland-flow planes where a complex drainage system of rills and 

street gutters are very roughly approximated by the overland-flow 

planes. For that reason, the adjustments Indicated by ALPADJ were 

applied only to the roughness coefficients for the overland-flow 

segments, leaving the channel segments as they were. 
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Verification 

Once all the parameters were adjusted 1n calibration to produce 

the best agreement between the simulated and observed hydrographs, the 

model was run using those parameters with the storms listed 1n Table 2 

for verification. The difference between the observed runoff volumes 

and peak flows, and the simulated runoff volumes and peak flows was 

computed using the median absolute deviation. Thus the performance of 

the model was evaluated. 
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CHAPTER 4 

RESULTS 

The hydrographs produced by DR3H for the nine calibration 

storms, and the seven verification storms are shown in the Appendix A 

for the case of ROBC (data from five gages combined into three, with 21 

subbaslns; see page 29). In addition, the last two hydrographs 1n the 

Appendix show the results for 11 September 1984 for the case R0B5 

(using gages 1, 2, and 4, 21 subbaslns; see page 30), and case R0B3 

(data from five gages combined into three, with 3 subbaslns; see page 

30) for comparison purposes. The observed and simulated hydrographs 

are plotted together. 

The information contained 1n the hydrographs of greatest inter-

rest are the runoff volumes and the peak flows. This Information 1s 

summarized for all storms and for the three cases (ROBC, R0B5, R0B3) 1n 

Tables 3 to 5. Also shown 1n these tables 1s the amount of runoff 

produced on pervious areas for all storms and for the three cases. 

Although the hydrographs 1n the Appendix allow for a qualita

tive comparison between the observed and the simulated hydrographs, a 

better comparison can be made by plotting observed runoff volumes 

versus simulated runoff volumes, and observed peak flows versus simu

lated peak flows. These plots are shown on Figures 8 to 19 for the 

calibration storms and the verification storms for the three cases. 
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Table 3. Results of simulation, ROBC 

Storm 
Date 

Runoff 
(in.) 

Peak 
Flow 
(cfs) 

Pervious 
Area 
Runoff 
(1n.) 

Pervious 
Area 
Runoff* 
(%) 

% Absolute 
Deviation** 

Peak 
Volume Flow 

Calibration 

9/23/83 0.148 200 0.007 6 29 61 

6/29/84 0.138 221 0.005 3 7 18 

7/03/84 0.057 146 0.002 3 2 21 

7/12/84 0.044 98 0.001 2 24 8 

7/16/84 0.182 260 0.011 5 23 36 

8/23/84 0.031 48 0.000 0 26 44 

7/21/86 0.080 116 0.002 2 6 20 

8/13/86 0.053 60 0.002 4 7 17 

8/24/86 0.138 189 0.013 

Verification 

9 7 14 

8/12/82 0.160 114 0.006 4 2 7 

8/23/82 0.435 846 0.098 10 55 46 

9/10/82 0.075 63 0.002 3 27 28 

9/11/82 0.264 198 0.006 1 50 3 

8/14/84 0.121 145 0.005 5 12 39 

9/11/84 0.080 141 0.003 4 4 17 

9/26/84 0.207 106 0.003 2 34 34 

•Pervious area runoff as percent of total runoff. 

••Absolute deviation as percent of observed value. 
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Table 4. Results of simulation. R0B5 

Storm 
Date 

Runoff 
On.) 

Peak 
Flow 
(cfs) 

Pervious 
Area 
Runoff 
On.) 

Pervious 
Area 
Runoff* 
(X) 

% Absolute 
Deviations 

Peak 
Volume Flow 

Calibration 

9/23/83 0.163 221 0.017 15 42 78 

6/29/84 0.141 255 0.011 7 5 36 

7/03/84 0.067 141 0.006 10 16 17 

7/12/84 0.057 129 0.004 7 2 42 

7/16/84 0.181 284 0.027 11 23 30 

8/23/84 0.025 38 0.001 2 40 56 

7/21/86 0.081 106 0.003 4 5 9 

8/13/86 0.047 51 0.004 7 15 29 

8/24/86 0.126 135 0.020 

Verification 

13 15 39 

8/12/82 0.128 117 0.006 4 22 9 

8/23/82 0.504 1007 0.171 18 47 36 

9/10/82 0.077 63 0.004 7 31 28 

9/11/82 0.343 206 0.018 3 36 7 

8/14/84 0.129 167 0.008 7 19 60 

9/11/84 0.083 180 0.007 9 8 49 

9/26/84 0.198 107 0.005 3 28 35 

•Pervious area runoff as percent of total runoff. 

••Absolute deviation as percent of observed value. 
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Table 5. Results of simulation. R0B3 

Storm Runoff 
Date (1n.) 

Peak 
Flow 
(cfs) 

Pervious 
Area 
Runoff 
(1n.) 

Pervious 
Area 
Runoff* 
(%) 

X Absolute 
Deviation 

Volume 
Peak 
Flow 

Ca11fc>nrtl9n 

9/23/83 0.162 230 0.005 4 41 85 

6/29/84 0.157 244 0.003 2 6 30 

7/03/84 0.070 159 0.001 2 21 32 

7/12/84 0.052 106 0.000 0 10 16 

7/16/84 0.185 251 0.006 3 22 38 

8/23/84 0.034 49 0.000 0 19 43 

7/21/86 0.091 127 0.001 1 7 31 

8/13/86 0.052 63 0.001 2 • 9 13 

8/24/86 0.126 177 0.007 5 16 20 

Verification 

8/12/82 0.165 90 0.004 2 1 16 

8/23/82 0.422 820 0.061 6 56 48 

9/10/82 0.077 63 0.001 2 31 28 

9/11/82 0.281 226 0.004 1 47 17 

8/14/84 0.128 211 0.003 3 19 103 

9/11/84 0.088 140 0.002 3 14 17 

9/26/84 0.223 125 0.002 1 44 58 

•Pervious area runoff as percent of total runoff. 

••Absolute deviation as percent of observed value. 
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The difference between the observed and the simulated volumes and peaks 

expressed as a percent of the observed 1s Included 1n Tables 3 to 5. 

Some overall assessment of the simulation error can be made by 

computing the median absolute deviation (Alley, 1986). This 1s the 

median value of the difference between the observed and the simulated 

volumes and peaks expressed as a percent of the observed. This 

statistic 1s computed for all calibration storms and all verification 

storms for the three cases; the results are shown summarized 1n Table 

6 .  

In order to make some assessment of the performance of DR3M as 

used 1n the Tucson urban setting, the median absolute deviation (MAD) 

for Rob Wash was compared with the MAD for simulations using DR3M 1n 

other basins 1n the United States, as reported by Alley (1986). 

Table 6. Median absolute deviations as percent of observed 
value 

ROBC R0B5 ROB3 

CAL VER CAL VER CAL VER 

Volume 15 26 18 27 17 30 

Peak 27 25 37 31 34 41 
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The MAD's for Rob Wash for the three cases are shown 1n Figures 

20 to 22 along with box plots depicting the simulation errors for the 

basins reported by Alley. The first plot shows Rob Wash 1n comparison 

with all of the basins. The second plot shows Rob Wash 1n comparison 

with two groups of basins formed by dividing the original sample Into 

one group with drainage areas greater than 10 km2 (3.86 ml2), and one 

group with drainage areas less than 10 km2 (3.86 ml2; the drainage area 

of Rob Wash above the stream gage 1s 2.04 ml2). The third plot shows 

Rob Wash in comparison with one group of basins with percent effective 

Impervious area less than 20%, and one group with percent effective 

Impervious area greater than 20% (the overall percent effective 

Impervious area for Rob Wash 1s 20%). 

The set of optimized parameters resulting from the calibration 

step 1s shown 1n Table 7. The set consists of nine parameters, seven 

of which represent physical quantities characteristic of the watershed 

that determine runoff, and two that are adjustment parameters (EAC and 

ALPADJ). ALPADJ 1s applied to the overland-flow plane roughnesses 

only, except in case R0B3. In the case of R0B3, two values are 

reported: one applied to the overland-flow plane roughnesses, and one 

applied to the channel segment roughnesses. 

Finally, Table 8 shows the results of a number of runs that 

were made to make some assessment of the sensitivity of the model to 

each of the parameters. In each run, the parameters were set at some 

reasonable but fictitious value, and then one of the parameters was 

adjusted up or down by a fixed amount as indicated 1n the table. 
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quartiles, and maximum and minimum values. Sample sizes are from left 
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Boxplots of simulation errors for country-wide sample (median absolute 
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with drainage areas less than 10 km . The first four boxplots are for 
volumes; the latter four are for peaks. Boxplots show median, upper 
and lower quartlles, and maximum and minimum values. Sample sizes are 
from left to right: 27, 10, 18, 5, 26, 9, 17, 4 (Alley, 1986). 
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Table 7. Optimized parameters 

Parameter ROBC R0B5 R0B3 

PSP 7.95 6.46 7.72 

KSAT 0.545 0.465 0.599 

RGF 9.88 7.93 13.84 

BMSN 5.99 5.99 5.99 

EVC 0.70 0.70 0.70 

RR 0.80 0.80 0.80 

EAC 0.867 0.782 0.927 

IMP 0.05 0.05 0.05 

ALPADJ 1.16 1.20 4.00 (1.20) 
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Table 8. Sensitivity 

Parameter 
Original 
Value 

Adjusted 
Value 

Average % 
Change 1n 

Volume 

PSP 

KSAT 

RGF 

BMSN 

EVC 

RR 

IMP 

Adjusted Individually 

3.99 5.99(+50%) - 2.0 

0.534 0,427(-20%) +2.0 

7.57 11.36(+50%) - 2.3 

5.99 3.00(-50%) 0 

0.81 0.50(-38%) 0 

0.91 0,70(-23%) 0 

0.05 0.01(-80%) +10 

-  2 . 0  

+ 1.3 

- 2.0 

0 

0 

0 

PSP 

KSAT 

RGF 

Adjusted Simultaneously 

3.99 5.99(+50%) 

0.534 0.599(+12%) 

7.57 11.36(+50%) 

- 4.1 - 3.6 
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The resulting runoff volume and peak flow were compared to the 

runoff volume and peak flow before adjusting the parameter of Interest, 

and the percent change was noted. A final run was made after adjusting 

the infiltration parameters (PSP, KSAT, RGF) all 1n the direction of 

Increased Infiltration; the results are reported on the last line of 

Table 8. 
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CHAPTER 5 

DISCUSSION 

General 

Errors 1n simulation arise from two sources: (1) errors 1n 

data such as rainfall and streamflow measurements, or Initial estimates 

of some sensitive parameters such as effective Impervious area, and 

(2) errors Inherent 1n the model, such as approximations made 1n the 

routing equations, or failure to account correctly for some physical 

phenomenon such as spatial variations 1n rainfall or Infiltration. 

In general, when errors occur 1n one part of the model, great distor

tions can occur 1n the model parameters during calibration. These 

occur as a result of an effort to get a good fit between observed and 

simulated hydrographs. This distortion may be of little Interest 1f 

the analysis gives simulated hydrographs that closely approximate 

observed hydrographs, and 1f the analysis 1s applied only to the basin 

under study. If the purpose of the analysis 1s, on the other hand, to 

establish confidence 1n the model for a wider use, then distortions 

may Impair the use of the model. DR3M was used on Rob Wash to get 

some idea as to the size of the simulation error to be expected 1n 

the Tucson metropolitan area, and to search out the sources of the 

error. 



Simulation Error—ROBC 

The simulation error 1s measured by the median absolute 

deviation (HAD). The MAD's for peaks and volumes for the case of ROBC 

were always within one quartlle of the median MAD reported for the 

results obtained 1n other basins 1n the country using DR3M. DR3M is 

therefore able to obtain results 1n Tucson that compare favorably with 

the performance of DR3M 1n other parts of the country. 

For the case of ROBC, the MAD's were all close to the same 

value, as shown 1n Table 6, except for calibration of runoff volume. 

The simulation error for runoff volume in verification 1s greater than 

in calibration, yet the opposite 1s true for peak flows. This would 

appear to indicate an error 1n the results, since one would expect much 

less simulation error 1n calibration, where the purpose 1s to adjust 

the model parameters to get the best fit between observed and simulated 

hydrographs, and therefore produce the least error. However, this 1s 

not necessarily true. The MAD computed from a sample is an estimator 

of the MAD for the population, and therefore 1s Itself a random 

variable that varies from sample to sample. One could expect then that 

the simulation error computed for calibration, which 1s one sample, 

would be sometimes greater than and sometimes less than the simulation 

error computed for verification, which 1s another sample. 

A simple regression analysis was made 1n which a line of best-

fit was computed (but not plotted 1n the figures) for each of the sets 

of data shown 1n Figures 8 through 19. The slope of the regression 

line for volume and peak flow for calibration was 0.920 and 0.858, 
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respectively, while for volume and peak flow for verification 1t was 

0.394 and 0.500, respectively. A regression slope less than 1.0 means 

that the model will underestimate larger events, and overestimate 

smaller events. (A large event 1s a storm that produces a runoff 

volume and a peak flow that 1s greater ttian the mean of observed runoff 

volumes and peak flows; a small event 1s the opposite.) This 1s the 

case on Rob Wash, perhaps even more so given the very low values of the 

regression slope 1n verification as compared to that 1n calibration. 

As can be seen 1n Figure 23, regression slopes for Rob Wash deviate 

considerably from the mean regression slope for a sampling of basins 1n 

the United States. 

As was previously mentioned, the role of effective impervious 

area (EIA) is an important one. It has been pointed out (Alley, 1986) 

that an error 1n the Initial estimation of EIA can cause a large 

compensating distortion 1n other parameters that are highly correlated 

with EIA. This is the reason for calibrating EAC (the parameter that 

adjusts EIA) on those storms that produce the least runoff from pervi

ous areas. The Idea being that since most of the runoff 1s coming from 

Impervious areas, 1t does not matter what the Infiltration parameters 

are since the results will be controlled, according to the assumption, 

entirely by total Impervious area and EIA, and calibration at this 

point can concentrate exclusively on adjusting EIA without causing 

great compensating errors in other parameters. On Rob Wash, the Issue 

1s of less Importance. This 1s so because the distinction made between 

storms of high and low pervious area runoff 1n this study 1s not 
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Figure 23. Regression slope 1n relation to country-wide 
sample.—Boxplots of slopes of regression of simulated on measured 
values for country-wide sample. First two boxplots are for volumes. 
Latter two are for peaks. Boxplots show median, upper and lower 
quartlles, and maximum and minimum values. Sample sizes are from left 
to right: 37, 23, 35, 21 (Alley, 1986). 
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clearly defined since almost all storms Included 1n the simulations 

produce very little 1n pervious area runoff. Nevertheless, EIA was 

adjusted using the storms that produced the least amount of pervious 

area runoff. 

The importance of EIA lies 1n the relation 1t has to 

Infiltration losses taking place during transit. DR3M does not account 

for runoff lost by this route. Such losses would occur as rainfall 

excess flows over pervious surfaces and as the flood wave progresses 

down natural channels. This 1s especially significant 1n Tucson where 

storm runoff flows through arroyos and washes that remain dry until 1t 

rains. 

If one assumes that EAC, which adjusts EIA, 1s not compensating 

for another parameter, such as Impervious retention or RAT (the effect 

of which is described below; the Infiltration parameters are out of the 

picture because 1t 1s assumed that only storms producing little pervi

ous area runoff are used to calibrate EAC), then EAC must account for 

one or two things. It could account for an Incorrect Initial estimate 

of EIA. On the other hand, it could account for transit losses, which 

DR3M does not consider. By decreasing EIA (produced by a value of EAC 

less than 1.0), and concomitantly increasing the noneffective impervi

ous area, more rainfall 1s diverted to Infiltration, thereby reducing 

the amount of rainfall excess that is routed downstream. If the 

initial estimate of EIA was accurate, then EAC must account for transit 

losses. In the simulation of Rob Wash, EAC 1s 0.87; if the Initial 
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estimate of EIA was accurate, then this value reflects the effect of 

transit losses. 

Accounting for transit losses through EAC, although 1t may 

produce the correct runoff volume, will not produce the same hydrograph 

that would result from actually simulating losses 1n transit. This 

fact may be compensated for 1n the routing parameter ALPADJ; the effect 

of transit losses will therefore later turn up as an adjustment in the 

channel or overland flow roughnesses or slopes. 

It 1s possible that EAC, rather than accounting for transit 

losses, actually accounts for the effects of RAT. RAT 1s the ratio of 

noneffective Impervious area plus pervious area to pervious area. DR3M 

multiplies rainfall on pervious areas by RAT to account for the 

contribution of runoff from noneffective Impervious surfaces. This 1s 

a lumped parameter, being the same for all subbasins. In those 

subbaslns with more than the average pervious area, there 1s likely to 

be an overestimate of rainfall excess, while in those subbaslns with 

less than the average pervious area, there 1s likely to be an 

underestimate of rainfall excess. If all subbaslns were of uniform 

character with regard to percent pervious area, and percent effective 

impervious area, then there 1s no problem 1n using RAT as a lumped 

parameter. If, on the other hand, the subbaslns are not uniform, as 1n 

Rob Wash, then there may be distortions Introduced Into the hydrograph; 

and 1t is possible that EAC will be adjusted 1n the optimization 

routine to remove this distortion. It 1s therefore difficult to say 
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whether EAC accounts for transit losses, or the effect of RAT (or 

Inaccuracies 1n EIA) on Rob Wash. 

One last simulation error 1s to be noted 1n the hydrographs 

simulated on Rob Wash. Almost every simulated hydrograph lags the 

observed hydrograph by some amount. In some storms, such as the one of 

13 August 1986 where the lag 1s as much as 20 minutes, there may be an 

error 1n the data, or an error 1n synchronizing the gages. In the rest 

of the cases, however, this lag error may be due, 1n part, to the way 

rainfall data are recorded. The rain gages record to the nearest 0.01 

foot every 5 minutes. If, for example, rain falls at such a rate that 

1t takes three time steps to accumulate 0.06 Inch, the model will 

simulate 0.12 Inch of rainfall during the third time step, when 1n 

reality rain began falling two time steps earlier. Some rainfall 

excess and runoff must be produced during those first two time steps, 

at least from Impervious surfaces, that the model is missing, the 

result being a discrepancy between the observed and the simulated 

hydrographs. 

Turning attention to the Infiltration and soil moisture 

accounting parameters, some observations can be made. First, the 

sensitivity analysis shows that the model 1s not very sensitive to 

these parameters. The significance of this fact 1s that small errors 

1n input data will result 1n very large errors in the optimized values 

of these parameters. Second 1s the fact that very little runoff 

originates on pervious surfaces. This 1s really just another way of 

stating the first observation. Because of this fact, optimization of 
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these parameters 1s very difficult, since they do not enter Into the 

simulation of the hydrographs 1n any prominent way. Therefore, when 

using DR3M on Rob Wash, 1t was acceptable to set these parameters at 

some reasonable value and not adjust them. The third observation 1s 

related to the Rosenbrock optimization procedure (see p. 21) and the 

fact that PSP and KSAT are highly correlated. As explained earlier, 

this also makes optimization of these parameters difficult. The fourth 

observation 1s that the infiltration parameters tend toward the upper 

bounds, or toward increased Infiltration rates. This explains why, 

although the watershed is 70% pervious, much less than 10% of runoff 

originates on pervious surfaces. This could again be the result of the 

model trying to account for transit losses. The conclusion to be made 

from these four observations is that the optimized parameter set 1s not 

unique, and therefore 1n no way represents any physical property of the 

watershed that can actually be measured. The deterministic quality of 

the model is therefore diminished. 

Simulation Error—ROBS 

The purpose of running ROBS (where rain gages 1, 2, and 4 are 

used) was to see what effect changes 1n the Input rainfall data would 

have on the simulation results. This would 1n turn reflect the 

significance of spatial variability 1n rainfall, and the number and 

deployment of rain gages. 

The simulation error for runoff volume remains about the same 

for ROBS as compared to ROBC. The simulation error for peak flows, 

however, Increases significantly. Some changes are observed in the 
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optimized Infiltration and soil moisture accounting parameters, which, 

given their 1nsensit1v1ty, are not very Important. The value of EAC, 

however, changes from 0.867 to 0.782, a significant change. This, 

combined with a decrease 1n the Infiltration rate, results in an 

Increase 1n the percent pervious area runoff for some storms. 

Rain gages 1, 2, and 4 were selected for ROBS because they are 

located at the upper end, middle, and lower end of the watershed, and 

therefore should represent fairly well the rainfall pattern on the 

watershed. Nevertheless, there 1s a significant change 1n the results 

as compared with ROBC. The conclusion to be made 1s that spatial 

variability of rainfall 1s important 1n the Tucson metropolitan area 

for summer convectlve storms on watersheds that are greater than 2 ml2 

1n area. In the case of this analysis of Rob Wash, 1t 1s apparent that 

the use of more rain gages provides more Information, and Improves the 

results. 

Simulation Error—ROB3 

The case of R0B3 (subdividing the watershed Into three sub-

basins and three channel segments) was run to see what effect a coarser 

subdivision of the watershed would have, as compared to the finer 

subdivision of ROBC. 

There 1s some Increase 1n the simulation error for runoff vol

ume and peak flow in calibration and verification, with a much greater 

increase in the error 1n peak flow for verification, as compared to 

ROBC. The infiltration and soil moisture accounting parameters remain 
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about the same, with a slight Increase 1n EAC. As 1n ROBC, there 1s 

very little pervious area runoff. 

The parameter of greatest Interest 1s ALPADJ. An extreme high 

value of ALPADJ applied to the overland flow plane roughnesses was 

required to get the simulated hydrograph to fit the observed. Not only 

that, but an additional ALPADJ was applied to the channel segment 

roughnesses. These adjustment factors were both greater than 1.0, 

meaning that the simulated hydrograph required speeding up. 

It has been pointed out that (Lane, Woolhlser, and Yevjevlch, 

1975) three Indices describe how well a simulated watershed approxi

mates Its real life counterpart. A fourth Index, the hydrograph 

goodness-of-f1t Index, measures how well the simulated hydrograph 

approximates the observed hydrograph. In general, as the three 

watershed Indices approach 1.0 1n simulation, the hydrograph goodness 

of fit Index approaches 1.0. 

The first Index 1s the Index of concavity, which is a measure 

of the goodness of fit between the simulated channel profiles and the 

real channel profiles. The second 1s the geometric goodness of fit 

which 1s a measure of how well the overland-flow planes fit the real 

topography. The last Index 1s the drainage density Index, which 1s the 

ratio of the drainage density of the simulated watershed to that of the 

real watershed. 

In simulating rainfall and runoff, one is forced for practical 

reasons to approximate the watershed with some number of overland flow 

planes and channel segments. The simulated watershed Indices are 
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therefore less than 1.0, and the resulting hydrograph Index 1s less 

than 1.0. One compensates for this distortion 1n watershed geometry by 

adjusting the routing parameters (roughnesses or slopes) to get a good 

hydrograph fit. Distortions 1n the watershed geometry thus result 1n 

distortions 1n model parameters. 

This 1s the phenomenon observed 1n comparing R0B3 with ROBC. 

The watershed indices 1n R0B3 are obviously less than those for ROBC, 

and very much less than those for the real watershed. The result 1s 

that, although the simulated runoff volumes are not too bad, a very 

large adjustment was required 1n the routing parameter ALPADJ to get 

the peak flows to fit the observed hydrographs. Therefore, the 

resulting model roughnesses and slopes obtained from ROB3 bear very 

little resemblance to reality. 

One last observation 1s made upon examination of the 

hydrographs for the storm of 11 September 1984 for R0B3 and ROBC. The 

fit for both cases 1s not too bad except that the R0B3 hydrograph is 

lagged significantly behind the observed hydrograph. It has been 

observed by Lane et al. (1975) that the hydrograph lag Increases as the 

drainage density decreases. This 1s clearly the phenomenon observed 

here. Even though ALPADJ was adjusted to minimize the objective 

function for peaks, a lag between the observed and simulated 

hydrographs persists for this reason. 

While 1t 1s true that as the degree of basin subdivision 

Increases, the results improve, as a practical matter, the user will 

reach a point where any marginal Improvement 1n results cannot justify 



the additional effort required to refine the degree of subdivision. 

Arriving at the proper amount of subdivision required for a given 

watershed 1s a skill acquired with experience with the model. 



75 

CHAPTER 6 

CONCLUSIONS 

The calibration and verification of DR3M on Rob Wash lead to 

the following conclusions: 

1. The simulation errors for DR3M on Rob Wash (ROBC) as measured 

by the median absolute deviation for verification are within 

one quartlle of the median HAD for DR3M on other basins 1n the 

country (F1g. 20). 

2. The infiltration and soil moisture accounting parameters 

obtained 1n calibration through the optimization routine are 

not unique and do not represent any physical characteristic of 

the watershed. This fact diminishes the deterministic 

character of DR3M, and could cause problems 1n transferring the 

results of this test to other basins. 

3. DR3M does not explicitly account for transit losses, which are 

significant 1n the arid climate of Tucson. This fact creates 

ambiguity 1n the meaning of the other parameters, especially 

the parameter EAC. EAC may account for transit losses, errors 

1n the estimation of effective Impervious area, or the lumped 

nature of the parameter RAT. 

4. Based on this test, DR3M normally underestimates runoff volumes 

and peak flows for large storms and overestimates runoff 

volumes and peak flows for small storms. A large storm 1s one 
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that produces a runoff volume or peak flow greater than the 

mean of the observed values of those quantities, and a small 

storm 1s one that produces volumes and peaks smaller than the 

mean. 

5. Because of the spatial variability of summer storms 1n Tucson, 

the number and location of rain gages has a significant effect 

on the results of simulation for watersheds equal to or greater 

than the size of Rob Wash. Although DR3M can accommodate data 

from only three rain gages, data from more than three can be 

combined with weighting factors to improve the results. 

6. As the geometric approximations required for simulation become 

greater, gross distortions appear 1n the routing parameters. 

The model becomes Increasingly parametric, and less 

deterministic. 
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CHAPTER 7 

RECOMMENDATIONS AND FURTHER INVESTIGATION 

DR3M, as 1t has been calibrated 1n this Investigation, could be 

used with confidence to simulate hydrographs at other points within the 

Rob Wash watershed. However, people who have experience 1n modeling 

recommend that further testing be done If a model 1s to be applied to 

ungaged watersheds. Klemes (1986), for example, recommended the 

following procedures: calibrate on basin A, a gaged basin, and verify 

on basin B, also a gaged basin. Then, calibrate on basin B, and verify 

on basin A. In this way he suggested that the user has established 

confidence for the transfer of the model to basin C, an ungaged 

watershed. Further testing of this nature using DR3M could be carried 

out on the other watersheds Included 1n the U.S.G.S. study. 

Other testing of DR3M that would be of interest would be to 

regroup the storms 1n Table 2 into two new sets for calibration and 

verification. Then repeat the calibration and verification procedure 

using those new sets of storms, and compare the results with those 

obtained in this report. 

This study Indicates that DR3M obtains better results using all 

five rain gages than using only three. If the data were available, 1t 

would be of interest to see 1f better results could be obtained using a 

smaller time step for the rainfall and runoff data, such as one minute. 

Also, the model could be run to see if the results improve using more 
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precise gages measuring to one hundredth of an Inch rather to one 

hundredth of a foot. 

Finally, 1t would be Interesting to test other models using the 

U.S.G.S. data and then to compare the results with those obtained using 

DR3M. 
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HYDROGRAPHS 
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Figure A-1. Hydrograph for September 23 and September 24, 
19B3: Calibration, ROBC 
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Figure A-2. Hydrograph for June 29, 1984: Calibration, ROBC 
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Figure A-3. Hydrograph for July 3 and July 4, 1984: 
Calibration, ROBC 
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Figure A-4. Hydrograph for July 12 and July 13, 1984: 
Calibration, ROBC 
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Figure A-5. Hydrograph for July 16 and July 17, 1989: 
Calibration, ROBC 
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Figure A-6. Hydrograph for August 23, 1984: Calibration, ROBC 
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Figure A-7. Hydrograph for July 21, 1986: Calibration, ROBC 
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Figure A-8. Hydrograph for August 13 and August 14, 1986: 
Calibration, ROBC 
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Figure A-9. Hydrograph for August 24, 1986: Calibration, ROBC 
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Figure A-10, Hydrograph for August 14, 1984: Verification, 

ROBC 
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Figure A-11. Hydrograph for September 11, 1984: Verification, 
ROBC 
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Figure A-12. Hydrograph for September 26, 1984: Verification, 
ROBC 
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Figure A-13. 
Verification, ROBC 

Hydrograph for August 12 and August 13, 1982: 
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Figure A-14. Hydrograph for August 23, 1982: Verification: 
ROBC 
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Figure A-15. Hydrograph for September 10, 1982: Verification, 
ROBC 
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Figure A-16. Hydrograph for September 11 and September 12, 
1982: Verflcation, ROBC 
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Figure A-17. Hydrograph for September 11, 1984: Verification, 
ROB5 
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Figure A-18. Hydrograph for September 11, 1984: Verification 
R0B3 
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