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CALIBRATION OF A DISTRIBUTED ROUTING RAINFALL-RUNOFF 
MODEL AT FOUR URBAN SITES NEAR MIAMI, FLORIDA

By W. Harry Doyle, Jr. and Jeffrey E. Miller

ABSTRACT

Urban stormwater data from four Miami, Fla. catchments were 
collected and compiled by the U.S. Geological Survey and were used 
for testing the applicability of deterministic modeling for characterizing 
stormwater flows from small land-use areas. A description of model 
calibration and verification is presented for:

(1) A 40.3-acre single-family residential area,

(2) A 58.3-acre highway area,

(3) A 20.4-acre commercial area, and

(4) A 14.7-acre multifamily residential area.

Rainfall-runoff data for 80, 108, 114, and 52 storms at sites 1, 2, 3, 
and 4, respectively, were collected, analyzed, and stored on direct- 
access files. Rainfall and runoff data for these storms (at 1-minute 
time intervals) were used in flow-modeling simulation analyses. A 
distributed routing Geological Survey rainfall-runoff model was used to 
determine rainfall excess and route overland and channel flows at each 
site. Optimization of soil-moisture-accounting and infiltration parameters 
was performed during the calibration phases. The results of this study 
showed that with qualifications an acceptable verification of the 
Geological Survey model can be achieved.

OBJECTIVES AND INTRODUCTION

The purpose of this report is to present mathematical modeling 
results of the rainfall-runoff process for urban stormwater data collected 
from January 1974 to June 1978, near Miami, Fla. A distributed routing 
rainfall-runoff model developed by Dawdy, Schaake, and Alley (1978) was 
calibrated and verified for four urban sites located near Miami in 
Broward and Dade Counties, Fla.

The report also describes the procedures used to achieve calibration 
and verification. Similar study areas could be modeled following report 
guidelines. The four sites were:

\
(1) A 40.8-acre single-family residential area,

(2) A 58.3-acre highway area,

(3) A 20.4-acre commercial area, and

(4) A 14.7-acre multifamily residential area.

The location of these sites is shown in figure 1.
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Rainfall-runoff data for 80, 108, 114, and 52 storms at sites 1, 2, 
3, and 4, respectively, were collected and analyzed, and the results 
were stored on direct-access disk files. Rainfall and runoff data are 
available at 1-minute time intervals. This unique detailed sampling 
information provided a significant data base of hydrograph information 
for flow that was used for model calibration and verification.

DESCRIPTION OF MODEL

An urban watershed model developed by Dawdy, Schaake, and Alley 
(1978) hereafter referred to as the DSA model was adopted to route 
rainfall runoff to the outlet of each urban site. Modifications were 
made to the model (W. M. Alley, written commun., 1978) to accommodate 1- 
minute rainfall and runoff data recorded for these sites.

The model uses kinematic wave theory for routing flows over con 
tributing areas through channels and (or) storm sewers that can be 
branched to the watershed outlet. A soil infiltratioh and moisture- 
accounting procedure (Dawdy and others, 1972) is used to determine the 
effect of antecedent conditions on the pervious watershed infiltration 
and to compute rainfall excess. The rainfall excess is then routed over 
pervious surfaces and two types of impervious surfaces: (1) hydraulically 
effective impervious areas (HEIA) impervious areas draining directly 
into the channel drainage system, and (2) noneffective impervious areas 
(NIA) impervious areas that drain onto pervious areas.

For a given modeling application, the drainage basin can be divided 
into as many as four types of segments:

(1) Overland-flow segments,

(2) Channel or pipe segments,

(3) Reservoir segments, and

(4) Nodal segments.

The DSA model was modified to accept as many as 99 total segments which 
provides the user a significant amount of flexibility for delineating 
the drainage basin. Channel segments are allowed to receive upstream 
inflow from as many as three segments, including any of types (2) to 
(4). In addition, a channel or pipe segment can receive uniformly 
distributed lateral inflow from overland-flow segments. The overland- 
flow segments receive uniformly distributed lateral inflow from excess 
precipitation. The model provides the option to use two types of 
reservoir routing (not tested in this report) linear-storage routing or 
modified-Puls routing. It can also accept two types of nodal segments. 
These are junctions and input hydrographs.

Kinematic wave theory using a finite-difference solution scheme is 
applied to overland flow and channel or pipe routing. Kinematic wave 
equations are an approximation of the St. Venant equations in which the 
dynamic effects of flood wave movement are neglected. In this approxi 
mation the friction slope is assumed equal to the channel slope.



Pipe flow in the model is limited to nonpressurized flow. When the 
runoff is greater than the capacity of nonpressurized pipe flow, the 
excess water is stored and later released when the runoff is less than 
this capacity.

CALIBRATION AND VERIFICATION OF THE MODEL 

Highway Site

The same procedure for calibrating and verifying the DSA model was 
utilized at each of the four sites. For continuity, the following 
detailed discussion will pertain only to the 58.3-acre highway site. 
Later sections of this report will summarize calibration and verification 
results for the other sites. The highway basin contains a 3,000-foot 
highway section and is 36 percent impervious (21 acres) and 64 percent 
pervious (37 acres). The impervious area includes 14 acres of roads and 
1 acre of roof tops.

Data Management System

 Rainfall and stage data were recorded at the highway site for the 
period April 1975 through July 1977. Discharge was computed from two 
stage readings in a U-shaped constriction and recorded using an urban- 
hydrology monitor at the site (Smoot and others, 1974). During the 
period of record, 397 rain storms were recorded at 36-second sampling 
intervals. Of these, data for 108 were digitized and stored in a data- 
management system at 1-minute intervals. Storms selected for computer 
storage generally exceeded 0.10 in. rainfall. Water-quality samples 
were obtained for 42 of the 108 storms, and these data are also stored 
in the data base.

The quality of the data was generally good. However, the following 
problems could be sources of error: (1) The discharge rating in the 
constriction at the outlet for the transition between open-channel flow 
and pressure flow is not well defined. This produces slightly questionable 
discharges in the 25 to 35 ft3/s range. (2) Delineation of contributing 
drainage areas was difficult because of the flat topograpy, however, a 
field reconnaissance was made at all sites and the best values obtained.

A data management system was developed to store, edit, and retrieve 
the data collected in the Miami urban studies (Wilson and others, 1978). 
The data base, currently comprising 834 IBM^- 3350 disk tracks, is a 
random access file (360/370 direct access) designed as a user-oriented 
file for use with Fortran programs. Figure 2 shows the activity flow 
associated with acquiring model calibration and verification data from - 
the data base.

  The use of the brand name in this report is for identification 
purposes only and does not imply endorsement by the U.S. Geological Survey,
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Rainfall and Soil-Moisture Analysis

A retrieval program "RRSUMRY", part of the data management system, 
was used to retrieve individual storm data for all 108 storms stored for 
the highway site. The retrieval format "RRSUMRY" generates (fig. 3) 
provides data needed to evaluate the storm. The observed rainfall 
(inches) versus the observed runoff (inches) were plotted (fig. 4) . The 
graph was used as a guide for selecting a range of storms to use for an 
initial calibration data set. The number of storms selected was based 
upon how many the model could analyze during a run and also the total 
number of available storms. Twenty-eight representative storms were 
chosen. These included storms with rainfall ranging from 0.22 in. to 
3.02 in. The observed peak discharge for these storms ranged from 0.32 
to 43.9 ft 3/s.

storms havinq less than 1.5 in. of rainfall was 0.18. The total. 
was estimated as 10.5 acres or about 18 percent of the total jy 

basin aro^ This implies that the HEIA is the source for ̂  
large percentage of the runoff for most storms which have rainfall up to 
1.5 in. (Miller, 1978) .

Antecedent soil-moisture conditions affect the actual runoff amount. 
A detailed analysis of the soil-moisture accounting process using observed 
rainfall and runoff data indicated that in addition to impervious runoff, 
pervious areas contributed some rainfall excess under certain antecedent 
conditions. The analysis resulted in initial estimated values for the 
seven soil-moisture-accounting parameters (table 1) . The data (table 2) 
indicated a highly porous, rapidly infiltrating soil. Consequently, 
pervious surfaces yield little overland runoff for most storms with 
rainfall less than 1.5 in. if there were 3 or more days prior to a storm 
without any appreciable rainfall. This is considered typical of soil 
types prevalent in the study areas (R. A. Miller, oral commun. , 1978) .

Rainfall in any amount and intensity can occur at any time during 
the year in the Miami area. This creates wide fluctuations in antecedent 
soil -moisture conditions in the study area. Storm data illustrated that 
many storms were a part of very complex storm systems and not isolated 
events with preceding long dry periods. Runoff periods plotting near 
the 18 percent slope line of figure 4 represent drier conditions, and 
the resulting scatter of the data about the line verifies a fluctuating 
antecedent soil-moisture situation. Scatter at the low end is caused 
(in part) by the changing impervious retention while overall scatter 
is also the result of errors in precipitation and flow measurements.

There are two recording rain gages in the highway basin. One gage 
operated satisfactorily for all storms, while the other malfunctioned 
for many of the storms. An automobile ran into the problem-plagued gage 
in June 1976 and destroyed it. Therefore, rainfall data from only one 
gage were used as model input for all highway site storm simulations. 
This probably induced no additional error into the results because the 
two gages were in close proximity and when both gages were functioning, 
little areal variation in rainfall was observed.
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Table 1. Parameters for soil-moisture accounting and infiltration

Soil-Moisture Accounting

Parameters:

DRN A constant drainage rate for redistribution of soil moisture,

in inches per day 

EVC A pan coefficient for converting measured pan evaporation to

potential evapotranspiration 

RR The proportion of daily rainfall that infiltrates into the

soil 

BMSN Soil-moisture-storage volume at field capacity, in inches

Infiltration

Parameters:

KSAT The minimum (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 wetted front for soil moisture at field capacity, 

in inches of pressure



Table 2. Parameter values for soil-moisture accounting and infiltration 
at the highway site

Parameter 
symbol

Range of values

Lower 
limit

Upper 
limit

Initial 
estimate

Optimized 
value

DRN

EVC

RR

BMSN

KSAT

RGF

PSP

0.1

.5

.65 

1.0 

0.01 

5.0 

1.0

1.0

1.0

1.0

15.0

1.0

20.0

15.0

0.90

0.90

0.90

14.0

0.9

19.0

14.0

0.90

.99

.71

9.3

.99

19.99

14.8
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Input Data Requirements

The next step (see fig. 2), after selection of calibration storms, 
was to use a modified "RRSUMRY" program to retrieve the 1-minute unit- 
rainfall and unit-discharge data for each storm. Unit data refers to 
data collected or measured at specified intervals, for example, 1- 
minute, 5-minute, and so forth. This program produces 80-column data 
cards in the format required by the model. Daily rainfall and evaporation 
data for the entire period were retrieved from the data base by interface 
computer programs and used in the moisture-accounting routine of the 
model.

Figure 5 shows segmentation of the basin into 35 contributing 
areas. The areas ranged in size from 0.175 acres (CA-3) to 8.611'acres 
(CA-27). Table 3 lists the total, pervious, impervious, and hydraulically 
effective impervious areas for each contributing area. Figure 6 shows 
the impervious area of each subarea. Also available were topographic 
and drainage maps for the basin plus a sewer map documenting pipe lengths, 
diameters, and slopes. The model requires individual segment data that 
were obtained from these maps. Table 4 lists pipe lengths, diameters, 
and slopes used in the calibration.

Physical Representation of the Basin in the Model

The model will allow differentiation of the basin into as many as 
99 segments. Three different sets of segments were used for the highway- 
site drainage area. One analysis employed a 10-segment representation; 
another, 25 segments; and a final analysis, 76 segments. The segments 
included all components of the system, such as overland flow segments, 
pipe or channel segments, and also junctions. There are no detention 
reservoirs in the drainage system. The effort associated with describing 
the basin in the analyses increased proportionally as the number of 
segments increased. Also, computer costs for the 76-segment representation 
were about three times the cost of the 25-segment representation. In 
general, the 25-segment analysis produced the best results, with the 76- 
segment analysis being the poorest. Figure 7 shows the 25-segment 
representation of the basin as chosen for general use in calibration and 
verification runs. Flow direction is indicated by the arrowhead symbols. 
Figure 7 also shows an- expanded view of the model representation of pipe 
7 and catchments J and G.

Calibration Option

The model has a calibration option to adjust the soil-moisture and 
infiltration parameters for drainage basins having observed rainfall- 
runoff data. The method of determining optimum values is based on an 
optimization technique devised by Rosenbrock (1960). The model will 
optimize *any or all of seven soil-moisture accounting parameters using 
data for designated storms. All seven parameters were optimized for the 
28 storms included in the calibration process. Because of the data 
measurement errors encountered and the relative unimportance of pervious 
area runoff, especially for smaller rainfall amounts, the optimization

11
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Table 3. List of impervious, pervious, effective impervious, and total 
areas for highway site

Designation

CA-1
CA-2
CA-3
CA-4
CA-5
CA-6
CA-7
CA-8
CA-9

CA-10
CA-11
CA-12
CA-1 3
CA-14
CA-1 5
CA-16
CA-1 7
CA-1 8
CA-19
CA-20
CA-21
CA-2 2
CA-2 3
CA-24
CA-2 5
CA-2 6
CA-27
CA-2 8
CA-29
CA-30
CA-31
CA-3 2
CA-3 3
CA-3 4
CA-3 5

Totals

Percentage

Total 
area

0.387
.221
.175

3.387
.341
.239
.212

2.713
.683

4.799
.710
.719
.443
.193
.239

2.058
.738

1.118
.941

] .329
0.941
2.427
3.452
2.196
3.313
3.876
8.611
4.753
0.876
.646

1.993
1.209
1.238
.572
.507

58.255

100.0

Pervious 
area

0.320
.095
.175

2.517
.059
.105
.061

1.466
.325

3.158
.473
.569
.314
.055
.171

1.361
.184
.155
.637
.506
.789

2.008
1.742
1.856
2.198
3.113
5.335
3.221
.146
.400

1.238
.868
.627
.508
.366

37.121

63.7

Impervious 
area

0.067
.126
.000
.870
.282
.134
.151

1.247
.358

1.641
.237
.150
.126
.138
.068
.697
.554
.963
.304
.823
.152
.419

1.710
.340

1.115
.763

3.276
1.532
.730
.246

. .755
.341
.611
.064
.141

21.131

36.3

Effective 
impervious 

area

0.000
.126
.000
.000
.282
.134
.121
.249
.358
.372
.222
.150
.126
.138
.034
.617
.492
.543
.273
.490
.152
.240
.591
.340
.502
.519
.749
.844
.526
.215
.302
.279
.397
.038
.113

10.534

18.08
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Table 4. Highway site pipe-segment information

Segment

P003

P004

POOS

P006

P007

POOS

P009

P010

P011

P012

Length 
(ft)

400

350

250

600

810

390

555

660

55

25

Slope 
(ft/ft)

0.001

.001

.001

.001

.003

.005

.005

.005

.008

.003

Diameter 
(ft)

2.0

2.5

3.0

3.0

1.25

2.0

3.5

3.5

3.5

3.5
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technique in the model was difficult to apply in the studied urban- 
areas. The optimization results are significantly affected by the 
particular storms used. The sensitivity of the soil-moisture-accounting 
parameters determined in the optimization may be highly related to one 
event in which there is a significant data measurement error. The 
resulting soil-moisture-accounting parameters may not reflect the overall 
pervious area basin characteristics for most storms (Dawdy and others, 
p. B23, 1972) .

The 28 calibration storms covered a range of antecedent conditions 
and rainfall-runoff events as suggested by Dawdy, Lichty, and Bergmann 
(p. B23, 1972) . Thus, optimizing on all storms produced parameter 
values averaged over all antecedent conditions and data measurement 
errors. These values should fit average antecedent conditions closely, 
but large errors may result for simulation of some storms, particularly 
where antecedent soil -moisture conditions are highly variable. This 
condition was experienced during the calibration phase for the highway 
site when the model failed to adequately simulate the outflow hydrographs 
for some of the storms with unusually dry or wet antecedent conditions. 
The final set of seven soil-moisture accounting and infiltration parameters 
was used in all remaining runs.

Discussion of Calibration Results

The impervious area of the contributing areas is a measured and not' 
an optimized value in the model; however, simulated runoff volumes and 
peaks can be grossly in error if incorrect estimates of imperviousness 
are used. The detailed delineation of pervious and effective and 
noneffective impervious areas (fig. 6) established fairly reliable 
estimates for this analysis. Therefore, the error in reproducing runoff 
volumes and peaks will probably depend to a large extent on chosen 
slopes, roughness coefficients, and impervious retention. These are the 
remaining parameters that can be adjusted within a reasonable range 
during calibration.

The DSA model will print out the outflow hydrograph for any designated 
section in the drainage system. During one of the calibration runs, a 
detailed output showed initial flow components occurring simultaneously 
at almost all segments and corresponded proportionately to the delineated 
HEIA of each segment. For example, an overland-flow segment with four 
times the HEIA of another segment produced four times the runoff initially^ 
as the smaller area.

Simplifications required by the model result in a few conceptional 
problems. The model assumes uniformly distributed lateral inflow from 
the overland-flow segments into the storm sewer system. However, in 
reality, overland flows are nonuniformily distributed and are rerouted 
through sewer inlets into the pipes. Also, flow in the pipe may be 
controlled by the inlets which restrict flow into the sewer to less than^ 
full-pipe flow. In addition, a storm sewer flowing under pressure has a_ 
greater discharge capacity than the flow predicted using kinematic wave 
theory.
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Excellent pipe-slope and geometry data were available for most of 
the sewer system. A roughness coefficient of 0.012 was used for all 
pipes. Overland-flow roughness coefficients and slopes were varied 
until an acceptable simulation of outflow volumes and peaks was obtained. 
An overland-flow roughness coefficient of 0.015 was selected to represent 
each contributing area. Actual field overland roughness values for 
urbanized areas are usually about 0.02. An average overland slope of 
0.027 produced the best calibration. This value is greater than field 
values derived from topographic maps which showed slopes varying from 
almost flat to about 0.01. The greater model overland slope values were 
necessary to compensate for the assumptions of kinematic-wave-routing 
theory. This theory neglects momentum effects which are important in 
cases where flow occurs on mild slopes. With mild slopes~~it is not 
likely that uniform flow exists where the friction slope, bed slope, and 
water-surface slope are all parallel.

Table 5 lists summary statistics for the 28 storms used to calibrate 
the DSA model at the highway site. The time interval (column 3) is 
expressed in 1-minute units which are counted from midnight (zero) to 
the beginning and end of the storm period. For example, a single storm 
beginning at 2 p.m. and lasting until 4 p.m. would have a time interval 
from 0840 to 0960. However, if the same storm occurred during the 
second day of a multisequence storm, the corresponding time intervals 
would originate on the first day and are computed by adding 1440 (that 
is, 60 x 24) to 0840 and 0960. Standard error of estimates (SEE) for 
computed volumes and peaks for all storms were 0.060 in. and 7.020 
ft /s, respectively. No storms were dropped from the optimization 
process even though storms 2 and 9 appear to be anomalies (occurring 
after a very dry 2-month period).

Figure 8 shows the four best calibration storms, both observed (or 
measured) and simulated data. These storms cover a range of expected 
events, and include single peak small storms and more complex multipeak ^ 
storms. After the initial calibration runs, acceptance criteria fojflHV 
further calibrei <n and verification analyses were set as follows: 9

1T)_ Hydrograph timing simulated peaks, rising limbs, and recessions 
occurring within several minutes of measured hydrographs.

(2) Hydrograph shape approximately the same width and height as 
measured data.

(3) Runoff volume within 50 percent of measured values if simulated 
less than measured and within 100 percent of measured if 
simulated greater than measured.

(4) Peak discharge same criteria as stated for runoff volumes.

Model calibration at the highway site produced only 4 storms, 2, 9, 29, 
and 32 that were unacceptable. This amounts to 14 percent of the 28 
calibration storms. Although hydraulically effective impervious area 
probably varies with storm size, the model uses one value for each

18
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overland flow segment. This factor plus possible data measurement 
errors could be factors in rejecting these four storms. The larger 
storms produced the best simulation results in spite of possible discharge- 
rating errors. This implies that after soil-moisture requirements are 
satisfied, the model reproduces the outflow within the limits of the 
criteria given for acceptance. Also, larger storms tend to yield more 
uniform rain over the basin.

Verification of Model

Twenty storms were used for verification. These storms were 
selected because they also varied from small to large size storms. A 
preliminary verification analysis resulted in a recalibration of the 
model, TJiejrecalibration involved adjustments^made^to the_ overlajid 
5j£HS2lIl^^ an£ pipe slopes so that better results would be 
obtained for model simulations. Thus, the verification data set influenced 
the recalibration process, thereby no longer providing a completely 
independent verification of the model. However, the analysis made on 
the remaining 59 storms in the data base did provide an independent 
verification. After "fine tuning" the model, the SEE for verification 
storm volumes and peaks for the 20 selected storms were 0.054 in. and 
10.406 ft3/s, respectively (table 6). Figure 9 shows six of 'the verification 
storms that were simulated.

Table 7 presents results for the remaining 59 storms collected at 
the highway site. The SEE for volumes and peaks were 0.086 in. and 
5.791 ft 3/s, respectively. Figure 10 shows 11 of the 59 storms for 
which the best simulation results were obtained. Results for twelve 
storms were unacceptable which equals 20 percent of the 59 storms. The 
percentages of unacceptable results went from 14 to 20 percent as simulations 
progressed from the calibration to the verification phase. This is 
indicative of true modeling error as one goes from calibrating to 
verifying a model.

SINGLE-FAMILY RESIDENTIAL SITE 

Physical Representation of the Basin in the Model

Figure 11 shows the segmentation of the 40.8-acre basin into 17 
contributing areas. The areas ranged in size from 0.029 acres (CA-14) 
to 12.149 acres (CA-1). Table 8 lists for each contributing area the 
total, pervious, impervious, and HEIA areas. Figure 12 shows the 
impervious area of each subarea. Also available were topographic and 
sewer maps. Table 9 lists pipe lengths, diameters, and slopes used in 
the calibration phase. A 25-segment representation (fig. 13) of the 
single-family residential site was used in calibration and verification 
simulations.
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Table 8. List of impervious, pervious, effective impervious, and total 
areas for single-family residential site

Designation

CA-1

CA-2

CA-3

CA-4

CA-5

CA-6

CA-7

CA-8

CA-9

CA-10

CA-11

CA-1 2

CA-1 3

CA-1 4

CA-1 5

CA-16

CA-1 7

Totals

Percentage

Total 
area

12.149

3.422

.712

.650

4.506

3.666

3.220

.119

.042

1.605

1.851

1.470

1.533

.029

.675

3.408

1.701

40.758

100.0

Pervious 
area

6.905

1.751

.329

.375

2.529

1.993

1.989

.064

.029

.823

1.249

.864

.848

.018

.045

2.079

.966

22.856

56.1

Impervious 
area

5.092

1.579

.187

.202

1.809

1.565

1.081

.000

.000

.561

.541

.512

.561

.000

.000

1.182

.618

15.490

43.9

Effective 
impervious 

area

0.152

.092

.196

.073

.168

.108

.150

.055

.013

.221

.061

.094

.124

.011

.630

.147

.117

2.412

5.92
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Table 9. Single-family residential site pipe-segment information

Segment

P001

P002

P003

P03A

P004

P005

P006

P007

POOS

P009

P010

Length 
(ft)

336

95

125

101

160

78

235

165

82

20

110

Slope 
(ft/ft)

0.001

.001

.001

.001

.001

.001

.001

.001

.001

.001

.0048

Diameter 
(ft)

1.25

2.25

2.25

2.25

2.25

2.25

3.00

2.00

2.00

3.50

3.50
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Rainfall and Soil-Moisture Analysis

Rainfall at three gages and stage data for 231 storms were recorded 
at the single-family residential site for the period January 1974 to 
September 1975. There are data for 80 storms that have been digitized 
and stored in the data base for the site at 1-minute intervals. Water- 
quality samples were obtained and stored in the data base for 32 of the 
80 storms.

Individual storm data for all storms were retrieved ("RRSUMRY," 
example, fig. 3) and observed rainfall (inches) versus observed runoff_ 
(inches) were plotted (fig. 14). The graph was used as a guide and 14 
calibration storms were selected. Rainfall for the 14 storms varied 
from 0.20 in. to 4.37 in. Measured peak discharges ranged from 0.24 to 
37.75 ft3/s while measured runoff volumes ranged from 0.003 to 0.800 in.

The slc-pe of the runoff versus rainfall relationship was 0.07 (fig. 
14) for storms of less than about 0.8 in. rainfall. As j^^^lhe^Jiighway 
site the 0.07 slope is approximately equal. to_the total HEIA area. 
Figure 14 shows greater data scatter above 0.8 in. rainfall. Below this 
figure the source for runoff is mostly the HEIA while above 0.8 in., a 
significantly greater amount of the runoff is contributed from the 
pervious part of the basin. Possible sources of error as stated pre 
viously probably account for most of the scatter above 0.8 in.

The seven soil-moisture accounting parameters (table 1) were 
optimized for all 14 storm events. Again, the results of the optimization 
were difficult to apply. Eight to nine computer simulations were made 
varying the seven parameters from low to medium to high to recommended 
starting values. As many as 75 iterations were performed on a single 
parameter during some of the runs. ' Table 10 shows the final optimized 
value for each parameter which was used in calibration and verification 
analyses.

Calibration Results

There were three recording rain gages operating in the basin from 
January 1974 to September 1975. At least one gage was operating for all 
storm events. Missing rain gage data was extrapolated from the nearest 
rain gage so that rainfall data was available for all storms at each 
gage for the entire period of record. These data were averaged together, 
since little aerial variation occurred, and a mean value was used to 
represent storm rainfall data for input to the modified DSA model 
although the model can accept data from three rain gages.

Initially, there was a timing problem when simulating storm-runoff 
data. CAT K, which is CA-15 (fig. 11) is unusual in that 93 percent of 
the area is HEIA, or about one-fourth of the total HEIA for the entire 
40.3-acre site is being generated from CAT K. An adjustment was made to 
that catchment's overland slope and overland roughness to slow down the 
runoff from CAT K. An overland slope of 0.005_andanw f>verjl^nd__roughness_
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Table 10. Parameter values for soil-moisture accounting and infiltration 
at the single-family residential site

Parameter symbol Range of values

Lower 
limit

Upper 
limit

Optimized value

DRN 

EVC 

RR

BMSN

KSAT

RGF

PSP

0.1

.5

.65 

1.0

.01 

5.0 

1.0

1.0

1.0

1.0

15.0

1.0

20.0

15.0

0.80

.60

.80

14.99

.62

5.08

1.25

41



equal to 0.025 produced the best results for the calibration phase while 
a slope of 0.027 and a roughness of 0.015 were used on all otheiroverland 
subareas. Many other values for slope (0.005 to 0.027) and roughness 
(0.015 to 0.025) were tried. The best combination was the 0.027 slope 
and_0_.J)I5^_roughness. Except for CAT k it~can~be noted that these values 
were the same as selected for the highway site. This is expected since 
the areas are topographically similar and the runoff is occurring at 
both sites on overland-flow sections draining into sewer-collector 
systems.

The pipe data (table 9) used for model calibration was adjusted 
from actual pipe data. Some of the pipe sections were not round so that 
equivalent round pipe diameters were computed and used to satisfy model" 
requirements. A common pipe roughness of 0.012 was used for all seweF
pipe sections while the slope value was 0.001 for all pipes'ex'cept the_ 
last section at the outlet. Also, an impervious retention value of 0.02 
in. provided the^ best calibration results.

Table 11 lists summary statistics for the 14 calibration storms. 
The SEE for simulated volumes and peaks were 0.081 in. and 5.358 ft3/s, 
respectively.

Observed and simulated data are shown in figure 15 for four of the 
best calibration storms. Acceptance criteria as stated previously for 
the highway site were used to determine when the model was calibrated.

Verification Results

Fourteen verification storms were selected. The first simulation 
produced a successful verification of the model with the SEE for simulated 
volumes and peaks of 0.032 in. and 2.389 ft3/s, respectively (table 12). 
The SEE for verification plus the average positive and negative errors 
were lower than the calibration results. Figure 16 shows some of the 
various simulated versus observed storms used for verification. Table 
13 lists statistics on the remaining 49 storms in the data base for the 
single-family residential site.

COMMERCIAL SITE 

Physical Representation of the Basin in the Model

Figure 17 shows the segmentation of the 20.4-acre basin into 25 
contributing areas which ranged in size from 0.067 acres (CA-3) to 1.870 
acres (CA-13). Table 14 lists for each contributing area the total, 
pervious, impervious, and HEIA areas. The commercial site is different 
from the other three sites for several reasons. First, it contains a 
smaller range of individual subdivided areas, from 0.067 to 1.870 acres. 
Second, it contains a very small percentage of pervious area, 2.1 percent.
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EXPLANATION 

SEWER INLETS 

CONTRIBUTING AREA DIVIDE

URBAN HYDROLOGY 
MONITOR AND RAINGAGE
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Figure 17.--Contributing-areas (CA) map of commercial site,
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Table 14. List of impervious, pervious, effective impervious, and total 
areas for commercial site

Designation

CA-1
CA-2
CA-3
CA-4
CA-5
CA-6
CA-7
CA-8
CA-9

CA-10
CA-11
CA-1 2
CA-1 3
CA-14
CA-15
CA-l£\ 
CA-17/
CA-1 8
CA-19
CA-20
CA-21
CA-2 2
CA-2 3
CA-2 4
CA-2 5

Totals

Percentage

Total 
area

1.747
.087
.067
.647
.489
.999
.288
.769
.931
.222
.551

1.166
1.870
.560
.514
.257

1.240
1.435
.609
.847

1.211
1.028
.918

1.232

20.404

100.0

Pervious 
area

0.039
.031
  
  
  
  
.010
.007
.027
  
.040
.015
.024
.031
.016
  

.069
  
.020
.028
  
  
.025
.046

.428

2.1

Impervious 
area

1.708
.776
.067
.647
.489
.999
.278
.762
.904
.222
.511

1.151
1.846
.529
.498
.257

1.171
1.435
.589
.819

1.211
1.028
.893

1.186

19.976

97.9

Effective 
impervious 

area

1.708
.776
.067
.647
.489
.999
.278
.762
.904
.222
.511

1.151
1.846
.529
.498
.257

1.171
1.435
.589
.819

1.211
1.028
.893

1.186

19.976

97.9
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Finally, all the impervious areas are HEIA areas. Figure 18 shows how 
the pervious and the HEIA areas are distributed. Additional maps showing 
roof drains, sewer inlets, pipes, and basin flow patterns were also 
available. Table 15 lists pipe lengths, diameters, and slopes used in 
the calibration phase. A 42-segment representation (fig. 19) of the 
commercial site was used in calibration and verification runs.

Rainfall and Soil-Moisture Analysis

Rainfall at one gage and stage data for 284 storms were recorded at 
the commercial site for the period May 1975 £o June 1977. There are 
data for 114 storms that have been digitized and stored in the data base 
at 1-minute intervals. Water-quality samples were collected, analyzed, 
and the data stored in the computer for 32 of the 114 storms.

Individual storm data were retrieved from the data base and observed 
rainfall (inches) versus observed runoff (inches) were plotted (fig. 
20). By using figure 20 as a guide, 14 calibration storms were selected. 
Rainfall for the 14 storms varied from 0.19 in. to 4.41 in. Observed 
peak discharges ranged from 3.29 to 48.64 ft /s while observed runoff 
volumes ranged from 0.133 to 4.195 in.

The slope of the runoff versus rainfall relationship for^ all^the 
data^ was very close to 1.0._ This is expected since 98 percent of the 
bag in. i s^ HE[IA^ The slight offset of the dat;a points to the right of the 
curve in figure 20 is due to impervious retention. This effect is shown 
in figure 21 for storms less than 1.0 in. The two lines A and B in the 
figure represent a lower and higher limit of impervious retention, 0.05 
and 0.1 respectively. At point C a value of 0.075 was chosen for the 
average impervious retention in the basin. This is higher than values 
used at sites 1 and 2, but the roof top drainage systems accent impervious 
retention because of very flat surfaces usually coated with an asphalt 
and small grain mixture.

Even though the basin contains only 2 percent pervious area, which 
will have essentially no significant contribution to the total runoff, 
all seven soil-moisture-accounting parameters were optimized for all 14 
storm events. Site 1 final optimized values (table 10) were used as 
starting values and table 16 shows the resulting optimized values.

Calibration Results

There was only one rain gage in the commercial site study area. If 
additional rain gages were available, a verification of areal rainfall 
distribution could have been made. <

It was necessary to make a few preliminary calibration runs to 
adjust' timing, runoff volume, and peak discharge errors. The 98 percent 
HEIA results in little contribution, if any, from the 2 percent pervious 
area. In other analyses involving larger pervious areas, the runoff 
contribution from these areas created more problems during model calibration, 
Again as at sites 1 and 2, the overland slope of 0.027 and roughness 
equal to 0.015 were used in the analyses. A common pipe roughness of 
0.012 was used and a pipe slope of 0.002 was used for most pipes.* Table

53



EXPLANATION:

EFFECTIVE IMPERVIOUS AREA

PERVIOUS

200

100 300
T FEET

Figure 18.  Impervious and hydraulically connected impervious 
areas of the commercial site.
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Table 15. Commercial site pipe-segment information

Segment

P001

P002

P003

P004

POOS

P006

P007

POOS

P009

P010

P011

P012

P013

P014

P015

P016

P017

P018

P019

P020 (

P021

Length 
(ft)

80

448

203

145

152

167

145

175

78

559

488

68

240

180

180

60

128

160

188

180

146

Slope 
(ft/ft)

0.007

.002

.002

.002

.002

.008

.002

.002

.002

.002

.002

.002

.002

.002

.002

.002

.002

.002

.002

.002

.002

Diameter 
(ft)

3.00

2.00

1.50

1.00

1.00

1.00

1.25

1.25

1.00

2.25

1.75

1.00

1.00

1.50

1.00

1.00

1.00

1.00

1.00

1.00

1.25
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Table 16. Parameter values for soil-moisture accounting and infiltration 
at the commercial site

Parameter 
symbol

Range of values

Lower 
limit

Upper 
limit

Initial 
value

Optimized 
value

DRN

EVC

RR

BMSN

KSAT

RGF

PSP

.1

.5

.65 

1.0

.01 

5.0 

1.0

1.0

1.0

1.0

15.0

1.0

20.0

15.0

0.80

.60

.80

14.99

.62

5.08

1.25

0.53

.50

.99

9.52

.08

5.01

1.04
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17 lists summary statistics for the 14 calibration storms. The SEE for 
simulated volumes and peaks were 0.082 in. and 6.569 ft3/s, respectively.

Figure 22 shows the five best calibration storms both observed and 
simulated storm hydrographs. Various type storms, small to large and 
single and multiple peaks, were analyzed. Results for two storms, 1 and 
25, were determined as unacceptable.

Verification Results

Fourteen storms were used for verification. The first run was 
successful with the SEE for simulated volumes and peaks equal to 0.171 
in. and 7.458 ft 3/s, respectively (table 18). None of the 14 verification 
storms were determined to be unacceptable. Figure 23 shows four of the 
verification storms.

Table 19 lists storm data and statistics on the remaining 84 storms 
for the commercial site. The wide variability in storm systems resulted 
in larger volume and peak errors than the calibration and verification 
analyses. About 20 of the 84 storms are questionable as to acceptance 
criteria.

MULTIFAMILY RESIDENTIAL AREA 

Physical Representation of the Basin in the Model

Figure 24 shows the segmentation of the 14.7-acre basin into 13 
contributing areas. The areas ranged in size from 0.352 acres (CA-2) to 
2.798 acres (CA-10). Table 20 lists for each contributing area the 
total, pervious, impervious, and HEIA areas. Figure 25 shows the 
impervious area of each subarea. Topographic, sewer, and drainage maps 
were also available for the site. Table 21 lists pipe lengths, diameters, 
and slopes, and figure 26 shows the 28-segment representation used for 
the multifamily site during calibration and verification runs.

Rainfall and Soil-Moisture Analysis

Rainfall at two gage locations (for all but three storms which used 
data from one gage only) and discharge information for 146 storms were 
recorded at the multifamily residential site for the period May 1977 to 
June 1978. There are data for 52 storms that have been digitized and 
stored in the data base at 1-minute intervals. Water-quality data for 
16 of the storms are also stored in the data base.

At site 4 the outflow for storms 1 to 32 was monitored by measuring 
the water levels in a canal receiving the basin runoff and in an inlet 
box 215 ft upstream from the canal. Flow equations describing type IV 
culverts (Bodhaine, 1968) were programmed to compute the discharge. It 
was found that because water-level differences of .001 ft significantly 
affected the computed discharge and the stormwater flow was highly 
unsteady, that the type IV steady-state flow equations provided a poor
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EXPLANATION 

  SEWER INLETS

CONTRIBUTING AREA DIVIDE 

A URBAN HYDROLOGY MONITOR

RAIN GAGE AND NUMBER

Figure 24.--Contributing areas (CA) map of multifamily residential site
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Table 20. Lists of impervious, pervious, effective impervious, and total 
areas for multifamily residential site

Designation

CA-1

CA-2

CA-3

CA-4

CA-5

CA-6

CA-7

CA-3

CA-9

CA-10

CA-11

CA-12

CA-13

Totals

Percentage

Total 
area

1.157

.352

1.412

1.236

.842

.395

1.204

1.006

.761

2.798

1.049

1.452

1.079

14.743

100.0

Pervious 
area

0.460

.043

.626

.380

.187

.093

.315

.310

.179

.601

.524

.287

.293

4.298

29.2

Impervious 
area

0.698

.309

.786

.855

.655

.303

.889

.696

.582

2.197

.525

1.164

.786

10.445

70.8

Effective 
impervious 

area

0.415

.109

.568

.459

.397

.126

.585

.513

.241

1.380

.374

.864

.444

6.475

43.9
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400 FEET

EXPLANATION

..   DRAINAGE DIVIDE

HYDRAULICALLY EFFECTIVE 
IMPERVIOUS AREA
IMPERVIOUS AREA NOT EFFECTIVE 
PERVIOUS AREA

Figure 25.  Impervious and hydraulically connected impervious areas of 
the multifamily residential site.  
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Table 21. Multifamily residential site pipe-segment information

Segment

P001

P002

P003

P004

POOS

P006

P06A

P007

POOS

P009

P010

P011

P11A

P12A

P13A

Length 
(ft)

220

32

105

105

240

40

90

90

40

165

210

165

90

250

150

Slope 
(ft/ft)

0.005

.030

.002

.002

.002

.002

.002

.007

.024

.004

.002

.002

.002

.002

.002

Diameter 
(ft)

4.00

1.50

1.50

1.50

3.00

3.00

1.50

3.00

2.50

2.25

2.00

2.50

2.50

2.25

2.00
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Figure 26. Twenty-eight segment representation of multifamily residential site,
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approximation of actual discharges during rapidly changing flows. An 
alternate method of computing discharge was selected and an electro 
magnetic velocity meter was installed in the storm drain pipe near the 
outlet for flow measurements during storms 33 to 52. The meter provided 
calibration and verification data for the development of an unsteady 
flow model of the storm drain pipe (Land and Jobson, 1979). Discharge 
data for storms 1 to 32 were recomputed using the unsteady flow model.

Because data on storms 33 to 52 included flow velocity measurements, 
these storms were used for calibration and verification of the stormwater 
model. Observed rainfall (inches) versus observed runoff (inches) were 
plotted (fig. 27). Nine calibration storms were selected using figure 
27 as a guide. Rainfall for the nine storms varied from 0.18 in. to 
2.06 in. Observed peak discharges and runoff volumes were in the ranges 
of 1.66 to 27.13 ft3/s and 0.061 to 0.712 in., respectively.

The seven soil-moisture-accounting parameters were optimized using 
20 iterations and all nine storms. Additionally, parameters KSAT and 
RGF were allowed to optimize for 50 more iterations each. Table 22 
shows the resulting optimized values used in calibration and verification 
analyses.

Calibration Results

Data from two rain gages were averaged for each time increment 
during a storm. There was some aerial variation in rainfall, however, 
total rainfall amounts were closely related for most storms. Also, this 
site was the smallest of the four urban sites (14.7 acres), and the two 
gages were both functioning for all storms except three.

Initial calibration runs showed some timing, volume, and peak 
discharge errors. This resulted in additional optimization of the soil- 
moisture-accounting parameters KSAT and RGF. These two parameters 
affect the supply of rainfall excess and influence any simulated peak 
discharges and volumes more than any of the other soil-moisture-accounting 
parameters. Also, the impervious retention was decreased from 0.05 to 
0.02 in.

Again, as at the other sites the overland slope of 0.027 and 
roughness equal 0.015 were used in the analysis. Available pipe slope 
data (table 21) and roughness values reflective of corrugated and smooth 
metal pipes were selected. An adjustment was made to the smallest pipe 
slopes (0.001 increased to 0.002 in table 21) to eliminate some of the 
timing errors. Final adjustments to slope data are listed in table 21.

Table 23 lists summary statistics for the nine calibration stogms. 
The SEE for simulated volumes and peaks were 0.080 in. and 1.491 ft /s, 
respectively. It was noted that the smaller peaks simulated produced 
the greatest errors. Digitizing or shift application errors could 
produce a change as much as +_ 1 ft /s, which would be greater than model 
simulation errors for small storms. Figure 28 shows four of the best 
calibration storms bo'th observed and simulated storm hydrographs. No 
storms were determined to be unacceptable.
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Table 22. Parameter values for soil-moisture accounting and infiltration 
at the multifamily residential site

Parameter 
symbol

Range of values

Lower Upper 
limit limit

Initial 
value

Optimized 
value

DRN

EVC

RR

BMSN

KSAT

RGF

PSP

.1

.5

.65 

1.0

.01 

5.0 

1.0

1.0

1.0

1.0

15.0

1.0

20.0

15.0

0.50

.70

.90

5.00

.10

10.00

5.00

0.51

.51

.73

6.80

.99

19.72

4.70
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Verification Results

Eight storms were used for verification. These were the remaining 
storms in the 33-52 range for which velocity data were available. The 
SEE for volumes and peaks (table 24) were 0.036 in. and 2.086 ft3/s, 
respectively. Storm 34 was unacceptable as the peak discharge error 
indicates. This storm had the smallest measured rainfall of any of the 
calibration or verification storms. Small storms, as shown at the other 
three sites, tend to produce largely variable runoff amounts. Figure 29 
shows four of the eight verification storms.

Table 25 lists storm data and statistics for storms 1-32. Some of 
the storms not listed, such as 4, 11, and so forth, were not included in 
the analysis because the data was not ready for use from the data 
management system for various reasons. The SEE for volumes and peaks 
were 0.449 in. and 5.541 ft /s, respectively. About 4 of the 20 storms 
were unacceptable. This site was more accurately modeled than any of . 
the previous three sites probably because the flow data for site 4 
included velocity measurements and the unsteady flow analysis, plus the 
basin was the smallest in size and had two rain gages.

SUMMARY AND CONCLUSIONS

Deterministic flow model calibration and verification results have 
been presented for four urban catchments near Miami, Fla. The sites 
were:

(1) A 40.8-acre single-family residential area,

(2) A 58.3-acre highway area,

(3) A 20.4-acre commercial area, and

(4) A 14.7-acre multifamily residential area.

One-minute time interval rainfall and runoff data were available 
for 80, 108, 114, and 52 storms at sites 1, 2, 3, and 4, respectively. 
A preliminary calibration was performed, verification attempted, and a 
final model recalibration completed, if necessary. A verification was 
performed using a separate set of data in each case.

This study also demonstrated which data need to be collected in 
order to define rainfall-runoff processes. Additional information is 
needed to define the relationship between soil types and soil-moisture- 
accounting parameters. When pervious-area runoff is small as compared 
to total basin runoff, data measurement errors can often be larger than 
the total effect of pervious area runoff. In this case the optimization 
technique provided in the DSA model cannot determine soil-moisture- 
accounting parameters with any degree of confidence. This also points 
out the importance of an accurate measurement of discharge. Accurate 
rainfall data with complete basin coverage are needed for modeling 
requirements. It is recommended that every basin have a minimum of
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two rain gages, not only for defining areal variation in rainfall but 
also for backup capabilities. The drainage areas should be accurately 
delineated, especially the hydraulically effective impervious areas.

A summary of specific sources of errors identified in this study 
is as follows:

1. Rainfall data errors, including measurement and areal distribution;

2. Streamflow data measurement errors;

3. Shift application errors when used to compute discharges;

4. Digitizing errors when preparing the rainfall-runoff data for 
computer storage;

5. Varying antecedent soil-moisture conditions from storm to storm;

6. Varying impervious retention;

7. Varying hydraulically effective impervious areas as size of 
storms increase;

8. Delineation of drainage areas, impervious areas, and HEIA;

9. Kinematic wave theory neglecting the momentum effects of flow 
which are very important where mild slopes are prevalent; and

10. Last, but not least, the errors in the model that result from 
the stochastic nature of parametric modeling.

No attempt is made to quantify the actual amount of error that the above 
sources contribute to model error. It varies from storm to storm and 
from application to application.

The applicability of a verified model of one basin to another has 
not been tested at this point in model development. Values for 
overland roughnesses and slopes used in the model were the same at each 
site and probably reflect inadequacies in the kinematic wave routing method. 
This indicates a limited potential for model transferability within the 
same geographic area. Although soil-moisture-accounting parameters 
determined for each site were inadequate, they were indicative of the 
highly pervious, rapidly infiltrating soil found in the study area. 
Given a proper analysis of soil perviousness and adjustments to the 
kinematic wave routing method, the transferability of the model might 
be possible.

The results of this study showed that within the limits given an 
acceptable verification of the DSA model can be achieved with adequate 
data. Procedures for rainfall-runoff modeling and application of the 
DSA model have been developed and the important data collection needs 
for modeling purposes have been identified.
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