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ABSTRACT 

A series of approaches were developed for integrating the 

TR-55 , a hydrologic simulation model for small urban 

watersheds, with two grid based geographic information systems 

- IORISI and Map Analysis Package. A geographic information 

system database for a small urban experimental watershed was 

developed. Thirty storm rainfall-runoff events were used to 

test the integration of hydrological model and GIS. It was 

found that the simulated runoff from geographic information 

system was much better than that from conventional methods. 
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INTRODUCTION 

Problem statement 

On a small watershed, hydrological conditions can be 

significantly changed by urbanization. It may cause a series 

of problems that affect urban development. For example, the 

paving of land surfaces can increase storm runoff and peak 

flows. The increase of either storm runoff or peak flows may 

cause the downstream channel to become unstable. 

Hydrological assessment using simulation models to predict 

these changes, especially changes in storm runoff, peak flow 

discharges and stormflow hydrographs, is very important for 

urban planning. There are many hydrological simulation models 

that can be used for this purpose. Most of input variables and 

parameters that are required by models are spatially 

distributed. This means that spatial analysis techniques are 

necessary in determining the model parameters. 

Traditionally, the spatial characteristics of a watershed 

have been often estimated manually, then aggregated into 

several variables and parameters (Berry and Sailor, 1987). 

This type of procedure may cause two problems: 

(1) It is difficult to transfer the data that have spatial 

characteristics into a single variable or parameter. For 

example, land slope of a watershed is a typical spatially 
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distributed variable, but it is hard to determine the slope of 

a watershed or sub-watershed by using traditional methods. The 

accuracy also is unreliable. 

(2) It is obvious that when these variables and parameters 

are aggregated, the spatial characteristics of a watershed are 

lost. This is important because in some cases, the spatially 

distributed characteristics can strongly affect simulation 

results. 

It will be useful to develop new methodologies to 

determine model inputs that includes its spatial variability. 

Geographic information systems (GIS) are powerful spatial 

analysi3 tools, that are increasing used in urban planning and 

designing. Therefore, developing a procedure which can 

integrate GIS with a hydrological simulation model will help 

to solve the problems mentioned above. 

Objective 

The objective of this study is to 

information system with a hydrological 

link a geographic 

simulation 

Technical Release No.55 (Soil Conservation Service, 

model, 

1986), 

which can simulate stormflow response from a small urban 

watershed. To meet this objective, a small urban watershed, 

High School Wash Experimental Watershed located in Tucson, 

Arizona, was chosen as a test watershed. A GIS database for 

the watershed has been developed. Methodologies for linking 
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the geographic information system to the hydrological 

simulation model were developed. The integrated 

GIS/hydrological model was tested using rainfall and runoff 

records from the High School Wash Experimental Watershed. 
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LITERATURE REVIEW 

Influence of Urbanization on stream Flow Response 

Essentially, urbanization is a process that changes the 

land cover or land-use pattern in an area. Because the 

hydrology of a watershed is affected by land cover, the 

hydrological characteristics will be changed after 

urbanization. In general, the changes in hydrology caused by 

urbanization include changes in peak flow characteristics, 

changes in total runoff, changes in quality of water, and 

changes in the hydrological amenities (Leopold, 1968). These 

four aspects are interrelated, but in this study, the research 

work focuses on the estimate of runoff amount and peak flow. 

Effect of urbanization on total runoff 

A general expression of runoff from a watershed can be as 

follows: 

Q = P - It - If - E - S ( 1) 

where Q = runoff amount (in) ; 

P = precipitation (in) ; 

It = interception (in) ; 

If = infiltration (in) ; 
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E = evapotranspiration (in); and 

S = change of storage water in the basin (in). 

the sum of III Ift and E can be called "water loss" for runoff. 

If the precipitation is constant, the runoff amount (Q) will 

be decided by the water loss, obviously, the less the water 

loss is, the more the runoff will be. 

The water loss processes, interception, infiltration and 

evapotranspiration, are affected by the land cover or land use 

pattern. Interception occurs before the precipitation reaches 

the ground, this part of water is evaporated back to the 

atmosphere during and after the storm. vegetation plays an 

important role in interception because the stems, branches and 

leaves retain water. 

Urbanization tends to decrease vegetation cover, change 

the land cover from forest or grass to roof or parking area. 

The interception from the developed area will be significantly 

reduced, so the part of precipitation that originally was 

intercepted by vegetation will reach the ground surface, and 

may become runoff. 

After the precipitation reaches the ground, water 

infiltrates into soil, if the ground surface is pervious. Part 

of infiltrated water moves downward to water table, another 

part is stored in soil temporally and will evaporate back to 

atmosphere from the soil surface. Urbanization changes part of 

pervious area into impervious area, for example, roofs, 
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parking lots, or paved streets. The infiltration capacity on 

those impervious areas can approach zero. Even in the pervious 

areas, the infiltration capacity also can reduced 

significantly due to compaction. Therefore, in urban area the 

water loss decreases and overland flow tends to increase 

(Dunne and Leopold, 1978). 

Evapotranspiration occurs on the surface of vegetation 

and soil. The expansion of paved area reduces 

evapotranspiration in a watershed. But in an arid area, 

sometimes evapotranspiration may increase because the changes 

of vegetation patterns by urbanization. 

These three processes, interception, infiltration and 

evapotranspiration, are interrelated in a rain-runoff event. 

The synthetical effect of urbanization is to reduced the water 

loss from the urbanized area . This has been demonstrated by 

several studies. Espey et al.(1965) compared two catchment 

areas in the Walker Creek watershed, Austin, Texas. One area 

was relatively undeveloped and the other had extensive 

residential development. The unit runoff yield (measured in 

inches per square mile) from the developed area was about 50% 

greater than that from undeveloped area. Crippen (1969) 

analyzed seven years of data from three small watersheds near 

Palo Alto, California. During the seven years, one of the 

watersheds remained in a natural state, the second one was 

unchanged during the first three years, then urbanized, the 

third one was not urbanized during the first four years. The 
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results showed that in the developed watersheds runoff 

increased from five to ten percent of annual precipitation to 

more than 30 percent after urbanization. Leopold (1968), after 

studying data from different sources, found that not only did 

urbanization increase runoff but also there is a relationship 

between degree of urbanization and the rate of runoff 

increase. The larger the impervious area is, the higher the 

rate of runoff increase will be. 

Another example is from the Atterbury W-1A watershed in 

Tucson, Arizona. There are 20 years (1956 - 1984) of rainfall 

and runoff observation data from the watershed. The urban 

development on the watershed started in 1970 and finished in 

1971. Figure - 1 and Figure - 2 showed part of analysis 

results from Atterbury W-1A watershed. Both the number of 

runoff events and annual runoff amount increased after 1971. 

This example demonstrates that the urbanization can increase 

runoff. 

Effect of urbanization on peak discharge 

Peak discharge is the function of runoff volume and lag 

time. Runoff volume has already been discussed above. Lag time 

is the time interval between the center of mass of the 

rainfall event and the center of mass of storm hydrograph. It 

is influenced by watershed length, shape, slope and land 

surface condition. If the surface roughness increases, the 

velocity of flowing water decreases, therefore, the lag time 
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will increase. Because the time required for a given amount of 

water to reach the watershed outlet is reduced, the peak 

discharge increases (Leopold, 1968). 

The roughness coefficients of streets and paved areas are 

less than those for natural vegetated surfaces. Another factor 

which can increase the peak flow is the drainage system in 

urban area. One type of drainage system is an underground pipe 

line. It provides a shortcut for flowing water. The urban 

street and road system also can serve as a drainage system. 

The function of both pipe lines and streets is like a channel, 

the velocity of flowing water in them is much higher than 

velocity of overland flow. Therefore, the lag time is reduced 

by these urban factors, and as a consequence, the peak flow 

discharge is increased. 

After studying more than 30 urban and rural watersheds in 

Huston, Texas, Espey and Winslow (1968) reported that 

urbanization increased peak discharge as much as 500 percent 

and decreased the time of rise 90 percent. Crippen (1969) in 

his study pointed out that flows of magnitudes that occurred 

only once or twice a year under natural condition occurred 

with greater frequency after development. Hammer (1971) 

studied the relationship between the enlargement of channel 

cross-sectional area caused by increase of peak flow after 

urbanization. He found that there was a relationship between 

development of impervious area and channel enlargement, 

indicating that the expansion of impervious area increased 
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peak flow discharge. Wilson (1967) compared flood-frequency 

curves for three streams near Jackson, Mississippi. He found 

that the mean annual flood for a totally urbanized basin was 

about 4.5 time greater than that from a similar rural stream 

system. The 50-year flood for an urbanized basin was about 3 

times greater than that for a rural stream system. 

Hydrological Simulation Models for Urban Watersheds 

There are many hydrological simulation models that can be 

used in urban areas. Technical Release No.55 (TR-55) will be 

the model used in this study. Basically, it is a storm runoff 

simulation model for small urban watersheds. It can simulate 

storm runoff volume, peak flow discharge, flood hydrograph, 

and storage volume for detention basins. A detailed 

description of this model will be provided in the next 

section. 

Penn state Runoff Model (PSRM) (F.X. Browne Associates, 

Inc., 1983) is a storm runoff simulation model for small urban 

watersheds, but can also be used on a large watershed. It is 

a rainfall-runoff model for single event. The model has 

following advantages: it can (1) generate hydrographs for the 

detailed design of drainage structures; (2) analyze and weigh 

several elements in a watershed runoff control plan; (3) 

determine what portion of peak discharge comes from which 
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upstream areas; (4) quickly evaluate the benefits of different 

detention storage designs; and (5) evaluate the runoff changes 

based on the development of landuse. 

Technical Release - 20 (TR-20) is another urban watershed 

model developed by the USDA, Soil Conservation Service (1965). 

It is similar to the TR-55 , and is mainly used to compute 

runoff volume, peak flow discharge and hydrographs 

simulations. TR-20 and TR-55 also use same procedures for 

estimating storm runoff and peak flow discharge. The 

differences between the two models are: (1) TR-20 uses a 

Modified Attenuation-Kinematic method to simulate the 

composite flood hydrograph, where as TR-55 uses the Tabular 

Hydrograph method; and because of that, (2) when the watershed 

is larger or more complex in term of land cover and land use 

patterns or other surface conditions, TR-20 can provide more 

accurate results. 

HEC-1 (U.S. Army Corps of Engineers, 1981) is another 

model commonly used for hydrological simulation in urban 

areas. originally, it was designed to simulate hydrographs at 

desired locations in a river basin. As with TR-55, a basic 

requirement of HEC-1 is that the surface conditions of the 

basin must be hydrologically homogeneous, therefore it is 

really a simulation model for small watersheds (or so called 

subbasins). Besides runoff volume, peak flow discharge and 

storm hydrographs, the model also provides some information 

for flood damage analysis. 
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Application of GIS in Hydrological Simulation 

Use of geographic information systems in hydrological 

simulation started in the 1960's and significantly increasing 

in the 1980's. In 1966, Huggins and Monke first outlined the 

concept of distributed parameters for watershed modeling. They 

developed a important hypothesis: "at every point within a 

watershed a fundamental relationship exists between the rate 

of surface runoff and those hydrological parameters which 

influence runoff, e.g., rainfall intensity, infiltration, 

topography, soil type, etc." (from Haan et al., 1982). This 

hypothesis is the basis of linking geographic information 

systems, especially raster-based GIS, with hydrological 

simulation models. 

Berry and Sailor (1987) first tried to use GIS for 

hydrological predictions. They applied the Map Analysis 

Package (MAP) with U.S. Soil Conservation service curve number 

technique to estimate the runoff and peak flow from the Race 

Brook Watershed, in Orange and Woodbridge, Connecticut. Their 

results were poor, which may be due to the complexity of their 

watershed condition. 

with the SCS curve number technique and grid-based 

methodology, White (1988) worked on the Mahantango Creek 

Watershed, south-central Pennsylvania. The area of the 

watershed is 421 square kilometers, and included forest, 

agricultural land, urban areas, and water bodies. White's 
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result showed that the runoff volumes tended to be 

underestimated. This may be due to: (1) the grid resolution, 

125 meter, was too large, and (2) the events used in 

simulation were all multi-day rainfall events, which are not 

perfect for the SCS curve number equation. 

stuebe and Johnston (1990) used the SCS curve number 

technique and a raster based geographic information system, 

GRASS, to simulate storm runoff on six watersheds in Lawrence 

County, South Dakota. The six watersheds varied in size, 

complexity, topography, and landcover. For comparison they 

also used a conventional approach to do the same simulation. 

They indicated that the GIS method is an acceptable 

alternative for storm runoff simulation on a relatively uneven 

watershed, but not for a relatively flat watershed. One reason 

is that from watershed delineation by the geographic 

information system for a flat watershed is very poor. The 

difference of watershed delineation between the manual and GIS 

methods could be up to 37.6%. Definitely, it can cause serious 

simulation error. 



PROCEDURE 

General statement 

The procedures for using a model to simulate a 

hydrological processes starts with acquisition of the data 

needed to run the model. This may include meteorological data, 

land surface data, soil data, or hydrological data. The next 

step is to estimate the model parameters by using the 

available data. The third step is to execute the hydrological 

simulation model. The last step is to test the simulation 

results. If the results are good, the process is ended, 

otherwise, the parameters are adjusted and step 3 and 4 are 

repeated (Figure 3). 

A hydrological simulation model can be linked to a 

geographic information system in two ways. One way is to use 

geographic information system for estimating of model 

parameters, if procedural equations for model parameters are 

available. When a model is used to describe the hydrological 

response at a certain point in a watershed and the parameters 

in the model are spatially distributed, geographic information 

systems could be a useful tool. 

The second way of linking a geographic information system 

with a hydrological model is to execute a hydrological model 

within a geographic information system. When a model which 
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Execute Hydrological Adjust 
Model Parameters 

No 
Test Results 

Do they work well? 

Yes 

I End I 

Figure 3 Flow Chart of Simulation Procedure 
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simulates hydrological response on a catchment area is a point 

model, it can be executed within a geographic information 

system. The SCS curve number equation is an example of such a 

model. 

Geographic information systems also can be used for data 

acquisition. The use of geographic information system for this 

purpose requires the transfer of data from its original form 

to a format acceptable to a geographic information system. 

This process is very important for linking a geographic 

information system with a hydrological simulation model. 

Therefore, it will be discussed with the other two steps in 

detail. 

Developing GIS Database 

study site description 

The study was conducted on the High School Wash 

Experimental Watershed, a small urban watershed in Tucson, 

Arizona, located east of the University of Arizona, between 

Broadway Boulevard and Speedway Boulevard, Cherry Avenue and 

Country Club Road (Figure 4). The area of watershed is about 

0.992 square miles. 

The terrain of the watershed is relative flat and slopes 

from east to west. The average slope is about 2%. The highest 

point in the watershed is 2502 feet above sea level. The 
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lowest point, located at the watershed outlet, is 2410 feet 

above sea level. There is only one natural open channel in the 

watershed. Its location is shown in Figure 5. There are two 

soil types in the watershed. They are MOHAVE and CAVE series, 

which have been assigned to the hydrological soil group (HSG) 

Band D, respectively (Figure 6). 

The watershed has been fully urbanized since the 1940's. 

The natural vegetation cover, desert scrub, has been replaced 

by paved streets, buildings and artificially-irrigated 

vegetation (Tables 1 and 2). Now, most of the watershed is 

residential, except for limited areas occupied by business, 

schools and a park (Figure 7). 

The watershed is in a semi-arid environment, in which 

both yearly precipitation and runoff are very limited. Average 

annual precipitation is about 11.42 inches and average annual 

runoff is about 1.54 inches (based on data from 1968 to 1983). 

There are two rainfall seasons - summer and winter. The summer 

rainfall, between May and September, is typified by 

thunderstorms of short duration and high intensity. The summer 

rainfall contributes about 50% of the annual precipitation and 

62% of the annual runoff. 



28 

SpeedwiJy Blvd. 

/ 
--.-.... _____ ....... _____ 

I 
\ 

~ 
\ '---- ~----, 
I .,....----~ .Q "_.. \ ~ 

' \ 
(j 

l t ~ I ' '- c::: 
~ I ' 

::;, 

~ 
I \ a 
I ~ 

\ 

(5 ,..--- ' ~ ... , 
' I c:: " (' ~ ', 

I ...... 
' ·7 ' Fffth St 

I ' I 
Sixth St / 

\ 
_) " ......... " 

I 

J 

~ 
f 

~ --.) 
I ~ , 

~ .. --"" \ 
::::::: 

f Cl) _,.----------"' ..() 
I ~ / 
\ d 

, 
'"" 

__ ,/ 
' 

_ .. 

' 
, ... _ .. .,. .. -.. --I ' L .......... ...._ _, 

\ 
______ .... ., 

BI'OBdway Blvd. 

l/\11 Boundary INI Street 

Figure 4 Location of High School Wash 
Experimental Watershed in Tucson 



~--------- .............. _~ 
t' ' o, \ __ .. - ... _-~ 

' .,.----'\ I 

\ 
I 

I 
I 

I 
I , __ J 

i"J 
r' 
I 

.. -J 
I • 
I 

-... 1 
' \ 

.. ' 
0 \ 

' ' ' ' ,, 
' ..... 

I 

I 
( 

\ .... 
' -... , 

' I 

I 
1 

I 

I 
I 

. .\ .,,-
,---------

______ ., 

, 
/ 

' ~-' -, ,.,. _,. 
' r-- __ .. 
l ' .. _ ... \................ ,I 
l r----~~ ... ./ L----- y 0 

IN __ _ 
L- J Open Channel [SZJ Flumer 

Boundary I 0 I Rain Gage 

Figure 5 Channel and Gages in High School 
Wash Experimental Watershed 

29 



~~ HSG-B ~ HSG-0 
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Table 1 Landcover in High 
School Watershed 

Landcover 

Grass 
Desert landscape 
Trees 
Bare soil 
Paved street 
Buildings 
Pools 

% 

8.9 
2.6 

21.1 
28.4 
21.3 
17.4 
0.3 

Table 2 Landuse in High 
School Watershed 

Landuse 

Residence 8 lac 
Residence 4-7/ac 
Residence 3-4/ac 
Business 
School 
Park 

l1< o 

6.0 
76.5 
5.0 
3.1 
5.4 
4.0 
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Procedures for database development 

Since most data needed to execute 

simulation model are spatially distributed, 

33 

a hydrological 

their original 

forms are usually either a map or photograph. Obviously, they 

can not be directly used for computer-aided parameter 

estimation. Therefore, to collect this data for computer 

processing requires digitizing, a procedure in which graphic 

information can be transferred to digital format that can be 

recognized by a computer. 

Figure 8 outlines the steps of database development used 

in this study (includes the digitizing process). A detail 

discussion of these steps is given below. 

1. Digitizing 

In principle, all graphic information can be represented 

by a set of points, lines, or areas with labels that indicate 

what they are (Burrough, 1986). The point, line and area are 

generally called map features, or simply, features; and the 

labels, which are the characteristics of map features, are 

called attributes (ESRI, 1991). Therefore, the process of 

digitizing a map can be simplified to digitize map features 

and record the corresponding attributes. 

In this study, the DIGI-PAD 5 digitizer and AutoCAD 

(Autodesk Inc., 1989) program were used for digitizing. The 

DIGI-PAD 5 digitizer consists of a mouse and a digitizing 

tablet which is divided into a high resolution matrix so that 
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the mouse can be located at any point on the tablet with a 

high degree of accuracy. AutoCAD is a popular and powerful 

computer-aid-design software. In this study, it was used to 

digitize graphic information and edit them. 

Maps or 
Photographs 

, 

'Digitizing' 

I 
vector 
Files 

I 
, Gridding , , Display , 

, 

Raster 
Files 

I 
, Format , 

I 
Analysis 

Figure 8 Flow Chart of GIS Database Development 
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The digital databases that were developed for the High 

School Wash Experimental Watershed include: 

(a) HSTOPO 

(b) HSCOVER 

(c) HSUSE 

(d) HSSOIL 

(e) HSGAGE 

( f) BOUNDARY 

topographic map with 2-feet contour 

intervals; 

land cover types; 

land use types; 

soil map with hydrological soil groups; 

locations of rain gages and the natural 

open channel; 

boundary of the High School Wash 

Experimental Watershed. 

The base map for above databases was a 1:2400 aerial 

photographic map made by Cooper Aerial Survey Co. in Tucson, 

Arizona in 1986. 

2. Gridding 

The digitized data are vector-based data. The vector data 

provide more accurate graphics. They are widely used in 

editing of digital database and cartography, but they are not 

very efficient for spatial analysis and modeling. For example, 

most of neighborhood analysis procedures can not be done 

within a vector-based geographic information system. One 

important reason is that in the vector database, feature units 

(for instance polygons) have different areas or shapes 

(Burrough, 1986). Therefore, when dealing with spatial 
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analysis and modeling, another type of data form, called 

raster-based data, is more useful than vector data. The Map 

Analysis Package (Tomlin, 1986) and IDRISI (Eastman, 1989), 

the geographic information systems used in this study, are 

raster-based GIS. 

The raster-formatted data consist of an array of grid 

cells. The coordinates of each cell is inferred by its 

location in the matrix, and the value of the cell represents 

the non-spatial attribute. In a raster database, the size of 

cells is uniform. These characteristics make raster data 

better suited to spatial analysis and simulation. Therefore, 

the vector databases should be converted to raster-basis data 

before analysis starts. This conversion procedure is called 

gridding. 

In this study, the gridding process is done by using 

three programs: DXFAREA.EXE, DXFELVE.EXE and DXFISO.EXE. They 

were developed by Itami (1989) for converting a .DXF file, 

that is the ASCII file from AutoCAD, to gridded ASCII file. 

The DXFAREA.EXE is for gridding polygon maps, DXFELVE.EXE is 

for topographic maps and DXFISO.EXE is for line maps (such as 

channels, streets). 

3. Formatting 

Formatting is the conversion of data format. Since the 

Map Analysis Package and IDRISI can not read the gridded ASCII 

file directly, the data must be converted into a format which 

is acceptable to those programs. 
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In this study, a program, FORMAP.EXE (Itami, 1989), was 

use to convert the gridded ASCII data into Map Analysis 

Package format. There are two modules in IORISI, MAPTOIOR and 

IORTOMAP that can convert the data formats between Map 

Analysis Package and IORISI. Therefore, after formatting, the 

databases listed in page 25 are available for analysis with 

both geographic information systems. 

Description of Hydrological Model 

Model review 

The hydrological simulation model used in this study was 

the Technical Release No.55 (TR-55). It is a rainfall-runoff 

simulation model developed by Soil Conservation service in 

1975. The model was designed to predict storm flow response 

from small urban watersheds. The Technical Release No. 55 

includes three sub-models to simulate storm runoff volume, 

peak discharge and storm hydrograph, respectively. It is an 

event based model, which simulates storm runoff from 

individual rainfall events. The version of TR-55 used in this 

study was released in 1986 (Soil Conservation service, 1986). 

A description of the basic equations used in the Technical 

Release No.55 is: 

1. SCS curve number equation to estimate storm runoff: 



where 

where 
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{: (2) 

o 

Q = runoff (inches) 

P = rainfall (inches) 

1.= initial abstraction (inches), and 1.=0. 2*S is 

suggested 

s = potential maximum retention after runoff begins 

(inches) 

s = (1000/CN) - 10 (3) 

CN = curve number (dimensionless coefficient) 

2. The Graphical Peak Discharge Method to predict peak flow 

discharge: 

where qp = peak discharge (cfs) 

qu unit peak discharge (csm/in) 

Au, = drainage area (mi 2) 

Q = runoff (inches) 

(4) 

Fp = pond and swamp adjustment factor, in our case, 

it is assumed that Fp = 1 
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3. The Tabular Hydrograph Method to simulate hydrograph: 

where 

q=%*Am*Q (5) 

q = hydrograph coordinate (cfs) at time t 

~ = tabular hydrograph unit discharge (csm/in) 

A.n = drainage area (mi2) 

Q = runoff (inches) 

Model parameter analysis 

From the above three sub-models ~ the parameters and 

variables that are necessary to run the model are: 

(a) Rainfall amount for a storm event, P 

(b) Curve number, CN (both initial abstraction, la' and 

potential maximum retention, S, can be derived from 

CN) 

(c) Area of watershed, Am 

Cd) unit peak discharge, qu 

(e) Tabular hydrograph unit discharge, ql 

Of these five parameters and variables, the first three 

are easy to estimate using a geographic information system. 

The other two parameters, gu and gl' need more discussion. 



1. unit peak discharge, qu 

where 

The parameter qu is calculated with following formula 

log(qu) = Co + C)log(Tc) + C2[log(Tc)]2 (6) 

Tc = time of concentration (hour) 

Co, CJ and C2 = coefficients 
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Therefore the estimation of qu depends on the estimation of Tc 

and the coefficients. 

Time of concentration, Te, is defined as the time it 

takes runoff to travel from the hydraulically most distant 

point of the watershed to a reference point within the 

watershed. According to this definition, time of concentration 

can be treated in two ways: (a) it is a watershed 

characteristic, so it should be constant for a specific 

watershed if there is no significant changes happening in the 

watershed; (b) it is not only influenced by watershed factors, 

but also storm characteristics (mainly rainfall intensity), 

therefore it is a function of individual storm event. In the 

TR-55, time of concentration is determined using the first 

approach. 

Normally, water routed from the hydrologically furthest 

point to watershed outlet can be divided into two sections, 

overland flow and open channel flow. In the Technical Release 

No. 55, three approaches were developed for computing the 

travel time of flowing water in each section. The time of 
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concentration should be equal to the summation of travel time 

across the watershed. 

Sheet flow -- overland flow, only occurs in the headwater 

of streams. It is usually less than 300 feet long. The 

Manning's kinematic solution is used to compute the travel 

time of sheet flow: 

where 

T = t 

o . 007 (nL) 0.8 

~ = travel time (hour) 

n = Manning's roughness coefficient 

L = length of route (feet) 

P2 = 2~year, 24-hour rainfall (inch) 

s = slope of hydraulic grade line (ft/ft) 

(7) 

For shallow concentrated flow -- overland flow, runoff 

between sheet flow and open channel flow, a modified Manning's 

equation is employed to calculate the flow velocity: 

where 

Unpaved area: V = 16.1345 * SQ5 

Paved area: V = 20.3282 * s~ 

V = average velocity of flow (ft/sec) 

(8) 

(9) 

s = slope of hydraulic grade line (ft/ft) 



where 

For open channels, Manning's equation can be used: 

v 
1 • 4 9 * r2/3 * s 112 

n 
( 10) 

r = hydraulic radius (ft), and is equal to a/pw 

a = cross sectional flow area (ft2) 

Pw = wetted perimeter (ft) 

s = slope of hydraulic grade line (ft/ft) 

n = Manning's roughness coefficient 
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Then, travel time for shallow concentrated flow and open 

channel flow can be computed by: 

where 

and 

where 

L 

3600 * V 

~ = travel time (hour) 

L length of flow route (ft) 

V velocity of flow (ft/sec) 

Tc = time of concentration (hour) 

(11) 

(12) 

Ttl, Tt2 and Tt3 represent travel time of sheet flow, 

shallow concentrated flow and open channel 

flow, respectively. 
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The coefficients, Co, C1 and C2 , can be determined from 

Table 3 (based on Soil Conservation Service, 1986). The 

factors used to determine these coefficients are rainfall 

distribution type and the ratio of Ia/ P24' where I. is initial 

abstraction and P24 is a selected rainfall frequency, the 24-

hour rainfall. 

In Arizona, the rainfall distribution is type II. The 

initial abstraction depends on the curve number, equation (3) 

and the suggested I. = O. 2 * S. P24 can be determined from the 

frequency of a rainfall event and Table 4 (from Young and 

Turner, 1986). 

2. Tabular hydrograph unit discharge, ql 

The estimation of ql depends on factors: 

a. Time of concentration, Tc 

b. Travel time, Tu 

c. Ratio of I a /P24 

The method to estimate time of concentration and I./P24 are 

same as above discussion. The travel time here, Tu, is the 

time it takes water to flow from the outlet of a sub-watershed 

to the outlet of entire watershed. In High School Wash 

Experimental watershed, because there is only one open 

channel, which means that there is no sub-watershed in it, so 

travel time should be zero .. 

Summarizing the above discussion, to run the TR-55, the 
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following variables and parameters are necessary: 

a. rainfall amount for a storm event, P 

b. a selected rainfall frequency, 24-hour rainfall, Pu 

c. area of watershed, Am 

d. SCS curve number, eN 

e. time of concentration, Tc 

Table 3 Coefficients for Equation (6) (from 
Soil Conservation Service, 1986, 
interpolated by author) 

Rainfall 
type IaJ P24 Co C. C2 

II 0.10 2.55323 -0.61512 -0.16403 
0.11 2.54883 -0.61549 -0.16166 
0.12 2.54443 -0.61586 -0.15929 
0.13 2.54003 -0.61623 -0.15692 
0.14 2.53563 -0.61660 -0.15455 
0.15 2.53123 -0.61697 -0.15218 
0.16 2.52683 -0.61734 -0.14981 
0.17 2.52243 -0.61771 -0.14744 
0.18 2.51803 -0.61808 -0.14507 
0.19 2.51363 -0.61845 -0.14270 
0.20 2.50923 -0.61882 -0.14033 
0.21 2.50483 -0.61919 -0.13796 
0.22 2.50043 -0.61956 -0.13559 
0.23 2.49603 -0.61993 -0.13322 
0.24 2.49163 -0.62030 -0.13085 
0.25 2.48723 -0.62067 -0.12848 
0.26 2.48283 -0.62104 -0.12611 
0.27 2.47834 -0.62141 -0.12374 
0.28 2.47403 -0.62178 -0.12137 
0.29 2.46963 -0.62215 -0.11900 
0.30 2.46532 -0.62257 -0.11657 



Table 4 24-hour Rainfall for a Selected 
Rainfall Frequency (from young and 
Turner, 1986) 

Return Period 
(Years) 

2 
5 

10 
25 
50 

100 

Precipitation Values (inches) 
24-hour Duration 

2.06 
2.97 
3.61 
4.42 
5.18 
5.90 

Parameter Estimation by Using a GIS 
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For a small watershed and a given rainfall event, the P~ 

is a non-spatially distributed parameter. The other four 

parameters can be determined by using a geographic information 

system and the geographic information systems may be the best 

way to get a reliable estimation of time of concentration. 

Estimation of rainfall over the watershed by GIS 

Rainfall data was collected using four rain gages on High 

School Wash Experimental Watershed. The Thiessen polygon 

method is used to calculate average rainfall for the 

watershed. This was done using the Map Analysis Package and 

IDRISI. The procedures were: 

1. Recode the HSGAGE map to get the GAGE overlay, the four 
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rain gages, R-50, R-51, R-52 and R-53 are labeled 1, 2, 3 and 

4 separately. 

2. Convert GAGE from Map Analysis Package format to IORISI 

format by using MAPTOIOR module in IORISI. 

3. Using THIESSEN module in IORISI to create a Thiessen 

polygon overlay. Here, GAGE overlay is the input. 

4. Using the rainfall records from these rain gauges, using 

RECLASS and SCALAR in IDRISI to create rainfall Thiessen 

polygons for each rainfall event. 

Estimation of watershed area. Am 

In the gridding process, the cell size of database has 

already been assigned to 50 by 50 square feet and the whole 

watershed consists of 11067 cells, so the area of watershed is 

easy to determine by multiply the area of cell by number of 

cells, where: 

50 * 50 * 11067 

635.2 (acre) 

0.992 (mi2) 

Estimation of curve number. CN 

27667500 (ft2) 

Curve number is determined by hydrological soil groups 

and land cover types. In High School Wash Experimental 

watershed, there are only two soil groups, Group B and Group 
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D (see Figure 6), and seven land cover types (Table 1). The 

curve numbers for different combination of hydrological soil 

groups and land covers for antecedent moisture condition II 

are listed in Table 5 (based on Soil Conservation Service, 

1986). 

A curve number overlay is created by using CROSS command 

in Map Analysis Package. The basic procedure is illustrated in 

Figure 9 (for detail, see Appendix 1). In this overlay, each 

cell has a certain curve number, therefore, the hydrological 

response from a curve number in any cell can be simulated if 

necessary. The average value of curve number for the whole 

watershed, which was 82.34, is also easy to compute from this 

overlay. 

Table 5 Curve Numbers for Antecedent 
Moisture Condition II (from Soil 
Conservation Service, 1986) 

Land cover HSG-B HSG-D 

Grass 61 80 
Paved street 98 98 
Building 98 98 
Bare soil 79 89 
Desert landscape 96 96 
Canopy 60 79 
Pool 20 20 
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Figure 9 Procedure for Generating CN Overlay 

Estimation of time of concentration, Tc 
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The def ini tion of time of concentration is easy to 

understand, but actually the time of concentration is not so 

easy to estimate, because the hydrologically farthest point 

from a reference point is difficult to find. Usually the 

spatial farthest distant point is used instead of the 
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hydraulically most distant point. However, these two points 

are not always coincidence in a watershed. It also is hard to 

determine how much difference it may cause in terms of Tc 

estimation. Therefore, using the spatially furthest point 

instead of the hydraulically most distant point in the 

calculation is not a reliable method. 

Map Analysis Package provides a powerful function which 

can be used to search for the hydraulically furthest point in 

a watershed in a more reliable way. This function is the 

"Spread" operation, which has the following operation form: 

spread overlayl To distance Over overlay2 [Downhill] 

Through overlay3 For overlay4 

where the reference point (s) is in overlayl following the 

"Spread"; the "distance" is a distance that the user is 

interested in; the overlay2 provides topography information; 

in overlay3, the value of a cell represents the distance 

increments for that celli and the last overlay (overlay4) is 

a output overlay, in which the value of a cell is the distance 

between this cell and the reference point. So, the "Spread" 

operation can measure the distance between a set of points and 

any other point on a watershed. 

If in this operation the unit of "distance" and the cell 

value in overlay3 is represented as a temporal but not a 

spatial unit, the time that water flows from any point within 
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a watershed to the reference points can be determined (the 

flowing direction is controlled by overlay2). Obviously, the 

longest time "distance" is the time that water flows from the 

hydraulically most distance to the reference point. 

In this study, as mentioned before, the flow route is 

divided into two parts, overland flow and open channel flow. 

Therefore, the first step is to compute the travel time for 

overland flow. This means that the hydraulically furthest 

point to the open channel must be found. The "Spread" command 

is operated as follows: 

spread CHANNEL To distance 

For TC 

Over TOPO Through TT 

where the "CHANNEL" overlay is the location of the open 

channel in the watershed; "TT" is a travel time overlay in 

which the value of each cell represents the time that overland 

flow flows through the cell (procedure of getting "TT" overlay 

is illustrated in Figure 10). "TC" overlay is the output, it 

shows the time that water flows from any point on the 

watershed to the open channel. 

In estimating travel time for overland flow, we assume 

that only shallow concentrated flow occurred during a runoff 

event. Since sheet flow only occurs in a residential area in 

this watershed, there is one or more paths through those 

residential areas. The behavior of a path is like a gully. It 
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makes the sheet flow route fairly short. The sheet flow 

becomes shallow concentrated flow very soon, therefore it was 

assume that overland flow starts from shallow concentrated 

flow. 

For the "Spread" command, the limitation of this Map 

Analysis Package version is that the largest number of 

"distance" must be less than 327 and only integer numbers can 

be used. Since the cell size is 50 * 50 (ft2) in the database, 

the time water goes through a cell may be on the order of a 

few seconds. The time unit should be seconds in "TT" overlay. 

However for the whole watershed, the travel time must be 

counted in minutes or even hours. It is necessary to "Spread" 

several times to determine the true travel time for a 

watershed. Therefore, after one "Spread" operation, some steps 

must be convert the time unit for the next operation. A 

detailed description of this operation procedure is presented 

in Appendix 2. 

The second step is to estimate the travel time for open 

channel flow. For computing the velocity of flowing water in 

an open channel, the slope of the channel, the depth and wide 

of flowing water, and Manning's roughness coefficient of the 

channel are needed. The slope of the channel can be determined 

using SLOPE overlay. From the runoff records, the average 

depth of runoff is about 2 feet (around the gaging station), 

and the average width is about 5 feet, so the hydraulic radius 

is close to 1 foot. A Manning's roughness coefficient 0.02 was 
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used. Given these parameters, the cell length and equations 

(10) and (11), the travel time for open channel can be 

calculated in lORISI. 

The estimated travel time for overland flow (shallow 

concentrated flow) was about 28 minutes (from the 

hydraulically most distance point to the open channel). The 

travel time in the open channel was about 4 minutes. so, the 

time of concentration for the High School Wash Experimental 

watershed was about 32 minutes. 
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Executing the Hydrological simulation Model in GIS 

The SCS curve number equation, is suitable to be executed 

within a geographic information system. There is only one 

parameter in the SCS curve number equation, the potential 

maximum retention (S), which is computed based on a curve 

number (CN). The input variable is rainfall volume in inches. 

Both the parameter and variable are spatially distributed. The 

procedures for creating these overlays have already been 

discussed. 

The process of running a model in a geographic 

information system is based on the idea of "map algebra" in 

which the variables and parameters represent entire maps 

consisting of numerous values (Berry, 1987). In this study, 

the entire CN overlay and rainfall Thiessen polygon overlay 

were treated as one parameter and one variable in equations 

(2) and (3). The SCS curve number equation is run for each 

cell in the entire database. So, in the output overlay, the 

value of each cell represents the runoff yielded from that 

cell. Generally, the SCS curve number equation is used to 

simulate runoff from an entire watershed or sub-watershed, but 

a lumped parameter may not represent the whole area well. If 

a parameter is just for a 50 * 50 (ft2) catchment, it may work 

very well, and the simulation results should be more accurate, 

especially for those events with relatively low rainfall. This 

will be discussed in the MODEL TESTING section. 
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In the process of runoff volume simulation by geographic 

information system, it implies the assumption that each cell 

is independent from its neighbors in the runoff yield process. 

So, if P - 0.2*8 is less than zero in any cell, not only does 

no runoff yield occur in the cell, but no extra water from 

adjacent cells will be absorbed by that cell. Obviously, the 

assumption does not describe the real runoff yield process 

perfectly, but considering the shallow concentrated flow 

occurs very early, the water flow route becomes narrow, the 

water from an adjacent cell will not be absorbed universally 

in a "dry" cell. In addition, the hydrological response of 

paved areas (street, parking lot, etc.) in Tucson supports 

this assumption. Rainfall water yield from paved areas 

contribute to storm runoff greatly, not only because paved 

areas have larger curve numbers and represents a large 

percentage of landcover, but also because normally the 

rainfall water yield from the paved areas flow directly into 

open channels through streets or drainage systems. It does not 

fill water deficit in adjacent, unpaved areas. 

The procedure for runoff simulation done in IDRISI is 

illustrated in Figure 11. A MS-DOS batch file to run IDRISI 

modules automatically for the simulation is listed in Appendix 

3. 
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Testing Procedure 

The methodologies developed above will be tested on the 

High School Wash Experimental Watershed. The procedures for 

model testing are: 

(1) chose rainfall-runoff events. The events used for model 

testing shouldn't conflict with model assumption. 

(2) running the model to simulate hydrological responses, 

including runoff volumes and peak flow discharges. 

(3) comparing the observation data with the simulation 

results, statistical tests will be used as test criteria. 

(4) if the error is unacceptable, analyzing the factors which 

may cause the error. Eliminating the influence of the factors, 

go back to (3). If the error continuously unacceptable, it 

means that either methodology or model itself failed in the 

simulation. If the error is acceptable, the test is passed. 
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MODEL TESTING 

Rainfall Event Selection 

Based on the manual of TR-55, there are two major model 

limitations: (1) the model is only suitable for relatively 

large rainfall event, the best event to simulate is the event 

that can generate more than a half inch runoff; and (2) the 

model can only handle the event in which runoff continues less 

than 3 hour, a longer time event may cause errors. 

In the Tucson area, summer thunderstorms are short period 

rainfall events, and the ratio of runoff to rainfall volume is 

relatively high owing to relatively high rainfall intensity. 

The application of TR-55 for rainfall-runoff simulation of the 

High School Wash Experimental Watershed is primarily suitable 

to simulate the summer event. In a dry climate, it is rare 

that a single rainfall event could produce more than a half 

inch runoff from the watershed. Therefore, only significantly 

large rainfall events were used for testing regardless of its 

runoff amount. According to this principle, 30 rainfall-runoff 

events from 1968 to 1987 were selected. The observations of 

rainfall and runoff amount, and antecedent soil condition for 

the 30 events are listed in Appendix 4. 
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Runoff Simulation Test 

Based on 5-day total antecedent rainfall, the antecedent 

moisture conditions (AMC) were classified into three classes 

by U.S. Conservation service. The classes and the criteria of 

classification are in Table 6. The curve number on a specific 

location must be adjusted if the antecedent moisture condition 

is at a different level. The conversion of curve number among 

different antecedent moisture condition classes are discussed 

by Soil Conservation Service (1972). The conversion of curve 

numbers for the High School Wash Experimental Watershed are 

listed in Table 7. 

In this study, based on the antecedent rainfall 

information, the antecedent moisture conditions for the all 

selected events were class I (dry condition). However, because 

of the dry climate in Tucson, Arizona, lawn and trees must be 

irrigated regularly, especially during the summer period. 

Therefore, it was assumed that the antecedent moisture 

condition was not uniform across the watershed. For the 

surface cover of grass and canopy, the antecedent moisture 

condition was assumed to be class II if it was class I in the 

remaining area of the watershed. The runoff simulation with 

this assumption was called AMC 1&11 combined simulation. 

The AMC 1&11 combined simulation results are in Appendix 

5. For comparing the observed and simulated results, the ratio 

of simulated over observed runoff and regression analyses were 
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done (see Table 8). The average ratio of simulated to observed 

runoffs was 1. 030, very close to 1. This means that the 

simulated values is close to observed data. 

Table 6 Antecedent Moisture Conditions (from 
Soil Conservation Service, 1972) 

AMC class 5-day total antecedent rainfall (in) 
Dormant season Growing season 

I (dry) 
II (average) 

III (wet) 

Less than 0.5 
0.5-1.1 
Over 1.1 

Less than 1.4 
1.4-2.1 
Over 2.1 

Table 7 Conversion of Curve Number 
for AMC II to AMC I (from Soil 
Conservation Service, 1986, 
interpolated by author) 

CN for AMC II CN for AMC I 

60 40 
61 41 
69 50 
72 53 
75 57 
79 62 
80 63 
85 70 
86 72 
87 73 
89 77 
90 78 
92 81 
95 87 
96 89 
98 95 



Table 8 comparison of Runoff Simulations 
from GIS and Lumped Parameters 

Average Regression analysis 

Q(in) Q./Qr Slope Intercept 

Observed 0.252 
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AMC 1&11 
Distributed 0.242 1.030 0.294 0.8145 0.0368 0.7105 

AMC 1&11 Lumped 
(CN= 82.34) 0.116 0.393 0.229 0.6941 -0.0589 0.6861 

where Q = runoff; 
QJQr = ratio of simulated to observed runoff; 
S() = standard deviation for Q./Qri 
R = correlation coefficient between observed and 

simulated runoff. 

The regression analysis used in this study is based on 

the following consideration: if simulated data are close to 

observed data, in a observation vs. simulation coordination 

space, the scattering samples should consist of a linear line 

with both slope (or X coefficient) and correlation coefficient 

(R) close to one, and intercept on Y-axis close to zero. 

The observed and simulated data and linear regression 

analysis were shown in Figure 12. visually, it is very clear 

that the scattering points tend to fit linearly, and the 

regression line representing those points is very close to the 

1:1 line. 

The significant tests also were done for testing whether 

it was statistically true that the simulated results were 
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close to the observed data. Since the Kolmogorov-Sntirnov test 

(Ebdon, 1985) showed that it was acceptable at a 0.05 

significance level that both observed and simulated data were 

normally distributed (Appendix 13), two parametric techniques, 

Student's t test (Shaw and Wheeler, 1985) and the F ratio test 

(Ebdon, 1985), were used to test mean and variance 

respectively. The test results demonstrated that at a 0.05 

significance level both observed and simulated data tended to 

be from same sample population. This means that the simulated 

results are significantly close to observed data. 

A series of runoff simulations by SCS curve number 

equation with lumped and distributed parameters were done to 

compare with the above results. In the lumped parameter case, 

a single curve number was used to represent the entire 

watershed, and the curve number was determined by a 

weight-average method. The input rainfall was the Thiessen 

average rainfall. 

By assuming the antecedent moisture condition is average 

(AMC II) in grass and canopy covered area when it is dry (AMC 

I) in other part of the watershed, the weight average curve 

number for the entire watershed is 82.34. Runoff estimation 

based on this lumped curve number were shown in Appendix 6 and 

the statistical analysis results was listed in Table 8. The 

average ratio of estimated to observed data was just 0.393, 

indicating that the estimation from a lumped parameter is much 

smaller than the estimation by the distributed parameter under 
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the same antecedent moisture condition. The linear regression 

analysis abo~t these two sets of data showed the same 

conclusion (see Figure 13). The potential reasons for the 

difference will be discussed in the DISCUSSION section. In 

addition, both the Student's t test and F ratio test rejected 

the runoff simulation with lumped curve number (Appendix 13) • 

To test the influence of the assumption about antecedent 

moisture condition on the simulation, the estimations of 

runoff under antecedent moisture condition I and II with 

distributed curve number also were done. The statistical 

analysis are shown in Table 9, Figure 14 and Figure 15. In 

Figure 14, the regression analysis showed that the simulated 

runoffs with AMC I were lower than the AMC 1&11 combined 

simulations. However, the Student's t test and F ratio test in 

Appendix 13 demonstrated that they still produced an 

acceptable simulation. 

Table 9 The Influence of Antecedent Moisture 
Condition Estimation on Runoff Simulation 

Average Regression analysis 
----------------- ----------------------
Q(in) Q./Qr So Slope Intercept R2 

AMC I 
Distributed 0.224 0.971 0.279 0.7036 0.0469 0.7119 

AMC II 
Distributed 0.383 1. 706 0.518 1.0616 0.1150 0.7227 



Both the significance test 

demonstrated that the simulated 
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and regression analysis 

runoffs under antecedent 

moisture condition II were significantly over-estimated. The 

simulation results were unacceptable, meaning that with the 

distributed curve number, antecedent moisture condition can 

not be presumed to be II over the entire watershed. 

For simulating runoff with SCS curve number technique in 

urban area, to avoid a complicated surface landcover 

structure, landuse condition is often used to estimate curve 

number. It could simplify surface cover condition 

significantly. For example, in this study, with seven 

landcover classes the High School Wash Experimental Watershed 

was divided into about 6000 polygons, but - with 6 landuse 

classes the watershed was only divided into 11 polygons 

(Figure 7). Therefore, with landuse being used in curve number 

estimation, runoff simulation by SCS equation with distributed 

parameter could be done manually. 

For testing the above approach (called the conventional 

approach), two runoff simulations were done with AMC = I and 

AMC = II (Appendix 8). The statistical analysis are shown in 

Table 10. The simulated runoffs with antecedent moisture 

condition I were extremely low (see Figure 16). The 

significance tests showed that it was not an acceptable 

simulation. In the antecedent moisture condition II case, the 

significance tests demonstrated that the simulated results 

were acceptable at 0.05 significance level. However, as shown 



65 

in Table 10 the average ratio of simulated to observed is 

still just 0.769. This indicates that the conventional 

approach is not as good as the GIS approach in terms of runoff 

simulation although it is an acceptable method. 

Table 10 Runoff Simulation by Conventional 
Approach (landuse & HSG) 

Average Regression analysis 
----------------- ----------------------
Q(in) QslQr So Slope Intercept R2 

AMC I 0.036 0.110 0.098 0.2708 -0.0321 0.6043 

AMC II 0.196 0.769 0.255 0.8449 -0.0171 0.7010 

Given a pair of observed rainfall and runoff, the 

potential maximum retention S can be derived from the 

following equation (Hawkins, 1973): 

s 5 [(P+2Q) - (4Q2+5PQ) 0.5] (13) 

where S potential maximum retention (in); 

P rainfall (in); 

Q runoff (in). 

By using Equation (3) and Equation (13), a curve number for 
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the rainfall-runoff event can be calculated. It is a "true" 

curve number (lumped) representing the watershed for a certain 

rainfall event. 

For High School Wash Experimental Watershed, an averaged 

"true" curve number, CN= 88.78, was derived based on the 30 

rainfall-runoff events (see Appendix 15). It could be 

considered as a goodness-of-fit curve number for the 

watershed. The simulated runoffs using this curve number are 

listed in Appendix 9. The statistical analysis results are 

listed in Table 11 and Figure 17. 

Table 11 Solved and Lumped Curve Number 
vs. GIS Simulated 

AMC I&II 
Distributed 

Solved & Lumped 

Average 

0.242 1.030 0.294 

CN= 88.78 0.254 1.004 0.310 

Regression analysis 

Slope Intercept 

0.8145 0.0368 0.7105 

1.0560 -0.0125 0.7166 
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Peak Flow simulation Test 

In the peak discharge simulation, the geographic 

information system was used to estimate the model parameters. 

There were two key parameters, curve number and time of 

concentration, in the Graphical Peak Discharge method. As 

already mentioned above and in the PROCEDURE section, the 

average curve number was 82.34 and the time of concentration 

was 32 minutes for the High School Wash Experimental 

Watershed. The simulated peak flows for 30 events are 

presented in Appendix 10 and Figure 18. It is obvious that the 

simulated peak discharges are much lower than observation 

data. The average ratio of simulation results to observation 

data was just 0.600. The slope of regression line was 0.3230, 

much lower than l, and intercept was 37.09 cubic feet per 

second. This indicates that the simulated results are poorer 

for larger peak flow events. However, besides a few events, 

most scattering points distributes were very close to a 

straight line in Figure 18 although the correlation 

coefficient was low (R2= 0.5226). 

In the Graphical Peak Discharge Method, a lumped curve 

number, CN= 82.34, was used to estimate the unit peak 

discharge (qu)' According to the experience from the above 

section, a lumped curve number may need to be calibrated. So 

instead of CN= 82.34, CN= 88.78 was employed to estimate peak 

flows. The statistical analysis of the results from both CN= 
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88.78 and CN= 82.34 are listed in Table 11 and Figure 19. 

There are some differences between the two sets of statistical 

results, but the differences are slight. The improvement is 

insignificant (see Appendix 14), implying that the model is 

not very sensitive to changes in curve numbers. 

Table 12 Influence of Curve Number Estimation 
on Peak Flow simulation (Tc= 32 min) 

Average Regression analysis 
-----------------
pQ (in) pQ.lpQr So Slope Intercept R2 

Observed 224.82 

CN= 82.34 109.70 0.60 0.30 0.3230 37.09 0.5226 

eN= 88.78 117.30 0.65 0.32 0.3385 41.21 0.5329 

where pQ = peak flow; 
pQJpQr = ratio of simulated to observed peak flow; 
SJ) = standard deviation for PQ.!pQr; 
R = correlation coefficient between observed and 

simulated runoff. 

The second test is on the time of concentration. Besides 

Tc= 32 minutes, Tc= 20, 26 and 38 minutes were used to analyze 

the influence of time of concentration on peak flow 

estimation. The curve number 88.78 was used in this test. The 

results of linear regression analysis are plotted in Figure 

20. When the time of concentration was reduced, as from 32 to 
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20 minutes, the simulation results were not improved (see the 

sign~ficant tests in Appendix 14). The slope of linear 

regression line did not change significantly, indicating that 

large peak discharge events were still underestimated. 

Table 13 The Influence of Time of Concentration on 
Peak Flow simulation (CN= 88.78) 

Average Regression analysis 
----------------- ----------------------
pQ(in) pQ./pQr So Slope Intercept R2 

Tc= 20 min 148.14 0.82 0.41 0.4262 52.33 0.5326 

Tc= 26 min 130.53 0.72 0.36 0.3762 45.95 0.5328 

Tc= 32 min 117.30 0.65 0.32 0.3385 41. 21 0.5329 

Tc= 38 min 106.89 0.59 0.29 0.3087 37.50 0.5330 

The third test was on the model variable, runoff volume 

Q. In the above simulations and tests, the runoff volume 

simulated by using geographic information system with AMC 1&11 

combined curve numbers was used as input variable. It is 

unavoidable that there is some error in the simulated runoff 

data. If the error is in the reasonable range, it would not 

affect the peak discharge estimation. For testing this 

consideration, the observed runoff data were employed to 
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estimate peak discharges. The statistical analysis showed that 

the estimated peak flows based on observed runoffs were still 

far below the observed peak discharges (Table 14 and Figure 

21). The Student's t test and F ratio test demonstrated that 

at 0.05 significance level there was no significant difference 

between the two sets of peak flow data simulated by observed 

and simulated runoffs, respectively (Appendix 14). This 

indicated that the error of peak flow estimation can not be 

from the simulated runoff. 

Table 14 Influence of Runoff Estimation on 
Peak Flow Simulation 

Average Regression analysis 
----------------- --------------~-------
pQ(in) pQs/pQr Sn Slope Intercept R2 

From simu. 
runoff 117.30 0.65 0.32 0.3385 41.21 0.5329 

From observe 
runoff 125.53 0.64 0.23 0.4128 32.72 0.7294 
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DISCUSSION 

Advantage of GIS in Storm Runoff Simulation 

According to the simulation tests in the MODEL TESTING 

section, the estimations of runoff volume from geographic 

information system were significantly better than those from 

a lumped parameter. Not only did the GIS provided good 

results, but calibration was fairly simple. 

As we have already seen in the MODEL TESTING section, 

when a lumped parameter was used for runoff simulation with 

the ses curve number technique, if the parameter was 

calibrated properly, the simulation result could be very close 

to the observed data. The problem is how to determine the 

calibration factors. In this study, for example, by using the 

solved curve number eN= 88.78 instead of eN= 82.34, the 

simulated runoffs could be as good as those from geographic 

information system. In this case the parameter calibration 

form could be written as: 

eN' = eN + C' (14) 

where eN is the curve number based on ses estimation method; 

C' is a calibration term; 

eN' is a calibrated curve number. 
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According to this study, the C' should be about 6.5 for the 

High School Wash Experimental Watershed. However we know that 

the value of a lumped curve number is highly dependent on 

landcover and landuse structure of a watershed. The solved 

curve number (it is analogous to the CN' in Equation 14) is 

based on the rainfall-runoff events from the High School Wash 

Experimental Watershed. Therefore, the factor C'= 6.5 is just 

a local factor for High school Wash Experimental Watershed. It 

is still a question on how to extend this factor to an ungaged 

watershed without farther testing. 

When the geographic information system was used in runoff 

simulation, the only thing was done for calibration was the 

re-estimation of the antecedent moisture condition. In SCS 

curve number technique, originally the antecedent moisture 

condition depends on 5-day antecedent total rainfall. It was 

found that this estimation was not acceptable in a semi-arid, 

urban watershed. Because non-natural vegetation must be 

irrigated, the antecedent moisture condition for these 

vegetation types can not be the same as under natural 

conditions. The antecedent moisture condition is not only 

determined by antecedent rainfall but also landcover types in 

arid urban area (actually landcover types indicate the 

irrigation condition). The method of AMC estimation used in 

the study, using AMC II for irrigated vegetation, has already 

been discussed in the MODEL TESTING section. The modification 

is very straight forward and logical. Actually it is easy to 
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find that the modification is not just for GIS application, 

but a general adjustment on the parameter estimation. 

sensitivity of GIS on Small Runoff Event 

As mentioned in the MODEL TESTING section, the TR-55 was 

not designed for small runoff events, the expected runoff 

volume should be over 0.5 inches for an event. Gi ven the 

conditions in the Tucson area, we tested the runoff simulation 

on events with runoff less than 0.5 inches. When the lumped 

curve number, CN= 82.34 was used to estimated runoff volume, 

the simulated results were low compared to the observed data. 

But when the simulation was carried out in the geographic 

information system, the results were very close to observed 

data although there was no changes on the surface condition 

dealing with the curve number. The Figure 22 showed the 

difference of individual runoff event by the two simulation 

procedures. 

The reason can be explained by the following. Considering 

a simplified case that a watershed consists of only two cells. 

The first cell has a large curve number, Cl, and the second 

cell has a small curve number, C2. When a lumped curve number 

is used for simulation, its value should be between Cl and C2 

(average of Cl and C2). If the rainfall amount is relatively 

low, it may cause P - 0.2*S to be equal to or less than zero, 



84 

which means that no runoff yields from the watershed for this 

rainfall event. In geographic information system, the SCS 

curve number equation is used on the two cells, respecti ve"ly. 

Because of the small C2, runoff may be zero from the second 

cell. However, C1 is large. The first cell can generate a 

certain amount of runoff even with low rainfall. 

In the test, we enlarged curve number by us ing 88. 78 

instead of 82.34 in the simulation. The average result was 

improved significantly, but when dealing with individual 

event, the runoffs from lower rainfall events were still 

underestimated. This phenomenon can be seen in Figure 23. For 

those events with lower than 0.2 inch runoff, the GIS 

simulation results distributed around 1:1 line, but most of 

estimations from the lumped curve number were below 1:1 line. 

It further demonstrates that the geographic information system 

works better for small runoff simulation. 

Calibration of Peak Flow Model 

The peak discharge simulations were not successful on the 

High School Wash Experimental Watershed. No matter how the 

parameters dealing with peak flow model were adjusted, the 

results could not be improved significantly. It is reasonable 

to say that the failure was not from parameter estimation. 

However, the scattering points showed a linear shape in 
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simulation-observation space (Figure 18), meaning that the 

simulation result has the same trend as the observed data. 

Therefore, the underestimation problem may come from the 

hydrological model itself rather than parameter estimation. 

For correctly using the model in Tucson area, the peak flow 

model must be calibrated. A possible and simple way to modify 

the model is to add one or two empirical constants to the 

model, for example, the model could be changed from original 

formation to: 

or (2) 

where a and b are all empirical constants. Obviously more work 

must be done. Since the constants are empirical, they may not 

be universal. 

Estimation of Time of concentration 

Time of concentration is an important parameter in 

watershed hydrology. As mentioned in the PROCEDURE section, 

geographic information systems afford a reasonable way to 

estimate this parameter. However, because of complex runoff 

routing in urban area, the GIS technique should be better 

tested. Unfortunately there is no efficient method that can be 
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used to verify this parameter from observation data. According 

to Soil Conservation service (1975), in the hydrograph 

analysis, time of concentration should be the time from the 

end of excessive rainfall to the point of inflection on the 

falling limb of the hydrograph. However, it is hard to find 

the inflection point on the falling limb in a hydrograph. The 

observed hydrographs were very different from each other. 

Based on some events in High School Wash Experimental 

Watershed, an analysis showed that time of concentration 

ranged from several minutes to more than one hundred minutes. 

Definitely this is impossible, and also the variation of the 

time of concentration is mutually exclusive with the 

assumption about constant time of concentration, both of them 

can be deduced from SCS method. Therefore, the best procedure 

for estimating the time of concentration is still a unsolved 

problem. 
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CONCLUSIONS 

The conclusions of this study can be summarized as 

follows: 

(1) The geographic information systems are an acceptable 

alternative for storm runoff simulation with SCS curve number 

technique in urban areas. Based on this study, the simulated 

results from a grid-based geographic information system are 

more accurate than those from lumped parameter and the 

conventional approach. 

(2) The storm peak flows were significantly 

underestimated using the Graphical Peak Discharge Method. 

Based on the analysis in this study, the underestimation of 

peak flow is from the model itself, not the application of GIS 

technique. Therefore, it is necessary to calibrate the model 

before applying it on semi-arid, urban watersheds. 



Appendix 1 Batch File for Generating Curve Number 
Overlay from Landcover and Soil Overlays 

NOTE 
NOTE 
NOTE 
NOTE 

NOTE 
NOTE 
NOTE 
NOTE 
NOTE 
NOTE 
NOTE 

This batch is for antecedent moisture condition II 
The input overlays required: 

COVER -- landcover types 
SOIL -- hydraulic soil group. 

GRASS 
PAVED STREET 

BUILDING 
BARE SOIL 

DESERT SCRUB 
CANOPY 

HSG-B 
61 
98 
98 
79 
96 
60 

HSG-D 
80 
98 
98 
89 
96 
79 

Cross COVER with SOIL For CN A 61 To 1 1 A 80 To 1 2 / 
Assign 98 To 21Th 2 A 98 To 31Th 2 A 79 To 4 1 / 
Assign 89 To 4 2 A 96 To 51Th 2 A 60 To 6 1 A 79 To 6 2 

Read 
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Note 
Note 
Note 

Note 

Appendix 2 Batch File for computing Time of 
Concentration on Overland Flow by MAP 

in the output overlay TC, except those downhill 
cell, the maximum cell value is the time of 
concentration in minutes for overland flow 

overlays required: CHANNEL, TOPOl, TT and WSD 

Spread CHANNEL To 301 Over TOPOl Through TT For TC 
Recode TC For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
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Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 

Spread X To 301 Over TOPOl Through TT For XX 
Add XX To TC For TC 
Recode XX For X Assign 1 To 0 Through 300 Assign 0 To 301 
v 
Assign 60 For 
Divide TC By X For TC 
Multiply TC By WSD For TC 

Zap X 
Zap XX 

read 

92 



Appendix 3 Batch File for simulating storm Runoff 
by using scs Curve Number Equation in IDRISI 

overlay x 2 RAIN Sl TEMP1 
reclass x i TEMP1 TEMP2 2 0 -30000 0 -1 
scalar x TEMP2 TEMP3 4 1000 
scalar x TEMP3 TEMP1 5 2 
scalar x RAIN TEMP3 4 1000 
overlay x 1 TEMP3 S2 TEMP2 
overlay x 4 TEMP1 TEMP2 TEMP3 
overlay x 3 TEMP3 WSD RO 
maint x 1 1 TEMP1 
maint x 1 1 TEMP2 
maint x 1 1 TMEP3 

93 

In the above batch file, the RAIN is the rainfall overlay with 
rainfall depth in inches multiply by 1000. Sl is 0.2*S*1000, 
S is the potential maximum retention overlay. S2 is 0.8*S. WSD 
is overlay of watershed area. RO is the simulated runoff in 
inches. 
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Appendix 4 The Rainfall - Runoff Events for Model Testing 

Event Time Rain R50 R51 R52 R53 Runoff Qp AMC 
(avg. ) (in) (in) (cfs) 

1968 
1 8-10 1. 321 1. 40 1. 52 0.83 0.613 486.00 I 
2 8-19 1.069 0.93 0.86 1.69 0.228 146.00 I 

1969 
3 8-1 0.951 1.15 0.68 1. 03 0.435 341. 00 I 

1970 
4 7-20 0.952 0.364 243.00 I 
5 8-11 0.985 0.58 1.17 1.45 0.387 408.60 I 

1971 
6 8-3 0.833 0.91 0.89 0.71 0.94 0.187 163.62 I 
7 8-8 1.419 1.20 1.40 1.65 1. 32 0.571 663.70 I 
8 8-19 1.021 0.80 0.95 1.28 0.97 0.220 199.48 I 
9 9-1 0.839 0.65 0.91 1.00 0.62 0.159 179.79 I 

1972 
10 8-5 0.586 0.45 0.80 0.60 0.40 0.070 39.57 I 
11 8-12 1.645 1.93 1.87 1.25 1.52 0.437 652.45 I 
12 10-4 0.686 0.70 0.77 0.65 0.45 0.142 108.02 I 

1973 
13 7-7 0.875 0.78 1.00 0.62 0.178 204.23 I 

1974 
14 7-19 0.757 1.17 0.53 0.50 0.87 0.142 64.85 I 
15 9-6 0.717 0.35 1.14 0.83 0.42 0.174 108.88 I 

1975 
16 7-12 1. 073 1.05 1.10 1.10 0.90 0.265 144.09 I 

1976 
17 7-11 0.689 0.55 0.55 0.90 0.75 0.127 65.51 I 

1977 
18 9-10 0.593 0.45 0.37 0.85 0.75 0.061 73.01 I 

1978 
19 7-30 0.723 0.55 0.85 0.75 1.15 0.165 110.61 I 

1979 
20 8-12 0.838 0.85 0.84 0.87 0.50 0.285 345.60 I 

1980 
21 8-13 1. 870 1. 72 1. 75 2.15 1. 40 0.634 360.02 I 
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Appendix 4 (Continue) 

Event Time Rain R50 R51 R52 R53 Runoff Qp AMC 
(avg. ) (in) (in) (cfs) 

1980 
22 8-23/24 0.708 0.64 0.61 0.86 0.51 0.144 211.46 I 

1981 
23 7-25 0.655 0.79 0.70 0.52 0.49 0.095 38.04 I 

1982 
24 8-2 1. 041 0.93 0.94 1.16 1.42 0.280 211.47 I 
25 8-23 0.868 0.75 0.98 0.92 0.78 0.243 232.68 I 
26 9-10 1.054 0.96 1. 34 1. 01 0.67 0.295 289.76 I 

1983 
27 8-8/9 0.755 0.82 0.97 0.58 0.58 0.114 115.88 I 
28 8-16/17 1.125 1.45 1.11 0.85 0.96 0.195 153.18 I 

1985 
29 7-17/18 0.758 0.58 0.99 0.80 0.58 0.151 100.00 I 

1987 
30 8-10/11 0.679 0.64 0.79 0.68 0.40 0.208 283.83 I 

Where the average rainfall is the Thiessen-weighted average; 
R50, R51, R52 and R53 are the rain gage number; 
Qp is peak flow discharge; 
AMC is the antecedent moisture condition. 
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Appendix 5 Runoff simulations using GIS 
vs. Lumped Parameter 

Event Observed GIS simulated Lumped CN=82.34 
-------- -------------- ---------------
Qr(in) Qs(in) Qs/Qr Qs(in) Qs/Qr 

1 0.613 0.416 0.679 0.262 0.427 
2 0.228 0.306 1.342 0.147 0.645 
3 0.435 0.237 0.545 0.102 0.235 
4 0.364 0.230 0.632 0.103 0.282 
5 0.387 0.272 0.703 0.114 0.296 
6 0.187 0.182 0.973 0.064 0.342 
7 0.571 0.470 0.823 0.313 0.548 
8 0.220 0.266 1.209 0.128 0.582 
9 0.159 0.186 1.170 0.066 0.414 

10 0.070 0.097 1.386 0.011 0.153 
11 0.437 0.604 1.405 0.440 1.007 
12 0.142 0.126 0.887 0.027 0.194 
13 0.178 0.198 1.112 0.077 0.431 
14 0.142 0.166 1.169 0.044 0.306 
15 0.174 0.159 0.914 0.034 0.196 
16 0.265 0.287 1.083 0.149 0.561 
17 0.127 0.128 1.008 0.028 0.221 
18 0.061 0.099 1.623 0.012 0.191 
19 0.165 0.144 0.873 0.035 0.215 
20 0.285 0.182 0.639 0.065 0.230 
21 0.634 0.742 1.170 0.579 0.913 
22 0.144 0.132 0.917 0.032 0.223 
23 0.095 0.117 1.232 0.022 0.227 
24 0.280 0.273 0.957 0.136 0.485 
25 0.243 0.197 0.811 0.075 0.307 
26 0.295 0.284 0.963 0.141 0.478 
27 0.114 0.157 1.377 0.043 0.377 
28 0.195 0.322 1.651 0.171 0.874 
29 0.151 0.157 1.040 0.044 0.290 
30 0.208 0.124 0.596 0.026 0.125 

Avg 0.256 0.242 1. 030 0.116 0.396 
Std 0.155 0.149 0.294 0.130 0.229 

Qr= observed runoff; Qs= simulated runoff 
Avg= average; Std= standard deviation 
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Appendix 6 Runoff simulations with AMC = I, 
Lumped vs. Distributed Parameter 

Event Observed Lumped, CN=77.07 Distributed 
-------- ---------------- ----------------
Qr(in) Qs(in) QS/Qr Qs (in) Qs/Qr 

1 0.613 0.142 0.232 0.373 0.608 
2 0.228 0.065 0.285 0.281 1.232 
3 0.435 0.038 0.087 0.222 0.510 
4 0.364 0.038 0.104 0.217 0.596 
5 0.387 0.045 0.116 0.249 0.643 
6 0.187 0.018 0.096 0.175 0.936 
7 0.571 0.179 0.313 0.420 0.736 
8 0.220 0.053 0.241 0.245 1.114 
9 0.159 0.018 0.113 0.177 1.113 

10 0.070 0.000 0.000 0.096 1. 371 
11 0.437 0.274 0.627 0.546 1.249 
12 0.142 0.003 0.021 0.123 0.866 
13 0.178 0.024 0.135 0.188 1.056 
14 0.142 0.008 0.056 0.157 1.106 
15 0.174 0.005 0.029 0.149 0.856 
16 0.265 0.066 0.249 0.266 1.004 
17 0.127 0.003 0.024 0.124 0.976 
18 0.061 0.000 0.000 0.096 1.574 
19 0.165 0.005 0.030 0.139 0.842 
20 0.285 0.018 0.063 0.174 0.611 
21 0.634 0.383 0.604 0.651 1.027 
22 0.144 0.004 0.028 0.128 0.889 
23 0.095 0.001 0.011 0.115 1.211 
24 0.280 0.058 0.207 0.253 0.904 
25 0.243 0.023 0.095 0.187 0.770 
26 0.295 0.061 0.207 0.263 0.892 
27 0.114 0.008 0.070 0.151 1. 325 
28 0.195 0.080 0.410 0.296 1.518 
29 0.151 0.008 0.053 0.151 1.000 
30 0.208 0.002 0.010 0.121 0.582 

Avg 0.252 0.054 0.151 0.224 0.971 
Std 0.155 0.087 0.164 0.129 0.279 

Qr= observed runoff; Qs= simulated runoff 
Avg= average; Std= standard deviation 
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Appendix 7 Runoff Simulations with AMC = II, 
Lumped vs. Distributed Parameter 

Event Observed Lumped, CN=77.07 Distributed 
-------- ---------------- ---------------
Qr(in) Qs(in) QS/Qr Qs(in) QS/Qr 

1 0.613 0.435 0.710 0.614 1.002 
2 0.228 0.277 1.215 0.468 2.053 
3 0.435 0.211 0.485 0.385 0.885 
4 0.364 0.212 0.582 0.377 1.036 
5 0.387 0.229 0.592 0.418 1.080 
6 0.187 0.151 0.807 0.310 1.658 
7 0.571 0.501 0.877 0.682 1.194 
8 0.220 0.250 1.136 0.421 1.914 
9 0.159 0.154 0.969 0.312 1. 962 

10 0.070 0.052 0.743 0.182 2.600 
11 0.437 0.662 1.515 0.855 1.957 
12 0.142 0.087 0.613 0.228 1.606 
13 0.178 0.172 0.966 0.332 1.865 
14 0.142 0.117 0.824 0.283 1.993 
15 0.174 0.100 0.575 0.261 1.500 
16 0.265 0.279 1. 053 0.451 1. 702 
17 0.127 0.089 0.701 0.230 1.811 
18 0.061 0.054 0.885 0.185 3.033 
19 0.165 0.102 0.618 0.252 1. 527 
20 0.285 0.154 0.540 0.310 1.088 
21 0.634 0.832 1. 312 1.011 1.595 
22 0.144 0.096 0.667 0.238 1.653 
23 0.095 0.076 0.800 0.216 2.274 
24 0.280 0.261 0.932 0.433 1.546 
25 0.243 0.168 0.691 0.328 1.350 
26 0.295 0.268 0.908 0.443 1.502 
27 0.114 0.116 1.018 0.271 2.377 
28 0.195 0.310 1.590 0.495 2.538 
29 0.151 0.117 0.775 0.270 1. 788 
30 0.208 0.085 0.409 0.225 1.082 

Avg 0.252 0.221 0.850 0.383 1. 706 
std 0.155 0.180 0.288 0.193 0.518 

Qr= observed runoff; Qs= simulated runoff 
Avg= average; std= standard deviation 
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Appendix 8 Runoff Simulations using 
conventional Approach 

Event Observed Lumped, CN=77.07 Distributed 
-------- ---------------- ---------------
Qr(in) Qs(in) Qs/Qr Qs(in) Qs/Qr 

1 0.613 0.085 0.139 0.374 0.610 
2 0.228 0.055 0.241 0.260 1.140 
3 0.435 0.025 0.057 0.189 0.434 
4 0.364 0.018 0.049 0.177 0.486 
5 0.387 0.047 0.121 0.227 0.587 
6 0.187 0.010 0.053 0.130 0.695 
7 0.571 0.106 0.186 0.433 0.758 
8 0.220 0.032 0.145 0.217 0.986 
9 0.159 0.014 0.088 0.135 0.849 

10 0.070 0.004 0.057 0.053 0.757 
11 0.437 0.178 0.407 0.586 1.341 
12 0.142 0.004 0.028 0.076 0.535 
13 0.178 0.013 0.073 0.146 0.820 
14 0.142 0.016 0.113 0.123 0.866 
15 0.174 0.016 0.092 0.114 0.655 
16 0.265 0.034 0.128 0.235 0.887 
17 0.127 0.005 0.039 0.082 0.646 
18 0.061 0.003 0.049 0.060 0.984 
19 0.165 0.007 0.042 0.095 0.576 
20 0.285 0.009 0.032 0.129 0.453 
21 0.634 0.242 0.382 0.730 1.151 
22 0.144 0.005 0.035 0.084 0.583 
23 0.095 0.003 0.032 0.069 0.726 
24 0.280 0.032 0.114 0.223 0.796 
25 0.243 0.013 0.053 0.143 0.588 
26 0.295 0.037 0.125 0.232 0.786 
27 0.114 0.009 0.079 0.105 0.921 
28 0.195 0.051 0.262 0.274 1.405 
29 0.151 0.010 0.066 0.106 0.702 
30 0.208 0.004 0.019 0.074 0.356 

Avg 0.252 0.036 0.110 0.196 0.769 
Std 0.155 0.054 0.098 0.156 0.255 

Qr= observed runoff; Qs= simulated runoff 
Avg= average; Std= standard deviation 
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Appendix 9 Runoff Simulations, Distributed vs. 
Solved & Lumped Parameter 

Event Observed Distributed Lumped CN=88.78 
-------- -------------- ---------------
Qr(in) Qs(in) QS/Qr Qs (in) Qs/Qr 

1 0.613 0.416 0.679 0.486 0.793 
2 0.228 0.306 1. 342 0.317 1.390 
3 0.435 0.237 0.545 0.246 0.566 
4 0.364 0.230 0.632 0.247 0.679 
5 0.387 0.272 0.703 0.266 0.687 
6 0.187 0.182 0.973 0.180 0.963 
7 0.571 0.470 0.823 0.556 0.974 
8 0.220 0.266 1. 209 0.288 1. 309 
9 0.159 0.186 1.170 0.184 1.157 

10 0.070 0.097 1. 386 0.068 0.971 
11 0.437 0.604 1.405 0.725 1.659 
12 0.142 0.126 0.887 0.109 0.768 
13 0.178 0.198 1.112 0.203 1.140 
14 0.142 0.166 1.169 0.142 1.000 
15 0.174 0.159 0.914 0.123 0.707 
16 0.265 0.287 1. 083 0.320 1.208 
17 0.127 0.128 1.008 0.110 0.866 
18 0.061 0.099 1. 623 0.071 1.164 
19 0.165 0.144 0.873 0.126 0.764 
20 0.285 0.182 0.639 0.183 0.642 
21 0.634 0.742 1.170 0.903 1.424 
22 0.144 0.132 0.917 0.119 0.826 
23 0.095 0.117 1.232 0.096 1.011 
24 0.280 0.273 0.957 0.300 1.071 
25 0.243 0.197 0.811 0.199 0.819 
26 0.295 0.284 0.963 0.308 1.044 
27 0.114 0.157 1. 377 0.141 1.237 
28 0.195 0.322 1.651 0.353 1.810 
29 0.151 0.157 1. 040 0.142 0.940 
30 0.208 0.124 0.596 0.106 0.510 

Avg 0.252 0.242 1. 030 0.254 1. 003 
Std 0.155 0.149 0.294 0.193 0.310 

Qr= observed runoff; Qs= simulated runoff 
Avg= average; Std= standard deviation 



Appendix 10 Peak Flow simulations 
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Event Observed CN = 82.34 CN = 88.78 

pQr(cfs) pQs(cfs) pQs/pQr pQs(cfs) pQs/pQr 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 . 
26 
27 
28 
29 
30 

Avg 
std 

486.00 
146.00 
341. 00 
243.00 
408.60 
163.62 
663.70 
199.48 
179.97 

39.57 
652.45 
108.02 
204.23 

64.85 
108.88 
144.09 

65.51 
73.01 

110.61 
345.60 
360.02 
211.46 

38.04 
211. 47 
232.68 
289.76 
115.88 
153.18 
100.00 
283.83 

224.82 
162.71 

196.36 
134.83 
107.40 
102.83 
119.29 

81. 38 
219.93 
118.37 

82.93 
43.16 

289.42 
56.33 
74.07 
75.07 
69.82 

128.11 
56.65 
44.49 
63.96 
81.20 

361.38 
58.71 
52.40 

121.25 
88.01 

126.74 
70.32 

141. 64 
70.18 
54.86 

109.70 
72.69 

0.40 
0.92 
0.31 
0.42 
0.29 
0.50 
0.33 
0.59 
0.46 
1.09 
0.44 
0.52 
0.36 
1.16 
0.64 
0.89 
0.86 
0.61 
0.58 
0.23 
1.00 
0.28 
1. 38 
0.57 
0.38 
0.44 
0.61 
0.92 
0.70 
0.19 

0.60 
0.30 

208.09 
145.47 
115.87 
110.94 
128.70 
87.80 
233.06 
127.71 
89.48 
46.57 

306.70 
60.77 
79.91 
81. 00 
75.32 

138.22 
61.12 
48.00 
69.01 
87.61 

371. 81 
63.34 
56.53 

130.82 
94.96 

136.74 
75.87 

152.82 
75.72 
59.19 

117.31 
75.44 

pQr= observed peak flow; pQs = simulated peak flow; 
Avg= average; Std= standard deviation; 
Tc= time of concentration. 

0.43 
1.00 
0.34 
0.46 
0.31 
0.54 
0.35 
0.64 
0.50 
1.18 
0.47 
0.56 
0.39 
1.25 
0.69 
0.96 
0.93 
0.66 
0.62 
0.25 
1. 03 
0.30 
1.49 
0.62 
0.41 
0.47 
0.65 
1.00 
0.76 
0.21 

0.65 
0.32 



102 

Appendix 11 sensitivity of Time of concentration on 
Peak Flow simulations (CN= 88.78) 

Event Observed Tc= 20 min Tc= 26 min 

PQr(cfs) pQs(cfs) PQs/PQr PQs(cfs) PQs/pQr 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Avg 
Std 

486.00 
146.00 
341. 00 
243.00 
408.60 
163.62 
663.70 
199.48 
179.97 

39.57 
652.45 
108.02 
204.23 

64.85 
108.88 
144.09 

65.51 
73.01 

110.61 
345.60 
360.02 
211. 46 

38.04 
211.47 
232.68 
289.76 
115.88 
153.18 
100.00 
283.83 

224.82 
162.71 

262.24 
183.88 
146.47 
140.23 
162.68 
110.99 
293.70 
161. 43 
113.11 

58.86 
386.51 
76.82 

101. 01 
102.38 

95.21 
174.71 
77.26 
60.67 
87.23 

110.74 
468.57 
80.06 
71.46 

165.36 
120.03 
172.84 
95.90 

193.17 
95.71 
74.82 

148.14 
95.01 

0.54 
1.26 
0.43 
0.58 
0.40 
0.68 
0.44 
0.81 
0.63 
1.49 
0.59 
0.71 
0.49 
1.58 
0.87 
1.21 
1.18 
0.83 
0.79 
0.32 
1. 30 
0.38 
1.88 
0.78 
0.52 
0.60 
0.83 
1.26 
0.96 
0.26 

0.82 
0.41 

231.37 
161. 93 
128.99 
123.50 
143.26 
97.74 

259.13 
142.17 

99.61 
51.84 

341. 02 
67.65 
88.96 
90.16 
83.85 

153.86 
68.04 
53.43 
76.82 
97.52 

413.42 
70.51 
62.93 

145.62 
105.70 
152.21 
84.45 

170.12 
84.29 
65.89 

130.53 
83.86 

pQr= observed peak flow; pQs simulated peak flow; 
Avg= average; Std= standard deviation; 
Tc= time of concentration. 

0.48 
1.11 
0.38 
0.51 
0.35 
0.60 
0.39 
0.71 
0.55 
1.31 
0.52 
0.63 
0.44 
1. 39 
0.77 
1.07 
1.04 
0.73 
0.69 
0.28 
1.15 
0.33 
1.65 
0.69 
0.45 
0.53 
0.73 
1.11 
0.84 
0.23 

0.72 
0.36 
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Appendix 11 (Continue) 

Event Observed Tc= 32 min Tc= 38 min 
-------- ---------------- ----------------
pQr(cfs) pQs(cfs) pQs/pQr pQs(cfs) pQs/pQr 

1 486.00 208.09 0.43 189.72 0.39 
2 146.00 145.47 1.00 132.52 0.91 
3 341. 00 115.87 0.34 105.56 0.31 
4 243.00 110.94 0.46 101.07 0.42 
5 408.60 128.70 0.31 117.24 0.29 
6 163.62 87.80 0.54 79.99 0.49 
7 663.70 233.06 0.35 212.48 0.32 
8 199.48 127.71 0.64 116.35 0.58 
9 179.97 89.48 0.50 81.52 0.45 

10 39.57 46.57 1.18 42.42 1.07 
11 652.45 306.70 0.47 279.62 0.43 
12 108.02 60.77 0.56 55.36 0.51 
13 204.23 79.91 0.39 72.80 0.36 
14 64.85 81. 00 1.25 73.79 1.14 
15 108.88 75.32 0.69 68.62 0.63 
16 144.09 138.22 0.96 125.92 0.87 
17 65.51 61.12 0.93 55.68 0.85 
18 73.01 48.00 0.66 43.73 0.60 
19 110.61 69.01 0.62 62.87 0.57 
20 345.60 87.61 0.25 79.81 0.23 
21 360.02 371.81 1. 03 338.99 0.94 
22 211. 46 63.43 0.30 57.70 0.27 
23 38.04 56.53 1.49 51.50 1.35 
24 211.47 130.82 0.62 119.18 0.56 
25 232.68 94.96 0.41 86.51 0.37 
26 289.76 136.74 0.47 124.57 0.43 
27 115.88 75.87 0.65 69.12 0.60 
28 153.18 152.82 1. 00 139.22 0.91 
29 100.00 75.72 0.76 68.98 0.69 
30 283.83 59.19 0.21 53.93 0.19 

Avg 224.82 117.31 0.65 106.89 0.59 
std 162.71 75.44 0.32 68.79 0.29 

pQr= observed peak flow; pQs = simulated peak flow; 
Avg= average; std= standard deviation; 
Tc= time of concentration. 
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Appendix 12 Peak Flow Simulations - Simulated vs. 
Observed Runoff (CN= 88.78, Tc= 32 min) 

Event Observed Simulated runoff Observed runoff 

pQr(cfs) pQs(cfs) PQs/PQr pQs(cfs) pQs/pQr 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Avg 
Std 

486.00 
146.00 
341. 00 
243.00 
408.60 
163.62 
663.70 
199.48 
179.97 

39.57 
652.45 
108.02 
204.23 
64.85 

108.88 
144.09 

65.51 
73.01 

110.61 
345.60 
360.02 
211.46 

38.04 
211.47 
232.68 
289.76 
115.88 
153.18 
100.00 
283.83 

224.82 
162.71 

208.09 
145.47 
115.87 
110.94 
128.70 
87.80 

233.06 
127.71 
89.48 
46.57 

306.70 
60.77 
79.91 
81. 00 
75.32 

138.22 
61.12 
48.00 
69.01 
87.61 

371. 81 
63.34 
56.53 

130.82 
94.96 

136.74 
75.87 

152.82 
75.72 
59.19 

117.31 
75.44 

0.43 
1.00 
0.34 
0.46 
0.31 
0.54 
0.35 
0.64 
0.50 
1.18 
0.47 
0.56 
0.39 
1. 25 
0.69 
0.96 
0.93 
0.66 
0.62 
0.25 
1. 03 
0.30 
1.49 
0.62 
0.41 
0.47 
0.65 
1.00 
0.76 
0.21 

0.65 
0.32 

311.11 
112.47 
214.58 
179.55 
190.90 

92.24 
289.80 
108.52 

78.43 
34.53 

221. 79 
70.05 
87.80 
70.05 
85.83 

130.72 
62.65 
30.09 
81. 39 

140.58 
321. 77 
71. 03 
46.86 

138.12 
119.87 
145.52 

56.23 
96.19 
74.49 

102.60 

125.53 
78.64 

pQr= observed peak flow; pQs = simulated peak flow; 
Avg= average; std= standard deviation; 
Tc= time of concentration. 

0.64 
0.77 
0.63 
0.74 
0.47 
0.56 
0.44 
0.54 
0.44 
0.87 
0.34 
0.65 
0.43 
1.08 
0.79 
0.91 
0.96 
0.41 
0.74 
0.41 
0.89 
0.34 
1.23 
0.65 
0.52 
0.50 
0.49 
0.63 
0.74 
0.36 

0.64 
0.23 



Appendix 13 Significance Test for 
Runoff Simulations 

1. Kolmogorov-smirnov test for normality: 

Ho: P(u) = N(u) 
HI: P(u) <> N(u) 

Dcril ( a=O • 05, n=3 0 ) 0.242 

Dmax Result 

Observed 0.133 accept 

Simulated 
AMC 1&11, dist. 0.177 accept 
AMC 1&11, lump. 0.200 accept 
AMC I, dist. 0.176 accept 
AMC II, dist. 0.138 accept 
Landuse AMC I 0.239 accept 
Landuse AMC II 0.190 accept 
Solved, lump. CN 0.238 accept 

where Ho is the null hypothesis; 
HI is the alternative hypothesis; 
P(u) is frequency distribution for testing data; 
N(u) is normal distribution having same mean and 

variance of testing data; 
Dcril is the critical value with degree of freedom 

n and significance level a; 

Ho 

Ho 
Ho 
Ho 
Ho 
Ho 
Ho 
Ho 

Dmnx is the maximum absolute difference between the 
normal and the sample cumulative probability 
distributions; 

2. Student's t test for sample mean: 

Ho: ml = m2 
HI: ml <> m2 

t cril (a=0.05, n=58) = 2.00 
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Observed vs. simulated t Result 

AMC I&II, dist. 0.25 accept Ho 
AMC I&II, lump. 3.62 reject Ho 
AMC I, dist. 0.75 accept Ho 
AMC II, dist. 2.85 reject Ho 
Landuse AMC I 8.02 reject Ho 
Landuse AMC II 1. 37 accept Ho 
Solved, lump. CN 0.04 accept Ho 

where ml is mean of the first set of data in comparison; 
m2 is mean of the second set of data in comparison; 
tcril is the critical t value with degree of freedom 

n and significance level a; 
n l is size of the first set of data in comparison; 
n2 is size of the second set of data in coparison. 

3. F ratio test for sample variance: 

S 2 
2 

Observed vs. simulated 

AMC I&II, dist. 
AMC I&II, lump. 
AMC I, dist. 
AMC II, dist. 
Landuse AMC I 
Landuse AMC II 
Solved, lump. CN 

F 

0.07 
13.63 

0.58 
8.40 

52.17 
1.95 
0.00 

Result 

accept Ho 
reject Ho 
accept Ho 
reject Ho 
reject Ho 
accept Ho 
accept Ho 

where Sl is standard deviation of the first set of data in 
comparison; 

S2 is standard deviation of the second set of data 
in comparison; 

Fcril is the critical F value with degree of freedom 
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for between samples nb and degree of freedom for 
within samples nw and significance level Q. 
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Appendix 14 Significance Test for 
Peak Flow Simulations 

1. Kolmogorov-Smirnov test for normality: 

Dmax 

Observed 0.140 

Simulated 
CN=82.34, Tc=32 min 0.170 
CN=88.78, Tc=20 min 0.167 
CN=88.78, Tc=26 min 0.174 
CN=88.78, Tc=32 min 0.182 
CN=88.78, Tc=38 min 0.183 
CN=88.78, Tc=32 min 

with observed Q 0.161 

2. Student's t test for sample mean: 

Observed vs. simulated 
CN=82.34, Tc=32 min 
CN=88.78, Tc=32 min 
CN=88.78, Tc=20 min 
with Qo as input 

Simulated vs. simulated 
CN=82.34 vs. CN=88.78 
Tc=20 min vs. Tc=38 min 
Input, Qo vs. Qs 

where Qo is observed runoff; 
Qs is simulated runoff. 

t 

3.48 
3.23 
2.19 
2.96 

0.14 
1. 89 
0.41 

Result 

accept Ho 

accept Ho 
accept Ho 
accept Ho 
accept Ho 
accept Ho 

accept Ho 

Result 

reject Ho 
reject Ho 
reject Ho 
reject Ho 

accept Ho 
accept Ho 
accept Ho 
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3. F ratio test for sample variance: 

Observed vs. simulated 
CN=82.34, Tc=32 min 
CN=88.78, Tc=32 min 
CN=88.78, Tc=20 min 
with Qo as input 

Simulated vs. simulated 
CN=82.34 vs. CN=88.78 
Tc=20 min vs. Tc=38 min 
Input, Qo vs. Qs 

F 

12.52 
10.78 

4.97 
9.06 

0.16 
3.71 
0.17 

Result 

reject Ho 
reject Ho 
reject Ho 
reject Ho 

accept Ho 
accept Ho 
accept Ho 
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Appendix 15 Goodness-of-fit Curve Number for High 
school Wash Experimantal Watershed 

Event Rain Runoff S CN 
(in) (in) (in) 

1 1.321 0.613 0.954 91.29 
2 1.069 0.228 1.653 85.81 
3 0.951 0.435 0.701 93.45 
4 0.952 0.364 0.879 91.92 
5 0.985 0.387 0.881 91.90 
6 0.833 0.187 1.242 88.95 
7 1.419 0.571 1. 234 89.01 
8 1. 012 0.220 1. 544 86.62 
9 0.839 0.159 1. 403 87.70 

10 0.586 0.070 1.260 88.81 
11 1.645 0.437 2.157 82.26 
12 0.686 0.142 1. 083 90.23 
13 0.875 0.178 1. 397 87.74 
14 0.757 0.142 1.274 88.70 
15 0.717 0.174 1.010 90.83 
16 1. 073 0.265 1.491 87.03 
17 0.689 0.127 1.172 89.51 
18 0.593 0.061 1. 363 88.01 
19 0.723 0.165 1.066 90.37 
20 0.838 0.285 0.878 91. 93 
21 1. 870 0.634 1.964 83.58 
22 0.708 0.144 1.131 89.84 
23 0.655 0.095 1.279 88.66 
24 1. 041 0.280 1. 351 88.10 
25 0.868 0.243 1. 089 90.18 
26 1.054 0.295 1. 323 88.32 
27 0.755 0.114 1.442 87.39 
28 1.125 0.195 1.987 83.42 
29 0.758 0.151 1.227 89.07 
30 0.679 0.208 0.787 92.71 

Avg 0.252 1. 274 88.78 
Std 0.345 2.67 



111 

REFERENCES 

Autodesk Inc., 1989. AutoCAD Release 10 Reference Manual. 
Publication TD106-011.2 

Berry, J.K., 1987. A mathematical structure for analyzing 
maps. Environmental Management, 11(3): 317-325. 

Berry, J.K. and Sailor J.K., 1987. Use of a geographic 
information system for storm runoff prediction from 
small urban watersheds. Environmental Management, 
11(1): 21-27. 

Burrough, P . A. , 1986 • ...P-",r:...:i ... n~c:::.l:::.· p=l:.::e::::s::-..---:o=f_.-::G::::e::.:o:::..:g~r~a~p~h~i~c::..la~l 
Information Svstems for Lana Resources Assessment. 
Claredon Press. Oxford. 

crippen, J.R., 1969. Hydrologic effects of suburban 
development near Palo Alto, California. U.s. Geological 
Survey, Open-file Report. 

Dunne, T. and Leopold, L.B., 1978. Water in Environmental 
Planning. W.H. Freeman and Company, New York, New York. 

Eastman, J. R. , 1989. IDRIS! A grid-based geographic 
analysis system, Clark university, Graduate School of 
Geography, Worcester, Massachusetts, 01610 

Ebdon, David, 1985. statistics in Geography. Second Edition. 
Basil Blackweell Inc., 432 Park Avenue South, Suite 1505, 
New York, NY 10016, USA 

ESRI, 1991. PC Arc/Info. GIS concepts kit. Environmental 
Systems Research Institute, Inc •• 380 New York Street 
Redlands, California 92373 

Espey, W.H. ,Jr., Morgan, C.W. and Masch, F.D., 1965. A 
study of some effects of urbanization on storm runoff 
from a small watershed. Texas university, Center for 
research in water resources, Hydraulic engineering 



112 

laboratory, technical report, HYD-07-6501-CRWR-2. 

Espey, W.H. and Winslow, D.E., 1968. The effects of 
urbanization on unit hydrographs for small watersheds, 
Houston, Texas, 1964-1967, v.1: Austin, Texas, Tracor 
Inc., Tracor document 68-975-U. 

F.X. Browne Associates, Inc., 1983. Penn state Runoff 
Model, microcomputer version. 10880 Bension Drive, 
suite 2320, Overland Park, Kansas 66210 

Haan, C.T., H.P. Johnson and D.L. Brakensiek, 1982. 
Hydrologic Modeling of Small Watersheds, American 
Society of Agricultural Engineers, 2950 Niles Road, 
P.o. Box 410, st. Joseph, Michigan 49085 

Hammer, T.R., 1971. Procedures for estimating the hydrologic 
impact of urbanization: Philadelphia, Pennsylvania, 
regional science research institute, contract report to 
office of water resources research. 

Hawkins, Richard H., 1973. Improved Prediction of Storm 
Runoff in Mountain Watersheds, Journal of Irrigation and 
Drainage Division, Proceedings of the American Society of 
civil Engineers, Vol. 99 No.IR4 

Itami, Robert 1989 Personal correspondence. School of 
Renewable Natural Resources, University of Arizona 

Leopold, L.B., 1968. Hydrology for urban land planning - a 
guidebook on the hydrologic effects of urban land use: 
U.S. Geological Survey Circ.554. 

Shaw, Gareth and Dennis Wheeler, 1985. statistical Techniques 
in Geographical Analysis. John wiley & Sons Ltd. New York 

Soil Conservation Service, 1986. Urban hydrology for small 
watersheds. Technical Release 55 • United States 
Department of Agriculture, Soil Conservation Service, 
Engineering Division. 

Soil Conservation Service, 1975. Urban hydrology for small 



113 

watersheds. Technical Release 
Department of Agriculture, Soil 
Engineering Division. 

No.55. united States 
Conservation Service, 

Soil Conservation Service, 1972. Hydrology, section 4, 
National Engineering Handbook. Washington, DC. 

Soil Conservation Service, 1965. Technical Release No.20. 
united States Department of Agriculture, Soil 
conservation Service, Engineering Division. 

Stuebe, M.M. and D.M. Johnston, 1990. Runoff volume estimation 
using GIS techniques. Water Resources Bulletin 26(4): 
611-620 

Tomlin, C.D. 1986. The IBM personal computer version of the 
Map Analysis Package, Laboratory for computer graphics 
and spatial analysis, Harvard Graduate School of ~, 
cambridge, Massachusetts 

u.S. Army Corps of Engineers, 1981. HEC-1 Flood Hydrograph 
package, Users Manual. US Army Corps of Engineers, 
water Resources Support Center. The Hydrologic 
Engineering Center, 609 Second Street, Davis, 
California 95616. 

White, D. 1988. Grid-based application of 
numbers. Journal of water Resources 
Management 114(6): 601-612 

runoff curve 
Planning and 

Wilson, K.V. 1967. Preliminary study of effect of 
urbanization on floods in Jackson, Mississippi. U. S. 
Geological Survey Professional Paper 575-D. 

Young, B.J. and Turner, J.A. 1986. Simplified, step-by-step 
procedure for computing times of concentration for 
flood-recurrence intervals of less than 100 years on 
small watersheds. Department of Transportation 
Engineering Division, Tucson, Arizona Professional 
Paper. 


