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ABSTRACT 

Although urban stormwater runoff has received considerable scientific attention, 

the role of pervious areas in the infiltration of rainfall in residential areas is not well 

understood. In the southwestern U.S., where poorly developed, heterogeneous soils are 

common, the typical residential housing development process includes extensive 

modification of pervious soil surfaces to accommodate the dominant tract-housing style 

of construction, which in tum affects soil infiltration properties. The application of a 

physically based rainfall-runoff model, KINEROS2, to adjacent grassland and urban 

watersheds shows that effective saturated hydraulic conductivity (Ks) decreases from 

about 25 mm/hr in the grassland area to 2.5 mm/hr in the urban area, a change that is 

confirmed in direction, but not magnitude, by tension infiltrometer measurements. This . 

change in infiltration properties results in a 3 8 percent increase in the volume of runoff 

from the urban area over what would be expected if the soil were undisturbed. 



INTRODUCTION 

Understanding and managing storm runoff from urban areas has long been a 

motivating force in hydrology. Indeed, the application of mathematical models for 

estimating surface runoff first arose in urban areas in the 19th century (Burian and 

Edwards, 2002). Since then, a great number and variety of scientific investigations have 

examined urban storm runoff, focusing primarily on the role of impervious areas and the 

means by which the increase in storm runoff from such areas may be mitigated (Shuster 

et al., 2005; Ferguson, 1994). 

Despite considerable effort by others measuring and modeling urban runoff, 

questions specific to southern Arizona remain. Here, the dominant tract housing style of 

new home construction consists of extensive earthwork with heavy machinery, resulting 

in disturbance of any existing soil structure as the area is cut, filled, and compacted to 

provide a level building surface. The ratio of house size (and impervious area) to lot size 

is high in many of these developments, leading to more runoff per unit area than other 

less dense development styles. Finally, the area receives about three-fourths of its 

precipitation from convective thunderstorms during the North American Monsoon; 

rainfall and runoff are intense and short-lived. 

As increasing demand for scarce water resources in the desert southwestern U.S. 

leads planners to view the increase in runoff from these urban areas as a resource, we 

might ask: How and when do runoff-producing events occur? Can the distribution of 

9 



runoff events be successfully modeled? Do the extensive land-surface modifications 

ubiquitous in tract housing development contribute to the increase in runoff? 

10 

To help answer these questions, the U.S. Geological Survey and U.S. Department 

of Agriculture - Southwest Watershed Research Center established a nested watershed 

study located in a tract-housing subdivision in Sierra Vista, Arizona. A 32 hectare (80 

acre) grassland watershed on the Fort Huachuca Military Reservation produces runoff 

that flows into the adjacent 13 hectare (32 acre) La Terraza subdivision. Discharge is 

measured between the two watersheds and at the outlet of the combined watershed. 

Rainfall and soil moisture are measured at four sites throughout the two watersheds 

(Figure 1, page 21 ). 

A simple analysis using the rainfall-runoff data from the study area shows the 

important role that alteration of soil infiltration properties plays in increasing runoff from 

urban areas. In the residential watershed, nearly all of the runoff from rooftop areas is 

routed across pervious side, front, and backyards before it reaches the watershed outlet, a 

technique used to minimize the increase in runoff from urbanization (Holman-Dodds et 

al., 2003). If these pervious areas were capable of capturing the same percentage of water 

as the adjacent Fort Huachuca watershed, as measured using a runoff coefficient (the 

proportion of runoff to rainfall), the amount of runoff from the residential neighborhood 

would be just half of what is measured. 

The above approach is conceptualized as follows. It is assumed that for a given 

event, all of the rainfall on impervious areas directly connected to the watershed, such as 

streets and driveways, becomes runoff - simply multiplying rainfall depth times area 
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gives the volume of runoff from these areas. By subtracting this volume from the total 

measured runoff volume, we find the amount that came from the remainder of the 

watershed, i.e., yards and rooftops. Because runoff from impervious rooftops is routed 

across yards, the volume of water applied to the pervious areas is calculated as the depth 

of rainfall times the area of both rooftops and yards. Finally, losses are calculated by 

multiplying this applied volume of water times the runoff coefficient for the same rainfall 

event calculated from the adjacent undisturbed watershed. 

USGS data show that the total volume of runoff from the residential 

neighborhood for the study period (June 2005 - September 2006) is 23,900 m3
. The 

runoff expected from streets and driveways alone using this approach is 11 ,200 m3
, so the 

remainder, about half of the total runoff, interacts with the pervious areas of the 

watershed in some way. Calculated on an event basis, the total runoff expected from 

yards and rooftops combined using the Fort Huachuca runoff coefficient would be just 

805 m3 for the study period. Therefore, a large proportion of the increase in runoff from 

the residential area must be attributed to changes in the way rainfall interacts with the 

pervious area, such as decreased canopy interception, decreased infiltration rates, and 

concentrated discharge of runoff from rooftops onto yards. 

Of course, this simple analysis ignores some important considerations, such as the 

relation between runoff coefficient and watershed area, but does indicate that the increase 

in runoff from urban areas comes from more than constructed impervious areas ( e.g. 

streets, driveways, and rooftops). To better understand the role that earthen areas play, 

two common hydrologic tools will be applied and compared: a physically-based rainfall-



runoff model and direct measurement of infiltration properties. These extend the 

usefulness of rainfall-runoff data by allowing inference of watershed hydro logic 

properties and the role they play in generating runoff. 

Specifically, the research questions considered are: 
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• How do residential tract housing developments affect the distribution of rainfall

runoff event frequency and magnitude? 

• How well can a physically-based hydrologic model predict runoff from an urban 

residential development? 

• Can a physically-based hydrologic model be used to simulate the effect of 

decreased pervious area infiltration rate in increasing storm runoff volume? 
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LITERATURE REVIEW 

Various and extensive urban runoff studies have been conducted in the United 

States and abroad. As early as 1978, Riordan et al. (1978) present a summary of 34 

studies that found an increase of peak runoff rate and runoff volume with urbanization. 

Similarly, Boyd et al. (1993) summarize results from 26 urban basins in 12 countries. The 

following literature review presents a few relevant studies in depth, with comparison to 

the urban watershed data from this study. 

A number of rainfall-runoff studies have been conducted in the Tucson area. The 

most well-known are based on data collected in the Arcadia Wash, High School Wash, 

and Railroad Wash urban watersheds, and the Atterbury rural watershed (Resnick and 

DeCook, 1980; DeCook, 1983; Resnick et al., 1983). Rainfall and runoff was monitored 

with a network of recording rain gages and a critical-depth flume at the outlet of each 

watershed from 1968 to 1971 (Table 1 ). 

Foerster (1972) presents the results ofrainfall-runoff monitoring from 1957 to 

1969 at the urban Arroyo Chico watershed in central Tucson and the non-urban Atterbury 

experimental watershed in southeast Tucson. Over 13 years, runoff is found to average 

5.2 percent of precipitation for Arroyo Chico and 2.4 percent for Atterbury. Interestingly, 

Foerster erroneously calculates the runoff percentage for Arroyo Chico as 11.4 percent 

(page 72, Table 8: Summary ofrainfall and runoff data for the Tucson Arroyo 

Watershed). The table of yearly values gives an average over 13 years of 5.2 percent; 

average values listed at the bottom of the table are correct for precipitation and runoff, 

but not the percentage. He goes on to propagate this error through the results and 



discussion sections, stating the increase in runoff from urbanization is 4. 75 times, while 

his data show an actual value of 2.2 times. 
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A multiple regression analysis is used to assess the effect of storm duration, 

antecedent moisture index, average storm precipitation, and fifteen minute intensity of 

precipitation. It was found that average precipitation and precipitation intensity were the 

dominant factors in determining the variability in runoff. The R2 value for this relation is 

0.821; including antecedent moisture index and storm duration increases the R2 value 

only slightly to 0.823. Further analysis includes a linear regression of average 

precipitation with runoff, undertaken with subsets of the data. Results indicated that time 

of year, or season, had little or no effect on runoff amounts. Consideration of antecedent 

· precipitation (in the 2 days prior to a storm) was found to improve the rainfall-runoff 

relationship - R2 for those events with prior rainfall was 0.753, versus 0.673 for those 

without. The importance of antecedent precipitation was more pronounced in summer 

months than winter months, largely because the long duration of winter frontal events 

overrides any influence of initial watershed conditions. 

Throughout his analysis, Foerster focuses on using R2 to compare the influence of 

independent variables. Several simple linear regressions are presented with rainfall as the 

independent variable and runoff the dependent variable; unfortunately, nowhere does he 

mention the units of each in these clearly empirical equations. If one assumes that inches 

of runoff are regressed against inches of rainfall, the intercepts presented are nonsensical 

- they would indicate that 15.9 inches of storage are present before runoff commences. 
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T bl 1 a e : Resu ts o f b h d d .. T d ur an waters e stu 1es m ucson an "hL T a companson wit a erraza. 
Arroyo Chico Arcadia High School" Railroad ... La Terraza 
(Foerster, (Resnick and (Resnick and (Resnick and (this study) 
1972) DeCook, DeCook, DeCook, 

1980) 1980) 1980) 

Area (hectares) 2120 906 233 492 13 

Percent 
NIA 24*** 30*** 35*** 37 

Impervious 
Rainfall 
vs.Runoff 0.209 0.307 0.327 0.561 0.420 
- slope 

Rainfall 
vs.Runoff -2.78 -0.063 -0.042 -0.11 -0.044 
- intercept 

Rainfall 
vs. runoff 0.862 0.846 0.864 0.887 0.777 
-R2 

Mean Runoff 
NIA 0.15 0.18 0.27 0.32 

Coefficientt 

Runoff/Rainfall 
.052 0.13 0.19 0.30 0.37 Ratiot 

High School wash 1s adJacent to Arroyo Chico on the north side. 
**Railroad Wash is a subwatershed of Arroyo Chico as defined by Foerster (1972). 
***Defined as the area of paved streets and parking lots, plus 70% of the commercial and industrial area, 
plus 10% of the residential area. 
tOn an event basis, for storms producing runoff greater than 0.005 in. 
tOn an annual basis, all events. 

However, the slope terms are of similar magnitude to those of the other Tucson studies 

(Table 1). 

The Tucson studies are the most relevant ones from the southwestern U.S., but 

address a different subject matter than the present study. They all occur prior to the rise 

of tract-style housing, and associated earthwork activities, as the dominant construction 

method. The use of regression equations to predict runoff from rainfall has largely fallen 

out of favor, replaced by more complex physical or conceptual models and automated 

parameter estimation schemes. The application of these models is discussed next. 
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A later study in the Tucson area applied the rainfall-runoff model DR3M to the 

Rob Wash watershed (Luckenmeier, 1989). The author found that when the Green and 

Ampt (1911) infiltration model was calibrated with rainfall-runoff data, it did not give 

parameters which represented any physical characteristic of the watershed, although 

model performance was found to be acceptable. The importance of high resolution 

rainfall data was stressed, and the observation made that as geometric approximations 

become greater, the optimal Manning's roughness values depart from common literature 

values to compensate. No mention is made as to how optimal soil infiltration parameter 

values change with geometric simplification. 

A study by the USGS in the Portland, Oregon area investigated the effect of 

urbanization on storm runoff patterns (Laenen, 1980). The author focuses on winter 

frontal events, ignoring thunderstorm rainfall-runoff data for basins greater than one 

square mile. Twenty-four basins in the Portland area were analyzed for drainage area, 

mapped impervious area, storage, average annual precipitation, rainfall intensity, land 

use, basin slope, basin shape, channel slope, channel length, sewered area, gutter length, 

and hydrologic soil group. A regression model was constructed and calibrated in three 

stages, first for runoff volume, then effective impervious area, and finally peak discharge. 

Correlating mapped effective impervious area (EIA) with field verified and modeled 

impervious area was found to be difficult, owing to the prevalence of dry wells which 

diverted runoff from the watershed outlet. 

A series of regression equations for 2, 5, 10, 25, and 50-year return intervals were 

given for peak discharge, storm runoff with baseflow, and storm runoff without baseflow. 



17 

Significant variables explaining runoff volume are rainfall intensity, basin slope, and total 

land area in parks, forest, vacant lots, and agriculture. This measure of land use, 

combined with a measure of street guttering, expressed as miles of gutter per square mile, 

served as a proxy measure of effective impervious area (EIA, equivalent to directly 

connected impervious area in the current study). Alternative forms of the equations using 

EIA rather than land use and guttering are given. Significant variables explaining peak 

discharge are drainage area, land use as defined above, the measure of street guttering, 

and storage. 

By evaluating a calibrated rainfall-runoff model over a range of parameters, the 

study found that urbanization in the Portland area resulted in up to a factor of 3 .5 increase 

in peak discharge, and doubling of storm runoff volume. Results were based on EIA 

varying from 2 to 50 percent, and land use in parks, forests, vacant land, and agriculture 

(combined) varying from 99 percent (least runoff) to 1 percent (most runoff). 

The USGS study, and the Luckenmeier study, represent an increase in complexity 

over the earlier Tucson studies and are typical of a wide variety of urban runoff studies in 

which a model is applied to rainfall-runoff data. They are certainly useful from a water 

resources and engineering perspective, but for the most part fail to address any physical 

explanation for the increase in storm runoff beyond the increase in impervious area, 

and/or do not use field measured infiltration data for model validation. 

Many, if not most, of the studies assessing changes in infiltration using field 

measurement focus on irrigated turf, of doubtful relevance to the present study. In the 

southeastern U.S., a study utilizing ponded infiltrometer measurements found that 
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infiltration rates were lower in a cleared, undeveloped commercial lot than an adjacent 

undisturbed area, with the difference because of soil compaction (Wilson, 2004). Using 

measured Hortonian infiltration parameters with the Environmental Protection Agency 

urban storm water runoff model SWMM, the author found that the difference in 

measured infiltration rates was enough to influence storm runoff volumes, and that 

commonly used published parameter values resulted in a peak flow rate that was 20 

percent lower than that predicted by the measured infiltration parameters. Unfortunately, 

rainfall-runoff data for model validation was unavailable. 

A recent study (Gregory et al., 2006) investigating infiltration rates as a function 

of soil compaction showed significant differences between undisturbed areas and 

residential lots. Measurements were made using a ponded infiltrometer with data fitted to 

Philip's (1957) equation via regression to determine saturated hydraulic conductivity and 

sorptivity. Soils from natural forest, planted forest, and pastures were tested. Soil was 

sandy (91 percent sand) at each site. For one lot, infiltration rates dropped from 861 

mm/hr to 175 mm/hr in the front yard and 590 mm/hr to 8 mm/hr in the backyard. 

Development consisted of approximately the top 10cm of soil being removed and 

backhoes, dump trucks, and pickup trucks accessing the site, and is thus not 

representative of the larger heavy equipment, such as scrapers and tracked bulldozers, 

common in preparing sites for tract-housing developments in the desert southwest. 

Lacking in the literature is a comprehensive study integrating the effect of a 

change in infiltration properties from tract-housing development with a calibrated 

rainfall-runoff model. If a model is capable of simulating runoff from tract-style housing, 



and field measurements can accurately assess a change in infiltration properties, the 

ubiquity and homogeneity of such developments suggest that the transference of the 

model and model results to other watersheds would be useful and straightforward. 

19 
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SITE DESCRIPTION 

The study area is located iri the city of Sierra Vista, Cochise County in 

southeastern Arizona at ca. 1300 m elevation, in the transition zone between the Sonoran 

Desert to the west and the Chihuahuan Desert to the south and east. The U.S. Geological 

Survey (USGS) and the U.S. Department of Agriculture, Southwest Watershed Research 

Center (SWRC) established a nested watershed study here in 2005, in which runoff from 

an undeveloped watershed on Fort Huachuca Military Reservation (referred to as the 

grassland watershed) flows into the La Terraza residential subdivision (referred to as the 

urban watershed). Two channels contribute runoff from the grassland to the urban 

watershed. Discharge is gaged at one of these channels and at the outlet of the combined 

watersheds (Figure 1 ). Figure 2 shows the study area prior to urbanization. 

The grassland watershed is semi-arid with scattered mesquite trees. Unlike much 

of Southeastern Arizona, the land has not been grazed in decades (Kitchel, 1948) and is 

abundant with grass. Slopes are generally moderate, from 1 to 10 percent. Indications of 

concentrated overland flow, such as rilling, are mostly absent and no distinct drainage 

channels are present. It is assumed that runoff typically occurs as diffuse sheetflow. A 

runoff event observed in person on July 29, 2006, indicates that runoff from the grassland 

watershed travels along a road that parallels the grassland-urban boundary to a low point 

at which it enters the gaged channel. Conversations with local residents also suggest that 

the road acts as a drainage divide, and that little or no runoff enters the 



Figure 1: Study area watershed boundaries and gage locations. 

Gages 
e USGS gaging station 

0 USDA-ARS rain gage 

Watershed Boundaries 

300 Meters 

Figure 2: Study area prior to development, in 1996. Red outlines are post-development watershed 
boundaries. Image from USGS DOQQ collection. 
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urban area at the ungaged channel. Because of the road, the contributing area of the 

grassland watershed is significantly larger than the topography suggests. 

22 

The La Terraza neighb~rhood was platted in April 2000. Site leveling began later 

that year and home construction in 2001. The development has proceeded in three phases: 

A, B, and C. As of spring 2007, phases A and B are complete and phase C is 

approximately half complete. Phases A and B lie almost entirely within the gaged 

watershed, while phase C is almost entirely out of the gaged watershed. During the 2005 

· summer monsoon, approximately one-quarter of the lots in Phase B were unbuilt or under 

construction. During the 2006 summer monsoon approximately 5 lots were under 

construction, and no lots were unbuilt. 

The neighborhood is typical of tract-style housing in the southwestern U.S., with 

relatively uniform lot sizes 1670 m2 (18,000 ft:2) or larger. Houses have been built by 

independent general contractors and thus show a greater degree of heterogeneity than 

other developments of this type. Houses are generally large, 185 m2 (2000 ft2
) or larger. 

Streets are asphalt, 8.5 m (28 ft) wide, with rounded curbs. Rooftops comprise both a 

traditional pitched style and a flat, "Santa Fe" style. The former discharge runoff 

distributed along eaves, without gutters, while the latter feature focused downspouts. A 

one meter wide pervious right of way exists between sidewalks and the street. Storm 

drainage is via surface streets, with the exception of a 1.3 hectare area that drains to the 

watershed outlet via 61 cm (24") corrugated metal pipe. 

Homeowner' s association rules dictate landscaping styles in the development and 

yards show a fair degree of homogeneity. Vegetation is immature with only small areas 
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of canopy cover. All pervious surfaces are covered with 2 to 4 cm diameter gravel mulch, 

1 to 10 cm deep, with the exception of a few small irrigated grassy areas. About 10 

percent of the yards have pervious weed barrier fabric underlying the mulch. A literature 

search turned up no scientific investigations into the role of such fabric on limiting 

infiltration rates, although one investigator mentions "infiltration rates for landscape 

fabrics are still relatively slow and can lead to surface runoff." (Van Sambeek and 

Garrett, 2004) 

Using GIS analysis with predevelopment and postdevelopment topography, it was 

determined approximately 1. 73 E 5 m3 of cut material arid 2.54 E 5 m3 of fill material was 

moved during the grading process (Figure 3 ). Therefore, some additional amount of 

material beyond that created from the cut process was likely imported to the site. The city 

of Sierra Vista has specific guidelines for the cut/fill grading process, namely: 

A) Cuts. Cut slopes shall not exceed in steepness a 2: 1 (horizontal to vertical) ratio unless 
recommended by a certified soils engineer and approved by the Director of Public Works. The 
Director of Public Works may approve cut slopes up to a 1: 1 maximum ratio if the increase in 
slope will result in reducing the disturbance of the natural terrain. All cuts exceeding a 2:1 ratio 
shall be certified by a professional engineer stating that the soil type has an appropriate nature, 
stability, resistance to erosion, and distribution and strength to maintain the proposed slope. Cut 
slopes shall be designed to prevent erosion of public works improvements or public property. 

B) Fill. Fill slopes shall not exceed in steepness a 3: 1 (horizontal to vertical) ratio. All fills, upon 
completion of the project, shall be certified by a professional engineer to be adequately compacted 
for the intended use. Cut slopes shall be designed to prevent erosion of public works 
improvements or public property. 

1. Ground Preparcltions. The ground surface shall be prepared to receive fill by removing 
vegetation, noncomplying fill, top soil and other unsuitable materials; scarify to provide a 
bond with new fill and where slopes are steeper than 15 percent and the height is greater 
than 5 feet, by benching into a competent material as determined by a certified soils 
engineering report and approved by the Director of Public Works. 

2. Structural Fill Material. Detrimental amounts of organic material shall not be permitted in 
structural fills. Burial of tree stumps will not be allowed on any site other than an 
approved solid waste disposal site. No rock or similar material greater than 6 inches in 
diameter shall be placed in a structural fill. The Director of Public Works may permit 
placement of larger rock if the soils engineering report devises a method to continuously 
inspect placement and certify stability of rock disposal areas having no overlapping with 
physical improvements, and is a minimum of 5 feet below grade measured vertically. 
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3. Structural Fill Compaction. Structural fill will be compacted to a minimum of95 percent 
of maximum density as determined by International Building Code Standard No. 70-1. 
The soils engineer shall certify all structural fills as meeting minimum bearing capacity 
for the intended use and meeting minimum compacted density of 9 5 percent. 

4. Non-Structural Fills. Materials and landscape berms will be compacted by reasonable 
mechanical means. 

Because of the importation of off-site material and amount of surface 

modification, it should be stressed that this paper presents an analysis of the overall 

change in soil infiltration properties that occurred with tract housing development at this 

site, and not simply the effect of in-situ soil compaction. 
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METHODS 

Rainfall and soil moisture measurement 

Rainfall is measured at six locations in the study area as shown in Figure 1. Four 

rain gages operated by the U.S. Department of Agriculture Southwest Watershed 

Research Center, numbered 401,402,403, and 404, were installed in May 2005. These 

are modified Belfort-style weighing recording gages that use a calibrated load cell as the 

measuring device. Each of the gages is equipped with a Hydra Probe soil moisture sensor 

(Stevens Water Monitoring Systems, Inc.), a dielectric constant based probe shown to 

work well in semiarid rangelands (Kennedy et al., 2003). Raw voltages from the probe 

are processed with a regression equation directly in a CRlOX data logger (Campbell 

Scientific, Inc.). Data are sent via radio telemetry to Walnut Gulch Experimental 

Watershed headquarters in Tombstone, AZ, and transferred to the USDA-ARS database 

in Tucson, AZ via DSL each evening. Data are available online at 

http://www.tucson.ars.ag.gov/dap. The two remaining rain gages are tipping bucket gages 

(Met One, Inc.) operated by the USGS and co-located with the runoff measuring stations. 

Data from these gages are transmitted via the GOES satellite system and are available at 

http://waterdata.usgs.gov/nwis (stations 09470820 and 09470825). The rain gage located 

at the outflow measuring station has had ongoing measurement error from the time of 

installation until January 2007 and was not used in this study. 



26 

Runoff measurement 

Runoff is measured by the USGS at the outlet of the grassland watershed (the 

"inflow" gage relative to the urban watershed, USGS station 09470820) and the outlet of 

the combined grassland and urban watersheds (the "outflow" gage, USGS station 

09470825). The stations have been operational since February 2005, and data are 

available online at http://waterdata.usgs.gov/nwis. Stage measurements made at 10 

minute intervals are transmitted via the GOES satellite platform. Stage measurements at 

one minute intervals are stored on a memory card that is downloaded manually during 

site visits. 

The runoff measuring stations each comprise a sharp-crested 120° v-notch weir in 

a trapezoidal concrete channel. Stage is measured using an Accubar Bubbler bubble gage 

(Sutron Corp.) with an intake behind the weir. At the outflow gage, the bubble gage 

intake is 3 meters (10 feet) behind the weir; the channel configuration at the inflow gage 

does not allow this distance and the intake there is 0.61 meters (2 feet) behind the weir. 

The depth of the v-notch is 0.61 m (2.0 ft) at the outflow weir and 0.30 m (1.0 ft) at the 

inflow weir. If flow is within the v-notch, the stage-discharge rating is based on a 

standard calibration (Rantz, 1983). 

During high flows, stage occasionally exceeds the depth of the v-notch and the 

standard calibration is not valid. In 2005 and 2006, three events caused discharge to rise 

above the level of the v-notch, with only the June 21, 2006 event causing an extended 

period of flow at this level. For these three events, total storm runoff is estimated from 



the hydro graph and a provisional calibration using Manning's equation. In model 

evaluation, residuals are not calculated for the July 21, 2006 event. 

RTK-GPS surveying 
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Using Real-Time Kinematic Global Position System (RTK-GPS) instruments, 

about 6000 topographic points were collected in the Fort and urban watersheds. RTK

GPS collects topographic points with user-specifiable relative precision (the precision of 

the points relative to one another). For this study 1.5 cm horizontal resolution and 2.5 cm 

vertical resolution was used. Surveys were post-processed by the Online Positioning User 

Service, operated by the National Geodetic Survey, to provide accuracy in the NAD_83 

datum of 3 .5 cm horizontal and 2.3 cm vertical. 

Survey points were used to construct a Triangulated Irregular Network (TIN) with 

ArcMap software (ESRI, Inc., 2006). Owing to the inaccessibility of parts of the urban 

watershed, mainly backyards, it was necessary to construct breaklines to constrain the 

TIN. The TIN was used to measure representative slope of each plane in the 

discretization process. 

Aerial imagery analysis 

To determine the size and distribution of impervious areas in the urban watershed, 

a panchromatic visible wavelength image dated December 2005 from the QuickBird 

satellite at 0.67 m (2.0 ft) resolution was obtained from Digital Globe, Inc (Figure 1 ). 

Using this image in ArcMap, polygons were created outlining individual rooftops, 

driveways, streets, sidewalks, and yards. Backyard swimming pools were not digitized, 



thereby decreasing the contributing area of the watershed. The connectedness of each 

rooftop (i.e., connected directly to the watershed outlet via driveways and streets, or 

connected via an intermediate pervious area) was verified by field observation. 

Infiltration measurement 
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A variety of methods for the in-situ field measurement of water movement 

through porous media have been developed, including the ring ( cylinder) infiltrometer, 

air-entry permeameter, and rainfall simulator (Dirksen, 2000). After considering the 

advantages and disadvantages of each method, a tension infiltrometer ( also referred to as 

a disk permeameter) was chosen for collecting field data in the current study. The tension 

infiltrometer {Tl) has the advantage of not requiring the insertion of a confining ring into 

the soil, which can be difficult or impossible in stony and/or highly compacted soils such 

as those found in the study area. In addition, the TI is adaptable to automatic 

measurement using a pressure transducer, thereby increasing the accuracy and usability 

of the instrument (Ankeny et al., 1988). Finally, two TI instruments were readily 

available and had been used successfully at the nearby Walnut Gulch Experimental 

Watershed (Whitaker, 1993; Emmerich, 2003). 

The tension infiltrometer comprises a disk, typically 8 cm or 20 cm diameter, 

which rests on the soil surface. The bottom of the disk is covered in a porous fabric, 

woven sufficiently tight as to not allow air to pass through the fabric when saturated. 

Water is held under tension (negative pressure) in a reservoir tube, sealed at the top, and 

directly or indirectly attached· to the disk. Tension in the tube, as well as at the disk 

surface, is held constant by means of a Mariotte bottle. For water to enter the soil, the 
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capillary force must be greater than the tension maintained in the reservoir tube. Initially 

when the soil is dry, the water level in the reservoir tube drops rapidly; as the soil 

becomes saturated the infiltration rate approaches steady-state asymptotically. 

Typically in TI studies a layer of contact material, together with rotating the 

instrument with downward force onto the contact material (Close et al., 1998), is used to 

ensure close hydraulic contact between the instrument and the soil surface. Previous 

studies (Bagarello, et al. 2001; Reynolds, 2006) have suggested a specific brand of glass 

spheres, Spheriglass No. 2227 (Potters Industries, Inc.), for the contact material. 

Unfortunately, this product was not available in the greater Tucson area (pop. 1 million) 

despite being "readily available as it is widely used in plastics manufacture" (Reynolds, 

2006). Potters Industries, Inc. P-008 glass beads manufactured for bead blasting were 

used in this study. These beads have a size range of 150-210 µm (military specification 

G-9954A No. 8), compared with 50-250 µm for Spheriglass No. 2227. The volume of 

water and tii:ne required to infiltrate through the contact layer was subtracted prior to 

analyzing the TI data. 

Water level from the TI reservoir tube was recorded digitally using a SCX05DN 

temperature compensated differential pressure transducer (Honeywell, Inc.) and CR510 

datalogger (Campbell Scientific, Inc.). One port of the transducer was connected to the 

top of the TI bubbling column and the other connected to the base of the column. This 

configuration automatically removes noise in the pressure measurement from bubbles 

traveling through the column (Ankeny et al., 1988). These transducers are susceptible to 

drift in the voltage output offset; output span is more stable. Drift in offset was 
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minimized by recording the start water level and voltage and the end water level and 

voltage for each measurement and linearly interpolating intermediate water levels. 

Calibration was within 0.02 cm/m V for all of the measurements. 

Two primary methods of modeling TI data exist: one based on a solution of 

steady-state flow from a circular disk (Wooding, 1968), and the other using physical 

principles and data collected at short and medium times, often referred to as the 

"transient" method (Haverkamp et al., 1994). The accuracy of transient solutions in 

evaluating steady-state flow, and therefore hydraulic conductivity, has been questioned · 

and steady state solutions recommended (Jacques et al., 2002). In this study a steady-state 

method assuming an exponential soil (Reynolds and Elrick, 1991) is used to determine 

saturated hydraulic conductivity (Ks) and net capillary drive (G). The method assumes 

that the soil is homogenous and isotropic, soil moisture content is uniform through the 

soil profile, and the initial soil pressure head is sufficiently small so that the initial 

hydraulic conductivity is insignificant relative to the final hydraulic conductivity. 

The method uses an approximation for flow from a shallow circular source 

(Wooding, 1968): 

( I ) 

where Voo is the volumetric rate of water infiltration, Ks is saturated hydraulic 

conductivity, Ro is the radius, and a is the exponent coefficient in the exponential soil 

hydraulic conductivity function, K,. ;;Ksexp(ah) (Gardner, 1958). If an exponential 

relation is assumed, Wooding' s solution becomes 
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q 
00 

= (R0 I 0.25a + tcR.g )Ks exp( ah0 ) ( 2) 

If the above equation is transformed logarithmically, it is found that ln qoo varies linearly 

with ho, and a is given by the slope of the line: 

( 3) 

and Ks obtained as the y-intercept of the plot of ln qoo vs. ho: 

K = 0.25aq1 

s R0 (1 + 0.25aJrR0 )(q1 I q2 Y 
( 4) 

Net capillary drive, the input parameter in KINEROS2 describing soil capillary 

force and represented by the symbol G, can be approximated by 1/a if the initial 

hydraulic conductivity is very small. Therefore, G can be identified from a, rather than 

from a measurement of sorptivity, which is the typical measurement parameter in field 

studies. The relation of G to sorptivity is: 

bS 2 

G=----
Ks ((}s - (}i) 

( 5) 

where b is commonly taken equal to 0.55 for field soils (White and Sully, 1987). 

In June 2007, 39 TI measurements were made on the grassland watershed and 30 

in the urban watershed (Figure 3 ). A stratified random sample strategy was used in the 

grassland watershed with the area divided between upland, mostly grassy areas and 

lower, mesquite dominated areas. A random sampling strategy in the urban area was of 

limited usefulness because of the need to only work in residence front yards and the 

sloping nature of the neighborhood - TI measurements must be made on relatively flat 

surfaces. Initially, 30 sites were selected at random. Of these, 7 had weed-barrier fabric 
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liners underlying the landscaping gravel and thus could not be sampled, and at one site 

the homeowner was unwilling to allow the measurement. After the remaining 22 sites had 

been sampled, 8 additional sites were selected in areas that had poor spatial 

representation in the original sample. 

At each TI measurement site, an initial measurement was made at -10 mm 

tension. Because of the thin layer of contact material between the instrument and the soil 

surface the head at the soil surface is slightly greater (less negative) than the applied 

tension; because this offset is small and consistent, and the focus of this study is the 

relative change between the two watersheds, this can be safely ignored. Infiltration 

measurements at -10 mm were made for one-half hour. At all sites, the infiltration rate 

appeared to reach steady-state within this time frame. Following the -10 mm 

measurement, the instrument was removed and refilled with water, and two additional 

measurements made at -30 mm and -70 mm tension for approximately fifteen minutes 

each. Following the -70 mm application, the tension was reduced to -10 mm for 

approximately three minutes prior to collection of a surface soil sample for analysis of 

final soil moisture content. Three bulk density measurements using a sand displacement 

method were made at each site, and used to determine initial soil moisture content. Soil 

compaction readings using a pocket penetrometer were made at three sites on the soil 

surface and at 2 cm and 5 cm depths. 



Figure 3: Tension infiltrometer measurement locations. 
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Runoff modeling 

A number of methods have appeared over the past two centuries to simulate the 

transformation of rainfall to runoff, starting with the Rational Method - a simple 

translation of rainfall intensity to runoff rate. This method and the Curve Number 

method, popularized by the Natural Resource Conservation Service's TR-55 software 

package (U.S. Department of Agriculture, 1986), are the primary techniques used in 

engineering and non-process based field studies, such as the sizing of drainage channels 

or assessing changes in runoff with land type across a large watershed. Curve numbers 

for the study area are presented in Appendix B for the benefit of other practitioners. 

The rainfall-runoff model used in this study is KINEROS2 (K/Nematic wave 

runoff and EROSion model, abbreviated as KINEROS2), a physically-based event

oriented runoff model developed at the USDA - ARS Southwest Watershed Research 

Center in Tucson, AZ (Smith et al., 1995). The model is an assemblage of sub-models, 

representing the processes of rainfall, canopy interception, soil infiltration, runoff routing, 

and sediment transport. The watershed is represented as a series of rectangular cascading 

planes and trapezoidal channels for kinematic wave routing purposes. 

Rainfall in KINEROS2 is uniform for each plane, but can vary spatially across the 

watershed. For any particular plane, rainfall depth is interpolated using a distance

weighted scheme and the three nearest raingages. If the centroid of the plane does not lie 

within a triangle formed by the three nearest gages, two gages are used. 

Canopy interception is simulated in KINEROS2 by a simple bucket model. Two 

parameters are used: depth of interception and canopy cover. The rainfall intensity is 
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reduced by the percentage of canopy cover until the specified depth of interception has 

accumulated, at which point canopy interception stops. In impervious areas the canopy 

interception process is used to represent depression storage, with "percent cover" equal to 

100 percent, resulting in all of the initial rainfall going to depression storage until full. 

Soil infiltration in KINEROS2 is modeled by the Smith-Parlange three parameter 

infiltration model (Parlange et al., 1982): 

1+ ( : J ex -1 
P LlO(G + hw) 

( 6) 

Where fc is the infiltration rate, Ks is the saturated hydraulic conductivity, a is a 

dimensionless number between O and 1, I is the cumulative infiltrated volume of rainfall, 

fl(} is saturated volumetric water content (VWC) minus initial VWC, G is net capillary 

drive, an effective value of capillary head, and hw is depth of ponded water at the surface. 

The term a represents the relation between D, diffusivity, and Ks. If Ks is constant while 

D increases rapidly with VWC, a approaches O and the equation approaches the well-

known Green and Ampt model ( Green and Ampt, 1911) and models infiltration in sand 

accurately. On the other hand, if Dis proportional to dK/d8, and both D and Krise 

rapidly with increasing 8, a approaches one, and infiltration rates are closer to those of a 

well-mixed loam. Therefore, a is a parameter that accounts for soil texture. In the 

version of KINEROS2 used in this study, a is fixed at 0.85, which has been shown to be 

a reasonable value for a range of soil types. 
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Net capillary drive, G, is defined as the integral of relative hydraulic conductivity, 

Kr = K(h)!Ks, over the (negative) range of soil pressure head. Kr is identified using the 

Brooks and Corey soil characteristic relation. In contrast, an exponential relation is 

assumed in the modeling of infiltration from the tension infiltrometer, discussed 

previously. 

Infiltration excess overland flow is routed in KINEROS2 using the kinematic 

wave theory, most fully developed by Lighthill and Whitam (1955). Interestingly, the 

authors applied the same theory to flood waves in channels and traffic disturbances on 

highways. The theory was extended to one-dimensional flow over an impervious plane 

by Woolhiser and Liggett (1967), employing a finite-difference numerical solution. 

Kinematic wave theory has henceforth been well developed and applied in a wide variety 

ofhydrologic models, including runoff on pervious surfaces, flow over curved surfaces, 

and dam breaks (Singh, 1996). In brief, the kinematic wave is a solution of the continuity 

equation: 

dh dvh 
-+-=q 
dt dx 

and a simplified form of the dynamic wave equation, 

av av dh 
- . +v-+g-=g(S0 -S) 
dt dx dx .r 

( 7) 

( 8) 

commonly referred to as the St. Venant equations. Here h is depth of flow, q is flux, g is 

acceleration due to gravity, S1 is the friction slope defined by a suitable relationship such 

as Manning's equation, and S0 is the slope of the plane or channel. Using the kinematic 

wave approximation, the inertial and pressure forces of the dynamic wave equation are 
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ignored, leaving S
O 

= Sr , meaning gravity forces are balanced evenly by :friction forces 

and waves neither accelerate nor attenuate. 

To increase the accuracy of calibrated parameters in the developed watershed, the 

two watersheds are not modeled simultaneously. Rather, measured runoff from the 

grassland watershed, which flows in to the urban watershed, is introduced into the urban 

watershed model as an inflow hydrograph. In this way model output error from the 

grassland watershed is not propagated in model output from the developed watershed. 

Runoff model discretization 

To utilize the kinematic wave approximation in a computationally efficient 

manner, it is necessary to represent the watershed as a simplified series of planes and 

channels, a process known as discretization. This manner of representation results in 

some values, such as area, average slope, and impervious fraction, remaining about the 

same between the real watershed and the representation, while other values, such as 

hydraulic conductivity, roughness, and drainage density, may become distorted (Lane and 

Woolhiser, 1977). 

In discretizing the watershed, planes must be sufficiently small so that space steps 

taken in the finite difference numerical solution do not become too large and introduce 

undesirable errors. With this in mind, the grassland watershed was represented as a 

cascade of two planes from the drainage divide to the watershed outlet, with an average 

plane length of 236 m (Figure 4). A representative flow length was identified for each 

plane, and the width calculated so as to preserve the area of the plane and thus the total 
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area of the watershed. Slope for each plane was identified as the arithmetic average of the 

two points at either end of the line used to denote average plane length, divided by the 

length of the line. No distinct natural drainage channels exist in the grassland watershed. 

The road along the perimeter of the watershed was represented as a channel in the 

discretization scheme as a conceptual aid, but given the small runoff volumes and 

shallow flow depths in this watershed, this likely has little impact on the results. 

Discretization in the urban watershed was approached somewhat differently 

(Figure 4). To preserve the drainage network, each half of a contiguous row of houses 

(street) was identified as an individual plane. In this way the travel times of runoff down 

surface streets in the real watershed was preserved in the representation. An average flow 

path length for each plane was identified perpendicular to the street, and the slope 

determined in the same manner as the grassland watershed. 

The KINEROS2 "urban" element is a preconfigured set of planes designed to 

represent one-half of a street (Figure 5). The element comprises 6 individual planes, or 

sub-elements, each with identical slope. The 6 areas are: 

1. Pervious areas directly connected to the street (DCP) 

2. Impervious areas directly connected to the street (DCI) 

3. Pervious areas that contribute runoff to impervious areas (ICP) 

4. Impervious areas that connect ICP to the street (Cl) 

5. Impervious areas that contribute runoff to pervious areas (ICI, not shown) 

6. Pervious areas that connect ICI areas to the street (CP, not shown) 
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Figure 4: KINEROS2 discretization scheme for the two watershed. Numbers refer to the value used to 
identify each element in the KINEROS2 input file. 
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Figure 5: KINEROS2 "urban" element as used in this study. The element is a preconfigured arrangement of 
planes with a common slope representing a row of houses along a street. Runoff from each of the planes 
adjacent to the "street" is averaged and distributed along the length of the street. 
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In addition, each urban element contains a "street", which is essentially a 

triangular channel with one side vertical to represent a curb. Runoff from sub-elements 1, 

2, 4, and 6 are averaged at each time step and distributed laterally along this channel. 

The urban sub-elements are described by the fraction of area they occupy. Not all 

elements must be present, but they must sum to one. The length and area of the entire 

element are also specified. The width of the DCP and DCI sub-elements is their fractional 

area times the area of entire element, divided by the length of the entire element. The 

length of these sub-elements is the entire length of the plane. The width of the ICP and CI 

sub-elements is the sum of their fractional area times the area of the entire element, 

divided by the length of the entire element. The length of the ICP sub-element is its 

fractional area times the area of the plane, divided by the width of the ICP sub-element. 

The length of the CI sub-element is the length of the entire plane minus the length of the 

ICP sub-element. The dimensions of the ICI and CP sub-elements are determined the 

same way as the ICP and CI sub-elements. 

In this study, the ICP and CI sub-elements areas are not included. The pervious 

area identified from satellite imagery analysis is divided evenly between CP and DCP 

sub-elements. The four elements in the upper-right portion of the urban watershed are 

routed to the outlet channel using the KINEROS2 pipe element, consistent with the 

constructed watershed. · 

Parameter identification 

Two methods are typically used to identify rainfall-runoff model parameters: a 

priori identification using literature values and field measurements, and identification by 
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calibrating the model to rainfall-runoff data. In this study, a priori parameter values are 

identified using the automatic discretization tool AGWA, a software package designed 

for the utilization of KINEROS2 in a GIS framework. AGWA uses lookup tables based 

on soil texture in the USDA-NRCS SSURGO database and land cover classification in 

the EPA/USGS/NASA North American Land Cover (NALC) database. When used in an 

automated fashion, AGWA relies on watershed boundaries taken from a digital elevation 

model. Because the development process in the study area has altered the watershed 

boundaries, it was necessary to manually define the watershed area and "interrupt" 

AGW A to extract the parameter values for the watershed. A summary of parameter 

identification methods is given in Table 2. 

In KINEROS2, an important a priori value to be identified is rainfall interception 

by vegetation. Vegetation on the Fort watershed comprises primarily velvet mesquite and 

annual grasses. Thompson (1986) presents a thorough treatment of precipitation, 

throughfall, and stemflow in a honey mesquite-invaded grassland in western Texas. A 

regression equation relates interception loss, defined as the difference between 

precipitation and throughfall plus stemflow, as a linear function of precipitation (r2 
= 

0.99). To avoid the difficulty of calculating interception uniquely for each modeled storm 

event a single value of 2 mm is used in this study, corresponding to a 35 mm rainfall 

(Thompson, 1986), larger than all but two of the precipitation events on the grassland 

watershed. Straightforward reasoning indicates that overestimating canopy interception 

will lead to underestimating soil infiltration capacity, which given the research questions, 

is better than overestimating soil infiltration. It is assumed that values from that study 



Table 2: Summary of estimation methods for KINEROS2 parameter values 
Parameter Method 

Canopy Area 

Canopy Interception 

Impervious Area Interception 

Impervious Area 

Percent Rock 

Saturated Hydraulic Conductivity 

Ks Coefficient of Variation 

Net Capillary Drive 

Manning's Roughness - Impervious 

Manning's Roughness - Pervious 

Slope 

Relief - Grassland Watershed* 

Spacing - Grassland Watershed* 

Distribution 

Porosity 

Estimated from AGW A lookup table/NALC classification 

Literature value 

Estimated from rainfall-runoff data 

Estimated from satellite imagery 

Estimated from AGW A lookup table/SSURGO texture 

Calibration parameter 

Calibration parameter 

Calibration parameter 

Calibration Parameter 

Calibration Parameter 

Estimated from field measurement 

Estimated from AGW A lookup table/SSURGO texture 

Estimated from AGW A lookup table/SSURGO texture 

Estimated from AGW A lookup table/SSURGO texture 

Estimated from AGW A lookup table/SSURGO texture 

*KINEROS2 urban element does not simulate microtopography 

will be applicable here, even though mesquites trees are velvet mesquite (Prosopis 

velutina) rather than honey mesquite (Prosopis glandulosa). Canopy cover area is 

estimated using the NALC AGW A lookup table. 

Although impervious areas are defined as having zero hydraulic conductivity, 

runoff data indicate that initial rainfall abstraction is not insignificant, and small events 

may produce no -runoff. In an urban setting, rainfall events may be stratified so as to 

activate different runoff generation processes. In other words, storm events of varying 
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size and intensity patterns may cause no runoff, runoff from impervious surfaces only, or 

runoff from both pervious and impervious surfaces. By focusing on the first category -

events which cause no runoff - depression storage on impervious surfaces may be 

identified. Essentially, the largest storm event which does not produce runoff is the depth 
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of abstraction on impervious areas due to depression storage. Because some degree of 

scatter exists in this small storm runoff data, believed to be influenced in some part by the 

amount of water ponded behind the weir plate, an average value of 0.46 mm was used. 

This is less than the average 0.85 mm ofloss from impervious surfaces identified by 

Boyd et al. (1993) from a study of 26 catchments, but within the range ofloss from all of 

the catchments. Canopy interception depths and canopy cover area are identified using 

the NALC AGW A lookup table for the urban classification. 

The process of rainfall infiltration into soil is arguably the most important process 

controlling runoff in a semi-arid environment. Infiltration parameters are typically 

estimated from pedotransfer functions based on soil texture (Rawls et al., 1983; Schaap et 

al., 1998), estimated from field measurement, or from model calibration. The first two are 

primarily point-scale measurements and may or may not scale up to catchment-scale 

effective parameter values (Paige and Stone, 2003). Unfortunately, the accuracy of a 

runoff model using pedotransfer or field-measured parameter values cannot be assessed 

without rainfall-runoff data, at which point calibrated model parameters can be used. 

Nonetheless, pedotransfer and field measured parameters are typically used in many 

studies (such as with the AGW A tool) and a comparison is useful. 

One problem in calibrating a model to identify soil infiltration parameters lies in 

the interaction between the parameter describing short-term capillary-dominated 

infiltration, G, and long-term gravity-dominated infiltration, Ks, both of which influence 

the volume of runoff from model simulations. Typically high values of G correspond to 

low values of Ks. At least three approaches to this problem have been used. First, the two 
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parameters may be calibrated simultaneously, recognizing the problem of equifinality 

( different combinations of values may produce equally good model results). 

Alternatively, the capillary infiltration term may be defined explicitly as a function of 

hydraulic conductivity. This is accomplished through a regression equation based on lab-

determined infiltration properties and soil texture, in this case taken from the Rawls 

database (Rawls et al., 1983). Finally, the capillary infiltration term may be held at a 

fixed value, and the model calibrated only in terms of hydraulic conductivity. The first of 

these approaches is used in this study 

The remaining parameters to be calibrated are hydraulic conductivity (Ks) in both 

watersheds, coefficient of variation of hydraulic conductivity (CV-Ks), Manning's 

roughness in the grassland watershed, and Manning's roughness for pervious and 

impervious areas in the urban watershed. An automated parameter identification 

algorithm, the Shuffled Evolution Complex Metropolis (Vrugt et al., 2003a) scheme, is 

used for this purpose. 

The Shuffled Evolution Complex Metropolis (SCEM) is a calibration algorithm 

that seeks to identify a posterior parameter probability distribution using Bayes Theorem. 

In the Bayesian framework, the probability of the parameter set (} given data y is (Box 

and Tiao, 1973): 

I 

p(Ojy) oc [tlei(O))f rN ( 9) 

where e is a N x 1 vector of residuals calculated from the difference between model 

output and measured data. The above formulation assumes the prior parameter 



distribution is non-informative (i.e., uniform) and the model residuals are independent 

and with a Gaussian distribution. 
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SCEM thoroughly explores the prior parameter space, explicitly accounting for 

parameter interdependence and model nonlinearity (Vrugt et al., 2003b ). The algorithm 

incorporates a Markov Chain Monte Carlo sampler that starts with a specified number of 

initial complexes and evolves each towards the posterior parameter distribution, 

accepting or rejecting new points (parameter sets) using the Metropolis-Hastings 

sampling algorithm. In this way the method produces not only a single most likely 

posterior parameter set (the mode of each univariate parameter distribution), but also a 

measure of uncertainty associated with each parameter. From these posterior 

distributions, the identifiability of each parameter can be assessed. 

For this study, SCEM was run with 5 complexes, each with 10 random starting 

points, for a total of 50 sequences. A maximum 5000 model evaluations was allowed. 

The convergence of each optimization run is monitored by the Gelman-Rubin (GR) 

convergence criteria, the ratio of the variance between each sequence mean to the within

sequence variance for each parameter. Typically, a GR ratio less than 1.2 is used to 

indicate convergence to a stable posterior distribution. 

Soil moisture modeling 

The final KINEROS2 parameter to be identified is initial soil saturation. Soil 

moisture data, described above, are available from August 2006 onward. As many of the 

precipitation events that are modeled happened before the sensors were installed, it is 

helpful to fit a model to the rainfall-soil moisture data to extend the period of record. The 
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Systems Identification Toolbox, part of the MATLAB software package (The 

Mathworks, Inc.), was used for the model-fitting process. The Toolbox allows the user to 

fit and optimize a number of variations of autoregressive, exogenous input (ARX) 

models, where model state at any time is a function of the state at a previous time and any 

inputs to the system. In the present study, soil water content is the state and rainfall is the 

primary input to the system. 

Four parametric models were tested using the Systems Identification Toolbox: a 

standard ARX model, the ARX moving average model (ARMAX), the ARX output-error 

model (OE), and the Box Jenkins (BJ) or moving average model. For each of these, the 

order ( dimension) of the equations describing each parameter may vary. A variety of 

models and orders were tested; an objective function defined as the percentage of the 

output variation reproduced by the model indicated a fifth-order OE model was best. 

Simulation of the soil moisture record from July 1, 2005 onward appears quite reasonable 

(Figure 6). To determine the KINEROS2 input parameter saturation, the volumetric water 

content is rescaled between 0.05 and 0.95, using the minimum and maximum values, 

respectively. 
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Figure 6: Daily precipitation, measured volumetric water content, and fifth-order output-error model output 
of water content data. Measured VWC starts on Day 410. 
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RESULTS AND DISCUSSION 

Rainfall and Runoff Distributions 

A good deal about the change in storm runoff resulting from urbanization can be 

learned from histogram and cumulative distribution function ( cdf) plots of rainfall and 

runoff events. These plots, covering all 52 rainfall events that produced runoff from July 

2005 through September 2006, are shown in Figure 7. Events range in precipitation depth 

from 2.8 mm to 45.2 mm. 

The data show that some 80 percent of events have a depth of 15 mm or less 

(Figure 7 (a) and (b)). These events account for about 60 percent of the total precipitation 

volume (Figure 7 (d)). The six largest precipitation events (greater than 25 mm) account 

for 35 percent of the total precipitation volume, while the two largest alone produced 

about 15 percent of the total (Figure 7 (c)). The relative importance of large and small 

events in the production of runoff is similar to that of precipitation depth, as shown by the 

cdf plots (Figure 7 (d), (f), and (h)). The subtle concave-down shape of Figure 7 (d) 

indicates that small events account for a slightly larger share of the total precipitation 

volume, while the nearly straight line of the cdf plots in Figure 7 (f) and (h) show that no 

single range of precipitation event size accounts for a disproportionate share of runoff 

volume. This uniform distribution indicates that when using the model from a water 

resources perspective, it is equally important to simulate all event sizes accurately. 

Although evenly distributed within their respective ranges, the two watersheds 

show distinct differences in runoff volumes. The number of runoff-producing events as a 
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function of event size is approximately exponential for both watersheds, similar to the 

distribution of the number of precipitation events (Figure 7 (e)). The largest runoff depth 

from the grassland watershed is just 3.2 mm, compared with 26.5 mm from the urban 

watershed for the same event. Figure 7 (g), as with the cdf plots, shows that the 

distribution of runoff volume across event sizes in the urban area is fairly uniform, with 

the small number of large events accounting for a large proportion of the runoff. 

Although occupying a much smaller range, the distribution from the grassland watershed 

is also uniform. 

To further illustrate the relative volumes of rainfall and runoff from the two 

watersheds, three cdf plots are superimposed in Figure 8. The slightly concave-down 

shape of the precipitation cdf indicates that smaller events account for more rainfall 

volume than larger events, while the mostly linear shape of the runoff cdfs show that 

runoff volume is evenly distributed among events: for any equal interval of event 

precipitation event, such as 10- 20 mm, or 30-40mm, the expected runoff depth would 

be roughly equal. 

Total runoff for all of the events from the urban watershed is 36.5 percent of the 

total precipitation; runoff from the grassland watershed is just 1.8 percent of the total 

precipitation. This twenty-fold increase in runoff volume is enhanced by two factors: (1) 

the La Terraza neighborhood contains relatively large houses and wide streets, resulting 

in a high proportion of impervious areas (see Table 1), and (2) the grassland watershed on 

Fort Huachuca is essentially "healthy", with high canopy interception, permeable soils, 

and low slopes conducive to the capture and infiltration of water. 
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The difference in the ratio of output signal (runoff) to input signal (rainfall) 

between the two watersheds has a direct effect on the ability to mathematically simulate 

the rainfall-runoff transformation, regardless of whether a physical or conceptual model 

is used. Even for large storms with the highest runoff coefficients, the volume of runoff 

per unit area is only 1 to 2 mm for the grassland watershed. When rainfall measurement 

error, up to 0.25 mm per 25 mm for the gages in this study (Goodrich et al., 2007), is 

taken into consideration the signal (runoff) to noise (rainfall) ratio for the grassland 

watershed is seen to be rather low. Also, the relative size of the two watersheds results in 

more runoff, and a higher signal to noise ratio, in the urban watershed regardless of the 

effects of urbanization, because the volume of runoff per unit area generally decreases as 

watershed size increases in the semi-arid environment. The effect of this low signal to 

noise ratio for the grassland watershed, and the relatively higher ratio for the urban 

watershed, is seen in the rainfall-runoff modeling results presented next. 
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Figure 7: Rainfall and Runoff event distributions for 52 precipitation events from July 2005 through 
September 2006 for the urban and grassland watersheds. Rainfall events smaller than 2 mm are omitted; all 
events shown produced runoff from the urban watershed. In the following description, "category" refers to 
a bin used in histogram frequency analysis. Figures 7(a) and (b) show the number ofrainfall events per 
category of rainfall depth. Figures 7(c) and (d) show the total depth of rainfall associated with each 
category of rainfall depth. Figure 7 ( e) shows the number of runoff events per category of runoff depth., 
while figure 7(g) shows the depth of runoff associated with each of these categories. Finally, Figures 7(t) 
and (h) show the cumulative distribution of watershed runoff as a function of event runoff depth. 
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Figure 8: Cumulative distribution plots for 52 precipitation events, showing precipitation and runoff for the 
urban and grassland watersheds from July 2005 through September 2006. Rainfall events smaller than 2 
mm are omitted; all events shown produced runoff from the urban watershed. 
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Rainfall-Runoff Modeling 

Sensitivity Analysis 

A necessary step in practical applications of rainfall-runoff models is sensitivity 

analysis, or perturbation analysis, in which one parameter is varied while others remain 

constant. This allows the user to visualize the extent to which various parameters 

influence model performance. If two parameters are varied in two dimensions a 

performance measure, such as mean square error of the measured and modeled runoff, 

can be plotted to form a three-dimensional surface known as a response surface. 

Response surfaces for Ks and net capillary drive ( G), Ks and coefficient of variation of Ks, 

and Ks and pervious area roughness are shown in Figure 9. 

Several features of model behavior are seen on these response surface plots. First, 

the dominant influence of Ks over the other 3 parameters is noticeable. Particularly for the 

Ks - CV-Ks surfaces, the influence of CV-Ks is minimal: only a slight tapering of the 

optimal long narrow valley of Ks towards low values of CV-Ks. 

The grassland watershed surfaces show a flat region towards higher values of Ks, 

where the model produces no runoff. This threshold nonlinearity between no runoff and 

runoff exemplifies the difficulty of rainfall-runoff modeling in the semi-arid 

environment. Prior to calibration the feasible parameter range of Ks may be quite large, 

yet the response surface provides useful information only after the no-runoff threshold is 

crossed. At values of Ks lower than the optimal, the response surface rises quite sharply, 

showing that small variations in this parameter mean the difference between no runoff 
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and too much runoff (the Ks - G surface is truncated at MSE = 5). The urban watershed 

also shows a response surface that flattens at high values of Ks. In this case the model still 

produces runoff from directly connected pervious areas, but rainfall on both pervious and 

indirectly connected impervious surfaces is lost to infiltration. 

The plots of Ks - G for both watersheds show a long curving valley oriented along 

a single value of Ks. At higher values of Ks, a lower value of G produces the best mode] 

performance, and vice versa, an expected parameter interaction in light of the inversely 

proportional role of these two parameters in controlling the volume of runoff. At very 

low values of G the optimal Ks value drifts higher, but at more realistic values of G, 

around 150 mm, a single optimal Ks is found. For the grassland watershed, this is the 

response surface-optimal Ks; the optimum Ks for the urban watershed is at an unrealistic 

G of O mm ( or very low). 

The plots of Ks - pervious roughness for both watersheds show a distinct optimal 

value within the parameter space. As with the other surfaces, model performance, as 

measured by MSE, degrades rapidly when a value of Ks lower than optimal is used. For 

higher values of Ks, performance asymptotically approaches a maximum value at zero 

runoff for the grassland watershed, and runoff only from directly connected impervious 

areas for the urban watershed. 

In general, the response surfaces show that the optimal region of Ks is small yet 

distinct. For the grassland watershed, this stems from the extremely low runoff 

coefficient (-0.02) for the size of the watershed (33 hectares). The model is trying to 

predict a very small volume of runoff relative to the precipitation volume. As Ks becomes 
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smaller than necessary to produce this runoff, volumes increase rapidly. For the urban 

watershed, the decline in performance is just as rapid as Ks decreases, but performance 

decreases more slowly as Ks increases. This leads to the conclusion that with regard to the 

urban watershed and means square error as a performance measure, a high estimate of Ks 

would be better than a low one. 
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Figure 9: Response surface plots for K5 and net capillary drive, Ks and coefficient of variation of K5, and K1 
and Manning ' s roughness for pervious areas. Figures are oriented for maximum clarity. 



A priori Parameter Identification 

As discussed in the Methods section, rainfall-runoff model parameters may be 

obtained in a variety of ways. Often, high spatial resolution remote sensing images and 

geodatabases of soil field maps are the first choice for parameter identification. The 

software utility AGWA (Automated Geospatial Watershed Assessment) facilitates the 

extraction of parameter values from these resources using lookup tables developed for 

KINEROS2. 
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For large rainstorms the most important parameter to correctly simulate the 

volume of runoff is saturated hydraulic conductivity (Ks), as seen from the parameter 

response surfaces presented in the Sensitivity Analysis section. AGW A uses soil texture 

classifications from the SSURGO database (and others) to identify Ks based on 

pedotransfer functions (Rawls et al., 1983 ). SSURGO features the most detailed coverage 

of the soils databases available in the United States, with many areas, including the study 

area, mapped at a scale of 1 :12000. Nonetheless, the database mapunit boundaries are 

somewhat arbitrary at the scale used in this investigation and do not necessarily 

correspond to soil units observed in the field. In addition, a single map unit in SSURGO 

can comprise several soil series, each with unique soil texture, with no further 

information about spatial distribution. For example, 30 percent of the grassland 

watershed area maps as the Gardencan-Lanque complex, comprising 45 percent 

Gardencan series and 35 percent Lanque series. AGWA uses a simple area-weighted 

average of the soil series' textures to provide a single Ks parameter, resulting in 

considerable averaging regardless of the accuracy of the underlying data when used at the 



scale of this study. For the study area, AGW A/SSURGO gives a mean Ks value of 24.0 

mm/hr for the grassland watershed and 10.8 mm/hr for the urban watershed. 
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Although AGW A can provide a useful starting point in lieu of other infmmation, 

the Ks estimate might be improved if soil texture is examined in the study area. For · 

recently developed subdivisions, this information is often available from geotechnical 

reports prepared before the development process begins. At the study site, geotechnical 

work consisted of 7 shallow boreholes 3 to 5 m deep, from which texture was classified 

visually in the field (Western Technologies, 1999). Surface material was classified as 

clayey sand (4 sites), silty sand (2 sites), and sandy clay (1 site), giving a mean value for 

Ks of 3.0 mm/hr when used with the AGW A-SSURGO lookup table. 

A summary of parameter values identified with these methods ( deriving 

parameters solely from AGW A with SSURGO and NALC look up tables, and using 

geotechnical investigations as a source of soil texture) is shown Table 3. Model 

performance using the two methods is summarized in Table 4. Evaluation criteria are 

those recommended for event-based simulations by the American Society of Civil 

Engineers (ASCE, 1993). Given the similarity between the texture-derived estimate of Ks 

and the tension infiltrometer measured values discussed later, the performance measures 

in Table 4 for this method would be similar to the scenario when measured infiltration 

rates are used rather than those from a pedotransfer function. 

Clearly, AGWA parameters for the grassland watershed are in error, with only 

three of the storms producing runoff for the specified Ks values. AGWA parameters fare 

better for the urban watershed. This is partly due to the fact that the Ks value is closer to 
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the optimal value taken from model calibration (described later), but also because the 

impervious area of the urban watershed results in some runoff regardless of what values 

are specified for the soil infiltration parameters. Results based on soil texture are the best 

of the three, with an average Nash-Sutcliffe efficiency of 0.83 and improved volume 

error for every event. 

Table 4 also helps to show the effect event size has on model sensitivity to Ks, In 

the urban watershed, Ks has no influence on the smallest events, where all of the runoff 

results from rainfall on directly connected impervious areas; runoff from indirectly 

connected impervious areas is infiltrated even at the lower Ks rate taken from the soil 

texture estimate. As rainfall depth increases, pervious areas ( and infiltration parameters) 

play an increasingly important role in the rainfall-runoff model. 



Table 3: Summary of soil infiltration parameters provided from AGW A and from field sampling of soil 
texture. A com arison of model results usin these arameters is shown in Table 4. 

Pore size 
Ks G distribution 

Method mm/hr mm CV-Ks Porosit A Mannin 's n 
TEXTURE - urban 3.0 267.6 0.85 0.46 0.29 0.012,0.2 

AGWA-urban 10.8 108.4 1.09 0.32 0.27 0.012,0.2 
AGWA- rassland 24.0 203 .7 2.51 0.43 0.60 0.063 
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Table 4: Summary of KINEROS2 results using SSURGQ soil parameters from AGWA with parameters 
derived from field sampling of soil texture. All of the events produced runoff from both watersheds. NSE: 
N h s rm ffi · NR ff£ h' as utc 1 ee 1c1ency, : no runo or t ts event. 

AGW A Parameters Soil Texture Parameters 

Grassland Watershed Urban Watershed Urban Watershed 

Precip Vol. Err Peak Err Vol. Err Peak Err Vol. Err Peak Err 
Eventt (mm) NSE (%) (%) NSE (%) (%) NSE (%) (%) 

8/14/2005 29.3 0.54 -95 -70 0.93 -28 -18 0.96 -4 -8 

7/29/2006 16.4 NR NR NR 0.63 -47 -54 0.71 -31 -38 

8/12/2005 23.9 -.33 -96 46 0.89 -27 10 0.82 -8 26 

9/5/2006 21.5 NR NR NR 0.88 -42 -32 0.96 -21 -8 

8/12/2006 16.6 NR NR NR 0.94 -12 -9 0.89 7 8 

7/31/05 (2) 13.0 NR NR NR 0.95 -18 -23 0.98 -1 -7 

8/3/6 (2) 17.3 0.19 -98 -80 0.78 -28 -42 0.78 -13 -30 

8/18/2005 12.8 NR NR NR 0.93 -30 -28 0.97 -7 -13 

7/27/2006 24.0 NR NR NR 0.9 -28 -25 0.98 -15 -15 

7/31 /05 (1) 14.4 NR NR NR 0.73 -46 -36 0.85 -36 -25 

8/13/2006 9.5 NR NR NR 0.63 -63 -61 0.72 -52 -53 

7/28/06 (1) 10.9 NR NR NR 0.83 -40 -44 0.86 -30 -38 

8/23/2005 10.4 NR NR NR 0.97 -30 -14 0.99 -8 -4 

8/13/2005 7.0 NR NR NR 0.54 -62 -46 0.61 -57 -40 

917105 (2) 14. l NR NR NR 0.68 -33 -17 0.77 -6 14 

7/24/05 (2) 8.1 NR NR NR 0.84 -53 -33 0.88 -47 -27 

9/12/06 (2) 5.8 NR NR NR 0.49 -52 -1 0.53 -47 2 

8/25/2006 8.5 NR NR NR 0.6 -56 -44 0.7 -48 -39 

8/8/06 (1) 8.8 NR NR NR 0.8 -49 -36 0.85 -40 -26 

t Number in parenthesis following event date refers to multiple runoff events on a single day. 
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Automated Parameter Estimation and Uncertainty 

Further refinement of model parameters, particularly soil infiltration parameters, 

typically requires calibration to rainfall-runoff data. First, the parameters that are to be 

varied must be chosen. A single objective function, including those that conform to 

Bayesian statistics such as the posterior density method used, is only capable of 

identifying a limited number of parameters. Therefore the number of parameters varied 

using SCEM in this study is limited to 4. Three of these, Ks, CV-Ks, and G, are the 

primary controls on the proportion of rainfall that becomes runoff. The remaining 

parameter is Manning's roughness, which primarily controls attenuation of the runoff 

hydro graph and to a lesser extent the volume of runoff. Using SCEM, the model was 

calibrated on an event basis with 28 events from the urban watershed and 21 events (all 

of the events which produced runoff during the study period) from the grassland 

watershed. 

The Gelman-Rubin (GR) ratio in SCEM is used to determine convergence to a 

posterior distribution of parameter probability. In this sense, it can be used to determine if 

a parameter is appropriately identifiable by the SCEM algorithm. If, for a given 

parameter, the GR ratio does not drop below 1.2, or does attain a low value and then 

increases again, it may be inferred that the parameter range cannot be narrowed down 

from the prior parameter distribution and the parameter is poorly identified. Of course, a 

greater number of function evaluations in the SCEM algorithm is conducive to GR 

convergence, but a practical limit must be placed on the number of evaluations ( 5000 in 

this study). 
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500 

Figure 10: Gelman-Rubin convergence ratio for two events for the urban watershed. The event on the left 
converges to a low value (less than 1.2) within 250 evolution loops. The event on the right has not 
converged after 500 loops. Impervious roughness is omitted for clarity. 

Using the GR ratio to determine convergence (Figure 10), it was found that 

parameters identified for the urban watershed converged to a posterior distribution 69 

percent of the time while those for the grassland watershed converged 61 percent of the 

time, evidence that SCEM performs slightly more effectively in the smaller, more 

homogeneous urban watershed. 

The composite posterior parameter distributions identified using SCEM are 

shown in Figure 11. The figure was prepared by first taking the posterior parameter 

distribution, as approximated by the relative frequency histogram, for each event where 

convergence was indicated by the GR ratio. The posterior distributions were summed in 

each histogram bin, using identical bins for each event. Each color in the figure 

corresponds to the posterior parameter distribution for a single event, and is uniform for 

the two watersheds. The parameters net capillary drive, CV-Ks, and pervious roughness 

are plotted within their prior uniform distribution ranges; Ks and impervious roughness 



are plotted in a smaller range to show detail ( original ranges: Ks= 0 - 150 mm/hr, 

impervious roughness = 0.008 - 0.05). 
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From the urban watershed parameter distributions (Figure 11 ), we see that Ks and 

impervious roughness, and to a lesser extent pervious roughness, have a posterior 

distribution with a much smaller range than the original prior distribution. Also, a 

particular event converges to just one or two bins, indicating that the parameters are well

identified for the model. Because the posterior distributions are aggregates of individual 

events, they also show that Ks and impervious roughness behave similarly for all events, 

leading one to believe they are indicative of some intrinsic watershed property that 

affects watershed runoff. In contrast, the parameters .net capillary drive and CV-Ks are 

distributed across their prior ranges, with nearly equally probable modes at the two 

extremes of the range. This indicates they are more poorly identifiable using SCEM, less 

important parameters when applying KINEROS2 to an urban area, and possibly less 

related to a physical watershed property. 

In contrast with the urban watershed, SCEM posterior distributions for each of the 

parameters in the grassland watershed show distributions for each event that are spread 

evenly across the prior range of parameter values. A particular event tends to converge to 

a range covering all of the "bins", compared to just one or two bins per event for the 

urban watershed. This lack of parameter identifiability probably stems from the small 

runoff ratio, or signal to noise ratio, in the grassland watershed. Evidence for this comes 

from the fact that smaller events, with the lowest signal to noise ratio (red and orange 

colors in Figure 11), are less identifiable than the largest events (shown in blue). 
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Figure 11: SCEM univariate posterior parameter distributions aggregated on a storm event basis. Colors 
correspond to the pdf, approximated by histogram, for a single event. Larger events are shown in blue; the 
color ramp moves toward red as event size decreases. 
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To compare calibrated model performance with that using AGWA parameters, a 

single parameter set from the SCEM posterior distributions for each event is needed. In 

this case, a parameter set is derived using the mode value of the individual parameter 

distributions. Where the GR ratio did not indicate convergence, the mode value from the 

last five evolution loops was used. Model performance using these SCEM-derived 

optimal parameter sets for each event is much improved over the AGW A and soil texture 

parameter sets, as measured using the Nash-Sutcliffe efficiency, volume error, and peak 

error (Table 5). A more fair comparison might involve using a single parameter set, 

consistent for all events. Because of the skewed nature of the parameter histograms 

(Figure 11 ), using the mean value of the individual event mode parameter values for all 

events results in poor representation of runoffhydrographs, so the mode parameter value 

is used instead. This "mode of modes" parameter set is referred to as the single mode 

parameter set. 

Even for the case when parameters are allowed to vary with each event, 

KINEROS2 performance in the grassland watershed is lacking (Table 5). Using SCEM, 

the "calibrated" model output covers a range of values at each event time step, rather than 

a single hydrograph. At times, the lower boundary of this range may lie at the bottom 

edge of the hydro graph (zero discharge), coincident with the output using mode 

parameter values. This poor performance is intensified when the single mode parameter 

set is used for all events. Performance for the urban watershed is much better. Using a 

single mode parameter set results in only slightly worse performance relative to volume 

error; peak error values increase more. 
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Figure 12: Modeled runoff volume compared to measured runoff volume, in volume per unit area, using a 
single parameter set for all events (triangles) and the optimal parameter set for each individual event 
(crosses). · 

For the urban watershed, we see that model performance in terms of runoff 

volume is mostly independent of event size (Figure 12). Residuals increase only slightly 

as runoff depths increase for both a single parameter set for all events and individual 

event parameters. The use of a mean parameter set causes a slight negative bias, but the 

relation of modeled runoff to measured is mostly linear. As expected from Table 5, 

performance for the grassland watershed is much better using individual event parameter 

sets rather than the single mode parameter set. Using individual sets, performance is 

about as good as for the urban watershed, with only a slight decrease as event size 

mcreases. 

A useful tool for comparing model performance across many events is the total 

sum of square error (TSSE) and total sum of absolute error (TSAE) of the individual 

events (ASCE, 1993). The first measure is best suited to determining overall model 

performance, with more weight placed on the observations of largest magnitude as a 
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Table 5: Summary ofKINEROS2 results using SCEM-derived optimal parameter sets. NSE: Nash Sutcliffe 
efficiency, NR: no runo ff£ . 1 d k . t d"f£ or this event.Vo ume an pea errors are m percen age 1 erence. 

Grassland Watershed 
Event mode parameter set Single mode parameter set 

Eventt Precip, mm NSE Vol Err Peak Err NSE Vol Err Peak Err 
8/14/2005 29.3 0.77 -27 I 0.48 -68 -75 

7/29/2006 16.4 0.35 -9 196 0.00 -100 -100 

8/12/2005 23.9 0.50 -72 27 -l.16 -18 18 

9/5/2006 21.5 0.77 -10 56 0.04 -96 -96 

8/12/2006 16.6 0.82 -3 2 0.15 -93 -90 

7/31/05 (2) 13.0 0.72 37 72 0.06 -95 -96 

8/3/6 (2) 17.3 0.77 45 58 0.08 -95 -96 

8/18/2005 12.8 0.80 -7 2 0.33 -39 -76 

7/27/2006 24.0 NR NR NR NR NR NR 
7/31/05 (l) 14.4 0.86 -27 -13 NR NR NR 
8/13/2006 9.5 NR NR NR NR NR NR 
7/28/06 (l) 10.9 0.82 89 34 NR NR NR 
8/23/2005 10.4 0.93 14 -20 0.06 -93 -97 

8/13/2005 7.0 0.41 117 -44 NR NR NR 
9/7105 (2) 14.l NR NR NR NR NR NR 
7/24/05 (2) 8.1 0.82 92 -12 0.00 -100 -100 
9/ 12/06 (2) 5.8 NR NR NR NR NR NR 
8/25/2006 8.5 -6.81 454 239 NR NR NR 
8/8/06 (I) 8.8 -0.06 -46 -49 NR NR NR 

Urban Watershed 
Event mode parameter set Single mode parameter set 

Eventt Precip, mm NSE Vol Err Peak Err NSE Vol Err Peak Err 
8/14/2005 29.3 0.99 -4 7 0.90 -5 -2 

7/29/2006 16.4 0.92 -9 -11 0.76 -21 -27 
8/12/2005 23.9 0.93 -34 3 0.52 17 43 

9/5/2006 21.5 0.95 -17 3 0.94 -4 6 
8/ 12/2006 16.6 0.96 -23 -6 0.68 17 21 
7/31/05 (2) 13.0 0.99 -12 -6 0.88 6 14 

8/3/6 (2) 17.3 0.97 -24 -4 0.54 8 -11 

8/18/2005 12.8 0.98 -18 -5 0.85 8 I 

7/27/2006 24.0 0.98 -7 -IO 0.45 36 47 
7/31 /05 (l) 14.4 0.96 -9 9 0.87 -6 -2 
8/ 13/2006 9.5 0.95 -28 -6 0.70 -29 -37 

7/28/06 (l) 10.9 0.93 -20 -17 0.68 4 -19 
8/23/2005 10.4 0.98 3 7 0.79 25 12 
8/13/2005 7.0 0.96 -7 -2 0.95 -30 -23 

9/7/05 (2) 14.1 0.62 -6 9 0.62 34 43 

7/24/05 (2) 8.1 0.99 -9 11 0.89 -11 -14 

9/12/06 (2) 5.8 0.86 -5 12 0.70 -32 II 

8/25/2006 8.5 0.97 -7 -5 0.97 -14 -9 

8/8/06 ( 1) 8.8 0.95 -12 7 0.70 -2 -7 

t Number in parenthesis following event date refers to multiple runoff events on a single day. 
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Table 6: Total sum of square error and total sum of absolute error for both watersheds using SCEM-derived 
mode parameter values for each event, mode SCEM-derived parameters, constant for all events, and 
AGW A parameter values. 

Event Par. Set 
Mode Par. Set 
AGW A Par. Set 

Urban Watershed 
TSSE TSAE 
4246 
19182 
22094 

-1394 
173 

-4482 

Grassland Watershed 
TSSE TSAE 

822 
601 
770 

-97 
-273 
-451 

result of squaring the errors. The latter measure gives an indication of overall bias of the 

model, as positive and negative errors work to cancel each other out. Values for the two 

watersheds are not comparable, because an unequal measurement interval was used for 

each event. For the urban watershed, we see that model performance using an individual 

parameter set for each event is much better in the urban watershed, as expected (Table 

6). Results are somewhat contradictory for the grassland watershed, where TSSE is 

actually lower when an average, rather than individual parameter set is used. When 

TSAE is considered, the results are opposite: in the grassland watershed the TSAE 

shows consistent underestimation of runoff using individual event parameter sets, which 

is less severe when an average set is used; the average parameter set produces increased 

bias in the grassland watershed. 

Quantitative measures, i.e. objective functions, serve an important purpose in 

evaluating model performance. A qualitative analysis in the form of a hydrograph can 

also provide useful information, in a way that numbers alone cannot. Selected 

hydro graphs for five events are shown in Figure 13. The shaded region shows the 

SCEM high probability density (HPD) region, bounding all of the predicted discharge 

rates using the posterior parameter distributions. Also shown is runoff output using the 

single mode parameter set for all events, and gage data. 
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From the figure it is apparent that the HPD region for the urban watershed is 

relatively small, indicating that parameter uncertainty has a minor effect on model output. 

From this we can reason that discrepancies between gage data and model output result 

mostly from model error and measurement error, rather than parameter uncertainty. On 

the other hand, the HPD region for the grassland watershed is much wider than for the 

urban watershed. This shows that parameter uncertainty is greater, and likely plays a 

larger role in overall model uncertainty. 

When a hydrologic model is used in a predictive mode, or for scenario analysis, it 

is not realistic to vary parameters on an event basis, as in the previous analysis. Model 

output using a single mode parameter set for all events is fairly good for the urban 

· watershed (Figure 13). In most instances, it is within the HPD region. For the grassland 

watershed, performance using a single parameter set is much worse. The output is mostly 

outside of the HPD region, and simulates watershed behavior only in the most general 

sense. Rise times and recession times are relatively accurate, but the magnitude of the 

discharge rate is consistently underestimated. Model performance using a single 

parameter set is indicative of what might be expected in a predictive or scenario analysis 

mode: acceptable in the urban watershed and fairly poor in the grassland watershed. 

Realizing that the difference in uncertainty between the two watersheds could 

arise solely because the urban model has an extra degree of freedom, from the impervious 

roughness parameter, additional SCEM trials were done considering unique values of 

roughness for the grassland plane and channel elements, and also considering unique 

values of Ks, G, and CV-Ks for the two strata defined for the tension infiltrometer 
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sampling. Neither technique reduced the parameter uncertainty appreciably. 

To summarize, model results indicate that the KINEROS2 urban element is an 

effective tool for simulating runoff from urban areas once an effective parameter set has 

been identified. Performance in the urban watershed is nearly as good when a single 

parameter set is used for all events as when parameters are allowed to vary on an event 

basis. The ability to model runoff from the grassland watershed is poor for the 

discretization scheme and parameter sets chosen, and inspires little confidence that 

parameters represent a watershed process. The optimization/uncertainty algorithm SCEM 

indicates that identifying effective parameters is as.sociated with less uncertainty in the 

urban residential watershed than the grassland. 
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Figure 13: Selected hydrographs showing runoff using SCEM posterior distribution high probability 
density region (shaded), single mode parameter set runoff (solid line), and measured runoff (crosses). Plots 
on each row are from the same event. 



Point-scale and Catchment Scale Estimation of Model Parameters 

Testing the physical meaning of effective model parameter values 

Estimation of hydrologic parameters requires the application of a model to 

measured data, whether at the point scale or catchment scale. At the catchment scale, 

parameters are derived by using physical or conceptual models with measured rainfall 

data, measuring the difference between model output and measured runoff data, and 

adjusting model parameters. At the point scale, data are collected in-situ using 

appropriate instruments such as the tension infiltrometer used in this study, but a model 

of soil physical processes is still required to relate the measured field data to soil 

properties such as hydraulic conductivity (Ks) and net capillary drive ( G). 
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The ability to measure hydraulic properties at the point-scale to parameterize 

hydrologic models at the catchment scale, thus saving the time and money required to 

collect high quality rainfall-runoff data, has long been sought after (Woolhiser, 1996). 

Unfortunately, other studies, including many in southeastern Arizona (e.g., Bloeschl and 

Sivapalan, 1995; Canfield and Goodrich, 2003; Paige and Stone, 2003), have shown little 

success with this approach. One reason is that the parameters in a watershed-scale model 

are effective parameters, the optimal value of which may reflect error in the other 

parameters. In this implementation of KINEROS2, where most parameter values are 

fixed and only a few subject to optimization, error in parameters such as canopy cover 

and interception depth may be compensated by the Ks or G parameters. Other reasons 

include the inability to adequately represent the spatial variability of a parameter, and 
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measurement of a process at a scale other than the modeling scale. Rather than use point

scale field data to derive model parameters, infiltration data can be used instead to 

identify whether the optimal effective watershed-scale parameters retain physical 

meaning. Although the effective watershed-scale parameters and point-scale parameters 

are not expected to have identical values, for the reasons above, if they are sufficiently 

related to their respective physical process one would expect to see a similar trend when 

the two watersheds are compared. 

Point-scale measured Ks values for the two watersheds are shown in Figure 14. 

Three negative values, not atypical for the TI interpretation method (Reynolds and Elrick, 

1991 ), are excluded. The range of values for the urban watershed is much smaller than 

that for the grassland, an expected result in light of the soil-surface modifications inherent 

in the development process. Both watersheds display a normal or log-normal distribution 

of Ks, consistent with many prior investigations (Nielsen et al., 1973). The Komolgorov

Smimov test on the standard-normal transformed values indicates a normal distribution 

( a = 0.05), both for the original and log-transformed values. A two-tailed student t-test 

assuming unequal variance indicates the mean values of the two distributions are 

different (Ho: Sample means are identical, p = 6.41 E -7). 

How do point-scale measurements compare to the watershed-scale optimal 

parameter values? It is useful to look at histograms and box plots of the SCEM-derived 

optimal values for each event, similar to those used for the field data, to assess parameter 

ranges and central tendencies. It is important to remember that the parameter values from 
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Figure 14: Histograms (top) and box plots (bottom) of tension infiltrometer measured saturated hydraulic 
conductivity. Both watersheds show a Gaussian distribution with unique, but overlapping ranges. Box plots 
show the median Ks as the central horizontal line, upper and lower quartile as the vertical extent of the box, 
and data range as whiskers. Outliers marked with a cross. 
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Figure 15: Histograms (top) and box plots (bottom) of effective saturated hydraulic conductivity identified 
using SCEM. The watersheds do not show the Gaussian trend apparent with the tension infiltrometer data. 
Box plots show the median Ks as the central horizontal line, upper and lower quartile as the vertical extent 
of the box, and data range as whiskers. Outliers marked with a cross. 
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field data (Figure 14) represent a spatial sample, with variation assumed to be primarily 

from spatial variance; the parameter values from watershed-scale model optimization 

(Figure 15) are a sample reflecting error in model parameter identification as well as in 

the assumptions inherent in the model itself. 

Optimal values of Ks, identified as the mode value of the individual event 

posterior parameter distributions, are shown in Figure 15. These distributions also pass 

the Komolgorov-Smimov test for normality when converted to standard normal and log

standard normal distributions. As with the field-measured values, a two-tailed student t

test assuming unequal variance indicates the mean values of the two distributions are 

different (Ho: Sample means are identical, p = 2.95 E -8). The urban watershed Ks values 

show a greater central tendency than the grassland Ks values, giving confidence that a 

single Ks value can be used to model the watershed. This may be interpreted as 

indicating a better correspondence with "real-world" physical properties. That is, because 

the urban watershed soils are more homogeneous, they respond in a uniform manner to 

different rainfall events. The heterogeneity of the grassland soils, and also model error, is 

manifested as a wide range of optimal Ks values for different rainfall events. 

This correspondence with watershed physical properties is reinforced by 

comparing the mean values for the point-scale and watershed-scale parameter values. 

Geometric means, appropriate for a log-normal spatial distribution of Ks, are compared 

with mode values (the single mode parameter set described earlier) in Table 7. The values 

for the point-scale and watershed-scale approaches are quite similar for the urban 

watershed, while the grassland watershed shows a greater difference, evidence that the 



Table 7: Geometric mean and coefficient of variation for the watershed-scale (from SCEM optimization) 
and point-scale (from tension infiltrometer field measurement) derived estimates of saturated hydraulic 
conductivity. The point-scale values represent a spatial sample; watershed-scale values are a sample of 
values optimized individually for 20 rainfall events. 

Watershed-scale (mode) 
Point-scale (geom. Mean) 

Urban Watershed 
Coeff. 

2.5 
2.2 

Variation 

0.59 
0.84 

Grassland Watershed 
Coe ff. 

25 
6.1 

Variation. 

0.58 
0.32 

effective Ks parameter identified by model optimization does indeed have a close 

correlation with a measurable field value in the urban watershed. The lack of 

correspondence between the two approaches in the grassland watershed shows the 

effective Ks value there is compensating for model error, parameter error, or data error. 

The large difference between the urban and grassland values from the SCEM 

optimization, as compared to the point-scale values, is further evidence of the lack of 

correspondence of the grassland effective Ks with a measurable soil property. 

The values of effective Ks that produce good modeling results are in part a 

function of the discretization scheme. To investigate the influence of discretization, a 

second scheme was tested in which the entire watershed was represented as a single 

urban element. When parameter values were allowed to vary on an event basis model 
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performance was nearly identical to the scenario in which the watershed was subdivided 

into many elements. Using a single parameter set for all events resulted in slightly poorer 

performance than with the more detailed discretization scheme. However, the optimal 

value of Ks shifts from 2.5 mm/hr, for the complex discretization used in this study, to 

about 10 mm/hr for the single element discretization. 
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Measured values of net capillary drive ( G) are shown in Figure 16. Seven sites in 

the grassland watershed and 6 in the urban watershed that produced negative values of Ks 

are omitted. Unlike Ks, G values are largely similar between the two watersheds. Both 

show a Gaussian distribution with nearly identical ranges, roughly equal to the assumed 

prior uniform parameter ranges used with the SCEM algorithm. Optimal values of G 

from model calibration are shown in Figure 17. The respective ranges for the two 

watersheds overlap significantly, although the urban watershed has a greater number of 

high values. This might be expected from the more tightly compacted urban soils, with 

presumably smaller pore spaces and therefore higher capillary forces. Also, the physical 

infiltration model indicates high values of G correspond to low values of Ks. However, 

any physical meaning of the model calibration results should be considered suspect, 

given the wide range of optimal values and poor identifiability of this parameter. 

The wide range in G values may in part be caused by soils with infiltration 

processes dominated by gravity flow rather than capillary action. The influence of gravity 

forces compared to capillary forces may be identified using a differential linearization 

(DL) of Philip's equation method (Vandervaere, 2000) to determine Sopt, the sorptivity 

value at which the DL method is most appropriate. If the calculated sorptivity value is 

much less than Sopt, the ability to measure capillary forces is limited, while Ks estimates 

are improved. The average sorptivity calculated with the DL method is 0.36 and 0.41 

mm/sec-112 for the urban and grassland watersheds, respectively, while Sopt is 0.83 and 

0.86 mm/sec-112
• Because Sis linearly related to G (equation 5), a lack of accuracy in 

estimating S corresponds to lack of accuracy in G. 
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Figure 16: Histograms (top) and box plots (bottom) of tension infiltrometer measured net capillary drive. 
Both watersheds show a Gaussian distribution with essentially identical ranges. Box plots show the median 
G as the central horizontal line, upper and lower quartile as the vertical extent of the box, and data range as 
whiskers. Outliers marked with a cross. 
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Assessing relative change using point-scale parameters 

Given that (a) it appears the physically-based model KINEROS2 can successfully 

simulate runoff from an urban area, including routing of runoff from impervious surfaces 

over pervious surfaces, and (b) the effective parameter Ks is closely related to a 

measurable infiltration property, the potential arises to use the model to understand how 

the pervious area infiltration properties influence storm runoff volumes in a way that is 

not possible with simpler urban runoff models. 

Assuming the KINEROS2 urban conceptual model is adequate, in which rainfall 

from an impervious plane is routed across a pervious one, we can adjust the Ks parameter 

to simulate runoff from a residential area had infiltration properties not changed. Options 

arise: Ks can be adjusted to the measured value for the grassland watershed, the most 

conservative estimate of change; it could take the value of the posterior SCEM estimate 

for the grassland watershed, the extreme case, in which essentially all of the rainfall on 

rooftops is infiltrated; or it can be a multiple of the posterior SCEM estimate for the 

urban watershed consistent with the measured difference between the two watersheds, in 

which the grassland Ks is 2.75 times the urban Ks. Results from the latter are presented 

first. 

Twelve of the twenty-eight largest event hydro graphs used to assess the increase 

in runoff are shown in Figure 18. The events depicted were selected to represent a range 

in runoff volumes, peak discharge rates, and model performance - both the best of the 

twenty eight and the worst are shown. In general, as seen previously (Table 5), the model 

underestimates the measured discharge volume. However, representation of hydro graph 
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peaks, rise times, and recession rates is generally good. The effect of underestimating 

runoff volume results in underestimating the effect of decreasing infiltration rates, as the 

greatest discrepancies occur during times of peak flow. If the peak flow rates were 

higher, the volume difference between the hydrographs would be greater. 

The net effect of multiplying the pervious area infiltration rate by a constant 

decreases total runoff from 23,800 m3 for the original calibrated Ks value to 17,200 m3 

using the measured Ks value from the grassland, a 27 percent decrease in runoff volume 

measured from the twenty-eight largest events. Alternatively, the change is a 38 percent 

increase over what would be seen with undisturbed Ks values. The per-event·decrease 

ranges from 9 to 49 percent, with a mean of 32 percent. Had the model-calibrated Ks 

value for the grassland watershed, 25 mm, been used rather than the tension infiltrometer 

measurement, only 10,800 m3 or runoff would have been produced, and nearly all of the 

runoff from rooftops would have been lost to infiltration. This value corresponds well 

with the estimated 50 percent decrease in runoff volume if the pervious areas had the 

same runoff coefficient as the grassland watershed, as described in the introduction. If, 

rather than a multiple of the urban watershed Ks, a fixed value of 6.1 mm is used (the TI 

measurement of grassland Ks), the decrease in runoff is 24 percent compared to results 

using the (urban) mode value of Ks, optimized individually for each event, or 26 percent 

compared to results using a single (urban) mode value of Ks, the same for all events. 
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Figure 18: Selected hydrographs used in calculating the change in runoff volume resulting from a decrease 
in infiltration rates. Hydrographs were selected to represent a range of event size and model performance. 
Crosses are measured discharge; solid line is calibrated model discharge; dashed line is model discharge 
using an adjusted Ks value (see text). Legend refers to runoff depth per unit area. 

It appears that changes in soil infiltration properties can influence the volume of 

runoff from pervious areas in urban residential watersheds. The key assumption in the 

above analysis is that prior to development, both watersheds had effectively identical 

infiltration properties, and the decrease in infiltration in the urban area results from 
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development. On one hand, it is clear that the large amount of earthwork required for 

tract-housing development results in a change in the soil surface, which can be expected 

to change infiltration properties. On the other, the watersheds occupy distinct topographic 

positions on a slope that stretches from a hilltop to a major ephemeral channel, and some 

gradation of soil properties, with finer sediments closer to the channel, may be expected. 

This difference in position and soil properties is reflected in the SSURGO database, 

which may or may not be accurate at the scale of this study. The Ks value from both the 

TI measurements and the calibrated watershed model in the urban watershed correspond 

well with the Ks estimates from the site geotechnical report ( conducted prior to 

development) used with the KINEROS2 pedotransfer function, although this should be 

considered a rough estimate only. 

In spite of these indications of low Ks values prior to development, strong 

evidence for soil compaction comes from pocket penetrometer testing at TI measurement 

sites. The instrument used (Soiltest, Inc.) has a full-scale reading of 4.5 kg/cm2
• In the 

grassland watershed, 26 percent of readings had a full-scale reading, while 90 percent of 

the readings in the urban watershed were full-scale. Clearly, the soils in the urban 

watershed are much more compact than those of the grassland watershed, to a degree 

difficult to explain from soil textural differences alone. In the end, the decrease in 

infiltration rates is likely a combination of both predevelopment conditions and 

development activities. Further analysis would be aided by particle size analysis on 

samples from the two watersheds, to identify by way of soil texture their predevelopment 

similarity. 
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CONCLUSION 

To better quantify the effect of residential housing developments on stormwater . 

runoff processes, a nested-watershed study was established to compare adjacent 

developed and undeveloped watersheds. Rainfall and runoff measurements were used to 

examine the distribution of runoff producing events, and the contribution of large and 

small precipitation events to total runoff volume. The performance of a physically-based 

rainfall-runoff model was evaluated, and used together with tension infiltrometer 

measurements of saturated hydraulic conductivity to investigate the role of pervious areas 

in the generation of runoff from residential developments. 

Simple measurement of rainfall and runoff from an urban watershed and an 

adjacent grassland watershed shows that 80 percent of storms that produce runoff from 

the urban watershed are smaller than 15 mm, and account for a little over half of the total 

runoff volume. Twenty-eight precipitation events ( out of 80) of 2.5 mm or less did not 

produce any runoff from the grassland watershed, while 60 events, or 7 5 percent, up to 

12. 7 mm did not produce runoff from the grassland watershed. About 3 7 percent of the 

rainfall on the urban watershed left as runoff, while only about 2 percent ran off of the 

grassland watershed. The relative importance of large and small rainfall events remained 

the same between the two watersheds. The volume of runoff is uniformly distributed 

among event sizes, while the volume of precipitation is influenced more heavily by the 

small events. 
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KINEROS2 was able to successfully simulate runoff from the urban watershed 

for a range of storm event sizes when used with field-measured infiltration parameters, 

parameters derived by way of soil-texture pedotransfer functions, or calibrated with 

rainfall-runoff data. The model was less successful using a priori parameter estimates 

from AGW A and the SSURGO soils database in the urban and grassland watershed. 

Model performance in the. grassland watershed was acceptable using parameters from 

rainfall-runoff calibration on an event basis, but less successful using a single parameter 

set for all events, or parameters derived from field measurement. In all cases, model 

performance in the grassland watershed was poor compared to the urban watershed. 

Sensitivity analysis, in the form of three-dimensional response surfaces, shows 

that Ks is the primary estimation parameter needed to correctly simulate runoff behavior 

from the two watersheds. Identification of Ks in the grassland watershed is difficult 

because there exists a small range of values that do produce some runoff, but not too 

much. Model sensitivity analysis also shows the less important role of the net capillary 

drive parameter for simulating storm runoff, while field measurement indicates that it is a 

difficult parameter to measure at the study site, regardless. 

Using the Shuffled Complex Evolution Metropolis (SCEM) algorithm to calibrate 

the model parameters to rainfall-runoff data, it was found that parameter uncertainty is 

higher in the grassland watershed than the urban watershed, resulting in greater 

uncertainty in the model output. The lack of uncertainty in the parameter estimates for the 

urban watershed indicates that most of the discrepancy between model output and 

measured runoff data arises from model structural error and input data error, not from 
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parameter identifiability. Also, the relatively high signal (runoff) to noise (measurement 

error) ratio in the urban watershed allows for better parameter identification than in the 

grassland watershed. 

The evidence at hand suggests that the increase in runoff from a residential 

neighborhood is a result of both an increase in impervious areas and a decrease in 

infiltration rates in pervious areas. Impervious areas directly connected to the watershed 

outlet, such as streets and driveways, account for about half of the total runoff from the 

watershed. The remainder of the runoff originates by means of infiltration excess 

overland flow, either from rainfall or focused discharge from roof eaves or downspouts 

on pervious areas. 

On the basis of field measured estimates of the change in infiltration properties 

between the two watersheds, and assuming that prior to development the two had 

identical infiltration properties, it is estimated that about 25 percent of the increase in 

runoff from the urban area comes from a change in pervious area properties. In other 

words, the expected volume of runoff would be 25 percent less if rainfall infiltration 

occurred at the same rate as it did prior to development. Directly connected impervious 

area accounts for about half of the increase in runoff, while indirectly connected 

impervious area and the change in soil infiltration properties each account for about 25 

percent of the increase. 

In general, the results of this study show that modeling runoff from an urban 

residential watershed is more successful than from an undisturbed grassland watershed. 

Several reasons may account for this. First, the urban watershed is less than half the size 
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of the grassland, and studies have shown that physically-based runoff model performance 

degrades as watershed size increases ( e.g., Goodrich, 1990). Second, the urban 

discretization scheme, in which each half of a street is treated as a single plane 

subdivided into pervious and impervious areas, creates fairly uniform flow path lengths 

which have a close correspondence to actual flow paths. In contrast with the grassland 

watershed and its lack of concentrated flow, the modeler must identify planes somewhat 

arbitrarily and flow path lengths may not bear any correspondence with what is seen on 

the ground. Finally, the better performance of the urban model over the grassland model 

stems. from the watersheds' respective runoff coefficients. The grassland model must 

predict a very small amount of runoff, relative to the depth of precipitation and size of the 

watershed. In contrast, the volume of water from the urban watershed is significantly 

higher, largely due to directly connected impervious areas. Runoff from these areas is 

"guaranteed" in the model output, relegating accurate prediction of pervious area 

properties to a less important role. 

Finally, an encouraging aspect of using KINEROS2 in urban residential 

watersheds is the fact that it performs equally well for both large and small events. As 

seen with the plots of event distributions, no single range of event size is responsible for a 

more significant share of the runoff volume. In applying the model from a water 

resources perspective, accurate simulation of all event sizes will assist in developing 

efficient stormwater management plans. 

This study has demonstrated a rare instance in which a field measured Ks value 

was nearly identical to the effective watershed-scale parameter, warranting further 
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urban areas using a physically-based model with field measured parameters has the 

advantages over natural watersheds of 1) greater homogeneity of soil properties, land 

surface slope, and roughness parameters, 2) a non-arbitrary discretization scheme, in 

which each half of a street forms a model plane, and 3) improved performance measure 

values arising from a certain amount of model runoff generated from directly connected 

impervious area regardless of soil infiltration properties. If such advantages are sufficient 

to enable the use of a priori identification of model parameters, KINEROS2 may see 

wide-spread use in predicting runoff from urban areas. 



APPENDIX A: KINEROS2 INPUT PARAMETER FILES 

Values marked with # are calibration parameters, substituted with a numerical value 
before model evaluation. 

Example element: 

BEGIN URBAN 
ID= Plane ID (integer) 
PRINT= Output format (0 = summary only) 
LENGTH= plane length perpendicular to street (ft), 
WI= plane width parallel to street (ft), width from curb to street 

crown (ft) 
SLOPE= slope of plane perpendicular to street (decimal), slope of 

street parallel to direction of flow (decimal) 
MANNINGS= Manning's roughness for impervious areas, pervious areas, 

streets 
SA= percent saturation (decimal), 
CV= coefficient of variation of KSAT (decimal) 
KSAT = saturated hydraulic conductivity (in/hr), 
G = net capillary drive (in), 
POROSITY= soil porosity (decimal), 
ROCK= percent rock fragments (decimal), 
DIST= pore size distribution index (0-1), 
INTER= interception depth (pervious areas, impervious areas) (in) 
CANOPY= percent canopy cover on pervious areas (decimal) 
CS= street crown slope (decimal) 

! Percent area in each pervious/impervious classification 
DCP directly connected pervious (decimal) 
DCI = directly connected impervious (decimal) 
ICI = indirectly connected impervious (decimal) 
CP = connecting pervious (decimal) 
ICP = indirectly connected pervious (decimal, not used) 
CI= connecting impervious (decimal, not used) 

Plane centroid for rainfall interpretation (UTM WGS84) 
X = 568704.05, Y = 3485527.18 

END URBAN 

Urban Watershed 

La Terraza urban watershed input file 

BEGIN GLOBAL 
CLEN = 10, UNITS ENGLISH, CHRAIN y 
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END GLOBAL 

! Coordinates are UTM 

Begin Inject 
ID= 200, File 
End 

BEGIN URBAN 
ID= 1 
PRINT= 0 

#IF#, Print 1 

LENGTH= 108.27, WI= 587.9, 12 
SLOPE= 0.02, 0.012 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP 0.29 
DCI = .14 
ICI = .29 
CP = .29 
X = 568704.05, Y 

END URBAN 

BEGIN URBAN 
ID= 2 
PRINT= 0 

3485527.18 

LENGTH= 223.11, WI= 581.1, 12 
SLOPE= 0.002, 0.012 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY ,456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP 0.36 
DCI = .06 
ICI = .21 
CP = • 36 
X = 568671.95, Y 

END URBAN 

BEGIN URBAN 
ID= 3 
PRINT= 0 

3485568.21 

LENGTH= 198 . 83, WI= 539.6, 12 
SLOPE= 0.002, 0.016 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY= .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0 . 02 
DCP O. 36 
DCI = .07 
ICI = .22 
CP = . 36 
X = 568607.6, Y 3485592.92 
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END URBAN 

BEGIN URBAN 
ID= 15 
PRINT= 0 
LENGTH= 191.61, WI= 506.6, 12 
SLOPE= 0.03, 0.016 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP O. 35 
DCI = .07 
ICI = .23 
CP = . 35 
X = 568542.29, Y 

END URBAN 

BEGIN URBAN 
ID= 4 
PRINT= 0 

3485607.43 

LENGTH= 170.61, WI= 628.9, 12 
SLOPE= 0.005, 0.010 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP O. 37 
DCI = .07 
ICI = .18 
CP = .37 
X = 568715.48, Y 

END URBAN 

BEGIN URBAN 
ID= 5 
PRINT= 0 

3485775.1 

LENGTH= 196.86, WI= 602.2, 12 
SLOPE= 0.0675, 0.01 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP O. 36 
DCI = .07 
ICI = .22 
CP = .36 
X = 568656 . 43, Y 

END URBAN 

BEGIN URBAN 
ID= 6 
PRINT= 0 
LENGTH= 203.42, WI 

3485775.41 

458.4, 12 
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SLOPE= 0.037, 0.017 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY= .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP 0.35 
DCI = .07 
ICI = .23 
CP = .36 
X = 568752.06, Y 

END URBAN 

BEGIN URBAN 
ID= 7 
PRINT= 0 

3485907.55 

LENGTH= 216.55, WI= 198, 12 
SLOPE= 0.005, 0.017 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP O. 35 
DCI = .07 
ICI = .22 
CP = .35 
X = 568783.56, Y 

END URBAN 

BEGIN URBAN 
ID= 8 
PRINT= 0 

3485861.5 

LENGTH= 134.52, WI= 532.2, 12 
SLOPE= 0.05, 0.009 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP O. 28 
DCI = .11 
ICI = .33 
CP = . 28 
X = 568852.36, Y 

END URBAN 

BEGIN URBAN 
ID= 24 
PRINT= 0 

3485830.14 

LENGTH= 35.56, WI= 157.5, 12 
SLOPE= 0.0433, 0.01 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP = 0.44 
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DCI = .0 
ICI = .13 
CP = .44 
X = 568822.58, Y 

END URBAN 

BEGIN URBAN 
ID= 9 
PRINT= 0, UP= 24 

3485935.05 

LENGTH= 236.2, WI= 103.6, 12 
SLOPE= 0.02, 0.023 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP 0.39 
DCI = .04 
ICI = .18 
CP = .39 
X = 568790.38, Y 3485974.49 

END URBAN 

BEGIN CHANNEL ! Inflow Channel 
ID= 18 
PRINT= 0, UP= 200 
SSl = 0.25, SS2 = 0.25 
LENGTH= 209.98, WIDTH 

END CHANNEL 

BEGIN URBAN 
ID= 17 
PRINT= 0, UP= 8 

0, SLOPE 

LENGTH= 31.17, WI= 42.8, 12 
SLOPE= 0.005, 0.007 

0.03, MANNING 

MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV #CV# 
KSAT = 0, G = 0, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.2 
DCP 0 
DCI = 1 
ICI = 0 
CP = 0 
X = 568761. 23, Y 

END URBAN 

BEGIN URBAN 
ID= 14 

3485609.35 

PRINT= 0, UP= 15,18 
LENGTH= 196.86, WI= 101.0, 12 
SLOPE= 0.05, 0.016 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 

0.03 

KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
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DCP 0.35 
DCI .09 
ICI .21 
CP = .35 
X = 568597.38, Y 

END URBAN 

BEGIN URBAN 
ID= 10 

3485687.14 

PRINT= 0, UP= 6,7 
LENGTH= 32.81, WI= 268.1, 12 
SLOPE= 0.057, 0.009 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP 0.44 
DCI = .0 
ICI = .12 
CP = .44 
X = 568822.9, Y 

END URBAN 

BEGIN URBAN 
ID = 11 
PRINT= 0, UP= 10 

3485871.14 

LENGTH= 180.46, WI= 829.8, 12 
SLOPE= 0.02, 0.006 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP 0.4 
DCI = .06 
ICI = .15 
CP = .4 
X = 568794.79, Y 

END URBAN 

BEGIN URBAN 
ID = 13 

3485714.28 

PRINT= 0, UP= 14,3,5,4 
LENGTH= 32.81, WI= 178.9, 24 
SLOPE= 0.03, 0.012 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K# , G = #G#, POROSITY = .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP 0.39 
DCI = .0 
ICI = .22 
CP = .39 
X = 568663.29, Y 3485668.5 
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END URBAN 

BEGIN URBAN 
ID= 12 
PRINT= 0, UP= 13 
LENGTH= 206.7, WI= 259.1, 24 
SLOPE= 0.03, 0.007 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0 . 02 
DCP 0.4 
DCI = .06 
ICI = .15 
CP = .4 
X = 568736 . 5, Y 

END URBAN 

BEGIN URBAN 
ID= 16 
PRINT= 0, UP= 17 

3485671.45 

LENGTH= 134.52, WI= 503.2, 12 
SLOPE= 0.05, 0.004 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP 0.26 
DCI = .16 
ICI = .32 
CP = .26 
X = 568853.77, Y 

END URBAN 

BEGIN URBAN 
ID= 19 
PRINT= 0, UP= 12 

3485660.07 

LENGTH= 108.27, WI= 24.3, 24 
SLOPE= 0.0077, 0.008 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST= 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP 0.19 
DCI = .0 
ICI = .61 
CP = .19 
X = 568761.23, Y 

END URBAN 

BEGIN URBAN 
ID= 22 
PRINT= 0 
LENGTH= 134.5, WI 

3485609.35 

307.63, 12 

94 



SLOPE= 0.02, 0.010 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY= .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP O. 27 
DCI = .09 
ICI = .36 
CP = .27 
X = 568854.78, Y 

END URBAN 

BEGIN URBAN 
ID= 23 
PRINT= 0 

3485958 . 19 

LENGTH= 134.5, WI= 113.84, 12 
SLOPE= 0.02, 0.002 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP O. 34 
DCI = .09 
ICI = .23 
CP = .34 
X = 568851.6, Y 

END URBAN 

BEGIN URBAN 
ID= 25 
PRINT= 0 

3486022.1 

LENGTH= 150.93, WI= 162.2, 12 
SLOPE= 0.02, 0.02 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.079,0.018, CANOPY= 0.05 
cs= 0.02 
DCP O. 36 
DCI = . 06 
ICI = .21 
CP = .36 
X = 568802.99, Y 

END URBAN 

BEGIN URBAN 
ID= 21 

3486012.89 

PRINT= 0, UP = 1,2,19 
LENGTH= 108.27, WI= 178.9,24 
SLOPE= 0.02, 0.012 
MANNINGS= #Ni#, #Np#, #Ni#, SA= #T#, CV= #CV# 
KSAT = #K#, G = #G#, POROSITY= .456, ROCK= 0.18, DIST 0.6, 
INTER= 0.004, .079, CANOPY= 0 . 05 
cs= 0.02 
DCP = 0. 28 
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DCI = .12 
ICI = .33 
CP = .28 
X = 568804.51, Y 

END URBAN 
3485587.39 

BEGIN PIPE ! Underground pipe from area B4 to outflow channel 
ID= 100, PRINT= 0 
UPSTREAM= 9,25,22,23, LENGTH= 700, DIAM= 2, SLOPE= 0.02, MANNING 
0.02 

END PIPE 

BEGIN CHANNEL 
ID= 20 
PRINT= 0 

outflow channel 

UPSTREAM= 21,11,16,100, SSl = 0.5, SS2 = 0.5, WIDTH 10 
LENGTH= 203.4, SLOPE= 0.01, MANNING= 0.014 

END CHANNEL 
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Grassland Watershed 

BEGIN GLOBAL 
CLEN = l, UNITS 

END GLOBAL 
ENGLISH 

! Coordinates are UTM 

BEGIN PLANE 
ID= 34 
PRINT= 2 

Overland flow area 

LENGTH= 886.96, WI 710.56 
SLOPE= 0.041 
MANNINGS= #Np#, SA #T#, CV= #CV# 
RELIEF= 0.787, SPACING= 0.984, SMAX = 0.94 
KSAT = #K#, G = #G#, POROSITY= 0.463, ROCK= 0.18, DIST 0.6, 
INTER= 0.079, CANOPY= 0.225 
X = 567971, Y = 3485509 

END PLANE 

BEGIN PLANE 
ID= 35 
PRINT= 2 

Overland flow area 

LENGTH= 701.96, WI 451.95 
SLOPE= 0.032 
MANNINGS= #Np#, SA #T#, CV= #CV# 
RELIEF= 0.787, SPACING= 0.984, SMAX 
KSAT = #KINEROS2#, G = #G2#, POROSITY 

0 • 6 / 
INTER= 0.079, CANOPY= 0.225 
X = 568010, Y = 3485327 

END PLANE 

BEGIN PLANE 
ID= 37 
PRINT= 2 

Overland flow area 

LENGTH= 730.93, WI 344.21 
SLOPE= 0.043 

0.94 
0.463, ROCK 

MANNINGS= #Np#, SA #T#, CV= #CV# 
RELIEF= 0.787, SPACING= 0.984, SMAX = 0.94 

0.18, DIST 

KSAT = #K#, G = #G#, POROSITY= 0.463, ROCK= 0.18, DIST 0.6, 
INTER= 0.079, CANOPY= 0.225 
X = 568298, Y = 3485873 

END PLANE 

BEGIN PLANE 
ID= 36 
UP= 37 
PRINT= 2 

Overland flow area 
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LENGTH= 673.65, AREA= 361977.8 
SLOPE= 0.043 
MANNINGS= #Np#, SA= #T#, CV= #CV# 
RELIEF= 0.787, SPACING= 0.984, SMAX = 0.94 
KSAT = #K#, G = #G#, POROSITY= 0.463, ROCK = 0.18, DIST 0 ., 6 ., 
INTER= 0.079, CANOPY= 0.225 
X = 568494, Y = 3485801 

END PLANE 

BEGIN PLANE 
ID= 39 
PRINT= 2 

Overland flow area 

LENGTH= 748.71, WI 
SLOPE= 0.049 

303.4 

MANNINGS= #Np#, SA #T#, CV= #CV# 
RELIEF= 0.787, SPACING= 0.984, SMAX = 0.94 
KSAT = #K#, G = #G#, POROSITY= 0.463, ROCK= 0.18, DIST 0 . 6 , 
INTER= 0.079, CANOPY= 0.225 

· X = 568204, Y = 3485804 
END PLANE 

BEGIN PLANE 
ID= 38 
UP= 39 
PRINT= 2 

Overland flow area 

LENGTH= 750.98, AREA= 256369.1 
SLOPE= 0.041 
MANNINGS= #Np#, SA= #T#, CV= #CV# 
RELIEF= 0.787, SPACING= 0.984, SMAX = 0.94 
KSAT = #K#, G = #G#, POROSITY= 0.463, ROCK= 0.18, DIST 0 . 6 , 
INTER= 0.079, CANOPY= 0.225 
X = 568408, Y = 3485706 

END PLANE 

BEGIN PLANE 
ID= 40 
PRINT= 2 

Overland flow area 

LENGTH= 901.9, WI= 712.3 
SLOPE= 0.049 
MANNINGS= #Np#, SA= #T#, CV= #CV# 
RELIEF= 0.787, SPACING= 0.984, SMAX = 0.94 
KSAT = #K#, G = #G#, POROSITY= 0.463, ROCK= 0.18, DIST 0 . 6 
INTER= 0.079, CANOPY= 0.225 
X = 568056, Y = 3485691 

END PLANE 

BEGIN PLANE 
ID= 42 
UP= 34 
PRINT= 2 

Overland flow area 

LENGTH= 875.65, AREA= 381904.3 
SLOPE= 0.035 
MANNINGS= #Np#, SA= #T#, CV= #CV# 
RELIEF= 0.787, SPACING= 0.984, SMAX 0.94 
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KSAT = #K#, G = #G#, POROSITY 
INTER= 0.079, CANOPY= 0.225 
X = 568236, Y = .3485483 

0.463, ROCK 0.18, DIST 0.6, 

END PLANE 

BEGIN PLANE 
ID= 44 
UP= 35 
PRINT= 2 

Overland flow area 

LENGTH= 595.4, AREA= 286319.5 
SLOPE= 0.017 
MANNINGS= #Np#, SA= #T#, CV= #CV# 
RELIEF= 0.787, SPACING= 0.984, SMAX 
KSAT = #KINEROS2#, G = #G2#, POROSITY 

0.6 , 
INTER= 0.079, CANOPY= 0.225 
X = 568215, Y = 3485353 

END PLANE 

BEGIN PLANE 
ID= 46 
UP= 40 
PRINT= 2 

Overland flow area 

LENGTH= 874.4, AREA= 450634.8 
SLOPE= 0.032 
MANNINGS= #Np#, SA= #T#, CV= #CV# 
RELIEF= 0 . 787, SPACING= 0.984, SMAX 
KSAT = #KINEROS2#, G = #G2#, POROSITY 

0.6, 
INTER= 0.079, CANOPY= 0.225 
X = 568314, Y = 3485606 

END PLANE 

BEGIN CHANNEL 
ID= 43 
LA= 44 
PRINT= 2 
LENGTH= 642.3, WI 9.8 
SLOPE= 0.017 
MANNINGS= #Np# 
KSAT = #K#, G = #G#, DI= 0.25, ROCK 
SSl = 0 . 5, SS2 = 0.5, WOOL= YES, SA 

END CHANNEL 

BEGIN CHANNEL 
ID= 41 
LA= 42, UP = 43 
PRINT= 2 
LENGTH= 321.8, WI 9.8 
SLOPE= 0.013 
MANNINGS= #Np# 
KSAT = #K#, G = #G#, DI= 0.25, ROCK 
SSl = 0.5, SS2 = 0.5, WOOL= YES, SA 

END CHANNEL 

0.94 
0.463, ROCK 0.18, DIST 

0.94 
0.463, ROCK 

0.18, POR 
#T# 

0.18, POR 
#T# 

0.18, DIST 

0.463 

0.463 
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BEGIN CHANNEL 
ID = 45 
LA= 46, UP = 41 
PRINT = 2 
LENGTH = 438.7, WI 9.8 
SLOPE = 0.01 
MANNINGS = #Np# 
KSAT = #K#, G = #G#, DI = 0.25, ROCK 0.18, POR 0.463 
SSl = 0.5, SS2 = 0.5, WOOL = YES, SA #T# 

END CHANNEL 

BEGIN CHANNEL 
ID = 33 
LA= 38, UP = 45 
PRINT = 2 
LENGTH = 309.8, WI 9.8 
SLOPE = 0.015 
MANNINGS = #Np# 
KSAT = #K#, G = #G#, DI = 0.25, ROCK 0.18, POR 0.463 
SSl = 0.5, SS2 = 0.5, WOOL = YES, SA #T# 

END CHANNEL 

BEGIN CHANNEL 
ID = 32 
LA= 36 
PRINT = 2 
LENGTH = 535 .1 , WI 9.8 
SLOPE = 0.021 
MANNINGS = #Np# 
KSAT = #K#, G = #G#, DI = 0.25, ROCK 0.18, POR 0.463 
SSl = 0 . 5, · SS2 = 0. 5, WOOL = YES, SA #T# 

END CHANNEL 

BEGIN CHANNEL 
ID = 100 
UP = 33,32 
PRINT = 2 
LENGTH = 10, WI 9.8 
SLOPE = 0.017 
MANNINGS = #Np# 
KSAT = #K#, G = #G#, DI = 0.25, ROCK 0.18, POR 0.463 
SSl = 0.5, SS2 = 0. 5, WOOL = YES, SA #T# 

END CHANNEL 
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APPENDIX B: EVENT CURVE NUMBERS 

The SCS Curve Number method is one of the most widespread hydro logic models 

in use today for estimating runoff from small watersheds. To aid practitioners, measured 

curve number values are provided. 

Curve numbers (CN) are identified by first ordering rainfall and runoff for each 

storm independently by depth, a frequency matching approach where it is assumed that 

CN is constant for all return period events (Hawkins, 1993). S is calculated for each of 

the ordered rainfall-runoff pairs as 

S= s[ P+ 2Q-( 4Q2 + 5PQ) 
112

] 

And CN is obtained from S by 

1000 
CN=-

lo+S 

where initial abstraction, la, is assumed to be 0.2 * S, Q is event runoff for the watershed 

(in3 /in\ and Pis event precipitation depth (in). A summary of rainfall-runoff events, 

omitting events that did not produce runoff from the grassland watershed and events with 

precipitation depths less than 0.11 in. from the urban watershed is given in Table B.1. 

Results are plotted in Figure B.1. 
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Table B.1 : Runoff, precipitation, S, and CN from study area 

Grassland Urban 

0-P pair runoff (in) precip (in) s CN runoff(in) precio (in) s CN 

1 0.0803 2.05 6.45 60.8 0.890 I.78 1.14 89.8 

2 0.0592 1.27 3.80 72.5 0.806 1.45 0.78 92.7 

3 0.0572 1.22 3.66 73.2 0.793 1.17 0.40 96.2 

4 0.0281 1.22 4.29 70.0 0.605 1.16 0.69 93.5 

5 0.0242 I.OS 3.67 73.1 0.593 1.07 0.57 94.6 

6 0.0173 0.96 3.50 74.1 0.405 0.95 0.76 92.9 

7 0.0129 0.91 3.44 74.4 0.300 0.89 0.94 91.4 

8 0.0105 0.66 2.47 80.2 0.255 0.68 0.64 94.0 

9 0.0076 0.62 2.41 80.6 0.233 0.57 0.48 95.5 

10 0.0046 0.61 2.50 80.0 0.202 0.56 0.54 94.9 

11 0.0042 0.54 2.21 81.9 0.189 0.56 0.58 94.5 

12 0.0037 0.54 2.23 81.7 0.174 0.52 0.55 94.8 

13 0.0019 0.51 2.22 81.8 0.171 0.51 0.54 94.9 

14 0.0013 0.49 2.18 82.l 0.161 0.44 0.43 95.9 

15 0.0012 0.49 2.17 82.2 0.145 0.43 0.45 95.7 

16 0.0008 0.42 1.91 84.0 0.124 0.42 0.50 95.2 

17 0.0006 0.42 1.90 84.0 0.114 0.42 0.54 94.9 

18 0.0006 0.41 1.86 84.3 0.109 0.42 0.55 94.8 

19 0.0006 0.41 1.86 84.3 0.104 0.38 0.47 95.5 

20 0.0005 0.34 1.56 86.5 0.100 0.35 0.42 96.0 

21 0.0003 0.33 1.54 86.7 0.095 0.34 0.42 96.0 

22 0.0001 0.33 1.56 86.5 0.073 0.34 0.51 95.l 

23 0.0001 0.33 1.57 86.4 0.067 0.32 0.50 95.2 

24 0.0001 0.32 1.52 86.8 0.066 0.28 0.40 96.1 

25 0.044 0.28 0.52 95.0 

26 0.041 0.28 0.53 95.0 

27 0.033 0.26 0.53 95.0 

28 0.032 0.26 0.54 · 94.9 

29 0.030 0.24 0.49 95.3 

30 0.026 0.21 0.44 95.8 

31 0.025 0.20 0.42 96.0 

32 0.024 0.20 0.41 96.1 

33 0.021 0.18 0.39 96.2 

34 0.021 0.17 0.36 96.5 

35 0.020 0.16 0.34 96.7 

36 0.020 0.16 0.34 96.7 

37 0.019 0.16 0.34 96.7 

38 0.019 0.16 0.33 96.8 

39 0.018 0.15 0.31 97.0 

40 0.015 0.14 0.30 97.l 

41 0.013 0.14 0.31 96.9 

42 0.013 0.13 0.29 97.2 

43 0.012 0.13 0.30 97.1 

44 0.010 0.12 0.29 97. l 

45 0.009 0.11 0.26 97.5 

46 0.008 0.11 0.27 97.4 

47 0.008 0.11 0.27 97.3 
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Figure B.1: Runoff curve number plotted against rainfall for the urban and grassland watershed. 
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