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Abstract
A watershed model using Hydrologic Simulation Pro-

gram—FORTRAN (HSPF) was developed for the urbanized 
Chino Basin in southern California to simulate the transport 
of pathogen indicator bacteria, evaluate the flow-component 
and land-use contributions to bacteria contamination and 
water-quality degradation throughout the basin, and develop 
a better understanding of the potential effects of climate and 
land-use change on water quality. The calibration of the model 
for indicator bacteria was supported by historical data col-
lected before this study and by samples collected by the U.S. 
Geological Survey from targeted land-use areas during storms 
in water-year 2004. The model was successfully calibrated for 
streamflow at 5 gage locations representing the Chino Creek 
and Mill Creek drainages. Although representing pathogens as 
dissolved constituents limits the model’s ability to simulate the 
transport of pathogen indicator bacteria, the bacteria concen-
trations measured over the period 1998-2004 were well rep-
resented by the simulated concentrations for most locations. 
Hourly concentrations were more difficult to predict because 
of high variability in measured bacteria concentrations. In gen-
eral, model simulations indicated that the residential and com-
mercial land uses were the dominant sources for most of the 
pathogen indicator bacteria during low streamflows. However, 
simulations indicated that land used for intensive livestock 
(dairies and feedlots) and mixed agriculture contributed the 
most bacteria during storms. 

The calibrated model was used to evaluate how various 
land use, air temperature, and precipitation scenarios would 
affect flow and transport of bacteria. Results indicated that 
snow pack formation and melt were sensitive to changes in air 
temperature in the northern, mountainous part of the Chino 
Basin, causing the timing and magnitude of streamflow to shift 

in the natural drainages and impact the urbanized areas of the 
central Chino Basin. The relation between bacteria concentra-
tions and air temperature was more complicated, and did not 
substantially affect the quality of water discharging from the 
Chino Basin into the Santa Ana River. Changes in precipita-
tion had a greater basin-wide affect on bacteria concentrations 
than changes in air temperature, and varied according to loca-
tion. Drainages representing natural conditions had a decrease 
in bacteria concentrations in correlation with an increase in 
precipitation, whereas drainages in the central and southern 
part of the Chino Basin had an increase in bacteria concen-
trations. Drier climate conditions tended to result in higher 
sensitivity of simulated bacteria concentrations to changes 
in precipitation. Simulated bacteria concentrations in wetter 
climates were usually less sensitive to changes in precipita-
tion because bacteria transport becomes more dependent on 
the land-use specified bacteria loading rates and the storage 
limits. Bacteria contamination from impervious-area runoff 
is affected to a greater degree by drier climates, whereas con-
tamination from pervious-area runoff is affected to a greater 
degree by wetter climates. Model results indicated that the 
relation between precipitation, runoff, and bacteria contamina-
tion is complicated because after the initial bacteria washoff 
and transport from the land surfaces during the beginning of a 
storm period, subsequent runoff has fewer bacteria available 
for washoff, which then dilutes the concentrations of bacteria 
in the downstream reach. It was illustrated that pathogen indi-
cator bacteria transport depends most significantly on the rela-
tion of imperviousness to runoff, which controls the frequency, 
and often the magnitude, of transport, and on the contribution 
of higher bacteria loading rates used for pervious land areas, 
especially intensive feedlots, to the infrequent, but very high, 
peaks of bacteria contamination.

Application of a Watershed Model (HSPF) for Evaluating 
Sources and Transport of Pathogen Indicators in the  
Chino Basin Drainage Area, San Bernardino County, 
California

By Joseph A. Hevesi, Lorraine E. Flint, Clinton D. Church, and Gregory O. Mendez
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The indicator bacteria transport model for the Chino 
Basin was based on the assumption that non-point bacteria 
loading rates can be defined according to 12 different land 
use categories. Results from water-quality sampling, model 
calibration, and model application indicated that important 
differences exist for loading rates and parameters controlling 
bacteria washoff between natural land use, urban land use, and 
agricultural land use. In addition, the fraction of impervious 
area for a given land use is a critical factor in determining the 
effect of storm runoff on downstream water quality. Increas-
ing the impervious area usually increases the frequency of 
impaired water quality caused by bacteria that are washed off 
during smaller storms. An increase in the fraction of pervious 
area having higher non-point bacteria loading rates and wash-
off limits does not necessarily cause the frequency of impaired 
water quality to increase, and may even cause the frequency 
of impaired water quality to decrease, but the maximum for 
bacteria concentrations during the largest storms will likely be 
much higher. Additional sampling during large storms would 
likely provide a better assessment of non-point-source loading 
rates and washoff limits for pervious areas with agricultural 
and recreational land use that are likely sources of bacteria 
contamination. 

Introduction

Background

The Santa Ana River, the largest stream system in south-
ern California, is the primary water supply for approximately 
2 million people (fig. 1). The Santa Ana Regional Water Qual-
ity Control Board (RWQCB) has listed the Santa Ana River 
and its tributaries in the Chino Basin as impaired water bodies 
on the RWQCB 303(d) list from the Clean Water Act. The 
main constituent of regulatory concern is pathogens that have 
impaired the waters for the beneficial uses of warm freshwa-
ter habitat and non-contact water recreation. Baseflow in the 
Chino Basin streams consist primarily of secondary treated 
wastewater. Periodic storm events during the rainy season 
(December through March) supply water to the streams that 
consist primarily of urban runoff. In addition to urban runoff, 

there is considerable runoff from the concentrated dairy opera-
tions in the southern part of the Chino Basin. Wastes in runoff 
from animal feeding operations (AFO) in the Chino Basin may 
adversely affect water quality in Chino Creek, Mill Creek, 
and the Santa Ana River (fig. 2). As of 1995 the Chino Basin 
had one of the highest concentrations of dairy animals in the 
world, with 279 facilities and more than 250,000 cows (Rice, 
2005) within an area less than 50 square miles (30,000 acres). 
Applying manure to the ground in the Chino Basin (fig. 1) 
has resulted in significant ground-water pollution, specifically 
total dissolved solids (TDS) and nitrate (shipping solid wastes 
out of the basin and to bio-recycling facilities has reduced 
pollution). Contamination of ground water in the Chino Basin 
affects the quality of water in the Santa Ana River where 
ground water from the Chino Basin contributes to the surface 
flow of the Santa Ana River during the wetter winter months, 
especially during wetter than normal seasons. 

Reaches in Chino Creek and two tributaries, Mill Creek 
and Prado Park Lake (in Prado Basin), together with reaches 
of the Santa Ana River (fig. 2), were included on the 1998 
Clean Water Act Section 303(d) list of impaired water bodies 
for pathogens, thus triggering action for developing a pollu-
tion control plan, the Total Maximum Daily Load (TMDL) 
for pathogens. The TMDL process has begun for these Chino 
Basin water bodies, and the Santa Ana Watershed Project 
Authority (SAWPA) is currently assisting the Santa Ana 
RWQCB in collecting data from the Chino Basin to develop 
TMDLs. 

Developing TMDLs typically requires using numeri-
cal or analytical models to evaluate the transport and storage 
of water and water-quality constituents (Moyer and Hyer, 
2003). Calibrated models can be used to help develop a better 
understanding of the likely affect of climate change, land-use 
change, or changes in management practices on water quality. 
For this study, the Hydrological Simulation Program- 
FORTRAN (HSPF) was used to simulate the transport of 
water and pathogen indicator bacteria in the Chino Basin. 
Pathogen indicator bacteria include fecal coliform, Esch-
erichia coli (E. coli), and enterococci. Indicator bacteria 
are typically used to develop pathogen TMDLs because the 
presence of indicator bacteria is correlated to the presence of 
pathogens, which are difficult to measure directly. 
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Figure 2.  Study area, model boundary, water bodies, and drains in the Chino Basin, California. 

RWQCB, [Santa Ana] Regional Water Quality Control Board; TMDL, Total Maximum Daily Load; USGS, U.S. Geological Survey.
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Purpose and Scope

This report describes the collection and analysis of  
pathogen indicator bacteria (total coliform, fecal coliform,  
E. coli, and enterococci), and the development, calibra-
tion, and application of the HSPF model to the Chino Basin. 
Land-use, meteorological, topographical, and water-quality 
and streamflow data for the Chino Basin were compiled to 
develop the necessary input parameters for the HSPF model. 
The U.S. Geological Survey (USGS) collected water-quality 
samples at 9 sites (fig. 2) throughout the basin during 3 storm 
periods in 2004. Indicator bacteria concentrations in these 
samples were plotted on storm hydrographs and analyzed to 
determine pathogen indicator bacteria concentrations in storm 
runoff from urbanized and agricultural areas. Sampling sites 
were selected primarily to represent bacteria loadings from 
specific land uses. The model was calibrated for streamflow 
simulation using streamflow data for the 1990–2001 water 
years and the 2004 water year from 4 USGS gaging stations 
and 1 U.S. Army Corps of Engineers (USACE) gage. Stream-
flow simulated by the model was verified using data from 
water-years 2002–03 and 2005. Calibration of the model for 
the simulation of bacteria concentrations during storm runoff 
was limited because of the small number of bacteria samples 
coincident with storm hydrographs. Supplementary data from 
other investigations were included in this study to improve the 
transport-model calibration and allow limited verification of 
the transport model. The transport model was applied using 
various climate and land-use scenarios to improve understand-
ing of processes controlling indicator bacteria concentrations 
(and thus potential pathogen contamination) at locations 
throughout the Chino Basin. The findings from the water- 
quality sampling, analysis, and transport-model application 
will be used to support the development and implementation 
of the pathogen TMDL.

Characteristics of the Chino Basin

Topography and Geology
The topography in the Santa Ana River watershed ranges 

from steep, rugged mountains with peaks as high as 10,700 ft 
above sea level, to a broad alluvial-filled valley, bordered 
by the San Gabriel/San Bernardino Mountains to the north-
east and the elevated Perris Block/San Jacinto Mountains to 
the south (fig. 1). The Santa Ana River is the main tributary 
draining the valley. The Chino Basin study area, located in the 
northwestern part of this watershed, was formed as a result 
of tectonic activity along major fault zones (Wildermuth 

Environmental, Inc., 2003). The bottom of the basin—the 
effective base of the freshwater aquifer—consists of relatively 
impermeable sedimentary and igneous bedrock formations 
that are exposed at the surface in the surrounding mountains 
and hills. Sediments eroded from the surrounding mountains 
have filled the Chino Basin, providing reservoirs for ground 
water. In the deepest portions of the basin, these sediments are 
greater than 1,000 ft thick. The sediments consist of geologi-
cally old and young alluvium. The thickness of the older 
alluvium varies from about 200 ft near the southwestern end 
of the Chino Basin to over 1,100 ft in the eastern parts of the 
valley and averages about 500 ft throughout the basin. The 
surface outcrop is commonly distinguishable by its red-brown 
or brick-red color and is generally more weathered than the 
overlying younger alluvium. The younger alluvium occupies 
streambeds, washes, and other areas having recent sedimenta-
tion. The thickness of the younger alluvium varies from over 
100 ft near the mountains to just a few feet in the center of 
the valley. The younger alluvium generally covers most of the 
northern half of the Chino Basin in undisturbed areas (Wilder-
muth Environmental, Inc., 2003).

The stratigraphy of the Chino Basin can be described by 
two natural divisions: (1) the pervious formations that com-
prise the ground-water reservoirs are termed the water-bearing 
sediments and (2) the less pervious formations that enclose the 
ground-water reservoirs are termed the consolidated bedrock. 
The consolidated bedrock is further differentiated as meta-
morphic and igneous rocks of the basement complex partially 
overlain by consolidated sedimentary rocks. The water-bearing 
sediments overlie the consolidated bedrock, with the bedrock 
formations coming to the surface in the surrounding hills and 
highlands. The general geology of the Chino Basin and the 
distribution of sediments and soils are shown in figures 3A,B.

Most recharge to the ground-water reservoirs of the 
Chino Basin is from percolation of direct precipitation and 
infiltration of streamflow within tributaries exiting the sur-
rounding mountains and hills and within the Santa Ana River. 
Potential sources of recharge in the Chino Basin include 
the following: (1) infiltration of flow (and, locally, imported 
water) within unlined stream channels overlying the basin, 
(2) infiltration of stormwater flow and municipal wastewa-
ter discharges within the channel of the Santa Ana River, 
(3) underflow from the saturated sediments and fractures 
within the bounding mountains and hills, (4) artificial recharge 
at spreading grounds of storm water, imported water, and 
recycled water, (5) underflow from seepage across the bound-
ing faults, (6) intermittent underflow from adjacent basins, 
and (7) deep percolation of precipitation and returns from use 
(Wildermuth Environmental, Inc., 2003).
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Figure 3.  A. Geology and B. soil units used to develop the HSPF model for the Chino Basin, California. STATSGO, State Soil Geographic 
Database; MUID, Map Unit IDentifier.
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Climate
Warm, dry summers and cool, moist winters character-

ize the climate of the study area. Average annual precipita-
tion ranges from about 18 in. in the lower part of the Chino 
Basin to about 40 in. in the San Gabriel Mountains. Most 
precipitation occurs during the winter rainy season between 
November and March. Average precipitation for January 
ranges from about 3 in. in the southern valley (fig. 4A) to 
more than 10 in the mountains, whereas average precipita-
tion for July is less than 0.1 in. across the whole basin (Daly 
and others, 2004). The spatial distribution of average monthly 
precipitation is similar for most months and is characterized 
by the orographic effect of the San Gabriel Mountains. For 
example, although average November precipitation has a 
spatial distribution that is similar to the January pattern, the 
average January precipitation is over 30% greater than that 
for all other months (fig. 4A,B). Air temperatures across the 
basin in the winter are cool, with average daily temperatures 
in degrees Fahrenheit in January ranging from the 30s in the 
north, resulting in persistent mountain snowpack at the higher 
altitudes, to as high as 60 in the southern valley. Average daily 
air temperatures for July can be quite warm, ranging from 65 
to 80 degrees.

Surface Water and Drainage Network 
Chino Creek is a tributary of the Santa Ana River. It 

extends upstream to the northwest from its confluence with 
the Santa Ana River (fig. 2). Chino Creek is divided into 
two reaches. Reach 1 extends from the confluence with the 
Santa Ana River and flows from north to south. Except for a 
short segment in the upper part of the reach, Reach 1 has a 
semi-natural, unlined channel bed and banks that have been 
straightened by engineering. Chino Creek Reach 1 was added 
to the 303(d) pathogen-impaired-water list in 1994. Chino 
Creek Reach 2 extends north of its confluence with San Anto-
nio Creek, a major tributary draining the northwestern part of 
the Chino Basin. Chino Creek Reach 2 flows from northwest 
to southeast and is concrete-lined along its channel bed and 
banks throughout its length. San Antonio Creek, an important 
drainage feature in the western Chino Basin, is a tributary to 
Chino Creek, Reach 2. Reach 2 was added to the 303(d) list 
in 1998. 

Baseflow in Chino Creek consists primarily of wastewa-
ter effluent discharges from Inland Empire Utilities Agency’s 
(IEUA) Carbon Canyon publicly owned treatment works 
(POTW) Regional Plant 5 (RP-5), RP-1 (from discharge into 
Prado Park Lake), and nuisance runoff (dry season urban 
runoff from excessive watering of lawns, washing cars and 
streets, and over-using water for other residential and com-
mercial activities). Chino Creek received wastewater efflu-
ent discharge from RP-2 also from 1970 to 2004, but this 
treatment plant was discontinued (treatment operations were 
relocated to RP-5).

Mill Creek is a tributary to Chino Creek Reach 2 in the 
southeastern part of the Chino Basin (fig. 2). Most of Mill 
Creek is within the Prado flood control basin behind Prado 
Dam. Mill Creek extends from its confluence with Chino 
Creek to a location near the San Bernardino/Riverside County 
border, where its name changes to Cucamonga Creek and it 
is concrete-lined. Mill Creek generally flows in a northeast to 
southwest direction and has a natural, semi-meandering chan-
nel with an unlined channel bed and banks. Baseflow in Mill 
Creek consists primarily of wastewater effluent from IEUA’s 
RP-1 and nuisance runoff. Mill Creek and Prado Basin were 
added to the 303(d) list in 1994.

Cucamonga Creek Reach 1 (fig. 2) flows from north 
to south across the central part of the Chino Basin and is 
concrete-lined along its channel bed and banks throughout its 
length. Reach 2 is upstream of Reach 1. As with Mill Creek, 
baseflow in Cucamonga Creek consists primarily of effluent 
from IEUA RP-1 and nuisance runoff. Cucamonga Creek, 
Reach 1, was added to the 303(d) list in 1998.

Prado Park Lake (in Prado Basin) is a 60-acre man-made 
lake located in the southern part of the Chino Basin at the 
confluence of two natural drainage channels. The lake col-
lects runoff from both urban and agricultural areas. During 
low-flow conditions, urban runoff from these two channels 
flows under the lake through pipes, and discharges into the 
lake’s outlet structure. The capacity of the pipes is exceeded 
during large storms, and the excess storm runoff is discharged 
directly into the lake. Water levels in Prado Park Lake are 
maintained by discharge of approximately 8 million gallons 
per day (Mgal/d) of recycled water from IEUA RP-1. Excess 
water flows out of the lake into Chino Creek Reach 1. Prado 
Park Lake was placed on the 303(d) list in 1994 as a result 
of a fish kill incident in 1991. Elevated nutrient and bacteria 
levels were identified as sources of impairment in the 303(d) 
listing. 

With the exception of runoff from extreme storms, 
stormwater runoff and snow melt from the northern moun-
tainous areas of the Chino Basin usually is diverted or lost 
to infiltration into ground-water storage before it reaches 
the major channels in the central and southern parts of the 
basin. San Antonio Dam is a large flood-control structure 
that captures most of the snow melt and storm flow from San 
Antonio Canyon, greatly reducing streamflow in San Antonio 
Creek. During extreme storms and wetter than average years, 
some flow is released from San Antonio Dam, but much of 
this flow is diverted to retention basins and spreading grounds 
to enhance ground-water recharge (Wildermuth Environmen-
tal, Inc., 2003). Numerous other retention basins along the 
base of the San Gabriel Mountains capture runoff for flood 
control, debris-flow control, and recharge enhancement. This 
greatly reduces streamflow in the major channels, such as 
Cucamonga and Deer Creeks. 
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 In contrast, peak flows and total discharge volumes of 
storm runoff from the urbanized central and lower portions 
of the basin are more frequent and can be much greater than 
streamflow from the mountainous areas. The urbanized areas 
have a high percentage of impervious surfaces (roads, parking 
lots, rooftops), which can rapidly generate large volumes of 
runoff during storms. Some of this storm runoff is diverted to 
retention basins for flood control and recharge enhancement. 
However, much of the runoff during the larger storms reaches 
the Santa Ana River and the Prado flood control basin. Storm 
runoff from the central and lower parts of the Chino Basin 
tends to have poor water quality because of washoff of con-
taminants, including bacteria and associated pathogens, from 
urbanized and agricultural areas (including dairies). 

Compared to storm runoff, wastewater discharges, and 
Orange County water transfers into San Antonio Creek, nui-
sance flow (flow originating as small inflow from urbanized 
areas) is only a small fraction of the total discharge from the 
Chino Basin into the Santa Ana River. However, data collected 
from previous studies (Rice, 2005) indicates that nuisance run-
off may contain high densities of indicator bacteria and thus 
may significantly affect the overall water quality in the Chino 
Basin during low-flow conditions (Appendix 1). 

Land Cover and Use
The central part of the Chino Basin (south of the San 

Gabriel Mountain front and north of USGS stream gage 
11073495) is heavily urbanized with extensive areas of high-
density residential development interspersed with areas of 
commercial and industrial development (fig. 5). As a result of 
the urbanization, much of the land surface is impervious, and 
runoff is channelized. The urban features result in non-point 
sources also, as well as concentrated sources, of water-quality 
contaminants, including bacteria and associated pathogens. 
Specific sources of bacteria contamination in the urban areas 
of the Chino Basin are not well understood or identified, 
and are currently being evaluated, but general sources likely 
include both domesticated animals (pets) and wildlife (birds, 
rodents). 

In contrast to the central part of the basin, most of the 
land area in the southern part of the Chino Basin is agri-
cultural; about one-half of the agricultural area is used for 
intensive livestock operations (dairies). The dairies are likely 
sources of significant concentrations of pathogens. The 
remaining agricultural areas are also potential sources because 
these areas include horse ranches, poultry and hog operations, 
and crops using manure fertilizer. 

Water Quality
Four existing point sources and 1 discontinued point 

source (RP2) discharge wastewater effluent into the waterways 
of the Chino Basin (fig. 2). Fecal coliform bacteria concentra-
tions must be less than 200 cfu/100 mL before DEQ allows 
treated wastewater to be released. Most wastewater released 
contained concentrations far below that; data from the Inland 
Empire Utility Agency, which operates all treatment plants, 
indicated that total coliform concentrations in effluent do not 
exceed 2 cfu/100 mL. In addition to wastewater effluent, the 
Orange County water deliveries to San Antonio Creek below 
San Antonio Dam are significant point-source discharges into 
the Chino Basin. These discharges are generally pristine water 
and not a significant source of bacteria contamination.

Most of the bacteria in the Chino Basin were derived 
from, and were represented in the model as, nonpoint sources. 
These bacteria are deposited on the land surface by many 
different sources (people, pets, livestock, and wildlife), and 
subsequently are transported to the stream network in runoff 
from rainfall. Primary sources are the dairies, followed by 
high-to-medium density residential areas, and commercial/
services, and utilities/transport. Private septic systems are few 
in the Chino Basin and are not a significant source of bacteria 
contamination.

Water-Quality-Data Sources and 
Methods of Collection and Analysis

Pathogen Indicator Bacteria

Pathogen indicator bacteria, which typically do not cause 
disease, are used to assess the microbiological quality of 
water because they are correlated with the presence of several 
waterborne disease-causing organisms. The concentration of 
indicator bacteria is a measure of water safety for body-con-
tact recreation or for consumption. Wastes from warm-blooded 
animals contribute a variety of intestinal bacteria that are 
disease causing, or pathogenic, to humans. Body contact with, 
and consumption of water that contains, pathogens of the gen-
era Salmonella, Shigella, and Vibrio, for example, can result 
in several types of disease in humans, including gastroenteritis 
and bacillary dysentery, typhoid fever, and cholera. Indicator 
bacteria, such as Escherichia coli (E. coli), in water is direct 
evidence of fecal contamination from warm-blooded animals, 
and may indicate the presence of pathogens, but cannot defini-
tively prove or disprove the presence of human pathogenic 
bacteria, viruses, or protozoans.
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Figure 5.  Land-use and vegetation categories for the Chino Basin, California.
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Water-quality criteria were developed by the U.S. Envi-
ronmental Protection Agency (USEPA) in 1986 for concentra-
tions of indicator bacteria in recreational waters, shellfish-
growing waters, and ambient waters (U.S. Environmental 
Protection Agency, 1986), E. coli and enterococci bacteria 
became the recommended indicator bacteria for recreational 
waters, replacing fecal coliform and fecal streptococci bac-
teria (U.S. Environmental Protection Agency, 1986, 2000). 
However, concentrations of fecal coliforms measured in the 
basin in 2004 were highly correlated with concentrations of 
measured E. coli and, although data and model parameters are 
included for all bacteria, fecal coliform data are used for most 
graphical displays and analyses in this report because fecal 
coliform data from other studies are available for comparison. 

Field Data Collection 

Samples of indicator bacteria to be analyzed were col-
lected at the nine USGS sites in the Chino Basin (fig. 2; 
table 1). Indicator bacteria analyzed in this study included  
total coliforms, fecal coliforms, E. coli, and enterococci 
(Appendix 1). Membrane-filtration (MF) and most probable 
number (MPN) methods indicate colony forming units per 
100 milliliters (cfu/100 mL), and were used to presumptively 
identify, confirm, and enumerate indicator bacteria. Additional 
analysis included colilert and enterolert microbial counting, 
but these methods were less reliable and were not as consistent 
as MF and MPN methods used in other studies of indicator 
bacteria concentrations in the Chino Basin and other nearby 
basins. The data obtained using the MF and MPN methods 
were used to calibrate the model. 

To maintain consistency between the samples collected 
for this study and other samples of bacteria collected in the 
Chino Basin by the RWQCB, the samples for this study were 
analyzed by Orange County Public Health Lab (OCPHL). 
Approximately 10 percent of the samples were replicated to 
test the variability of field sampling by collecting duplicate 
samples in the field. Duplicate rather than split samples were 
collected, as required for consistency with the Orange County 
Health Laboratory sample processing procedures. Analyses of 
samples collected during the 2/22/2004, storm indicated a dif-
ference from the mean ranging from 8 percent to  
70 percent, with no apparent correlation with high- or low-
density samples (table 2). This range indicates error in 
representative sampling rather than laboratory processing. Six 

of the eight land-use categories have errors less than or equal 
to 22 percent. Sixty-two duplicate lab samples were collected 
and tested by OCPHL during their 2002–2003 sampling, 
and an average of 2.5 percent difference from the mean was 
calculated between duplicates, indicating a variability ranging 
from zero to 86 percent. Additional samples were collected for 
total suspended sediment as a potential surrogate for indicator 
bacteria. Samples were also collected for turbidity, and water 
surface elevation (stage) measurements were made. The stage 
data provided qualitative information about relative discharge 
magnitude associated with the bacteria samples, and this was 
useful for model calibration. All USGS data are available 
in the National Water information System (NWIS) database 
(http://nwis.waterdata.usgs.gov/nwis). 

The storm-targeted and land-use-targeted sampling loca-
tions were selected primarily to support the investigation of 
indicator bacteria concentrations in storm runoff from urban 
land and intensive feedlots (dairies). The sample locations 
selected for the urban land uses were also chosen according 
to their proximity to dairies: locations close to dairies, but not 
directly affected by storm runoff from dairies, and locations 
far from dairies. The urban land-use sites located close to 
dairies are RecD and RecGC (recreational land use possibly 
affected by dairies), ResD (residential land use potentially 
affected by dairies), and IndD (industrial land use potentially 
affected by dairies). The urban land-use sites located far from 
dairies are IndND (industrial land use), RecND (recreational 
land use), and SC (commercial and services land use). 

The two sample sites representing recreational land use 
close to dairies were also used to investigate potential differ-
ences between different recreational land uses; the RecD site 
was located within a park and the RecGC was located within 
the area of a golf course. Four sample sites (SC, RecGC, 
ResD, and IndD) were located where at least 80 percent of the 
upstream catchment areas were covered by single land-use 
types. However, four other samples sites (IndND, RecND, 
RecD, and D) had catchments with multiple land uses, because 
of the difficulty in finding good sampling locations having 
sufficient storm-flows and representing a single land use. The 
catchment for site IndND was included in the residential and 
commercial land-use categories in addition to the industrial 
land-use category. The catchment for site D included mixed 
agriculture, transportation, and utilities categories in addition 
to dairies. 

http://nwis.waterdata.usgs.gov/nwis
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Station  
identifi-
cation

Location
Targeted  
land use

Features of  
catchment

Date sampled  
water-year  

2004

Fecal coliforms  
(cfu/100 mL) Number of  

samplesGeometric 
mean

Maximum

MC Mill Creek at Chino Corona  
Road near Norco

Integrated 
sample

Large, heteroge-
neous basin 
with all land 
uses

11/12–11/13
2/2–2/3

2/21–2/23

30,047
2,820
3,394

150,000
7,100
9,400

20
6
5

IndND Storm drain at Francis and Grove 
near Ontario

Industrial 30% residential, 
60% industry, 
10% other

2/2–2/3
2/22–2/23

      —
4,736

4,000
9,000 

1
5

RecND Storm drain near Cypress and 
Philadelphia near Chino

Recreational 
park

60% park, 40% 
high school 
field

2/2–2/3
2/22–2/23

      —
3,455

7,400
6,000

1
5

SC Town Square shopping center 
storm drain at Chino

Shopping center Shopping center 
and parking lot 
only

2/2–2/3
2/22–2/23

      —
1,063

1,500
2,900

1
5

RecD Westwind park storm drain  
near Ontario

Park, potential 
dairy impact

70% park down-
stream of 30% 
residential

2/2–2/3
2/22–2/23

      —
1,064

400
10,000

1
5

RecGC Whispering Lakes golf course 
parking lot storm drain near 
Ontario

Golf course 100% golf course 2/2–2/3
2/22–2/23

      —
233

280
830

1
5

ResD Storm drain near Parco and  
Riverside at Ontario

Residential, 
potential dairy 
impact

80% residential, 
20% school

2/2–2/3
2/22–2/23

       —
6,844 

 6,000
18,000 

1
5

IndD Industrial park storm drain  
near Kimball near Chino

Industrial, dairy 80% dairy, 20% 
industry

2/2–2/3
2/22–2/23

      —
89

200
320

1
5

D Pine Avenue drainage ditch  
near Chino

Dairy 30% dairy, 40% 
irrigated crop 
and pasture, 
20% airport, 
10% other

2/2–2/3
2/22–2/23

      —
66,250

6,000
250,000

1
5

Table 1.  Storm sampling locations and results for fecal coliforms in samples collected November 2003 and February 2004 in the Chino 
Basin, California.

[Densities measured in colony forming units per 100 milliliters (cfu/100 mL); %, percent; —, no calculation]

Land use category  
and site  

(in parentheses)
Date

Sample  
location

Densities
Percent  

errorSample Replicate

Industrial non-dairy (IndND) 2/22/04 Storm drain 3,400 3,000 11.8
Recreational non-dairy (RecND) 2/22/04 Storm drain 3,800 6,500 –71.1
Recreational non-dairy (RecND) 2/23/04 Storm drain 4,200 3,400 19.0
Recreational non-dairy (RecND) 2/23/04 Storm drain 5,800 6,300 –8.6
Recreational golf course (RecGC) 2/22/04 Storm drain 70 80 –14.3
Residential dairy (ResD) 2/22/04 Storm drain 2,900 6,000 –106.9
Industrial dairy (IndD) 2/23/04 Storm drain 50 40 20.0
Dairy (D) 2/22/04 Freshwater 37,000 40,000 –8.1

Table 2.  Variability in fecal coliform densities from replicate samples collected on February 22–23, 2004, at various sites in the Chino 
Basin, California.

[Densities measured in colony forming units per 100 milliliters (cfu/100 mL)]
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One storm was sampled intensively (20 samples) on 
11/12/2003–11/13/203, at the Mill Creek sampling site (site 
MC), which was a location integrating the streamflow from 
all the other sampling sites. It was located downstream 
of the USGS stream gage 11073495 (table 1). Storms on 
2/2/2004–2/3/2004, and 2/22/2004–2/23/2004 also were 
sampled less intensively at this site (6 and 5 samples, respec-
tively). The storm on 2/2/2004, was sampled once at the other 
8 sampling sites, and the storm of 2/22/2004–2/23/2004 was 
sampled 5 times at the other 8 sampling sites. The relation 
between sampled bacteria concentrations at site MC (includ-
ing total coliform, fecal coliforms, E. coli, and enterococci) 
and measured stream discharge at gage 11073495 for the 
3 storms is shown in figures 6A–C. The results indicate a wide 

range in measured bacteria concentrations for total coliform 
and the three indicator bacteria types. For example, measured 
fecal coliform indicates a range of fecal coliform densities of 
370 to 150,000 cfu/100 mL (Appendix 1). Graphs showing 
bacteria concentrations compared to stream discharge indi-
cate a complicated relation for the 11/12/2003–11/13/2003 
and the 2/22/2004–2/23/2004 storms, whereas the graph for 
the 2/2/2004–2/3/2004 storm indicates a more direct relation. 
However, the correlation between hourly stream discharge and 
bacteria concentrations, using the bacteria data for all storms 
and all sample sites, was weak. The correlation between 
turbidity and bacteria concentrations from all sample sites and 
during all storms was also weak. 
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Figure 6.  Measured hourly stream discharge at gage 11073495 and measured bacteria concentrations at sample site MC for A, the 
11/12/2003–11/13/2003 storm, B, the 2/2/2004–2/3/2004 storm, and C, the 2/22/2004–2/23/2004 storm in the Chino Basin, California. 
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Although all 4 indicator bacteria constituents were col-
lected and used in the transport modeling analysis, only fecal 
coliform concentrations are given throughout the report, for 
simplicity and consistency with previous studies by other 
agencies. The relation between the measured fecal coliforms 
and the other three indicator bacteria constituents is shown 
in figure 7. As indicated, the regression lines and equations 
indicate strong linear relations (r2 between 0.71 and 0.89) 
between the fecal coliform concentrations and the E. coli con-
centrations, a subset of fecal coliforms, enterococci, and total 
coliforms. The deviation around the regression lines indicates 
sampling and measurement uncertainties.

Supplemental Water-Quality Data

High concentrations of bacteria contributed to fish kills 
in Prado Park Lake in 1979, 1983, and 1989 and to discharge 
of waste-laden agricultural stormwater runoff. To investigate 
possible sources of these bacteria, RWQCB collected storm-
water samples at 14 locations in Chino Creek and Cucamonga 
Creek/Mill Creek on 2/23/1993 (table 3). The data derived 
from this sampling indicated levels of bacteria concentration 
determined to be unhealthy by USEPA standards (U.S. Envi-
ronmental Protection Agency, 1986). However, the 1993 storm 
sampling data has had a limited utility because the techniques 
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used to detect bacteria concentrations in the water samples 
were reliable only for indicating a lower limit to concentra-
tions (in terms of cfu/100 mL). Samples were also collected 
during the winters of water-years 1997 and 1998 at 15 loca-
tions to confirm the 1993 data and evaluate bacteria densities 
after storm events. The 1997–98 data have higher resolution 
and quality than the 1993 data, having followed more rigorous 
analysis procedures, and provide a more quantitative dataset 
of bacteria concentrations for subwatersheds feeding directly 

into Prado Park Lake. The 1997–98 data represent runoff from 
agricultural areas, including dairies, downstream of the highly 
urbanized areas in the Chino Basin. Water samples were 
analyzed for total coliform and fecal coliforms only. Results 
indicated that stormwater runoff contained concentrations of 
fecal coliforms that exceeded water-quality objectives by sev-
eral orders of magnitude. Locations, associated land use, and 
sampling dates are shown in table 3. 
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To represent conditions during seasons other than those 
represented by samples collected during the storm events in 
2003 and 2004, RWQCB established an extensive monitor-
ing program in February 2002; water samples were collected 
weekly at 10 to 13 locations during nine 30-day sampling 
periods (table 3). Only one sample per day was collected 
(sampling times were usually between 10 am and 2 pm), but 
samples were collected on multiple days during each 30-day 
sampling period, and represented both wet-season and dry-
season flows. There were 5 sites on Mill Creek and its tributar-
ies and 6 sites on Chino Creek and its tributaries. Land uses 
included agriculture, urban activities, dairies, and open space. 
Samples were analyzed for bacteria indicators, including fecal 
coliform, total coliform, E. coli, and enterococcus. The results 
from the analyses of these samples were used to define natural 
background conditions and calibrate the transport model to 
time-averaged bacteria concentrations and to conditions before 
WY2004 storm targeted sampling. In addition, the RWQCB 
samples were useful for increasing the number of samples 
representing the integrated, downstream response to non-point 
source loading from land used for multiple purposes. Orange 
County Water District (OCWD) collected indicator bacteria 
samples during water-year 2005 at 14 sites (table 3), many 
of which coincided with RWQCB sites (but none of which 
coincided with the storm-and-land-use targeted sample sites). 
Concentrations of total coliform, fecal coliform, E. coli, and 

enterococcus in the OCWD samples were measured; the 
resulting OCWD data were compared with data from fecal 
coliform measured and simulated for water 2005, and were 
used to verify the calibrated bacteria transport model. 

Comparison of the RWQCB fecal coliform data (includ-
ing both the earlier and more recent sampling) with the data 
for the water-year 2004 storm-targeted samples collected for 
this study (plotted as daily averages) indicated a similarity in 
the relative magnitude and variability in measured concentra-
tions (figure 8A). In particular, the water-year 2004 storm-
targeted data is comparable to the range and variability of 
the 1996–98 RWQCB data, which is also representative of 
storm-flow conditions, whereas the water-years 2003–2004 
RWQCB data includes sampling from low-flow conditions. 
A maximum fecal coliform concentration of approximately 
100,000 cfu/100 mL is comparable to the maximum daily-
average obtained for the 11/12/2003–11/13/2003 storm at 
the MC sampling site. Most of the storm samples fall in 
the range of 1,000–100,000 cfu/100 mL (or mpn/100 mL) 
for the two groups of storm-affected samples. Most of the 
2003–2004 RWQCB data, however, ranges between 100 to 
1,000 cfu/100 mL (or mpn/100 mL). The measured daily mean 
streamflow data for the upstream gaging site also falls within 
this range, approximately 1,000 to less than 10 ft3/s. 

Figure 7.  Measured fecal coliform data and measured E. coli, enterococci, and total coliforms for all storm sampling events in the 
Chino Basin, California. 
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Location
Site  

identifier

TMDL  
1993  

storm  
sampling

TMDL  
1996–1998  

storm  
sampling

TMDL  
2002–2004  
seasonal  
sampling

OCWD
Primary  
land use

Sampling  
years

Archibald Avenue at Cloverdale 
Avenue

— — — M4 — Agriculture 2002–2004

Big League Dreams storm drain BLD — — — S9 Urban/agriculture —
Bon View Ave at Merrill (northwest 

corner)
BVAM — — M3 — Agriculture 2002–2004

Chino Creek at Central Avenue CHIC — — C7 S2 Urban 2002–2004
Chino Creek at Chino Avenue — — 5 — — — 1996–1998
Chino Creek at Mill Creek confluence — — — C4 — Agriculture/urban/ 

effluent
2002–2004

Chino Creek at Pine Avenue CHIP 11 12 — S12 Urban/wastewater 1993, 1996–1998
Chino Creek at Prado Golf Course — — — C8 — Impairment status 2002–2004
Chino Creek at Prado Wetlands — — — — — Impairment status 2002–2004
Chino Creek at Riverside CHIR — — — S5 Urban 1996–1998
Chino Creek at Schaeffer CHIS 6 — C2 S3 Urban 1993, 2002–2004
Chino Creek downstream of Wetlands — — — C6 — Impairment status 2002–2004
Cucamonga Creek at Baseline — 1 — — — — 1993
Cucamonga Creek at CCWD Ponds CCM1 — — M1 — Open space 2002–2004
Cucamonga Creek at IEUA RP-1 CCM2 — M2 — Urban 2002–2004
Cucamonga Creek at Philadelphia — 2 — — — — 1993
Cucamonga Creek at Riverside Drive CUCR 3 2 — — — 1993
Cypress Channel at Edison Avenue — 7 6 — — — 1993, 1996–1998
Cypress Channel at Golf Course CYP3 — — — S8 Urban —
Cypress Channel at Kimball Avenue CYP2 8 11 — S7 Urban/agriculture 1993, 1996–1998
Cypress Channel at Pine Avenue — 12 13 — — — 1993
Cypress Channel at Riverside — — 4 — — — 1996–1998
Cypress Channel at Shaeffer Avenue CYP1 — — — S6 Urban —
Dirt channel on Kimball Avenue KIM — — S10 Urban/agriculture —
Euclid Channel at Pine Avenue E1 — 10 — — — 1996–1998
Grove Channel at Merrill Avenue — 9 7 — — — 1993, 1996–1998
Grove Channel at Pine Avenue G1 13 9 — — — 1993, 1996–1998
Grove Channel at Prado Park — 15 14 — — — 1993, 1996–1998
Grove Channel at Riverside Drive — 4 3 — — — 1993, 1996–1998
Icehouse Canyon Creek IHC — — C1 S1 Open space 2002–2004
IEUA Carbon Canyon waste reclama-

tion facility
CCWRF — — — S14 Effluent —

IEUA RP-1 effluent at Riverside Drive RP1 — 2a — — Effluent 1996–1998
IEUA RP-5 effluent RP5 — — — S13 Effluent 
Mill Creek at Chino-Corona Road MC 14 15 M5 — Impairment status     1993, 1996–1998,  

       2002–2004
Prado Park Outlet at Chino Creek 

confluence
PPOC — — C3 — Agriculture/dairies     2002–2004

Prado Wetlands effluent — — C5 — —     2002–2004
San Antonio Wash at County Drive SAW — — — S4 Urban/commercial —

Table 3.  Supplemental water quality data and primary land uses input for model calibration, from water samples collected during 
1993–2004 in the Chino Basin, California. 

[TMDL, total maximum daily load (a pollution control plan); data was collected by the Regional Water Quality Control Board (RWQCB) and Orange County 
Water District (OCWD). CCWD, Cucamonga Creek Water District; IEUA, Inland Empire Utilities Agency; —, no data or information available]
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Orange County Water District (OCWD) collected 
indicator bacteria samples during water-year 2005 at 14 sites 
(table 3), many of which coincided with RWQCB sites (but 
none of which coincided with the storm-and-land-use tar-
geted sample sites). The OCWD samples were measured 
for total coliform, fecal coliform, E. coli, and enterococcus, 
the OCWD data were used to verify the calibrated bacteria 
transport model based on a comparison of measured and 
simulated fecal coliform for water 2005. Comparison of the 
water-years 1996–1998 and water-years 2002–2004 RWQCB 
fecal coliform samples with the OCWD 2005 fecal coli-
form samples indicates the range and variability in mea-
sured bacteria concentrations between the 3 sample groups 

(fig. 8B). Like the historical data collected at the MC site, the 
RWQCB data indicates that the bacteria concentrations were 
higher in 1996–1998 than in 2002–2004; bacteria concentra-
tions for the earlier group ranged from 200 cfu/100 mL to 
more than 100,000 cfu/100 mL, whereas concentrations for 
the later group ranged from about 10 cfu/100 mL to about 
20,000 cfu/100 mL. The OCWD 2005 data, which includes 
samples collected during low-flow conditions, indicates a 
range of values more consistent with the 1996–1998 RWQCB 
data. No strong correlations between bacteria concentrations 
and streamflow magnitude were observed for the supplemental 
bacteria data. The lack of significant correlation is consistent 
with results obtained from previous studies. 
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Figure 8.  Streamflow hydrographs of and measured fecal coliform bacteria concentrations for water-years 1996–2005 in A, daily 
streamflow at gage 11073495 and daily fecal coliform concentrations at site MC, and B, monthly streamflow at gage 11073360 and daily 
fecal coliform concentrations at sample site CHIS in the Chino Basin, California. USGS, U.S. Geological Survey; TMDL, Total Maximum 
Daily Load; RWQCB, Regional Water Quality Control Board; OCWD, Orange County Water Agency. 
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Correlations between total coliform, fecal coliform, 
E. coli, and enterococcus were generally consistent with the 
correlations observed for the water-year 2004 storm-targeted 
sampling. Correlations with turbidity were not analyzed 
(fig. 8B).

Analysis of Water-Quality Data

The bacteria samples collected for this study and the 
supplemental data from other studies were generally consistent 
in indicating (1) highly variable concentrations of pathogen 
indicator bacteria in storm runoff from urban and agricultural 

areas; (2) indicator bacteria concentrations frequently exceed-
ing 200 cfu/100 mL for both urban and agricultural runoff; 
(3) indicator bacteria concentrations less frequently exceeding 
200 cfu/100 mL for runoff representing natural or background 
conditions; (4) high bacteria concentrations in nuisance flow; 
(5) average bacteria concentrations higher during storm-flow 
conditions than during low-flow conditions; (6) maximum 
bacteria concentrations (>1,000,000 cfu/100 mL) in runoff 
from agricultural areas (including mixed agriculture and 
dairies); and (7) no significant correlation between bacteria 
concentration and hourly streamflow at nearby gages.
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The variability and magnitude of fecal coliform concen-
trations in the storm-flow-targeted samples collected specifi-
cally for this study were generally consistent with those in the 
RWQCB 1996–1998 storm flow samples. Although there was 
no significant correlation between bacteria concentration and 
hourly streamflow, storm-flow concentrations were on aver-
age higher than the low flow and seasonal concentrations in 
samples collected by the RWQCB during 2002–2004. Bacteria 
levels usually reached a maximum during storm flows. The 
data collected for this study did not indicate a relation between 
bacteria contamination and proximity to dairies for a given 
land use (for locations not affected by runoff from dairies). 
Results from multiple sampling sites having a single land use 
(recreation and open space, industrial) indicated high vari-
ability in bacteria concentrations, suggesting that (1) non-point 
bacteria loading may not be consistent or uniform for a given 
land use, and, (2) more frequent sampling may be needed 
during storm runoff to establish correlations between storm-
flow water quality and land use. The most conclusive results 
provided by the combined set of storm-flow and non-storm-
flow water-quality samples are that (1) bacteria concentra-
tions in storm runoff and nuisance flow are on average much 
higher than natural background levels in the Chino Basin, 
and, (2) there is a higher frequency of bacteria concentrations 
greater than 200 cfu/100 mL in runoff from both urban and 
agricultural land uses than for other land uses.

Data Limitations

Model development and simulation relies on a calibra-
tion that is based on field observations of the parameters of 
interest; in this case, streamflow and concentrations of indica-
tor bacteria. Except for data for storm water sampled during 
storms in 1992–1993 and 1996–1998, available historical data 
did not represent the higher flow periods during and immedi-
ately after storms. In addition, many of the historical sampling 
sites were not selected to target runoff from specific land uses; 
most of the sampling sites were located too far downstream 
and therefore represent an integrated response to multiple  
land uses. 

Storm-water data collected by the USGS for this study 
were incorporated into the model calibration process to 
provide information on the response of indicator bacteria 
concentrations (fecal coliforms, E. coli, total coliforms, and 
enterococci) during stormflows. Most of the data were for 
storm runoff from relatively small catchments (as small as 
3 acres) that represented specific urban land uses. Uncertain-
ties in collecting the water-year 2004 storm samples include 
lack of laboratory duplicates, and collecting single samples 
at each field location may not reflect cross-sectional averages 
in a stream. The size of the sample of indicator bacteria data 
was too small to enable relative land-use contributions for all 

land uses defined in the model to be assessed. The data did not 
provide a direct measure of land-use-specific bacteria load-
ing rates, storage capacities, and washoff limits, but model 
calibration was required to define the parameters controlling 
bacteria accumulation and transport, and relied on default and 
historical model parameters as initial estimates, such as those 
indicated in table 4.

Bacteria sampling techniques, including both field 
methods and laboratory analysis, have evolved throughout the 
period during which the data used in the study were collected. 
A direct comparison of bacteria concentrations obtained using 
different sampling techniques is not always possible. For 
example, data obtained for the 1993 and 1996–1998 storm-
water study has lower resolution than data obtained during 
2004 and 2005 because of improvements in sampling tech-
niques. Data indicated that bacteria concentrations collected 
by OCWD at the same sites appeared to be higher in WY2005 
than in earlier years, but this may be caused by differences and 
improvements in sampling techniques as opposed to actual 
trends. 

Simulation of Streamflow and  
Bacteria Transport

Description of Model

The computer code Hydrologic Simulation Program – 
FORTRAN (HSPF) version 12 (Bicknell and others, 1997)— 
a lumped-parameter, continuous-simulation watershed 
model—was chosen to simulate the streamflow and the indica-
tor bacteria transport in the Chino Basin. HSPF simulates the 
transport and storage of water and associated water-quality 
constituents by routing observed precipitation by way of 
watershed surface, soil, and instream processes (Donigian and 
others, 1995). HSPF represents the mechanisms of transport 
and storage within distinct modules for three unique model 
elements: pervious land segments (PERLND), impervious 
land segments (IMPLND), and stream channels (RCHRES). 
These hydrologic transport mechanisms vary naturally because 
of spatial changes in watershed characteristics such as topog-
raphy, land use, and soil properties; HSPF accounts for this 
variability by simulating runoff from smaller, more homoge-
neous parts of the watershed that are linked by interconnected 
channel segments. Thus, for modeling purposes, the watershed 
was disaggregated into segments having similar climatic and 
topographical characteristics. Each subwatershed was refined 
further into hydrologic response units (HRU) that represent 
areas, within each land segment, with similar watershed  
characteristics, such as land use. 
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In each stream reach in the model, water from PERLNDs 
was supplied to the reach as overland flow, interflow (shallow 
subsurface flow), or baseflow (ground-water discharge); from 
IMPLNDs as overland flow; from point sources as sewage-
treatment plant effluent or dam releases and from upstream 
channel reaches as streamflow. All water was assumed to enter 
the separate stream reaches at a single, upstream point. The 
impervious fraction was broken into two categories: “hydro-
logically effective” and “hydrologically ineffective” (Zarriello, 
1999). Hydrologically effective areas drain directly to stream 
channels and were represented by the IMPLND (impervious 
lands) module. Hydrologically ineffective areas drain onto 
pervious land types, such as grassland or forest, and were bet-
ter represented by the PERLND module. 

The hydrological processes acting on a PERLND are 
considerably more complex than those acting on an IMPLND 
and were represented by a hydrologic water-budget module 
(PWATER) that included model parameters for water storage 
and transport along both surface- and subsurface flow paths. 
The hydrologic water-budget module for processes affecting 
an IMPLND (IWATER) is much simpler than the PWATER 
module because there are no subsurface flow paths. Precipita-
tion interception by features that extend above the IMPLND 
(urban vegetation and rooftops for example) is described by 
an impervious retention-storage parameter (RETS). Other 
hydrologic parameters for surface runoff are the same in 
IWATER and PWATER. Many of the hydrologic parameters 
for both PWATER and IWATER were adjusted during calibra-
tion to simulate the hydrologic routing through each HRU that 
was determined from GIS analysis using ArcGIS. These are 
defined in table 4. More detailed descriptions of the mod-
ules, pathways, and parameters are given by Moyer and Hyer 
(2003). 

Although bacteria transport in a watershed is closely tied 
to hydrologic processes, the concentrations at any location 
also depend heavily upon the initial supply from land-surface 
and point sources and the rate of die-off. The HSPF model 
simulates the transport of indicator bacteria from pervious 
land surfaces using a PQUAL (water quality on pervious land 
units) module similar to the hydrologic PWATER module. 
Thus, PQUAL simulates the storage and transport of bacteria 
along surface and subsurface flow paths. Seven bacteria-trans-
port parameters are used in the PQUAL and IQUAL (water 
quality on impervious land units) modules for simulation 
(fig. 9; table 4) and are run through 3 algorithms representing 
surface flow (SOQUAL), interflow (IOQUAL), and baseflow 
(AOQUAL) processes. Bacteria transport from impervious 
surfaces is simulated using an IQUAL module. The processes 
and routing parameters in IQUAL are identical to those in 
PQUAL for the surface-transport component.

Water that enters each reach was assumed to flow down-
stream as a kinematic wave (Martin and McCutcheon, 1999). 
Flow characteristics are governed by such channel morpholog-
ical parameters as cross-sectional area, roughness, and slope. 
These parameters were measured in the field or estimated from 
aerial photos and used to develop a function table (FTABLE) 

module that related stage to discharge at each end of the reach 
and provided reach values for channel water-surface area and 
volume. Except for a portion that dies off over time, bacteria 
that enter a stream reach were presumed to travel downstream 
with the water to the next reach. The die-off rate (parameter 
REMQOP) was a fixed first-order decay rate of 1.1 day–1 

(U.S. Environmental Protection Agency, 1985). Every source 
represented in the model had a specific fecal coliform accu-
mulation rate (represented by the ACCUM parameter). The 
total accumulation rate of fecal coliform bacteria on the land 
surface was bounded by a storage limit that enabled the model 
to account for the natural die-off of bacteria stored on the land 
surface. For this study, the storage limit (SQOLIM) was set to 
1.8 times the accumulation rate, which represents a decay rate 
of 0.55 day–1 (U.S. Environmental Protection Agency, 1985). 

The most critical limitation associated with the HSPF 
bacteria-transport model developed for this study was that 
pathogen indicator bacteria were simulated as a dissolved con-
stituent. Bacteria, however, are particulate constituents and are 
deposited and re-suspended once delivered to the active stream 
channel. The transport mechanisms associated with deposi-
tion and resuspension were not simulated explicitly. Although 
HSPF can simulate bacteria as particulate constituents using a 
combination of sediment transport and water-quality modules, 
these methods were not applied in this study because of the 
need for additional model parameters for sediment transport 
and a lack of available data to support the parameterization. 
Other studies simulating bacterial transport using HSPF have 
had successful results despite this limitation (Moyer and Hyer, 
2003; Yagow and others, 2001), and have suggested address-
ing bacteria as dissolved constituents. In the advective trans-
port model used for this study, the resuspension of bacteria 
was implicitly represented by interflow and baseflow transport 
used primarily in the northern mountainous parts of the Chino 
Basin. For this study, interflow and baseflow transport were 
used in order to also provide at least some representation of 
point sources affecting baseflow in the mountainous drainages. 

Interflow and baseflow in the central and southern parts 
of the Chino Basin were not included in the model, except 
for a small amount of throughflow in the southernmost part. 
Instead, an assumed nuisance flow (flow originating as small 
inflow from urbanized areas) was added to each reach having 
urban or agricultural land use in the land segment contribut-
ing runoff to that reach. The nuisance flow was modeled as 
a specified point-source inflow (to the upstream node of the 
reach) rather than as a specified overland flow component, 
because of a lack of data specifying nuisance flow for the 
12 PERLNDs and IMPLNDs. The specified nuisance flow was 
used to implicitly represent contaminated runoff from the land 
units during the dry periods between storms, as well as point 
sources and re-suspension or regrowth of bacteria in reaches. 
Although this method likely over-simplifies processes control-
ling bacteria loading and transport in the reaches, the inclusion 
of contaminated nuisance flow was supported by the field data 
and thus was preferred to assuming nuisance flow was pristine. 
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Fecal coliform
accumulation

Fecal coliform
transport with
overland flow

Surface storage
(SQO)

To stream
(RCHRES)

Interflow storage
(IQO)

Active ground-
water storage

(AQO)

Die-0ff

Accumulation rate (ACCUM)

Rate of surface washoff
(WSQOP)

Removal rate
(REMQOP)

Storage limit (SQOLIM)

SOQUAL

Fecal coliform
transport with

interflow

IOQUAL

Fecal coliform
transport with

baseflow

Total fecal coliform
transport to

stream channel
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Figure 9.  Routing processes represented by the Hydrological Simulation Program—FORTRAN code for the simulation of fecal coliform 
bacteria transport and storage parameters. SQO, initial loading on land surface; IQO, storage in interflow; AQO, storage in active 
ground water; SOQUAL, algorithm representing surface flow processes; IOQUAL, algorithm representing interflow processes; AOQUAL, 
algorithm representing baseflow processes.
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Subwatershed Delineation
The topography and drainages of the Chino Basin were 

determined from a 10-m digital elevation model into which 
the urban drainage features were incorporated. Topographic 
features contributing to basin drainage were defined using the 
ARC/GIS module Arc/Hydro. To simulate streamflow and 
bacteria transport, the basin was delineated into 229 small  
single-reach, interconnected hydrologic response units. 
Although this degree of watershed disaggregation was greater 
than that used in similar HSPF modeling studies, the delinea-
tion of so many channel reaches enabled the simulation of run-
off and transport through a complex network of urban drainage 
features, such as constructed channels and storm drains, and 
natural channels. Once the 229 channel reaches and the associ-
ated hydrologic response units had been determined, they were 
recombined into 46 larger base model segments (fig. 10), each 
of which had relatively uniform upper boundary conditions for 
input of air temperature and precipitation. These distributions 
represent the spatial variability of climatic conditions in the 
basin (figs. 4A,B). Average annual precipitation and air tem-
perature for each of the 46 segments indicate the variability of 
upper boundary conditions in the Chino Basin (table 5). The 
data presented in the table are the averages for 1970–2005. 
The 46 model segments were further recombined into 5 sub-
basins that were represented by 5 separate submodels. These 
were intended to optimize hydrologic model calibration and 
verification at the 4 USGS streamflow gaging stations and 
2 sampling sites at the San Antonio dam and provide simu-
lated flow and transport characteristics at the mouths of the 
4 streams in the Chino Basin (fig. 11). The San Antonio Can-
yon subbasin is characterized by natural (background) condi-
tions for bacteria generation; two sampling sites, Ice House 
Canyon (IHC) and Cucamonga Canyon M1 (CCM1) (table 3) 
were used to calibrate the model for land uses representing 
natural-background conditions (shrubs/grasslands, woodlands, 
and barren/vacant). 

Once model calibration was complete, the model was 
applied for the entire Chino basin to test various scenarios. To 
simplify discussion on the basis of hydrologic boundaries, the 
model segments were recombined into four hydrologic sub-
basins: San Antonio Canyon subbasin, Chino Creek subbasin, 
Mill Creek subbasin, and Prado Basin subbasin (fig. 12). 

The Chino Creek subbasin has several characteristics that 
distinguish it from the Mill Creek subbasin. The Chino Creek 
drainage includes several less-engineered drainages along the 
northeastern slope of the Chino Hills, and the lower reaches of 
Chino Creek are more characteristic of natural stream chan-
nels than concrete lined channels. The Mill Creek subbasin 
contains a higher percentage of concrete-lined engineered 
channels in the central and southern part of the Chino Basin 

than the Chino Creek subbasin. Streamflow from the moun-
tain drainages in the northern part is captured in numerous 
retention basins and spreading grounds. Downstream of the 
mountain front, retention basins capture streamflow from the 
main channels. The Prado Basin subbasin is within the Prado 
Dam storage basin and is subject to flooding. In addition, the 
subbasin contains the Orange County engineered wetlands, 
which includes inflows from the Santa Ana River. The com-
plex hydrology of the subbasin was not explicitly represented 
by the HSPF bacteria-transport model. Rather, the subbasin 
was defined only to integrate the outflows from Chino Creek 
and Mill Creek subbasins into a single pour point simulating 
inflow from the Chino Basin to the Santa Ana River. Because 
of the greater uncertainty associated with simulating the 
Prado Basin subbasin, model results presented in this report 
are limited to the San Antonio, Chino Creek, and Mill Creek 
subbasins.

Input Data

Channel Reach Data
Channel properties were defined using a combination 

of data sources. Descriptive information for the San Anto-
nio Creek, Chino Creek, Cucamonga Creek, and Mill Creek 
channels was obtained from previous reports (U.S. Army 
Corps of Engineers, 1991; Wildermuth Environmental, Inc., 
2003; Belitz and others, 2004; Izbicki and others, 2004; Rice, 
2005). A detailed drainage network map for the Chino Basin 
was provided by the San Bernardino County Flood Control 
District, including geometry and channel type attributes for all 
channels. A storm drain map for the southeastern section of 
the Chino Basin within Riverside County was provided by the 
Riverside County Flood Control District. Photographs, field 
visits, and digital orthophotos were also used to help deter-
mine channel properties for all reach segments represented in 
the HSPF model. Estimates of channel roughness (Manning’s 
n) were made on the basis of published data for concrete 
channels, and channel median grain size, irregularity (width 
to depth ratios), alignment (abrupt changes in channel width), 
obstructions (debris), and vegetation (instream and bank 
vegetation) for natural channels. Channel slope was estimated 
by dividing the change in elevation from the upstream to the 
downstream ends of a reach by the reach length determined 
using hydrography and elevation data in GIS. Cross-section 
measurements, estimates of channel roughness, and slope 
calculations were used in WinHSPF (the Windows-based pre-
processor for HSPF) to generate FTABLEs. Modeled streams 
are shown in figures 11 and 12.
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Table 5.  Average values for precipitation and air temperature for 46 model segments used for the Chino Basin model, 1970–2005.—
Continued

[For locations, see fig. 10]

Model  
segment  
number

Precipitation (in inches) Precipitation (in inches)

Average  
annual

Maximum  
annual 

Minimum  
annual

Maximum  
daily

Average  
daily

Maximum  
monthly

Minimum  
monthly

1 37.8 86.4 11.4 9.3 42.1 63.0 24.9
2 36.0 83.5 9.8 8.9 45.3 66.3 27.8
3 43.3 99.3 12.0 10.7 42.3 62.9 25.4
4 38.8 89.8 10.0 9.7 45.1 65.9 27.9
5 34.5 79.8 9.1 8.8 49.1 70.0 31.6
6 42.5 97.3 11.9 10.8 45.8 66.2 28.9
7 29.1 66.8 8.3 7.5 54.1 74.6 36.3
8 41.6 94.5 12.4 10.7 49.3 69.4 32.6
9 36.3 82.9 10.5 9.3 50.2 70.3 33.2
10 31.8 72.9 9.1 8.2 51.1 71.3 33.7
11 25.3 57.2 7.1 6.7 59.0 78.9 41.3
12 24.8 56.6 7.0 6.4 55.6 75.4 38.3
13 28.5 64.6 8.7 7.5 54.7 74.5 37.8
14 31.4 70.5 9.8 8.4 54.4 74.1 37.7
15 22.0 50.1 6.8 5.8 56.7 76.2 39.7
16 19.6 44.1 6.1 4.9 57.6 76.9 40.6
17 19.3 43.3 6.4 5.5 61.3 80.4 44.9
18 18.3 40.5 2.3 5.6 61.0 79.9 44.3
19 18.2 41.4 5.9 4.9 61.3 80.4 44.8
20 14.7 34.2 4.2 4.6 63.2 81.7 47.5
21 16.5 39.0 5.6 4.3 61.7 80.3 45.3
22 16.5 37.4 5.6 4.1 61.8 80.6 45.4
23 14.3 35.7 4.1 4.0 62.3 80.0 46.7
24 14.0 32.7 4.7 4.0 62.9 80.7 47.3
25 14.8 34.7 4.1 4.6 62.9 81.2 47.1
26 14.6 33.4 4.8 3.9 62.3 78.9 47.4
27 13.0 31.0 3.6 3.8 63.7 81.2 48.7
28 12.8 30.1 3.0 4.2 64.2 82.1 49.2
29 14.7 32.9 4.8 3.9 62.2 78.3 47.4
30 13.8 32.8 4.7 4.0 62.8 79.6 47.9
31 12.2 28.7 3.4 3.4 64.2 81.6 49.8
32 13.2 31.7 4.3 3.7 63.2 80.4 48.4
33 12.3 29.0 3.4 3.3 63.9 80.8 49.7
34 14.9 32.9 4.9 4.0 62.4 78.0 48.3
35 14.2 33.0 4.7 4.7 63.0 79.3 48.9
36 13.0 31.1 3.9 4.5 63.4 80.0 49.4
37 14.9 32.9 4.8 4.3 62.6 78.7 49.0
38 11.7 27.3 3.6 3.0 64.5 81.9 50.3
39 11.5 26.7 3.1 2.9 64.1 81.1 50.4
40 12.5 28.7 2.6 3.5 63.7 80.3 50.0

Table 5.  Average values for precipitation and air temperature for 46 model segments used for the Chino Basin model, 1970–2005.

[For locations, see fig. 10]
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Meteorological and Streamflow Data
Precipitation data were obtained from the National Cli

matic Data Center (NCDC), San Bernardino County (SBC), 
and Los Angeles County (LAC) (table 6). Precipitation data 
were also obtained from the Western Regional Climate Center 
(WRCC) website from the network of Remote Automated 
Weather Stations (RAWS) and include hourly measurements 
of air temperature, dew point temperature (relative humid-
ity), barometric pressure, precipitation, wind speed, and wind 
direction. Meteorological data were obtained from California 
Department of Water Resources and University of Califor-
nia at Davis, through the California Irrigation Management 
Information System (CIMIS). These data included hourly 
measurements of potential evapotranspiration, precipitation, 
solar radiation, vapor pressure, air temperature, wind speed 
and direction and daily measurements of potential evapotrans-
piration, solar radiation, minimum and maximum air tempera-
ture, and average vapor pressure. Precipitation data sources, 
number of stations and dates for which data were available for 
each source are shown in table 6. Station locations are shown 
on figure 1. 

Streamflow data were available from USGS streamflow 
gaging stations for Chino Creek (gage 11073360, Chino Creek 
at Schaefer Avenue near Chino, California), San Antonio 
Creek River  (gage 11073300, San Antonio Creek at Riverside 
Drive near Chino, California), West Branch Cucamonga Creek 
(gage 11073493, West Branch Cucamonga Channel above Ely 
Percolation Basin at Ontario), and Mill Creek (gage 11073495, 
Cucamonga Creek near Mira Loma, California) for various 

time periods (table 6). Daily data were obtained from NWIS, 
and 15-minute data were obtained directly from the USGS 
Automated Data Processing System (ADAPS) and processed 
to produce a mean hourly record. Daily outflow data for  
San Antonio Dam were available from the Army Corps of 
Engineers (2005) (table 6).

Surface Properties and Land Use
Surface properties were estimated from a combination 

of soils, vegetation, and land-use data. Vegetation is a domi-
nant land cover in some areas of the Chino Basin, particularly 
in the northern mountainous region. Vegetation type was 
converted to percent cover (fig. 5) and used in several of the 
hydrologic parameters, such as shading on snow (SHADE) 
and interception of rainfall (CEPSC) (table 4). Soils data 
were available from the State Soil Geographic Database 
(STATSGO), a state-compiled geospatial database of soil 
properties that generally are consistent across state boundaries 
(U.S. Dept. of Agriculture-National Resource Conservation 
Service, 1994) (table 7; fig. 3B). More detailed information 
was available from the local and refined database Soil Sur-
vey Geographic Database (SSURGO) that is archived by the 
National Cartography and Geospatial Center and the Natural 
Resource Conservation Service (Soil Survey Staff, 2007). 
Soils information, such as particle size, permeability, and 
depth, are used extensively in the hydrologic parameters for 
PERLNDS.

Table 5.  Average values for precipitation and air temperature for 46 model segments used for the Chino Basin model, 1970–2005.—
Continued

[For locations, see fig. 10]

Model  
segment  
number

Precipitation (in inches) Precipitation (in inches)

Average  
annual

Maximum  
annual 

Minimum  
annual

Maximum  
daily

Average  
daily

Maximum  
monthly

Minimum  
monthly

41 11.8 27.3 2.9 3.1 63.8 80.5 50.3
42 13.1 30.1 4.1 3.8 63.3 79.7 49.9
43 14.1 31.4 4.6 4.1 62.9 79.3 49.7
44 12.5 28.7 3.7 3.3 63.4 80.0 50.3
45 11.2 26.0 3.2 3.0 63.7 80.7 50.2
46 12.3 28.4 3.6 3.6 63.4 80.4 50.1

Average 20.5 47.2 6.0 5.5 58.7 77.0 43.2
Maximum 43.3 99.3 12.4 10.8 64.5 82.1 50.4
Minimum 11.2 26.0 2.3 2.9 42.1 62.9 24.9
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Figure 11.  Submodels of basin area upstream of each calibration gage used for hydrologic calibration of the Chino Basin model. 
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Figure 12.  Subbasins used in applications of calibrated model in the Chino Basin. 
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Meterological data

Parameter Data source Number of stations Available years

Precipitation NCDC hourly 49 1970–2004
NCDC daily 39 1970–2004

SBC 56 1970–2005
LAC 7 1970–2005

RAWS 27 2005
Air temperature NCDC surface airways 5 1970–2004
Dew-point temperature CIMIS 13 1980–2005
Percent cloud cover CIMIS 13 1980–2005
Potential evapotranspiration CIMIS 13 1980–2005
Wind CIMIS 13 1980–2005

Streamflow data

Parameter Data source Station ID or description Available years

Streamflow—daily USGS 11073360 1988–2005
USGS 11073300 1999–2005
USGS 11073493 1996–2005
USGS 11073495 1970–2005

Army Corps of Engineers San Antonio reservoir inflows 1956–2005
Army Corps of Engineers San Antonio Dam outflow 1956–2005

Streamflow—15-minute USGS 11073360 1988–2005
USGS 11073300 1998–2005
USGS 11073493 1996–2005
USGS 11073495 1980–2005

Table 6.  Meteorological and streamflow data sources, number of stations or station identification, and years with available data used 
for the Chino Basin model.

[NCDC, National Climatic Data Center; SBC, San Bernardino County; LAC, Los Angeles County; RAWS, Remote Automated Weather Stations;  
CIMIS, California Irrigation Management Information System]

STATSGO
map unit  
identifier

Area
(acre)

Soil thickness
(ft)

Coarse  
fragments
(percent)

Porosity
(in3/in3)

Clay
(percent)

Field capacity
(in/in)

Saturated  
hydraulic  

conductivity 
(in/hr)

CA676  3,005 1.5 73.0 0.42 10.69 0.26 4.88
CA672  3,935 1.2 44.5 0.40 19.09 0.32 1.49
CA665  1,499 4.9 36.1 0.38 9.45 0.21 8.57
CA671  9,515 1.4 73.5 0.43 6.94 0.22 7.84
CA670  11,259 1.3 56.9 0.40 14.33 0.28 2.57
CA639  78,986 4.2 22.7 0.36 7.86 0.19 8.24
CA645  373 3.3 19.3 0.37 18.55 0.28 1.38
CA614  10,137 4.9 20.0 0.36 12.89 0.24 3.92
CA642  13,398 2.3 32.8 0.42 27.52 0.36 0.65
CA613  6,873 3.7 14.6 0.37 16.89 0.26 1.39

Table 7.  Average State Soil Geographic Database (STATSGO) soil properties for the Chino Basin model.

[ft, foot; in3/in3, cubic inch per cubic inch; in/in, inch per inch; in/hr, inch per hour]
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GIS data for land use in 2000 in the Chino Basin were 
available from the Southern California Association of Govern-
ments. The land-use coverage identifies 83 possible land-use 
types, which were combined into 12 general types using 
general similarities of types that contribute to hydrological 
routing similarities and density of water-quality contaminants. 
All urban agricultural land uses, including all animal produc-
tion land uses, were lumped, with the exception of the dairies, 
which were a separate land use for this model. Areas indicated 
as “vacant” were evaluated on the basis of orthophotos from 
the USGS seamless website (http://seamless.usgs.gov/) to 
determine if they were natural wildland, wetland, or urban 
lots. The combined land uses are Shrubs/Grassland, Forest, 
Barren/Vacant, Mixed Urban, Utilities/Transport, Residential, 
Mixed Agriculture, Recreation/Open, Commercial/Services, 
Industrial, Wetlands, Dairies/Feedlots. These general land-use 
types are used to represent the land uses within each HRU 
in a subwatershed. The aggregated land-use map is shown in 
figure 5.

The degree of imperviousness for any given land use 
was based on a 2001 map from the National Land Cover Data 
database (U.S. Geological Survey, 2001). This map was used 
to define the relative acreages of PERLND and IMPLND 
for each HRU to assign appropriate hydrologic and transport 
parameters (fig. 13). The land-use map was evaluated for 
imperviousness for all the PERLNDS and IMPLNDS and 
adjusted by a factor related to how effectively the area mapped 
as impervious facilitated runoff. The initial impervious area 
was adjusted using aerial photos and orthophotos during cali-
bration to account for hydrologically effective and ineffective 
areas, and the effective impervious area was adjusted for each 
land-use type (table 8). 

The land-use types for the upstream areas contributing 
to sampling locations are given in table 9, which illustrates 
which land use dominates the impervious and pervious land-
unit types, as well as the dominant land-use or land-unit type 
contributing to the sampled bacteria concentrations from the 
different sampling locations.

Model Calibration 

The HSPF model was first calibrated to simulate 
streamflow, with a particular emphasis on accurately simulat-
ing storm runoff. For all calibration and verification model 
simulations, a three-year model initialization period was used 
to minimize uncertainty associated with the estimated initial 
conditions. The initial streamflow calibrations indicated a poor 
match between simulated and measured flows during low flow 

conditions. To improve model calibration for the low flows, 
an assumed nuisance flow component was added to the model 
by specifying a constant point-source inflow to all reaches 
receiving surface runoff from urban or agricultural land. The 
magnitude of the nuisance flow was scaled on the basis of the 
absolute area of the urban and agricultural land uses within the 
land area supplying surface runoff to the reach. The scaling 
was applied consistently to all affected reaches in the Chino 
Basin model.

The model was calibrated for streamflow by iteratively 
adjusting hydrologic parameters (table 4) until simulated 
streamflow closely matched measured streamflow at the five 
streamflow gaging stations in the study area (four USGS 
streamflow gages and USACE streamflow data from below 
San Antonio Dam). The simulation period for calibration 
was on the basis of available hourly and daily streamflow 
records from water-year 1990 through water-year 2001, as 
well as water-year 2004. The calibrated model was verified 
using hourly and daily streamflow records for water-years 
2002–2003 and 2005. In addition, hourly streamflow data for 
one selected winter (November–February) storm month for 
each year of the calibration period was used to calibrate storm 
runoff. Hourly streamflow data for January 2005 were used to 
verify model simulations of storm flow.

Two general criteria were used for deciding when simu-
lated daily streamflow adequately represented measured daily 
streamflow: (1) the average difference between simulated and 
measured daily streamflow during the complete calibration 
period needed to be less than 20-percent and (2) the average 
difference between simulated and recorded values of an annual 
high-flow statistic (daily discharge exceeded 10 percent of the 
time) also needed to be less than 20 percent for the calibration 
period. The calibration goals for simulating hourly discharge 
for high-flow periods were similar to those for simulating 
daily discharge: (1) during the calibration period, the aver-
age difference between simulated and measured hourly 
discharge that was exceeded 50-percent of the time needed to 
be less than 20 percent; and (2) during the calibration period, 
the average difference between the simulated and recorded 
hourly peak discharge computed as the hourly discharge that 
was exceeded 10 percent of the time needed to be less than 
20 percent. In addition to the numerical goals for calibration 
and verification, graphical comparisons of simulated and mea-
sured discharges were used to judge the effectiveness of the 
calibrated hydrologic model. The calibration and verification 
results for hydrologic modeling are described in the following 
section.

http://seamless.usgs.gov/
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Figure 13.  Percentage of imperviousness of the Chino Basin, California. 
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On the basis of available measured bacteria data of 
<2 cfu/100 mL from the six permitted point sources (Carbon 
Canyon POTW discharge to Chino Creek, RP-1 discharge 
to Cucamonga channel, RP-1 discharge to Prado Park Lake, 
RP-2 discharge to Chino Creek, RP-5 discharge to Chino 
Creek, and Orange County water transfers to San Antonio 
Channel below San Antonio Dam), which is insignificant 
in comparison with other point source loadings, the permit-
ted point sources were represented in the model as pristine 
(bacteria-free) inflows. Monthly and daily discharge data for 
wastewater effluent were obtained from the inland Empire 
Utility Agency and Wildermuth Environmental, Inc. (Wilder-
muth Environmental, Inc., 2003). Monthly and daily discharge 
data for the Orange County water transfers were obtained from 
the Orange County Water District and Wildermuth Environ-
mental, Inc. (Gwen Sharp, Orange County Water District, 
Fountain Valley, California, Wildermuth Environmental, 
Inc., unpub. data, 2003). The monthly and daily time-series 
data were converted to hourly time-series data that assumed 
uniform daily or monthly discharge rates, and the hourly data 
were incorporated into the model as point sources.

Bacteria were measured at six permitted point sources: 
Carbon Canyon POTW discharge to Chino Creek, RP-1 
discharge to Cucamonga channel, RP-1 discharge to Prado 
Park Lake, RP-2 discharge to Chino Creek, RP-5 discharge 

to Chino Creek, and Orange County water transfers to San 
Antonio Channel below San Antonio Dam. The available 
data show that bacteria concentrations at these point sources 
were <2 cfu/100 mL, which was insignificant compared with 
other point source loadings and therefore the inflows at these 
point sources were represented in the model as being pristine 
(bacteria-free).

Daily and hourly mean discharge data were available for 
San Antonio Dam outflow (R.M. Kuboshige, U.S. Army Corps 
of Engineers, Los Angeles, California, unpub. data, 2006). 
These data were combined to develop an hourly time series 
representing the surface-water inflows from the San Antonio 
Canyon subbasin to the Chino Creek subbasin. The hourly 
time-series was incorporated into the model as a pristine point-
source discharge at the headwaters of San Antonio Creek (at 
San Antonio Dam outflow) in the Chino Creek subbasin. The 
pristine point-source discharge was used only for calibrating 
the model to streamflow. Transport-model calibration, as well 
as model applications, incorporated the simulated outflow 
from San Antonio Dam, and included both simulated hourly 
discharge and simulated bacteria concentration rather than the 
measured records used for flow calibration and verification. 

Land use
Total   
area  

(acre)

Initial   
impervious   

area  
(percent)

Effective   
impervious   

area   
factor

Adjusted   
impervious   

area  
(percent)

Adjusted   
PERLND   

area  
(acre)

Adjusted   
IMPLND   

area  
(acre)

Barren or vacant 11,921 8.6 0.5 4.3 11,410 512
Commercial and services 8,922 45.0 0.8 36.0 5,708 3,214
Forest 11,693 0.3 0.0 0.0 11,693   —
High density residential 35,952 41.3 0.7 28.9 25,563 10,389
Industrial 9,404 52.3 0.9 47.1  4,978  4,427
Intensive livestock (dairies) 6,891 4.1 0.5 2.1 6,749 142
Mixed agriculture 12,205 4.8 0.5 2.4 11,912 293
Mixed urban 6,692 21.4 0.7 15.0 5,689 1,003

Recreation and open space 3,964 6.6 0.5 3.3 3,833 131
Shrubs and grassland 24,200 0.6 0.0 0.0 24,200   —
Transportation and utilities 6,357 33.7 0.7 23.6  4,858 1,499
Wetland or water 777 3.9 0.0 0.0 777   —
Total 138,978 117,369 21,609

Table 8.  Initial and adjusted pervious and impervious areas for each land use defined in the Chino Basin model. 

[See figure 5 for location. PERLND, pervious land unit; IMPLND, impervious land unit; —, no adjustment]
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Table 9.  Land-use acreages for impervious and pervious land unit types for upstream subbasin areas contributing to sampling 
locations in the Chino Basin, California.—Continued

Modeled  
subdrainage

Location (site or gage  
in parentheses)

Land unit  
type

Land use, in acres

Shrubs and 
grasslands

Forests
Barren or 

vacant
Mixed 
urban

Recreation 
or open 
space

Commercial  
and  

services

Transpor- 
tation and 

utilities
San Antonio Canyon  

(Ice House Canyon)
site IHC Impervious 0 0 6 4 0 0 0

Pervious 788 1,690 132 21 1 0 0
Total 788 1,690 138 25 1 0 0

San Antonio Canyon 
(San Antonio Dam)

San Antonio Dam 
inflow

Impervious 0 0 30 24 5 3 8
Pervious 8,871 7,123 674 139 133 4 25
Total 8,871 7,123 704 163 137 7 32

Chino Creek (San Anto-
nio Channel)

Stream gage 11073300 Impervious 0 0 34 201 13 841 177
Pervious 712 0 763 1,138 369 1,493 576
Total 712 0 797 1,339 382 2,333 753

Chino Creek  
(Upper Chino Creek)

Stream gage 11073360 
(site CHIS)

Impervious 0 0 86 229 21 1,274 288
Pervious 868 2 1,904 1,300 620 2,262 933
Total 868 2 1,989 1,529 641 3,536 1,221

Chino Creek (Lower 
Chino Creek)

Chino Creek outflow Impervious 0 0 246 462 68 1,949 619
Pervious 4,883 717 5,481 2,621 1,986 3,462 2,008
Total 4,883 717 5,726 3,083 2,054 5,412 2,628

Chino Creek (Lower 
Chino Creek)

Chino Creek at Central 
Ave. (site CHIC)

Impervious 0 0 195 399 40 1,753 396
Pervious 2,670 409 4,339 2,260 1,164 3,113 1,284
Total 2,670 409 4,534 2,659 1,204 4,866 1,680

Chino Creek (Prado  
Park Lake)

Euclid Ave. drainage 
(site D)

Impervious 0 0 1 11 0 57 121
Pervious 0 0 25 63 0 101 391
Total 0 0 26 74 0 157 512

Chino Creek (Prado  
Park Lake)

Prado Park Lake out-
flow (site PPOC)

Impervious 0 0 10 26 6 124 176
Pervious 14 4 217 148 169 220 570
Total 14 4 226 174 175 343 746

Chino Creek (Prado  
Park Lake)

Bon View & Merrill 
drainage  
(site BVAM)

Impervious 0 0 0 1 0 2 0
Pervious 0 0 5 7 0 4 0
Total 0 0 5 8 0 6 0

Mill Creek (Lower  
Mill Creek)

Mill Creek outflow Impervious 0 0 225 519 836 4,679 110
Pervious 9,446 3,443 5,016 2,778 2,711 11,512 4,483
Total 9,446 3,443 5,240 3,297 3,548 16,190 4,593

Mill Creek (Upper  
Mill Creek)

Mill Creek  
(site MC)

Impervious 0 0 218 513 32 1,183 827
Pervious 9,426 3,283 4,855 2,745 910 2,100 2,680
Total 9,426 3,283 5,073 3,258 942 3,284 3,506

Mill Creek  
(Cucamonga Creek)

Cucamonga Creek 
(gage 11073495)

Impervious 0 0 201 421 32 1,173 773
Pervious 9,401 3,269 4,487 2,221 910 2,082 2,504
Total 9,401 3,269 4,688 2,642 942 3,255 3,277

Mill Creek (West  
Branch Cucamonga 
Creek)

West Branch Cu-
camonga  
(gage 11073493)

Impervious 0 0 14 29 10 350 96
Pervious 27 0 304 164 287 622 312
Total 27 0 317 193 297 972 408

Mill Creek  
(Cucamonga Canyon)

Cucamonga Creek  
(site CCM1)

Impervious 0 0 5 0 0 0 0
Pervious 3,374 2,674 105 0 0 0 0
Total 3,374 2,674 110 0 0 0 0

Mill Creek  
(Cucamonga Creek)

Cucamonga Creek  
(site CCM2)

Impervious 0 0 148 381 27 1,033 569
Pervious 9,192 3,269 3,298 1,999 764 1,834 1,844
Total 9,192 3,269 3,446 2,380 791 2,867 2,412

Table 9.  Land-use acreages for impervious and pervious land unit types for upstream subbasin areas contributing to sampling 
locations in the Chino Basin, California.
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Table 9.  Land-use acreages for impervious and pervious land unit types for upstream subbasin areas contributing to 
sampling locations in the Chino Basin, California.—Continued

Modeled subdrainage
Location (site or gage  

in parentheses)
Land unit type

Land use, in acres
Total, in 

acresResidential
Mixed  

agriculture
Industrial

Water and 
wetlands

Intensive 
livestock

San Antonio Canyon  
(Ice House Canyon)

site IHC Impervious 0 0 0 0 0 10
Pervious 0 0 0 0 0 2,631
Total 0 0 0 0 0 2,641

San Antonio Canyon  
(San Antonio Dam)

San Antonio Dam 
inflow

Impervious 20 0 55 0 0 145
Pervious 50 2 62 0 0 17,083
Total 70 2 117 0 0 17,228

Chino Creek (San Anto-
nio Channel)

Stream gage 
11073300

Impervious 1,707 13 959 0 0 3,946
Pervious 4,201 536 1,078 0 15 10,881
Total 5,909 549 2,037 0 16 14,827

Chino Creek (Upper 
Chino Creek)

Stream gage 
11073360  
(site CHIS)

Impervious 2,974 15 1,219 0 0 6,104
Pervious 7,317 592 1,371 0 15 17,184
Total 10,290 606 2,589 0 16 23,288

Chino Creek (Lower 
Chino Creek)

Chino Creek outflow Impervious 5,294 161 2,099 0 56 10,955
Pervious 13,027 6,559 2,360 167 2,694 45,965
Total 18,321 6,720 4,459 167 2,750 56,919

Chino Creek (Lower 
Chino Creek)

Chino Creek at Cen-
tral Ave.  
(site CHIC)

Impervious 4,526 55 1,996 0 7 9,366
Pervious 11,136 2,228 2,245 19 340 31,206
Total 15,662 2,282 4,241 19 347 40,572

Chino Creek (Prado  
Park Lake)

Euclid Ave. drainage 
(site D)

Impervious 144 31 14 0 18 394
Pervious 353 1,239 15 0 838 3,025
Total 497 1,270 29 0 856 3,420

Chino Creek (Prado  
Park Lake)

Prado Park Lake out-
flow (site PPOC)

Impervious 345 66 49 0 43 844
Pervious 850 2,680 55 55 2,072 7,051
Total 1,195 2,746 104 55 2,115 7,896

Chino Creek (Prado  
Park Lake)

Bon View & Merrill 
drainage (site 
BVAM)

Impervious 0 6 0 0 7 17
Pervious 1 255 0 0 350 620
Total 1 261 0 0 357 638

Mill Creek (Lower  
Mill Creek)

Mill Creek outflow Impervious 37 1,189 2,112 0 73 9,780
Pervious 1,048 2,111 2,375 198 3,485 48,605
Total 1,085 3,300 4,486 198 3,558 58,385

Mill Creek (Upper  
Mill Creek)

Mill Creek (site MC) Impervious 4,679 86 2,106 0 60 9,703
Pervious 11,512 3,507 2,368 26 2,820 46,231
Total 16,190 3,593 4,475 26 2,879 55,934

Mill Creek (Cucamonga 
Creek)

Cucamonga Creek 
(gage 11073495)

Impervious 4,660 22 1,987 0 6 9,275
Pervious 11,465 914 2,235 15 267 39,769
Total 16,125 937 4,222 15 273 49,044

Mill Creek (West  
Branch Cucamonga 
Creek)

West Branch Cu-
camonga  
(gage 11073493)

Impervious 3 1,394 346 0 0 2,240
Pervious 116 3,429 389 0 0 5,648

Total 119 4,822 734 0 0 7,888
Mill Creek (Cucamonga 

Canyon)
Cucamonga Creek 

(site CCM1)
Impervious 0 0 0 0 0 5
Pervious 0 0 0 0 0 6,153
Total 0 0 0 0 0 6,158

Mill Creek (Cucamonga 
Creek)

Cucamonga Creek 
(site CCM2)

Impervious 4,264 10 1,368 0 0 7,800
Pervious 10,492 387 1,538 8 0 34,624
Total 14,757 397 2,906 8 0 42,424
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 After the model was calibrated and verified for simula-
tion of streamflow, it was calibrated for simulation of indicator 
bacteria concentrations. Initial estimates of the total amount 
of bacteria deposited by each of the dominant sources of fecal 
coliform bacteria were based on literature values taken from 
the BASINS software default parameters that are based on 
a case study by the U.S. Environmental Protection Agency 
in Cottonwood Creek, Idaho (U.S. Environmental Protec-
tion Agency, 2000; table 4). Parameter estimates from other 
HSPF modeling studies conducted in the region (Ackerman 
and Weisberg, 2003; Guay, 2002; U.S. Environmental Protec-
tion Agency, 2000; table 4), were used for comparison with 
the calibrated parameters developed for this study and to help 
develop initial estimates for land uses not represented by the 
storm sampling. Few data were available to calculate specific 
deposition or accumulation rates for indicator bacteria. Land-
surface processes were represented by parameters shown in 
table 4: ACCUM, SQOLIM, SQO, and WSQOP, which were 
assigned according to land use; REMQOP, a constant die-off 
rate described in the model description section; IQO and AQO 
(fig. 9) were assigned to land surfaces in San Antonio Canyon 
to represent interflow and baseflow transport, respectively. An 
assumed bacteria concentration for nuisance flow was repre-
sented as a uniform value proportional to the absolute area of 
the urban and agricultural land uses connected to each reach 
(and thus supplying overland flow to that reach). The pro-
portionality constants were then adjusted such that simulated 
concentrations matched observed data.

The bacteria transport model was first calibrated to the 
storm samples collected during water-year 2004 (storms of 
11/11/2003, 2/2/2004, and 2/22/2004) that provided informa-
tion on loadings for targeted land-use areas. These usually 
consisted of runoff from small areas (or catchments; a few 
acres to several tens of acres) that represented specific land 
uses. These small catchments were included in the model as 
separate RCHRES segments (each sample site was included 
as a RCHRES). Stormflows and bacteria concentrations were 
simulated for these RCHRES segments and compared with 
concentrations measured in the field. The primary parameters 
that were iteratively changed to match simulated concentra-
tions with measured concentrations were the 7 parameters 
listed in the PQUAL module section of table 4. Final transport 
model calibration incorporated all available bacteria data for 
the Chino Basin, including the storm- and land-use-targeted 

samples collected as part of this study and the supplemental 
data available from previous and ongoing studies of pathogen 
indicator bacteria in the Chino Basin.

Results from the Streamflow and the 
Fecal Coliform Models

Streamflow-Model Calibration and  
Verification Results

Streamflow-model calibration, during which model 
parameters were changed to improve the predictive capabil-
ity of the model, was based on the comparison of simulated 
and measured hourly and daily streamflow at the four USGS 
gaged sites and on the comparison of simulated and mea-
sured daily streamflow at San Antonio Dam. All calibrations 
were for WY1990–WY2001 and WY2004. The streamflow 
model was verified to illustrate its predictive capability for 
WY2002–WY2003 and WY2005 using the calibrated model 
and comparisons of simulated and measured streamflow at the 
sites used for model calibration. Records for a period which 
had variations in climate but no major changes in land use 
were chosen to calibrate the model. Water-year 2004 was used 
for calibration, but not verification, to reduce uncertainty of 
simulated streamflow for the storms sampled as part of this 
study. Land use was represented as constant over the model 
period on the basis of maps available in 2000. 

Examples of simulated and measured storm flows for 
February 2004 for the gage locations on Chino Creek (gage 
11073360) and San Antonio Creek (gage 11073300) (fig. 2) 
shown in figure 14 illustrate good matches in peak flows for 
both locations for the series of five runoff events. Measured 
and simulated streamflow values for the 1, 10, 25, and  
50 percent highest flows and the 1, 10, 25, and 50 percent 
lowest flows were compared for the entire calibration period. 
These results of the comparisons and the regression results 
are given in table 10 for mean hourly streamflow at all USGS 
sites and for daily inflow to San Antonio Dam; the results 
include comparisons for average flows during winter and 
summer. Calibration and verification results, based on graphi-
cal comparison of simulated and measured hourly and daily 
flow-duration curves, are shown for the USGS gages and for 
measured daily inflow to San Antonio Dam in figure 15.
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The model was calibrated by changing parameters consis-
tently over all basins, rather than changing parameters within 
each subbasin. Having a consistently calibrated parameter 
set for all gaged subbasins improved the overall robustness 
of the model when applied to the ungaged areas of the Chino 
Basin, which included a substantial area in the southern part 
of the basin. This calibration approach required compromises 
between matching high flows in some subbasins and low 
flows in other subbasins. In addition, as there were no data to 
support variable nuisance flows in the different subbasins, a 
uniform nuisance inflow rate was added to all affected reaches 

and was scaled uniformly using the absolute area of the 
combined urban and agricultural land uses contributing runoff 
to the affected reach. The scaling factor was adjusted during 
calibration to better match the lower flows. The uniform scal-
ing caused the similarity between simulated lower flows and 
measured lower flows in some basins to decrease. This is illus-
trated for both Chino Creek, for which nuisance flows were 
underestimated, and San Antonio Creek, for which nuisance 
flows were overestimated (fig. 14). 
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Figure 14.  Simulated and measured hourly streamflow for February 2004 for the calibration period for A, Chino Creek gage 11073360 
and B, San Antonio Creek gage 11073300 in the Chino Basin, California.
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Figure 15.  Flow duration curves for simulated and measured streamflow for calibration and verification periods for A, Chino Creek, B, 
Mill Creek, C, San Antonio Creek, D, West Branch Cucamonga Creek, and E, San Antonio Canyon reach in the Chino Basin, California.
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The lack of specific data for flow diversions caused 
estimations of low flows to be particularly uncertain in some 
locations, especially in San Antonio Canyon (fig. 15E). For the 
urbanized subbasins upstream of the four USGS gages, spe-
cific data for transfers to recharge spreading basins, and minor 
inflows from local point sources, were not readily available 
and were not incorporated into this study. More generalized 
data, such as estimated annual recharge at several of the main 
spreading basins (Wildermuth Environmental, Inc., 2002), 
were incorporated into model development and calibration. 

Verification results illustrate that the model generally 
agreed with most measured streamflows. However, the simu-
lated streamflows for WY2005, a year characterized by large 
storm flows, did not agree with the measured streamflows. 
These flows were greater than those used for calibration, 
which suggests that the model was extrapolated beyond the 
range of streamflows used for calibration. This resulted in dif-
ferences between measured and simulated results for verifica-
tion periods for Chino Creek and San Antonio Creek that were 
somewhat high (table 10). Another condition not incorporated 
into the model was the increase in imperviousness during the 
study period, including the addition of concrete-lined chan-
nels, all of which contributed to a general underestimation of 
peaks, particularly in Mill Creek (table 10). In general, the 
comparison of simulated streamflow with measured stream-
flow met the criteria for acceptable calibration, with the 
exception of the highest flows in Mill Creek, which simulation 
results overestimated. Applying the calibrated model to the 
verification period was quite successful and met the criteria 
in all cases. Specific details regarding the calibration of each 
basin follow.

Chino Creek Subbasin
 The model for the Chino Creek subbasin was calibrated 

and verified using measured streamflow data from USGS gage 
11073360 for both daily and hourly time steps. This subbasin, 
which is significantly influenced by the San Antonio Dam 
releases and Orange County water transfers, provides a good 
representation of urban runoff that includes variable nuisance 
flow. There was very little area upstream of gage 11073360 
that is agricultural or has dairies; therefore, their input was 
insignificant. The gage is the main flow calibration point for 
Chino Creek subbasin, which includes San Antonio Creek and 
eastern Chino Creek. The location of the streamgage coincides 
with the RWQCB sampling site identified as site CHIS in this 
report. 

A comparison of simulated and measured hourly flow 
duration curves indicating the percentage of time hourly 
streamflows were exceeded for during the calibration and 
verification periods is shown in figure 15A and illustrates a 
slight under-simulation of peaks and a slight under-simulation 
of very low flows. Regression results comparing simulated and 
measured hourly streamflow indicate r2 values were about 0.80 
for both calibration and verification periods (table 10).

Mill Creek Subbasin
The Mill Creek subbasin is represented by USGS gage 

11073495. This watershed provides a good representation 
of an integrated response to urban runoff with some natural 
runoff and a minor amount of agricultural runoff. There is a 
high baseflow caused by large releases of effluent at RP-1 and 
a significant nuisance flow.

A comparison of hourly simulated and measured stream-
flow related to the percentage of time the flow was exceeded 
is shown in Figure 15B and illustrates peak flows higher than 
those in all other subbasins. The r2 values are lower than those 
for other subbasins because this subbasin is larger and more 
heterogeneous spatially (table 10). More land in the Mill 
Creek subbasin than in other areas was affected by changes in 
land use (primarily residential and commercial development) 
and by channel engineering (development of new retention 
basins, emplacement of concrete lined channels).

San Antonio Creek Subbasin
San Antonio Channel drains the outflow from San Anto-

nio Dam and the drainage area between the dam and USGS 
gage 11073300 that is located just upstream of the confluence 
of San Antonio Creek and Chino Creek. The area between the 
gage and the dam comprises the San Antonio Creek subbasin, 
which represents urban runoff, with significant influence from 
San Antonio Dam and the Orange County water transfers just 
downstream of the dam. There is also variable nuisance flow 
in this subbasin. Calibrating this gage is important for check-
ing the upstream response to the main calibration gage at 
Chino Creek and for representing recharge in spreading and 
retention basins (a significant part of the outflow from San 
Antonio Dam as well as the Orange County water transfer is 
recharged upstream of the San Antonio Channel stream gage).

Simulated streamflows at the San Antonio Channel gage 
compare well with measured streamflow for both high and low 
flows (fig. 15C) for both hourly and daily timesteps (table 10), 
and r2 values are high (table 10). The simulated hourly flows 
are slightly less than those measured at the highest peak flows, 
and slightly lower than those measured at the very lowest 
flows. 

West Branch Cucamonga Creek Subbasin
The West Branch Cucamonga Creek and USGS gage 

11073493 is upstream of and flows into Mill Creek. This 
subbasin is smaller than Chino Creek and Mill Creek water-
sheds and provides a good representation of urban runoff with 
variable nuisance flow and no additional inflows from water 
diversions or wastewater effluent.
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Simulated flows at the West Branch Cucamonga Creek 
gage were generally slightly higher than the highest measured 
flows during the calibration period, whereas simulated low 
flows were generally lower (table 10; fig. 15D). The regression 
analysis indicates better correlations between daily simulated 
and measured values than for hourly values (table 10). Simu-
lated nuisance flows underestimate measured flows for both 
calibration and verification periods (fig. 15D). 

San Antonio Dam inflow
San Antonio Creek, which drains San Antonio Canyon, 

provides the surface water inflow into the storage basin behind 
San Antonio Dam. The USACE has maintained a record of 
daily inflows that was used to calibrate the model. The hydrol-
ogy of this mountainous subbasin is strongly controlled by the 
formation and melting of a winter snowpack. Nuisance flows 
and urban runoff are generally nonexistent, but some baseflow 
in San Antonio Creek may occur in response to ground-water 
discharge from springs or as delayed release from streambed 
storage. Baseflow in the upper sections of San Antonio Creek 
may not reach the San Antonio Dam storage basin because of 
flow diversions and channel losses (recharge).

Calibration results using the daily streamflow record rep-
resenting the inflow to San Antonio Dam indicate a reasonable 
fit between simulated and measured streamflow for medium 
to high streamflow magnitudes (table 10), with a poor fit for 
flows less than 10 ft3/s (fig. 15E). Simulating low flows was 
particularly difficult because channel losses and diversions 
upstream of the dam were not known exactly. 

Transport Model Calibration and  
Verification Results

Transport simulations were done for total coliforms, 
fecal coliforms, E. coli, and enterococci, but for simplicity, 
most results are represented by results from the transport of 
fecal coliforms. Comparisons of simulated and measured fecal 
coliform concentrations were done on results obtained using 
the advective (dissolved constituent) transport parameters 
developed for previous studies in nearby coastal watersheds 
(Stein and others, 2003). These parameters were used success-
fully in the San Jacinto basin water-quality modeling study 
(Tetra Tech Inc., 2003), and were applied in this study as a 
reference for a set of regionally calibrated transport param-
eters. They were also used to help develop initial estimates of 
parameter values for land uses (such as natural land uses) not 
represented explicitly in the storm-water samples collected for 
the study. The purpose of the comparison was to help evaluate 
conditions in the Chino Basin study area relative to average 
conditions in nearby watersheds, and to provide a reference to 
a parameter set not calibrated specifically to the Chino Basin 
bacteria data. The regional parameters do not necessarily 
define a final set of calibrated parameters, and are referred to 
in this study as the uncalibrated parameter set. 

The average calibrated HSPF transport parameters 
defining non-point source loading for bacteria, ACCUM and 
SQOLIM, are shown in table 11 for the 12 land-use categories 
for both IMPLNDs and PERLNDs. The calibrated bacteria 
loading parameters (ACCUM and SQOLIM) for the urban and 
agricultural land uses were generally higher than the initial 
uncalibrated parameter values that were based on literature 
values and examples from other studies. Bacteria loading rates 
and limits calibrated for PERLNDs were higher (by a factor of 
5) compared to IMPLND loading rates and limits for a given 
land use. The washoff limits for all PERLND land uses were 
higher than the limits for corresponding IMPLND land uses, 
representing an increase in surface roughness for the pervious 
land areas. The calibrated bacteria loading rates were much 
higher for urban land than for grasslands or forests, which 
is consistent with other studies. Highest loadings were for 
intensive livestock land-use for both impervious and pervious 
land units, and the second highest loadings were for mixed 
agriculture. 

Analyses of Storm-Targeted Samples for  
Storms in Water-Year 2004

The transport model was calibrated for land-use-specific 
storm sampling sites (water-year 2004 storm samples) by 
qualitatively comparing simulated and measured hourly 
bacteria concentrations at the specific location of sample col-
lection, included in the model as a separate reach (RCHRES) 
for each sampling site. Trial and error adjustments of transport 
parameters were used to optimize the fit of model simula-
tions to measured data. In addition to bacteria concentrations, 
the field data included measurements of stage (water-surface 
elevation), and these were used as a relative measure of 
stream flow. The upstream catchments for most of the spe-
cific land-use sampling sites were generally small (from 3 to 
approximately 100 acres). Stream flow and bacteria transport 
at these sites were simulated using a single land-use segment 
(apportioned into impervious and pervious areas) connected to 
a single reach segment representing the flow conduit sampled 
in the field. With the exception of the Mill Creek integrated 
sample site (site MC), these flow conduits were street gutters, 
parking lot drains, and small drainage features or storm drains. 
Although model parameters defining these small catchment 
areas and flow conduits were adjusted to provide an improved 
fit between simulated and measured stage, there were no 
flow measurements available for model calibration. As part 
of the model calibration process, simulated hourly bacteria 
concentrations were excluded from the analysis if the hourly 
simulated streamflow was less than 0.0005 ft3/s. The screening 
was done to avoid potential problems with model simulations 
that tend to occur in connection with extremely low flows. 
For example, concentrations for dry reaches are undefined, 
and thus zero-discharge conditions were excluded from the 
analysis.
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Figure 16A shows the comparison between simulated and 
measured hourly bacteria concentrations at sample site MC for 
the 11/12/2003–11/13/2003 storm. The MC site is in the main 
channel of Mill Creek, a more natural, unlined channel about 
0.5 mi downstream of the terminus of the Cucamonga Creek 
concrete-lined channel. Discharge at this site can be high, and 
represented an integrated response of runoff to many upstream 
land uses. The hourly bacteria concentrations simulated for 
MC included results obtained using the uncalibrated (regional) 
parameters and the calibrated parameters. All results indicated 
a rapid increase in bacteria concentration (above the baseflow 
concentration of about 30 cfu/100 mL) during the rising limb 
of the hydrograph. The peak bacteria concentration occurs 
between the two streamflow peaks of the hydrograph that 
occurred for this storm. The second hydrograph peak is much 

higher than the first peak, and resulted in dilution of the simu-
lated bacteria concentration due to depletion of the bacteria 
stored (as a non-point source term) on the upstream IMPLNDs 
and PERLNDs. Although the simulated bacteria concentra-
tions for the calibrated model reasonably matched the mea-
sured concentrations associated with the first hydrograph peak, 
concentrations associated with the second, higher hydrograph 
peak were underestimated. The measured concentrations did 
not indicate dilution during flow represented by the second 
peak. Results using the uncalibrated parameters showed a 
response to streamflow similar to that using the calibrated 
parameters, but the resulting concentrations were about 5 to 
8 times lower than the concentrations in the calibrated model, 
whereby the model greatly underestimated the measured 
concentrations. 

Land use
Transport parameters

SQO ACCUM SQOLIM WSQOP

Impervious land units

Barren or vacant 9.10E+07 9.10E+07 1.60E+08 2.30E-01
Commercial and services 5.00E+09 5.00E+09 9.00E+09 9.00E-02
Forest 1.30E+07 1.30E+07 2.30E+07 5.10E-01
Industrial 5.00E+08 5.00E+08 9.00E+08 7.00E-02
Intensive livestock 1.30E+11 1.30E+11 2.30E+11 3.10E-01
Mixed agriculture 2.60E+10 2.60E+10 4.70E+10 3.50E-01
Mixed urban 3.70E+09 3.70E+09 6.60E+09 1.90E-01
Recreation and open space 1.40E+09 1.40E+09 2.50E+09 2.70E-01
Residential 4.30E+09 4.30E+09 7.80E+09 1.50E-01
Shrubs and grassland 3.80E+07 3.80E+07 6.80E+07 3.90E-01
Transportation and utilities 1.20E+09 1.20E+09 2.10E+09 1.10E-01
Wetland or water 0.00E+00 0.00E+00 0.00E+00 9.90E-01

Pervious land units

Barren or vacant 9.10E+07 9.10E+07 1.60E+08 3.50E-01
Commercial and services 4.50E+10 4.50E+10 8.10E+10 1.40E-01
Forest 1.30E+07 1.30E+07 2.30E+07 7.70E-01
Industrial 4.50E+09 4.50E+09 8.10E+09 1.10E-01
Intensive livestock 1.10E+12 1.10E+12 2.10E+12 4.70E-01
Mixed agriculture 2.40E+11 2.40E+11 4.30E+11 5.30E-01
Mixed urban 3.30E+10 3.30E+10 5.90E+10 2.90E-01
Recreation and open space 1.30E+10 1.30E+10 2.30E+10 4.10E-01
Residential 3.90E+10 3.90E+10 7.00E+10 2.30E-01
Shrubs and grassland 3.80E+07 3.80E+07 6.80E+07 5.90E-01
Transportation and utilities 1.10E+10 1.10E+10 1.90E+10 1.70E-01
Wetland or water 0.00E+00 0.00E+00 0.00E+00 1.50E+00

Table 11.  Values for transport parameters SQO, ACCUM, SQOLIM, and WSQOP for 12 land uses and impervious and pervious land 
units in the Chino Basin, California. 

[SQO (initial loading on land), ACCUM (daily loading on land), and SQOLIM (die-off on land in between runoff events) are given in organisms per acre; 
WSQOP (rainfall needed to remove 90 percent of accumulated pollutant on land) is in inches per hour] 
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Figure 16B compares simulated and measured bacteria 
concentrations for the IndND site (industrial land use, not 
near intensive livestock land use; table 2) during the February 
2004 storm period. This sample site is a street gutter having a 
relatively large upstream area (approximately 118 acres) that 
causes the street to be prone to flooding. The flow conduit is 
represented in the model as a first order stream. Values for the 
simulated bacteria concentrations from the calibrated model 
reasonably matched the measured values, although the time of 
the simulated peak concentrations did not match the measured 

peak concentration for the 2/22/2004 storm, again because of 
the dilution effect simulated by the model. The results for the 
uncalibrated model indicated under-simulation of the mea-
sured concentrations, with more dilution in response to the 
higher discharges. Nuisance flow between storms causes a uni-
form flow of about 0.01 ft3/s and a uniform bacteria concentra-
tion of about 600 to 700 cfu/100 mL for both calibrated and 
uncalibrated models (nuisance flow is represented the same 
way for both models). 
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Figure 16.  Simulated and measured storm-flow bacteria concentrations for A, storm of 11/12/2003–11/13/2003 at site MC, and for 
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The relation between simulated streamflow and simulated 
bacteria concentration is complex because the peak bacteria 
concentration increases rapidly during the rising limb of the 
hydrograph, and the magnitude of the peak bacteria concentra-
tion depends on preceding conditions (washoff from preceding 
storms diminishes the available supply) and on the amount of 
dilution following the initial washoff. In addition, high bacte-
ria concentrations are often simulated for very low flows. For 
these reasons, there was no direct correlation between simu-
lated stream flow and simulated bacteria concentrations for the 
small catchment areas represented by a single land (PERLND 
and IMPLND) or reach (RCHRES) segment. In some cases, 
there appeared to be an inverse correlation between the peak 
of the streamflow hydrograph and the peak bacteria concentra-
tion (as in the case of the 2/22/2004 storm) because a previous 
storm had depleted the bacteria storage component for the land 

surface and, following the initial washoff, continued runoff 
generated by the storm diluted the bacteria concentration in 
the reach.

Figures 16C (sample site IndD) and 16D (sample site 
RecND) show calibration results obtained for sites having 
very low simulated flows because of the very small upstream 
areas contributing runoff to these sites. Simulated bacteria 
concentrations in simulated flows of 0.0005 ft3/s and less were 
excluded from the analysis because of the high uncertainty 
associated with such low flows. However, this did not affect 
the comparison with the measured bacteria concentrations 
because simulated flows during the sampled 2/2/2004 and 
2/22/2004–2/23/2004 storms, though still relatively low, were 
well above the 0.0005 ft3/s screening threshold that was cho-
sen for evaluation of model results.
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Results for sample site IndD (fig. 16D) indicate that the 
calibrated model provides a better fit than the uncalibrated 
model to the measured concentrations for the 2/2/2004 storm 
and the latter part of the 2/23/2004 storm; the uncalibrated 
model underestimated concentrations. Comparison with the 
results obtained for sample site IndND indicates the dif-
ficulty in providing a good fit to both sites representing the 
industrial land use; a good fit to one site caused concentra-
tions to be overestimated or underestimated at the second 
site. For example, the measured concentrations for sample 
site IndND indicated no dilution during the peak storm flows 
of 2/22/2004–2/23/2004 storm, whereas the measured con-
centrations for sample site IndD indicated a strong dilution in 
response to the peak storm flows. 

Figure 16D indicates that the bacteria concentrations 
simulated by the calibrated model are similar to the mea-
sured concentrations. Simulation results match the measured 
concentration results for the 2/2/2004 storm, but the model 
underestimates concentrations at the hydrograph peak dur-
ing the 2/23/2004 storm because of dilution. The uncalibrated 
model underestimates concentrations more than the calibrated 
model. Simulated flows at the RecND site are very low (less 
than 0.1 ft3/s for the peak flow 2/26/2004), and the 0.0005 ft3/s 
screening limit was applied to the nuisance flows between 
storms (the nuisance flows were as low as 0.0001 ft3/s). For 
such low flows, the diurnal pattern of evaporation of water in 
the reach was pronounced. 

Figure 16.  Continued
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Simulation results at the RecGC sampling site did not 
match measured bacteria concentrations during the 2/2/2004 
storm, but matched the data for the 2/23/2004 storm reason-
ably well (fig. 16E). The measured concentrations for the 
2/23/2004 storm are well represented by the simulated dilution 
process occurring during the peak flow, and are very similar to 
the measured and simulated response to peak flow at sample 
site IndD (fig. 16C). The values simulated for the 2/2/2004 
storm by the uncalibrated model are closer to the measured 
value than those simulated by the calibrated model. The 
reverse is true for the 2/23/2004 storm, although the calibrated 
model values are only slightly closer to the measured value 
than the uncalibrated. Simulated nuisance flow at site RecGC 
is about 0.007 ft3/s, well above the 0.0005 ft3/s screening limit, 

and the corresponding bacteria concentrations simulated for 
nuisance flow are about 1,000 cfu/100 mL. 

Simulation results for both the RecND and RecGC sites 
indicate that bacteria concentrations during nuisance flow may 
be overestimated by the model. However, because a uniform 
bacteria concentration is assumed for all nuisance inflows 
according to the total acreage of urban land uses contributing 
to each model reach section, it is expected that the nuisance 
flow concentrations are overestimated at some locations and 
underestimated at other locations. Varying the estimated 
nuisance flow concentrations according to contributing areas 
of separate land uses would likely improve model calibration, 
but this would also require additional field sampling of various 
nuisance flows based on land use.

Figure 16.  Continued
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Simulation results for the RecD site (fig. 16F) are similar 
to the results for the RecGC site in terms of the comparison 
between measured and simulated bacteria concentrations. The 
calibrated model provides a poor fit to the single sample for 
the 2/2/2004 storm, whereas the uncalibrated model provides 
an excellent fit. However, the calibrated model provides a 
good fit to the multiple samples for the 2/23/2004 storm, 
whereas the uncalibrated model underestimates the measured 
concentrations. The measured and simulated concentrations 
indicate dilution associated with the second hydrograph peak 
simulated for the 2/23/2004 storm. The simulated nuisance 

flow at this site is very low (about 0.002 ft3/s), but remains 
above the 0.0005 ft3/s screening limit for all hourly time steps. 
The diurnal effect on the simulated flow and the bacteria 
concentration indicates the very high sensitivity to evaporation 
at such low flow rates and also indicates an inverse relation 
between flow and concentration. During low flows, the affect 
of evaporation is much greater than bacteria die-off (as defined 
by the RCHRES decay coefficient). 

Figure 16.  Continued
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Simulation results for ResD (fig. 16G) and SC (fig. 16H) 
are also consistent with results obtained at the other sites—a 
poor match to the single measured sample by using the uncali-
brated model for the 2/2/2004 storm, but a closer match using 
the calibrated model for the 2/23/2004 storm. At these sites, 
the simulated nuisance flows are less sensitive to hourly evap-
oration because the estimated reach area is much smaller. The 
simulated nuisance flow concentration is about 1,500 cfu/100 
mL at both sites. Concentrations simulated by the calibrated 
model matched the measured concentrations at both sites 
better than those simulated by the uncalibrated model for the 
February 23 storm. 

Results indicate higher measured bacteria concentra-
tions at site D (fig. 16I) than at the other sites, exceeding 
100,000 cfu/100 mL during the February 23 storm. This site 
is in the channel of a well-defined natural drainage having 
a fairly large upstream area with most of the other land-use 
targeted sampling sites. Simulated stormflows were nearly 
100 ft3/s for the February 26 storm. The site is primarily 
affected by runoff from pervious mixed agricultural areas 
and dairies, and results indicate a better correlation between 
streamflow and bacteria concentration than at other sites. 
Simulated nuisance flows were approximately 0.09 ft3/s, and 
simulated nuisance-flow bacteria concentrations were close  
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to 1,000 cfu/100 mL. Fluctuations in simulated bacteria con-
centrations were diminished by the higher simulated flows. As 
with many of the other sites, simulation by the uncalibrated 
model matched the single measured concentration for the Feb-
ruary 2 storm more closely than the calibrated model, but the 
calibrated model more closely matched the multiple samples 
for the February 23 storm. Both models underestimated the 
peak bacteria concentrations during the February 23 storm. 
However, the calibrated model was able to simulate the higher 
peak concentrations (>100,000 cfu/100 mL) during the follow-
ing storm of February 26, whereas the uncalibrated model can-
not simulate concentrations greater than 15,000 cfu/100 mL. 
Figure 16J shows calibration results for the February 2004 

storms at sample site MC and includes fecal coliform bacteria 
concentrations obtained from the monthly samples collected 
for the RWQCB study. The results indicate a good match 
between simulated and most measured storm-flow bacteria 
concentrations in the USGS storm flow samples. A generally 
good match was also observed for simulated and measured 
concentrations using the RWQCB data, especially for the 
flows associated with the February 2, February 18, February 
26, and March 2 storms. A slightly better match was observed 
for the uncalibrated model and the RWQCB data. The concen-
trations simulated by the uncalibrated model reasonably match 
the USGS measured storm-targeted concentrations, but this 
model underestimated concentrations during the peak flows 
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more than the calibrated model. Figure 16J includes simulated 
hourly bacteria concentrations also that are based on modeled 
nuisance flows (all land area bacteria loading for PERLNDs 
and IMPLNDs was set to zero). The simulated nuisance flow 
concentrations of approximately 15 cfu/100 mL underesti-
mated the measured concentrations of 100 to 200 cfu/100 mL. 
However, the measured and simulated concentrations illustrate 
the importance of representing contaminated nuisance flow in 
the model, as opposed to assuming pristine (uncontaminated) 
nuisance flow.

Measured bacteria concentrations in the peak flows of 
November 12 and 13 (fig. 16A) were relatively high for this 
storm (up to 100,000 cfu/100 mL). The simulation results 
correlated with the rapid increase in concentrations occurring 
during the rising limb of the first hydrograph peak and with 

dilution during peak flow. This effect is also indicated dur-
ing the second peak of the storm hydrograph; however, the 
simulated results are lower than the measured concentrations 
for the second hydrograph peak. 

Improving the match between the simulated and the mea-
sured values for the second hydrograph peak would require an 
increase in the land-use loading rates, and this in turn would 
result in overestimation of bacteria concentrations measured 
for other storms and at other locations. The bacteria concen-
trations measured during the November 12–13 storm at the 
Mill Creek site may be high because of conditions unique to 
this storm, such as a flushing of sediments in retention basins 
and channels (this storm may represent unique conditions that 
would usually occur during the early part of the wet season).
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 Quantifying the transport-model calibration results 
on the basis of simulated versus measured hourly bacteria 
concentration was difficult because the measured and the 
simulated concentrations varied greatly from hour-to-hour. 
To better quantify the transport model calibration results, the 
simulated average fecal coliform concentration was compared 
with the measured average concentration for each sampling 
time for storm-targeted sites (fig. 17). The r2 value of the expo-
nential regression line for simulated versus measured average 
bacteria concentrations was 0.58, which was slightly higher 
than the r2 values for simulated versus measured geometric 
mean concentrations and simulated versus measured maxi-
mum concentrations. The exponential regression line indicates 

a tendency of the model to overestimate bacteria concentra-
tions for the sites having low bacteria levels (industrial and 
recreation and open space land uses), while those same land 
uses in the higher range of concentrations are underestimated. 
The regression line also indicates the tendency of the model 
to underestimate bacteria concentrations for most sites having 
high bacteria levels (intensive livestock and commercial  
and services land uses). Overall, the calibration was satisfac-
tory given the variability observed between sites having the 
same land use (industrial, recreation and open space). The  
calibrated model provided a better overall match with the 
average bacteria concentrations than the uncalibrated model, 
which underestimated the average measured concentrations. 
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Comparisons of Model Simulations with 
Supplemental Data from other Studies

The water-quality data collected as part of this study 
was supplemented with water-quality data collected by the 
RWQCB Task Force and the OCWD. The supplemental data 
were used to improve the transport-model calibration and 
allow for model verification. The RWQCB supplemental 
data were available for multiple sampling sites in the Chino 
Basin study area and was helpful for developing an improved 
calibration because of the longer sampling time periods. 
Additional sampling representing the integrated response in 
the main stream channels and additional sampling representing 
specific land uses is not represented by the data collected as 
part of this study. 

Figure 18A shows the comparison of simulated daily 
and monthly bacteria concentrations and measured concen-
trations in samples collected by RWQCB at site D during 
the storms of 1996–1998. The daily simulations reasonably 
match the general range, magnitude, and temporal distribu-
tion of the measured concentrations. The daily results were 
used for comparison because the exact time of measurement 
for the RWQCB samples is not known. The monthly results 
are included to better illustrate the average temporal distribu-
tion of the simulated concentrations. The simulation results 
are consistent with the measured concentrations in indicating 
the maximum concentrations (exceeding 100,000 cfu/100 mL) 
resulting from the storm flows.
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The graph of the Mill Creek sampling site (MC) includes 
both storm-targeted bacteria data collected during the 
2003–2004 winter season and supplemental data collected by 
the RWQCB (fig. 18B). The 2003–2004 storm-targeted data 
(USGS storm samples) are from the daily averages for the 
sampling dates. The storm-targeted data for samples collected 
during the storms of 2004 show higher bacteria concentra-
tions than the data for the concentrations from the lower-flow 
samples collected during 2004 and most of the RWQCB 
samples collected before water-year 2004, because these 
samples better represent non-storm-flow conditions. Although 
nuisance flow is a significant part of the total base flow at 
the Mill Creek sampling site, wastewater effluent is a larger 
part of the base-flow component and helps dilute the higher 
concentrations usually associated with nuisance flow. Simu-
lated nuisance flow concentrations of 20 to 30 cfu/100 mL 

compare well with the minimum concentrations represented 
by the RWQCB data. However, the RWQCB samples for the 
dry period in water-year 2002 indicate elevated concentrations 
in nuisance flow (between 800 and 3,000 cfu/100 mL), and 
these are not well represented by the model. It is likely that the 
low-flow sampling is sensitive to localized point sources of 
contamination which are not explicitly included in the model. 
In addition, the elevated concentrations for the low flows may 
indicate bacteria regrowth in the Cucamonga Creek channel, 
which is not represented by the model. Comparison of the 
monthly results for the calibrated and uncalibrated models 
indicates the higher average concentrations simulated by the 
calibrated model, which better matches the higher storm flow 
concentrations and the overall average concentration measured 
at this site. However, for certain periods, the uncalibrated 
model better matches the data.

Figure 17.  Simulated and measured average bacteria concentrations in the Chino Basin, California, for the water-year 2004 storm and 
land-use targeted sampling sites used for model calibration. 
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Measured fecal coliform concentrations for Cucamonga 
Creek at sample site CCM2 (upstream of the location of RP-1 
effluent discharge into Cucamonga Creek channel) indicate 
that the maximum measured bacteria concentration occurred 
between storm events during water-year 2002 instead of dur-
ing storms (fig. 18C). The higher concentrations measured 
during the low-flow conditions in water-year 2002 were con-
sistent with the data for sample site MC. The data indicate that 
the nuisance flows are likely to have relatively high bacteria 
concentrations (in some cases even higher than concentra-
tions during storm flows) at some locations. This location is 
upstream of areas used for the mixed agriculture and intensive 

livestock, and is somewhat comparable to land used similarly 
that affect the Chino Creek at Schaeffer Ave. sampling site 
(fig. 18D, sample site CHIS). 

The data collected at the Chino Creek at Schaeffer Ave 
(CHIS) sampling site (fig. 18D), which was coincident with 
the location of the USGS stream gage 11073360 used for cali-
brating the stream flow component of the model, provided data 
for characterizing the integrated response in the main Chino 
Creek channel for 2002 through 2005. This location illustrates 
the effect of the OCWD water transfers that result in diluting 
the bacteria concentrations and lowering level of bacteria in 
nuisance flows.

Figure 18.  Simulated streamflow and simulated and measured bacteria concentrations at A, sample site D, 1996–1998, B, sample site 
MC, 2002–2004, C, sample site CCM2, 2002–2004, D, sample site CHIS, 2002–2005, E, sample site IHC, 2002–2005, F, sample site BVAM, 
2002–2004, and G, sample site PPOC, 2002–2004 in the Chino Basin, California. RWQCB, Regional Water Quality Control Board; USGS, 
U.S. Geological Survey; OCWD, Orange County Water District.
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Measured concentrations at both the CHIS and CCM2 
sites indicated that high bacteria loads were likely in the main 
stream channels because of nuisance flows and storm runoff 
from urban areas upstream of the mixed agriculture and inten-
sive livestock land-use areas. The simulated bacteria con-
centrations in nuisance flow at the two locations ranged from 
1,000 to 1,500 cfu/100 mL, and this provided a better match 
with the available data than the simulation results based on a 
model that assumed pristine nuisance flow. However, the data 
indicated high variability in bacteria concentrations during 
low flow conditions, and this was not well represented by the 

uniform nuisance flow concentration assumed for the model. 
For some of the storm periods, the lower (<100 cfu/100 mL) 
measured concentrations suggested that some storm flows 
diluted the bacteria concentrations, and this was well repre-
sented by the model. Comparing the monthly results for the 
calibrated and the uncalibrated models indicated the higher 
average concentrations obtained using the calibrated model 
best represented the actual concentrations. At sample site 
CHIS, the calibrated model more closely matched the OCWD 
samples used for model verification.
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Natural background conditions were represented by the 
IHC site in San Antonio Canyon and illustrate the relatively 
low bacteria concentrations in the upland areas representative 
of natural, or background, conditions (fig. 18E). Simulated 
average monthly bacteria concentrations obtained using the 
calibrated parameters were compared with results obtained 
using the uncalibrated parameters; the uncalibrated param-
eters yielded higher concentrations because of higher loads 
for the natural land uses. However, neither the calibrated nor 
the uncalibrated model accurately simulated the peak bacte-
ria concentration of 9,000 cfu/100 mL measured during the 

beginning of water-year 2003. This sample may represent 
point, rather than nonpoint, bacteria loading in the stream 
channel and thus was not represented by the model. The other 
samples, all of which had concentrations less than about 
300 cfu/100 mL, were more closely represented by the mod-
els. The OCWD samples were also included in the comparison 
and indicated very low bacteria concentrations for water-year 
2005. The calibrated model simulated the OCWD samples 
used for model verification more accurately than the  
uncalibrated model.
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The data collected at the Bon View and Merrill Ave. 
sampling site (BVAM) confirmed the bounds for the com-
bined mixed agriculture and intensive livestock land uses and 
indicated the condition under which pervious land requires 
very high flows to effectively transport bacteria, as shown by 
the very high bacteria concentrations measured during March, 
2003 (fig. 18F). The calibrated daily model indicated peak 
daily concentrations consistently exceeding 100,000 cfu/100 
mL in response to storm runoff, and this was supported by the 

field data. The uncalibrated model, in comparison, generally 
underestimated the measured bacteria concentrations at this 
site. The simulated nuisance flow of about 1,000 cfu/100 mL 
provided a good fit to the measured minimum concentration 
of about 900 cfu/100 mL obtained during water-year 2002. In 
general, the calibrated model provided a good fit to the range 
and temporal distribution of the water-year 2002 data. 

 The integrated site at Prado Park Lake outflow 
(PPOC) generally matches the daily and monthly bacteria 

Figure 18.  Continued
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concentrations during storm-flow and higher flow conditions 
(fig. 18G). The calibrated model provides a good match to the 
timing and general magnitude of the measured peak concen-
tration during the March 2003 storm flow conditions. The 
average monthly concentrations obtained using the calibrated 
model provide a good general fit to the measured concentra-
tions, whereas results obtained using the uncalibrated model 
consistently underestimates the concentrations. For low-flow 
conditions, the calibrated model usually underestimates bacte-
ria concentrations. However, increasing the simulated low-
flow concentrations was difficult because (1) the inflows into 
Prado Park Lake from RP-1 were assumed to be pristine and 

this greatly diluted bacteria levels during low-flow conditions, 
(2) the residence time for water stored in Prado Park Lake 
caused most of the bacteria transported into the lake from 
upstream areas to decay, and (3) the bypass pipe underlying 
the lake and diverting low-flows directly into the lake outflow 
was not explicitly defined in the model. The bacteria in the 
diverted low flows would not undergo the dilution and die-off 
that would occur if discharged into the upstream part of the 
lake, as represented by the model.

For this study, the decay coefficients were kept consistent 
throughout the modeling domain for all RCHRES segments. 

Figure 18.  Continued
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In some cases, such as Prado Park Lake, a different decay 
coefficient may improve model calibration. In many cases, the 
supplemental data were interpreted as representing base flow 
only (wastewater effluent, water transfers, and nuisance flow). 
However, in some cases, such as the Prado Park Lake outflow, 
the supplemental data represented, at least in part, the effect of 
storm runoff alone or the combined effect of storm-runoff and 
base-flow components. 

Final model calibration included a comparison of simu-
lated and measured average bacteria concentrations using 
all RWQCB monthly samples and all USGS storm-targeted 

samples (fig. 19). The calibrated transport model was veri-
fied by comparing simulated bacteria concentrations with 
the measured average bacteria concentrations in the OCWD 
WY2005 samples. The OCWD samples were available for 
multiple sites for water-year 2005. Figure 19 and table 12 
show the calibration and verification analysis. The r2 value for 
both the calibration and the verification exponential regres-
sion lines is 0.78. The slope of the calibration line is similar 
to that of the 1-to-1 line, whereas the slope of the verification 

Figure 18.  Continued
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Figure 18.  Continued

line is less similar, overestimating bacteria levels for the 
cleanest sites and underestimating bacteria levels for the most 
contaminated sites. Calibration results were improved by 
including (1) sample sites representing natural or background 
conditions (IHC and CCM1), (2) RWQCB storm-flow samples 
for 1996–1998 (labeled CBSW sites in figure 19), and (3) 
the most contaminated sample site, BVAM, which provided 
the most direct sampling of the intensive livestock land use. 
The OCWD samples indicated a slight bias towards higher 
measured bacteria levels relative to the other sample groups, 
causing the calibrated model to underestimate bacteria levels 
for the verification. The bias in the OCWD data may in part be 
due to improved sampling techniques.

Results in table 12 show summary statistics for measured 
and simulated fecal coliform concentrations for all samples 
collected in 1997–1998 and 2002–2004, including winter and 

summer flows, and storm flows. The statistics for the simu-
lated concentrations were calculated using only the hourly 
simulations that corresponded to the time and date a measure-
ment was made. For RWQCB and OCWD data, 12:00 pm 
(noon) was used as the sampling time (most samples were  
collected between 10 am and 2 pm). Statistics compared 
include average, geometric mean, maximum, and minimum 
bacteria concentrations. The highest average measured bac-
teria concentration of 452,931 cfu/100 mL was obtained at 
sample site BVAM from 13 samples collected for the RWQCB 
study (the 1997–98 storm flow samples and the 2003–2004 
monthly samples were combined for the analysis). The highest 
average simulated bacteria concentration (based on the  
hourly simulations for 6 sampling dates and times) was 
19,230 cfu/100 mL for the ResD storm sampling (and winter) 
site. 
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Figure 19.  Simulated and measured average bacteria concentrations in the Chino Basin for all sampling sites used for model 
calibration and verification. TMDL, Total Maximum Daily Load; USGS, U.S. Geological Survey.
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EXPLANATION

Uncertainties in Modeling a System with 
Changing Conditions

Critical model datasets used to develop parameters 
representing the hydrologic characteristics of the study area 
included the stream-channel and storm-drain network, the 
location and storage capacity of the larger retention basins, 
the land-use map, and the imperviousness map. These datasets 
were mostly based on features that existed during 1999–2000 
and likely do not accurately represent past or future basin 
characteristics (the data is most accurate for the 1999–2000 
time frame). In general, the trend of increasing population and 
urbanization has resulted in a decrease in pervious areas and 
natural drainages with time.

Additional uncertainties and limitations included the 
many simplifying assumptions used to define the hydrologic 
behavior of the basin and the processes controlling bacteria 
development and transport. Irrigation of pervious landscapes 
was not represented directly by the model. Increased soil 
moisture resulting from irrigation would likely generate more 
runoff relative to that generated on non-irrigated landscapes. 
Such characteristics were indirectly incorporated into the 
model by adjusting parameters during the model calibration 
process (the increased runoff should be accounted for by the 
stream flow record).
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Table 12.  Calibration summary of simulated fecal coliform concentrations and measured indicator bacteria concentrations for 18 
sampling sites in the Chino Basin, California.—Continued

[Location of some sites on figure 2 (green). Measured values are indicator bacteria concentrations and simulated values are fecal bacteria concentrations, all 
in colony forming units per 100 milliliters. USGS, U.S. Geological Survey; RWQCB, Regional Water Quality Control Board; OCWD, Orange County Water 
District. N/A, not applicable]

Mill Creek drainage
Sample site ID RecD IndND RecGD MC CCM1 CCM2
Collecting agency USGS USGS USGS USGS/RWQCB RWQCB RWQCB

All recorded concentrations
Measured

Number of measured values 6 6 6 85 36 45
Average 2,603 4,967 393 15,240 12 6,558 
Geometric mean 904 4,604 240 1,836 11 2,040
Maximum 10,000 9,000 830 150,000 60 50,000
Minimum 140 3,200 40 9 9  9 
Standard deviation 3,919 2,289 338 30,798 10 9,419

Simulated
Average 2,114 1,476 2,688 4,098 5 5,114
Geometric mean 507 62 683 405 3 2,063
Maximum 9,696 7,691 11,833 32,853 32 41,220
Minimum 32 2 44 17 0 615
Standard deviation 3,746 3,075 4,532 6,622 7 9,527

Concentrations categorized by season
Measured

Summer (May–October)
  Number of measured values 0 0 0 12 3 10
  Average N/A N/A N/A 1,408 37 16,730
  Geometric mean N/A N/A N/A 1,327 29 12,891 
Winter (November–April)
  Number of measured values 6 6  6 73 33 35
  Average 2,603 4,967 393 17,514 10 3,651
  Geometric mean 904 4,604 240 1,937 10 1,204

Simulated
Summer (May–October)
  Average N/A N/A N/A 463 0 1,220
  Geometric mean N/A N/A N/A 35 0 1,219
Winter (November–April)
 Average 2,114 1,476 2,688 4,695 6 6,227
   Geometric mean 507 62 683 607  3 2,398

Concentrations collected from stormflow
Measured

Number of measured values 6 6  6 25 1 2
  Average 2,603 4,967 393 36,712 20 510
  Geometric mean 904 4,604 240 16,660 20 473

Simulated
  Average 2,114 1,476 2,688 7,822 2 1,945
  Geometric mean 507 62 683 5,304 2 1,918

Table 12.  Calibration summary of simulated fecal coliform concentrations and measured indicator bacteria concentrations for 18 
sampling sites in the Chino Basin, California. 

[Location of some sites on figure 2 (green). Measured values are indicator bacteria concentrations and simulated values are fecal bacteria concentrations, all 
in colony forming units per 100 milliliters. USGS, U.S. Geological Survey; RWQCB, Regional Water Quality Control Board; OCWD, Orange County Water 
District. N/A, not applicable]
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Table 12.  Calibration summary of simulated fecal coliform concentrations and measured indicator bacteria concentrations for 
18 sampling sites in the Chino Basin, California.—Continued

[Location of some sites on figure 2 (green). Measured values are indicator bacteria concentrations and simulated values are fecal bacteria concentrations, all 
in colony forming units per 100 milliliters. USGS, U.S. Geological Survey; RWQCB, Regional Water Quality Control Board; OCWD, Orange County Water 
District. N/A, not applicable]

Chino Creek drainage
Sample site ID D SC ResD IndD RecND CHIC CHIS BVAM IHC PPOC S6 S8
Collecting agency USGS USGS USGS USGS USGS RWQCB RWQCB RWQCB RWQCB RWQCB OCWD OCWD

All recorded concentrations
Measured

Number of measured values 6 6 6 6 6 4 50 13 48 42 4 5
Average 84,083 27,050 7,875 131 5,517 17,775 8,655 452,931 219 404 3,004 26,423
Geometric mean 44,397 17,108 6,696 102  5,397 9,431 826 31,026 15 152 1,467 4,883
Maximum 250,000 60,000  18,000 320  7,400 46,000 160,000 5,200,000 9,400 8,200 6,750 117,000
Minimum 6,000 2,400 3,200 45  3,800 2,550 9 900 2 9 230 595
Standard deviation 95,844 22,955 5,369 108  1,250 20,267 25,968 1,427,487 1,354 1,250 3,105 50,730

Simulated
Average 18,901 11,585 19,230 1,379  2,585 5,689 2,775 12,713 87 534 1,446 15,624
Geometric mean 12,928 1,907 328 442 1,998 1,193 1,859 3,962 20 3 1,118 5,400
Maximum 40,276 59,629 114,158 6,128 6,754 16,950 13,557 59,736 736 16,530 3,020 32,753
Minimum 1,811 91 36 45 884 147 30 699 3 0 543 543
Standard deviation 14,228 23,594 46,506 2,360 2,206 7,922 2,973 19,738 146 2,586 1,167 15,154

Concentrations categorized by season
Measured

Summer (May–October)
  Number of measured values 0 0 0 0 0 3 13 0 12 7 2 3
  Average N/A N/A N/A N/A N/A 17,367 21,106 N/A 837 257 458 39,488
  Geometric mean N/A N/A N/A N/A N/A 7,468 1,620 N/A 47 166 397 3,927
Winter (November–April)
  Number of measured values 6 6 6 6 1 37 13 36 35 2 2
  Average 84,083 27,050 7,875 131 5,517 19,000 4,281 452,931 13 434 5,550 6,825
  Geometric mean 44,397 17,108 6,696 102 5,397 19,000 652 31,026 10 150 5,419 6,769

Simulated
Summer (May–October)
  Average N/A N/A N/A N/A N/A 1,936 1,515 N/A 4 0 562 5,551
  Geometric mean N/A N/A N/A N/A N/A 493 936 N/A 3 0 561 1,697
Winter (November–April)
 Average 18,901 11,585 19,230 1,379 2,585 16,950 3,218 12,713 115 641 2,331 30,733
   Geometric mean 12,928 1,907 328 442 1,998 16,950 2,366 3,962 35 7 2,227 30,667

Concentrations collected from stormflow
Measured

Number of measured values 6 6 6 6 6 2 2 1 2 0 2 3
  Average 84,083 27,050 7,875 131 5,517 32,500 42,500 5,200,000 10 N/A 5,550  43,550 
  Geometric mean 44,397 17,108 6,696 102 5,397 29,563 42,453 5,200,000 9 N/A 5,419  17,501 

Simulated
  Average 18,901 11,585 19,230 1,379 2,585 11,231 2,517 845 464 N/A 2,331  25,666 
  Geometric mean 12,928 1,907 328 442 1,998 9,666 2,324 845 376 N/A 2,227  24,444 
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Model Application: Evaluation of 
Contribution to Bacteria Contamination 
on the Basis of Flow Process and Land 
Use

The calibrated HSPF transport model was applied to 
evaluate the relative contributions to bacteria loading in 
streamflow from the various flow processes represented in the 
model and from the various land uses (table 13). The relative 
contributions were compared to the average bacteria loads 
for the calibrated model: the comparison was referred to as 
the base-case result. The objective of this application was to 
improve understanding of the potential downstream affects 
on water quality of the different non-point bacteria loading 
rates, washoff limits, decay coefficients, and the areas of the 
different land uses. The results were also used to evaluate dif-
ferences between the effects of PERLND (pervious area) and 
IMPLND (impervious area) on flow and transport, as well as 
differences between storm flow and low flow conditions and 
between summer and winter flow conditions. 

The simulation period for model application was calen-
dar year 1985–2005. The period analyzed was 1988–2005, 
allowing for a 3-year model initialization period to minimize 
the effect of initial conditions on the analysis. As in the case 
of model calibration, the analysis excluded results for time 
steps for which the simulated hourly streamflow was less than 
0.0005 ft3/s because of the high uncertainty associated with 
HSPF transport results for the very low flows.

1988–2005 Simulation Results:  
Summary of Base Case 

Table 13 provides a summary of the 1988–2005 simula-
tion results for 6 sites in the Chino Creek subbasin (table 13A) 
and 6 sites in the Mill Creek subbasin (table 13B). The 
simulation results were compiled for the base-case, and for 
all flow-process and land-use test cases, using (1) all simu-
lated flows, (2) winter and (3) summer flows, (4) storm flows, 
and (5) low flows. Winter flows were defined by results for 
November through April for a given water year, and summer 
flows were defined by results for May through October. The 
flow limit used for separating low flows from storm flows was 
based on visual inspection of the flow hydrograph at each site. 
The results for all flows, storm flows, and low flows include 
the average, geometric mean, maximum, and minimum 
bacteria concentrations. The results for winter and summer 
flows include the average, maximum and geometric mean for 
bacteria concentrations. 

The maximum hourly bacteria concentration for all 
12 sites was about 2.7 million cfu/100 mL for sample site D 
(table 13A). Sample site D, which primarily represents storm 
runoff from the mixed agricultural and intensive livestock land 

uses, had the highest simulated average bacteria concentration 
of 8,551 cfu/100 mL also. Other sites having relatively high 
simulated average bacteria levels (greater than 2,000 cfu/100 
mL) were USGS stream gage 11073360 (sample site CHIS), 
CCM2 (table 13B), and USGS stream gage 11073493. Simu-
lated average bacteria concentration exceeded 200 cfu/100 mL 
at all sites in the central and southern parts of the Chino Basin. 
Average bacteria concentrations were less than 200 cfu/100 
mL at the 3 sites representing natural drainages: CCM1 (aver-
age of 6 cfu/100 mL), IHC (average of 46 cfu/100 mL), and 
San Antonio Dam outflow (average of 121 cfu/100 mL). For 
all sites, the simulated geometric mean bacteria concentration 
was much lower than the simulated average concentration (by 
as much as 1 to 2 orders of magnitude). Minimum concentra-
tions were also relatively low; from 0 at CCM1 and PPOC to 
37 at sample site D. In general, the simulation results at all 
sites were characterized by high variances and highly skewed 
distributions. 

Average winter bacteria concentrations were much higher 
than average summer bacteria concentrations at all sites, and 
average simulated streamflow was also higher in the winter 
at all sites. The greatest absolute difference between average 
winter and summer bacteria levels occurred at site D (winter 
average of 15,203 cfu/100 mL versus summer average of 
1,997 cfu/100 mL). The highest relative differences tended 
to occur at sites in the Chino Creek subbasin (Chino Creek 
outflow, PPOC, and IHC). Maximum hourly bacteria  
concentrations were highest during the winter at all sites 
except San Antonio Dam outflow, CCM2, and stream gage 
11073495. 

Average bacteria concentrations for storm flows were 
higher than average concentrations for low flows at all sites 
except stream gage 11073360 (sample site CHIS). Sample 
sites PPOC and D, downstream of the mixed agriculture and 
diaries land uses, had the highest storm flow average bacteria 
concentrations (73,321 cfu/100 mL for PPOC and 49,524 for 
D). The storm flow average and the maximum hourly bacteria 
concentrations in the Chino Creek outflow and the Mill Creek 
outflow were similar, but the storm flow geometric mean 
concentration of 280 cfu/100 mL in the Chino Creek outflow 
was much lower than the geometric mean of 3,531 cfu/100 mL 
for the Mill Creek outflow. This difference is due in part to the 
Orange County water transfers that affected the Chino Creek 
drainage but not the Mill Creek drainage. The Orange County 
water transfer inflows, which in this study were modeled 
as pristine water, have a much higher flow volume than the 
wastewater effluent inflows and are included in the storm flow 
results. These inflows cause a lot of dilution of contaminated 
water in Chino Creek. 
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Table 13A.  Summary of 1988–2005 simulation results and percent contribution to bacteria loading by flow process and land use for 
locations for the Chino Creek and San Antonio Canyon subbasins in the Chino Basin, California.—Continued 

[ft3/s, cubic feet per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent. The reported significant figures do not imply a level of accuracy 
attributed to the simulation results]

Parameter Units

Locations in Chino Creek and San Antonio Canyon subbasins
Chino  
Creek  

outflow

Sample  
site  

PPOC

Sample  
site  

D

Stream  
gage  

11073360

San Antonio  
Dam  

outflow

Sample  
site  
IHC

Simulation results for all flows
Average streamflow ft3/s 68.7 22.7 0.8 19.7 25.9 10.3
Maximum streamflow ft3/s 12,538 781 1,139 4,101 1,314 1,355
Minimum streamflow ft3/s 16.6 2.2 0 0.3 0 1.4
Average bacteria concentration cfu/100 mL 1,397 1,397 8,551 5,125 121 46
Maximum bacteria concentration cfu/100 mL 235,198 255,855 2,698,312 123,553 2,385 3,045
Minimum bacteria concentration cfu/100 mL 8 0 37 7 1 2
Geometric mean bacteria concen- 

tration
cfu/100 mL 93 1 1,687 1,694 31 9

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 48 4 47 75 55 55
Pervious area runoff % of average 50 96 45 2 43 39
Nuisance flow % of average 2 0 9 23 0 0
Groundwater % of average 0 0 0 0 2 6

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 1 3
Forest % of average 0 0 0 0 1 5
Barren and vacant % of average 0 0 0 0 2 3
Mixed urban % of average 3 0 0 3 52 89
Recreation and open space % of average 0 0 0 0 15 1
Commercial and services % of average 14 0 3 28 4 0
Utilities and transportation % of average 1 0 2 1 2 0
Residential % of average 30 0 0 40 19 0
Mixed agriculture % of average 15 21 19 1 0 0
Industrial % of average 2 0 0 3 4 0
Intensive livestock (dairies) % of average 33 78 66 0 0 0
Simulation results for winter (November through April) flows
Average streamflow ft3/s 83.4 25.2 1.5 23.3 33.9 12.2
Average bacteria concentration cfu/100 mL 2,592 2,793 15,203 7,458 160 83
Maximum bacteria concentration cfu/100 mL 235,198 255,855 2,698,312 123,553 1,693 3,045
Geometric mean bacteria concen-

tration
cfu/100 mL 213 10 2,724 2,900 72 23

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 45 3 47 82 58 57
Pervious area runoff % of average 54 97 49 3 41 40
Nuisance flow % of average 1 0 4 15 0 0
Groundwater % of average 0 0 0 0 1 4

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 1 2
Forest % of average 0 0 0 0 1 3
Barren and vacant % of average 0 0 0 0 2 3
Mixed urban % of average 3 0 0 3 52 92
Recreation and open space % of average 0 0 0 0 14 1
Commercial and services % of average 13 0 3 31 4 0
Utilities and transportation % of average 1 0 3 1 2 0
Residential % of average 29 0 0 45 20 0
Mixed agriculture % of average 16 21 20 1 0 0
Industrial % of average 1 0 0 3 4 0
Intensive livestock (dairies) % of average 35 78 69 0 0 0

Table 13A.  Summary of 1988–2005 simulation results and percent contribution to bacteria loading by flow process and land use for 
locations for the Chino Creek and San Antonio Canyon subbasins in the Chino Basin, California.. 

[ft3/s, cubic feet per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent. The reported significant figures do not imply a level of accuracy 
attributed to the simulation results]
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Table 13A.  Summary of 1988–2005 simulation results and percent contribution to bacteria loading by flow process and land use for 
locations for the Chino Creek and San Antonio Canyon subbasins in the Chino Basin, California.—Continued 

[ft3/s, cubic feet per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent. The reported significant figures do not imply a level of accuracy 
attributed to the simulation results]

Parameter Units

Locations in Chino Creek and San Antonio Canyon subbasins
Chino  
Creek  

outflow

Sample  
site  

PPOC

Sample  
site  

D

Stream  
gage  

11073360

San Antonio  
Dam  

outflow

Sample  
site  
IHC

Simulation results for summer (May through October) flows
Average streamflow ft3/s 54 20 0 16 10 8
Average bacteria concentration cfu/100 mL 220 22 1,997 2,827 45 9
Maximum bacteria concentration cfu/100 mL 30,736 16,377 787,116 95,826 2,385 2,891
Geometric mean bacteria  

concentration
cfu/100 mL 42 0 1,052 997 6 4

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 80 36 46 54 39 38
Pervious area runoff % of average 6 64 11 1 56 29
Nuisance flow % of average 14 0 43 45 0 0
Groundwater % of average 0 0 0 0 6 33

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 2 11
Forest % of average 0 0 0 0 3 21
Barren and vacant % of average 0 0 0 0 2 3
Mixed urban % of average 3 0 0 2 50 64
Recreation and open space % of average 0 0 0 0 22 1
Commercial and services % of average 25 2 3 22 3 0
Utilities and transportation % of average 1 1 2 1 1 0
Residential % of average 44 0 0 28 12 0
Mixed agriculture % of average 4 21 11 0 0 0
Industrial % of average 3 0 0 2 3 0
Intensive livestock (dairies) % of average 4 74 40 0 0 0

Simulation results for storm flows
Frequency (percentage of all flows) % of time 11 1 13 15 25 6
Average streamflow ft3/s 286.5 104.3 5.9 126.7 98.3 40.7
Maximum streamflow ft3/s 12,538 781 1,139 4,101 1,314 1,355
Minimum streamflow ft3/s 100 50 0.2 20 20 20
Average bacteria concentration cfu/100 mL 7,306 73,321 49,524 4,354 152 225
Maximum bacteria concentration cfu/100 mL 235,198 255,855 2,698,312 123,553 1,186 3,045
Minimum bacteria concentration cfu/100 mL 9 368 37 7 1 3
Geometric mean bacteria  

concentration
cfu/100 mL 280 34,659 9,877 141 93 80

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 38 1 39 89 11 10
Pervious area runoff % of average 62 99 61 10 88 89
Nuisance flow % of average 0 0 0 1 0 0
Groundwater % of average 0 0 0 0 1 1
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Table 13A.  Summary of 1988–2005 simulation results and percent contribution to bacteria loading by flow process and land use for 
locations for the Chino Creek and San Antonio Canyon subbasins in the Chino Basin, California.—Continued 

[ft3/s, cubic feet per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent. The reported significant figures do not imply a level of accuracy 
attributed to the simulation results]

Parameter Units

Locations in Chino Creek and San Antonio Canyon subbasins
Chino  
Creek  

outflow

Sample  
site  

PPOC

Sample  
site  

D

Stream  
gage  

11073360

San Antonio  
Dam  

outflow

Sample  
site  
IHC

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 2 3
Forest % of average 0 0 0 0 1 2
Barren and vacant % of average 0 0 0 0 1 2
Mixed urban % of average 3 0 0 4 52 92
Recreation and open space % of average 0 0 0 0 27 1
Commercial and services % of average 11 0 3 30 3 0
Utilities and transportation % of average 1 0 2 2 1 0
Residential % of average 27 0 0 56 12 0
Mixed agriculture % of average 20 21 22 3 1 0
Industrial % of average 1 0 0 3 2 0
Intensive livestock (dairies) % of average 36 78 72 0 0 0

Simulation results for low flows
Frequency (percentage of all flows) % of time 89 99 87 85 75 94
Average streamflow ft3/s 42.3 21.6 0.1 1 2.1 8.4
Maximum streamflow ft3/s 100 50 0.2 20 20 20
Minimum streamflow ft3/s 16.6 2.2 0 0.3 0 1.4
Average bacteria concentration cfu/100 mL 680 465 2,625 5,260 111 35
Maximum bacteria concentration cfu/100 mL 70,926 120,073 74,825 101,893 2,385 1,937
Minimum bacteria concentration cfu/100 mL 8 0 447 64 1 2
Geometric mean bacteria  

concentration
cfu/100 mL 82 1 1,306 2,611 21 8

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 61 10 68 73 75 72
Pervious area runoff % of average 34 90 1 1 22 19
Nuisance flow % of average 5 0 31 26 0 0
Groundwater % of average 0 0 0 0 3 9

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 1 3
Forest % of average 0 0 0 0 1 6
Barren and vacant % of average 0 0 0 0 2 3
Mixed urban % of average 2 0 1 3 51 88
Recreation and open space % of average 0 0 0 0 10 0
Commercial and services % of average 18 1 4 28 5 0
Utilities and transportation % of average 1 1 3 1 2 0
Residential % of average 33 0 0 38 22 0
Mixed agriculture % of average 10 21 12 1 0 0
Industrial % of average 2 0 0 3 5 0
Intensive livestock (dairies) % of average 29 77 49 0 0 0
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Table 13B.  Summary of 1988–2005 simulation results and percent contribution to bacteria loading by flow process and land use for (B) 
locations in the Mill Creek submode in the Chino Basin, California.—Continued

[ft3s, cubic foot per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent. The reported significant figures do not imply a level of accuracy 
attributed to the simulation results]

Parameter Units

Locations in Mill Creek subbasins

Mill Creek  
outflow

Sample  
site MC

Stream  
gage 

11073495

Sample site  
CCM2

Stream  
gage  

11073493

Sample site  
CCM1

Simulation results for all flows
Average streamflow ft3/s 51.7 51.8 51.1 24 4.3 10.3
Maximum streamflow ft3/s 13,896 14,469 13,513 12,211 1,671 5,094
Minimum streamflow ft3/s 8.5 8 7.8 0.2 0.4 0
Average bacteria concentration cfu/100 mL 1,111 1,223 1,015 7,713 2,517 6
Maximum bacteria concentration cfu/100 mL 333,188 227,032 65,496 195,891 91,456 421
Minimum bacteria concentration cfu/100 mL 13 13 16 17 3 0
Geometric mean bacteria concentration cfu/100 mL 77 93 96 2,185 684 3

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 85 87 93 87 87 28
Pervious area runoff % of average 13 10 4 0 1 43
Nuisance flow % of average 2 3 4 12 12 0
Groundwater % of average 0 0 0 0 0 29

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 0 42
Forest % of average 0 0 0 0 0 23
Barren and vacant % of average 0 0 0 0 0 34
Mixed urban % of average 5 5 6 6 1 0
Recreation and open space % of average 0 0 0 0 0 0
Commercial and services % of average 14 14 18 16 22 0
Utilities and transportation % of average 2 2 3 2 1 0
Residential % of average 46 47 60 61 61 0
Mixed agriculture % of average 6 6 2 1 1 0
Industrial % of average 3 3 3 2 2 0
Intensive livestock (dairies) % of average 22 21 4 0 0 0

Simulation results for winter (November through April) flows
Average streamflow ft3/s 76.3 76 74.3 45.1 7.5 18.6
Average bacteria concentration cfu/100 mL 1,948 2,113 1,703 10,783 3,823 10
Maximum bacteria concentration cfu/100 mL 333,188 227,032 51,717 148,239 91,456 421
Geometric mean bacteria concentration cfu/100 mL 178 195 186 2,848 1,010 4

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 84 87 94 93 92 30
Pervious area runoff % of average 14 12 4 1 2 52
Nuisance flow % of average 1 2 2 7 7 0
Groundwater % of average 0 0 0 0 0 18

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 0 44
Forest % of average 0 0 0 0 0 19
Barren and vacant % of average 0 0 0 0 0 37
Mixed urban % of average 5 6 6 6 1 0
Recreation and open space % of average 0 0 0 0 0 0
Commercial and services % of average 13 13 18 17 23 0
Utilities and transportation % of average 2 2 3 2 1 0
Residential % of average 45 46 61 64 65 0
Mixed agriculture % of average 7 6 2 1 1 0
Industrial % of average 3 3 3 3 2 0
Intensive livestock (dairies) % of average 23 23 4 0 0 0

Table 13B.  Summary of 1988–2005 simulation results and percent contribution to bacteria loading by flow process and land use for 
locations in the Mill Creek submodel in the Chino Basin, California. 

[ft3s, cubic foot per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent. The reported significant figures do not imply a level of accuracy 
attributed to the simulation results]
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Table 13B.  Summary of 1988–2005 simulation results and percent contribution to bacteria loading by flow process and land use for (B) 
locations in the Mill Creek submode in the Chino Basin, California.—Continued

[ft3s, cubic foot per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent. The reported significant figures do not imply a level of accuracy 
attributed to the simulation results]

Parameter Units

Locations in Mill Creek subbasins

Mill Creek  
outflow

Sample  
site MC

Stream  
gage 

11073495

Sample site  
CCM2

Stream  
gage  

11073493

Sample site  
CCM1

Simulation results for summer (May through October) flows
Average streamflow ft3/s 27.5 27.9 28.3 3.3 1.1 1.8
Average bacteria concentration cfu/100 mL 287 346 338 4,688 1,230 2
Maximum bacteria concentration cfu/100 mL 26,269 46,300 65,496 195,891 69,501 281
Geometric mean bacteria concentration cfu/100 mL 34 45 50 1,682 466 2

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 92 90 89 75 71 20
Pervious area runoff % of average 1 0 0 0 0 6
Nuisance flow % of average 8 9 11 25 29 0
Groundwater % of average 0 0 0 0 0 75

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 0 37
Forest % of average 0 0 0 0 0 41
Barren and vacant % of average 0 0 0 0 0 22
Mixed urban % of average 5 5 5 4 1 0
Recreation and open space % of average 0 0 0 0 0 0
Commercial and services % of average 15 15 17 15 19 0
Utilities and transportation % of average 2 2 2 1 1 0
Residential % of average 52 52 58 52 49 0
Mixed agriculture % of average 4 3 1 0 0 0
Industrial % of average 3 3 3 2 1 0
Intensive livestock (dairies) % of average 11 11 2 0 0 0

Simulation results for storm flows
Frequency (percentage of all flows) % of time 5 4 5 7 15 6
Average streamflow ft3/s 536 618 530 322 25 139
Maximum streamflow ft3/s 13,896 14,469 13,513 12,211 1,671 5,094
Minimum streamflow ft3/s 70 80 60 10 0.9 15
Average bacteria concentration cfu/100 mL 8,326 8,776 7,158 12,596 11,765 23
Maximum bacteria concentration cfu/100 mL 333,188 227,032 51,166 128,988 91,456 241
Minimum bacteria concentration cfu/100 mL 17 16 22 17 3 0
Geometric mean bacteria concentration cfu/100 mL 3,531 3,760 2,754 3,082 5,322 9

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 69 70 91 97 98 1
Pervious area runoff % of average 31 30 9 3 2 91
Nuisance flow % of average 0 0 0 0 1 0
Groundwater % of average 0 0 0 0 0 7

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 0 67
Forest % of average 0 0 0 0 0 22
Barren and vacant % of average 0 0 0 0 0 11
Mixed urban % of average 5 5 6 6 1 0
Recreation and open space % of average 0 0 0 0 0 0
Commercial and services % of average 10 11 18 19 24 0
Utilities and transportation % of average 2 2 3 3 1 0
Residential % of average 36 39 62 67 69 0
Mixed agriculture % of average 9 8 3 1 1 0
Industrial % of average 2 2 3 3 3 0
Intensive livestock (dairies) % of average 35 32 4 0 0 0
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Flow-Process Contributions to Bacteria 
Contamination

The relative contribution to bacteria contamination was 
evaluated for 4 different flow processes represented by the 
HSPF transport model: (1) impervious-area runoff, (2) pervi-
ous-area runoff, (3) groundwater discharge, and (4) nuisance 
flow. The relative contribution by a given flow process was 
simulated by setting the parameters defining transport and bac-
teria loading for the other three processes to zero. For exam-
ple, to simulate the relative contribution from impervious-area 
runoff, SQO, ACQOP, and SQOLIM were set to zero for all 
PERLNDs, and bacteria loading for nuisance inflow was set to 
zero (nuisance inflows were modeled as uncontaminated). To 
simulate the effect of pervious-area runoff, bacteria loading for 
nuisance inflow was set to zero, SQO, ACQOP, and SQOLIM 

were set to zero for all IMPLNDs, and the SQO, ACQOP, and 
SQOLIM for PERLNDs were left unchanged (equal to the 
calibrated base-case parameter values). Parameters control-
ling ground-water bacteria loading (throughflow and deep 
ground-water discharge) for PERLNDs were also set to zero 
for evaluating pervious-area runoff. To evaluate ground-water 
contributions, bacteria loading for nuisance flow was set to 
zero, SQO, ACQOP, and SQOLIM for both IMPLNDs and 
PERLNDs were set to zero (eliminating bacteria loading for 
overland flow), and the parameters defining bacteria loading 
for throughflow and deep ground-water discharge were left 
unchanged. To evaluate nuisance flow contributions, SQO 
ACQOP, and SQOLIM for IMPLNDs and PERLNDs were 
set to zero, and ground-water bacteria loading was set to zero. 
In all cases, the decay coefficients in RCHRES were left 
unchanged.

Table 13B.  Summary of 1988–2005 simulation results and percent contribution to bacteria loading by flow process and land use for (B) 
locations in the Mill Creek submode in the Chino Basin, California.—Continued

[ft3s, cubic foot per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent. The reported significant figures do not imply a level of accuracy 
attributed to the simulation results]

Parameter Units

Locations in Mill Creek subbasins

Mill Creek  
outflow

Sample  
site MC

Stream  
gage 

11073495

Sample site  
CCM2

Stream  
gage  

11073493

Sample site  
CCM1

Simulation results for low flows
Frequency (percentage of all flows) % of time 94.9 95.7 95 92.7 84.7 93.7
Average streamflow ft3/s 25.9 26.3 26.1 0.7 0.5 1.6
Maximum streamflow ft3/s 70 80 60 10 0.9 15
Minimum streamflow ft3/s 8.5 8 7.8 0.2 0.4 0
Average bacteria concentration cfu/100 mL 726 884 695 7,331 845 5
Maximum bacteria concentration cfu/100 mL 25,368 66,086 65,496 195,891 29,176 421
Minimum bacteria concentration cfu/100 mL 13 13 16 106 243 0
Geometric mean bacteria concentration cfu/100 mL 63 79 81 2,127 472 3

Percent contribution to average bacteria concentration by flow process
Impervious area runoff % of average 96 95 94 86 59 36
Pervious area runoff % of average 1 1 1 0 0 29
Nuisance flow % of average 3 4 6 14 41 0
Groundwater % of average 0 0 0 0 0 35

Percent contribution to average bacteria concentration by land use
Shrubs and grasses % of average 0 0 0 0 0 35
Forest % of average 0 0 0 0 0 24
Barren and vacant % of average 0 0 0 0 0 41
Mixed urban % of average 5 6 5 6 0 0
Recreation and open space % of average 0 0 0 0 0 0
Commercial and services % of average 16 15 18 16 16 0
Utilities and transportation % of average 2 2 3 2 1 0
Residential % of average 52 50 60 60 41 0
Mixed agriculture % of average 4 4 2 1 0 0
Industrial % of average 3 3 3 2 1 0
Intensive livestock (dairies) % of average 14 16 4 0 0 0
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Contribution of Flow Processes for Selected 
Storms 

Simulation results from the modified model were used to 
compare bacteria concentrations in terms of the four flow-
process contributions for the February 2004 storms sampled 
at site D (fig. 20) and for the winter storms in 2004 and 2005 
sampled at the Mill Creek outflow (fig. 21). The simulated 
hourly bacteria concentrations for the two storms sampled 
at site D (February 2 and February 22–23) were primarily 
affected by impervious area runoff (fig. 20). Ground water 
did not contribute to bacteria contamination at this site; 
nuisance flow contributions were diluted during the storm 
flows, but substantial during low flow conditions. Nuisance 

flow contributions between storm flows were approximately 
1,000 cfu/100 mL. Runoff from pervious areas made no con-
tribution to the February 2 storm because pervious areas were 
not generating runoff, and only minor amounts came from per-
vious areas during the February 22-23 storm. However, during 
the next storm on February 26 (not sampled for bacteria), 
runoff from pervious areas contributed much more than runoff 
from impervious areas to the simulated bacteria concentra-
tions (by approximately 2 orders of magnitude). Runoff from 
the next smaller storm on March 2 also included substantial 
bacteria loading from pervious area runoff, but slightly less 
than from the impervious areas. 

DATE AND TIME

HO
UR

LY
 B

AC
TE

RI
A 

CO
N

CE
N

TR
AT

IO
N

, I
N

 C
OL

ON
Y 

FO
RM

IN
G 

UN
IT

S 
PE

R 
10

0 
M

IL
LI

LI
TE

RS

HO
UR

LY
 S

TR
EA

M
FL

OW
, I

N
 C

UB
IC

 F
EE

T 
PE

R 
SE

CO
N

D

10

1

0.1

0.01

100

10

100

1,000

10,000

100,000

1,000,000

10,000,000

1/24/04
0:00

1/31/04
0:00

2/7/04
0:00

2/14/04
0:00

2/21/04
0:00

2/28/04
0:00

3/6/04
0:00

3/13/04
0:00

USGS storm samples

Simulated bacteria concentration
   (all sources)

Impervious runoff
   bacteria source
Pervious runoff
   bacteria source

Nuisance flow
   bacteria source
Simulated streamflow

EXPLANATION

Figure 20.  Simulated hourly bacteria concentrations affected by different flow processes during storms in February 2004 at sample site 
D in the Chino Basin, California. 
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Simulated daily bacteria concentrations at Mill Creek 
outflow were mostly from impervious area runoff for the 
12/6/2003 to 3/9/2004 storm period (fig. 21A). Only a small 
amount of bacteria loading from pervious-area runoff occurred 
during the 2/26/2004 and 3/2/2004 storms. In contrast, the 
contribution to bacteria loading from pervious-area runoff was 
much greater than the impervious area contribution for the 
larger storms of 2005 (fig. 21B). Bacteria concentrations from 

impervious area runoff were usually elevated during earlier 
storms in a storm sequence and during the time represented by 
the rising limb of the storm hydrograph. Bacteria concentra-
tions from pervious-area runoff were usually elevated dur-
ing the latter part of a storm sequence, after the ground had 
become saturated. Bacteria concentration from pervious runoff 
reached a peak during or after the hydrograph peak for the 
Mill Creek outflow. 
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Figure 21.  Simulated daily bacteria concentrations affected by different flow processes for A, storms during December–March, 
water-year 2004, at Mill Creek outflow, and B, storms during December–March, water-year 2005, at Mill Creek outflow in the Chino 
Basin, California.
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Concentration Duration Analysis for Flow-
Process Contributions

Results for the flow processes were compared using 
concentration-duration curves indicating the percentage of 
time bacteria concentrations were exceeded for simulated 
1988–2005 hourly fecal coliform concentrations at 7 sites: 
San Antonio Dam outflow, sample site D, sample site PPOC, 
Chino Creek outflow, site CCM1, sample site CCM2, and 
Mill Creek outflow (fig. 22). For most locations within and 
downstream of the urbanized areas in the Chino Basin, maxi-
mum bacteria levels were simulated in response to runoff from 
pervious areas, but the percentage of time that pervious area 
runoff was the dominant bacteria source was relatively low. 
Pervious-area runoff was the dominant source of maximum 

simulated bacteria concentrations at San Antonio Dam out-
flow (fig. 22A), sample site D (fig. 22B), sample site PPOC 
(fig. 22C), Chino Creek outflow (fig. 22D), and Mill Creek 
outflow (fig. 22G). However, the percentage of time during 
which pervious-area runoff was the dominant bacteria source 
was less than about 4 percent at site PPOC, less than about  
1 percent at site D and Chino Creek outflow, and less then 
about 0.15 percent at Mill Creek outflow. For the two sites 
representing natural conditions, CCM1 (fig. 22E) and San 
Antonio Dam outflow (fig. 22A), pervious-area runoff was an 
important source to the total bacteria load much more often 
than for the locations within and downstream of the urban 
areas. 
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The concentration-duration analysis for CCM2 indicates 
that pervious area runoff is a minor to insignificant source of 
bacteria loading at all times compared to loading from imper-
vious areas and nuisance flows (fig. 22F). Nuisance-flow con-
tributions downstream of urban areas but upstream of waste-
water treatment facilities significantly affected water quality; 
bacteria concentrations from nuisance flow were greater than 
1,000 cfu/100 mL about 60 percent of the time and greater 
than 200 cfu/100 mL about 90 percent of the time. Although 
the model incorporated a very simplified representation of nui-
sance flow using an assumed inflow concentration, the general 
concept of contaminated nuisance flow is consistent with the 
measured bacteria data. Results for sample site D (fig. 22B) 
also indicate important contributions to total bacteria loading 

from nuisance flow; bacteria concentrations from nuisance 
flow was greater than 900 cfu/100 mL for about 70 percent of 
the time, and greater than 200 cfu/100 mL for about 90 per-
cent of the time. However, the model may not represent the 
flow volume component of the nuisance flow accurately at 
this site because an assumed inflow rate per unit area of urban 
and agricultural land uses in the entire model area was used to 
determine the magnitude of the nuisance inflow.

Nuisance-flow contributions to bacteria contamination 
was significant for sites located within urbanized areas (where 
the nuisance flow was generated) and upstream of inflows 
from the wastewater treatment facilities. This was especially 
true for low flow conditions when stream flow was essentially 
equivalent to the nuisance inflows. 

Figure 22.  Concentration durations for simulated hourly bacteria concentrations affected by different flow processes at A, San 
Antonio Dam outflow, B, sample site D, C, sample site PPOC (Prado Park Lake outflow), D, Chino Creek outflow, E, sample site CCM1,  
(F) sample site CCM2, and G, Mill Creek outflow for water-years 1988–2005 in the Chino Basin, California. 
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Flow Processes Contributions to Average 
Bacteria Concentrations

The average simulated bacteria concentrations for 
all flows at the 12 sites used to summarize model results 
(table 13) indicates that impervious-area runoff was the  
dominant bacteria source for the central and lower parts of  
the Mill Creek subbasin (from 85 to 93 percent of the aver-
age bacteria loading for the base-case simulation). In contrast, 
results for the Chino Creek subbasin indicate higher site-to-
site variation in the dominant flow process contributing to 
bacteria contamination. Pervious-area runoff is responsible  
for 96 percent of the average bacteria loading at site PPOC, 

but only 45 percent at site D. This difference occurs because 
the flows having a high percentage of impervious area bacteria 
loading tend to be low flows that are easily diluted by the RP-1 
discharges into Prado Park Lake, upstream of PPOC. In addi-
tion, bacteria decay (die-off) is maximized in Prado Park Lake 
because of the average residence time of water in the lake (as 
opposed to the shorter residence time of water stored in the 
main channels). Only the larger storms result in high bacteria 
concentrations in Prado Park Lake outflow, and these storms 
tend to be dominated by bacteria loading from pervious-area 
runoff. 

Figure 22.  Continued.
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Overall, pervious area runoff resulted in the highest peak 
concentrations because pervious areas account for a larger per-
centage of total upstream land area and because loading rates 
were estimated to be higher for pervious areas than for the 
urban and agricultural (including dairy) land uses. The overall 
comparison of simulation results indicates that impervious 
area runoff was the main source of the storm runoff and subse-
quent bacteria washoff in the Chino Basin because impervious 
area runoff occurs much more often than pervious area runoff. 
Runoff from pervious areas is generated only during the 
larger storms when the precipitation intensity exceeds the soil 
infiltration capacity or during storm periods characterized by a 
high frequency of storms that saturate soils.

Impervious-area runoff contributions were slightly higher 
than pervious-area contributions for the IHC and San Antonio 
Canyon outflow sites, even though these sites are fed by drain-
ages that represent mostly natural conditions. The land-use 
map identified a small fraction of the total area within the San 
Antonio Canyon drainage, including the area directly upstream 
of the IHC site, as urban land (for example, the road in San 
Antonio Canyon, low density residential, and campground or 
picnic areas are included as urban land). In contrast, the drain-
age upstream of the CCM1 site contained only the 3 natural 
land-use categories; shrubs and grasses, forests, and barren 
areas. Simulation results at CCM1 indicated that pervious area 
runoff was the dominant contributor to the average bacteria 
loading. 

Figure 22.  Continued.
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Sites indicating a substantial (greater than 10 percent) 
contribution to average bacteria concentrations from nuisance 
flow were stream gage 11073493 and CCM2 in the Mill Creek 
subbasin and stream gage 11073360 (sample site CHIS) in 
the Chino Creek subbasin (table 13). All sites were strongly 
affected by runoff from the highly urbanized central part of 
the Chino Basin and were upstream of the wastewater efflu-
ent inflows that dilute the high concentrations of the nuisance 
flows. Nuisance flow contributions were highest during sum-
mer flows and low flows at most sites. The highest nuisance 
flow contribution during summer was 45 percent at stream 
gage 11073360 (sample site CHIS), and the highest low flow 
contribution was 41 percent at stream gage 11073493. 

Only the CCM1 site indicated a substantial groundwater 
contribution (29 percent) to average bacteria concentrations 
based on all flows combined. There was also some small 
ground-water contribution to the sites in San Antonio Canyon: 
6 percent at IHC and 2 percent at San Antonio Dam outflow. 
Groundwater contribution to average bacteria concentrations 
at all other sites was zero. Ground-water contributions were 
much higher during summer flows; 75 percent at CCM1, 
33 percent at site IHC, and 6 percent at San Antonio Canyon 
outflow. Groundwater contributions were only slightly higher 
during low flows; 35 percent at CCM1, 9 percent at IHC, and 
3 percent at San Antonio Dam outflow.

Figure 22.  Continued.
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Evaluation of Source Area Contribution on the 
Basis of Land Use

Bacteria loading from a single land-use area was simu-
lated by setting the SQO, ACQOP, and SQOLIM parameters 
to zero for all other land uses except for the land use being 
simulated (the calibrated base line parameters were left 
unchanged for this land use). In addition, nuisance flow was 
simulated as pristine water (nuisance inflows did not include 
bacteria) in order to fully isolate the effect of a single land  
use on the average bacteria loading. The parameters defining 
bacteria loading for ground water for a given PERLND were 

left unchanged for the PERLND being simulated. These simu-
lations were repeated for all land-use types except for water 
and wetlands (water and wetlands is a significant land use only 
for the Prado Dam subbasin), and the results from all simula-
tions, including the base-case (baseline) simulation for all 
land uses, were compared. The evaluations were based on the 
simulation results for calendar years 1988–2005, allowing for 
a 3 year model ramp up (simulations were started on 1/1/1985) 
to mitigate the effects of uncertainty in initial conditions.

Figure 22.  Continued.
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Land-Use Contributions to Bacteria 
Concentrations for Selected Storms

Simulated hourly bacteria concentrations affected by 
various land uses and by storms during 2/21/2004–2/28/2004 
and 2/17/2005–2/25/2005 at Mill Creek and Chino Creek 
outflow were compared (fig. 23). Runoff from residential land 
use contributed the most to the total bacteria loading at both 
locations during the 2/22/2004–2/23/2004 storm (fig. 23A). 
Runoff from commercial and services land use also contrib-
uted substantially to the downstream bacteria concentrations 
at Chino Creek outflow. Impervious-area runoff from dairies 

contributed the most to bacteria concentrations at the Mill 
Creek site, but only a minor amount to the Chino Creek out-
flow site. In both cases, the bacteria contamination was caused 
by impervious-area runoff. Most of the bacteria were washed 
off of the impervious surfaces during the first hydrograph peak 
on 2/22/2004. Runoff during the second hydrograph peak had 
much less bacteria to washoff and diluted bacteria concentra-
tion in downstream reaches. Bacteria concentration increased 
during the falling limb of the hydrograph because the delayed 
inflows from the upstream reaches were not diluted. 

Figure 22.  Continued.
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Contaminated runoff from mixed agriculture and inten-
sive livestock was a much higher amount of total bacteria 
loading for the 2/26/2004 storm than for the 2/22/2004 storm 
at Chino Creek outflow (fig. 23A) The maximum bacteria 
concentration for both was about 10,000 cfu/100 mL, only 
slightly more than that for residential land use. Results for the 
2/26/2004 storm at Mill Creek were different because the con-
tamination was caused by impervious area runoff (fig. 23B), 
whereas the high bacteria concentrations simulated for Chino 
Creek included a substantial contribution from pervious area 
runoff.

The results for the wetter 2/17/2005–2/25/2005 storms 
show a much higher contribution from the mixed agriculture 
and intensive livestock land uses because pervious-area runoff 
was the dominant runoff source during these storms and the 
modeled non-point source area loading was much higher for 
mixed agriculture and intensive livestock than for all other 
land uses. At Chino Creek outflow, mixed agriculture run-
off caused the highest peak bacteria concentrations, about 
38,000 cfu/100 mL, and residential runoff also contributed 
substantially to the total bacteria loading (fig. 23C). In con-
trast, mixed agriculture and residential runoff provided only 

Figure 22.  Continued.
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minor contributions to the bacteria loading compared with 
runoff from dairies at the Mill Creek site (fig. 23D). Pervious-
area runoff from intensive livestock land use areas upstream 
of Mill Creek outflow caused peak hourly bacteria concentra-
tions of about 140,000 cfu/100 mL during the end of the storm 
sequence in response to saturated soil conditions. In general, 
the primary sources of bacteria contamination at Chino Creek 
and Mill Creek outflow were areas used for residential, mixed 
agriculture, and intensive livestock land-use areas that  
produced runoff during the storm periods.

Hourly concentration-duration (or exceedance) curves 
for land-use sources were analyzed using simulation results 
for 7 sites: San Antonio Dam outflow, sample site D, sample 
site PPOC (Prado Park Lake outflow), Chino Creek out-
flow, sample site CCM1, sample site CCM2, and Mill Creek 
outflow (fig. 24). The concentration-duration curve shows the 
proportion of all hourly fecal coliform concentrations exceed-
ing a given value. Simulation results for each separate land 
use were compared to the base case concentration-duration 
curves (upper black line) at all sites to evaluate the relative 

Figure 23.  Land-use contributions to simulated bacteria concentrations at A, Chino Creek outflow for storms in February 2004, B, Mill 
Creek outflow for storms in February 2004, C, Chino Creek outflow for storms in February 2005, and D, Mill Creek outflow for storms in 
February 2005 in the Chino Basin, California. 
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contributions to bacteria contamination. At San Antonio Dam 
outflow, the primary sources of bacteria contamination were 
the mixed-urban, residential, and recreational and open-space 
land uses (fig. 24A). The natural land uses at San Antonio Dam 
outflow provided only minor contributions to total bacteria 
loading relative to those provided by the urban land uses, 
even though the natural areas were a much greater fraction of 
the total upstream area. At sample site D, intensive livestock, 
mixed agriculture, and transportation and utilities provided the 
greatest contribution to bacteria contamination; the concen-
trations from intensive livestock land-use areas are above 

2,000 cfu/100 mL (fig. 24B) approximately 22 percent of the 
time. Most of the time, nuisance flow was the primary source 
of bacteria levels higher than 200 cfu/100 mL at site D. At 
Prado Park Lake outflow, contamination was primarily caused 
by runoff from intensive livestock and mixed agriculture 
land-use areas (fig. 24C), but concentrations from intensive 
livestock exceeded the 200 cfu/100 mL limit only about  
12 percent of the time because of dilution from RP-1 dis-
charges into Prado Park Lake and the longer residence time of 
water in Prado Park Lake. In contrast to results for the Prado 

Figure 23.  Continued.
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Park Lake drainage, results for Chino Creek outflow indicate 
that runoff from residential land use contributes a higher rela-
tive amount to the total bacteria load than intensive livestock 
and mixed agriculture for most flows (fig. 24D). Concentra-
tions exceeding 200 cfu/100 mL are caused by residential 
runoff about 15 percent of the time, whereas concentrations 
exceeding 200 cfu/100 mL due to runoff from intensive live-
stock occur about 9 percent of the time. The bacteria concen-
tration of runoff from intensive livestock is higher than runoff 
from residential areas for only about 1.5 percent of the time at 
Chino Creek outflow.

Simulation results for the CCM1 site indicated the 
lowest bacteria concentrations compared with results for all 
other sites (fig. 24E). Bacteria concentrations exceeded the 
200 cfu/100 mL limit only 0.03 percent of the time. Runoff 
from the barren and vacant land use caused the maximum bac-
teria concentration. At CCM2, runoff from the residential and 
the commercial and services land uses was the primary source 
of bacteria concentration above 2,000 cfu/100 mL (fig. 24F). 
Runoff from mixed urban areas also provided substantial bac-
teria loading at this location. The relative contributions from 
the different land uses at Mill Creek outflow (fig. 24G) were 

Figure 23.  Continued.
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similar to those at Chino Creek outflow (fig. 24D). Residential 
land use was the primary source of bacteria contamination 
exceeding 200 cfu/100 mL for most storm flows at both loca-
tions. However, runoff from intensive livestock had a greater 
average affect on Chino Creek outflow. At Mill Creek, runoff 
from intensive livestock exceeds 10,000 cfu/100 mL for only 
about 0.2 percent of the time, compared with about 1.2 percent 
of the time at Chino Creek.

The highest relative contribution to the average bacteria 
concentration was provided by runoff from residential areas at 
six of the twelve sites analyzed for land use contributions to 
bacteria contamination (table 13). Five of these sites were in 
the Mill Creek subbasin (Mill Creek outflow, sample site MC, 
stream gage 11073495, CCM2, and stream gage 1073493), 

Figure 23.  Continued.

DATE AND TIME

HO
UR

LY
 B

AC
TE

RI
A 

CO
N

CE
N

TR
AT

IO
N

, I
N

 C
OL

ON
Y 

FO
RM

IN
G 

UN
IT

S 
PE

R 
10

0 
M

IL
LI

LI
TE

RS

HO
UR

LY
 S

TR
EA

M
FL

OW
, I

N
 C

UB
IC

 F
EE

T 
PE

R 
SE

CO
N

D

5,000

4,000

3,000

1,000

2,000

00

30,000

120,000

90,000

60,000

150,000

2/17/05
0:00

2/18/05
0:00

2/19/05
0:00

2/20/05
0:00

2/21/05
0:00

2/22/05
0:00

2/23/05
0:00

2/24/05
0:00

2/25/05
0:00

D

Residential
Commercial and services
Mixed agriculture

Intensive livestock
All other land uses

Simulated streamflow

EXPLANATION



Model Application: Evaluation of Contribution to Bacteria Contamination on the Basis of Flow Process and Land Use    87

whereas only one was in the Chino Creek subbasin. The 
maximum percentage of contributions to bacteria loading 
from residential areas ranged from 61 percent at the CCM2 
and stream gage 11073493 sites to 40 percent at stream gage 
11073360 (sample site CHIS). Runoff from intensive livestock 
was the dominant bacteria source for three of the twelve sites: 
Chino Creek outflow, sample site D, and sample site PPOC. 

The highest percentage contribution to the average base-case 
bacteria concentration from a single land use in the central and 
southern parts of the Chino Basin was 78 percent for runoff 
from intensive livestock upstream of PPOC. The bacteria 
contribution from intensive livestock was also relatively high 
(66 percent) for sample site D, which was also the location 
where the maximum bacteria concentrations were simulated 

Figure 24.  Concentration durations for simulated hourly bacteria concentrations affected by different land uses at A, San Antonio Dam 
outflow, B, sample site D, C, sample site PPOC, D, Chino Creek outflow, E, sample site CCM1, F, sample site CCM2, and G, Mill Creek 
outflow for water-years 1988–2005 in the Chino Basin, California. 
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Figure 24.  Continued.

(about 2.7 million cfu/100 mL). Commercial and services and 
mixed agriculture were also important bacteria sources for the 
central and southern parts of the Chino Basin. A maximum 
relative contribution to bacteria loading for commercial and 
services land use was 28 percent at stream gage 11073360 
(sample site CHIS). A maximum contribution for the mixed 
agricultural land use was 21 percent at the PPOC site. The 

highest contribution from a single land-use area within the 
Chino Basin was for the mixed urban land use at sample site 
IHC. Model results indicated that industrial, utilities and 
transportation and recreation and open space land uses were 
not important sources of bacteria contamination, in terms of 
average concentration, for the Chino Basin. 
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Figure 24.  Continued.
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Figure 24.  Continued.
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Figure 24.  Continued.
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Figure 24.  Continued.
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Figure 24.  Continued.
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Model Application: Analysis of Basin 
Response to Possible Climate and 
Land-Use Changes

Climate Scenarios

Model simulations were made of various climate scenar-
ios to test the hydrologic and transport sensitivity of the Chino 
Basin model simulations to possible changes in precipitation 
and air temperature.

Development
Climate scenarios were developed to represent possible 

conditions and do not represent predictions or indications of 
potential future conditions. The scenarios were used to indi-
cate watershed responses to changes in climate. The results 
provide an indication of the sensitivity of simulated flow and 
bacteria concentrations to changes in precipitation and air 
temperature while model parameters remained the same. The 
model results were evaluated for the 1988-2005 simulation 
period. Simulations were started on 1/1/1985 to allow for a 
3-year model ramp up to 1988 and ran continuously through 
12/31/2005. 

Two different air temperature scenarios were defined as 
(1) a constant 5°F increase in hourly air temperature and (2) a 
5°F decrease in hourly air temperature. The air temperature 
scenarios were used primarily to evaluate watershed responses 
and model sensitivity to changes in snow fall, snowpack 
storage, and snowmelt in the higher altitude subwatersheds. 
In general, the development and persistence of a snow pack 
and the timing of snow melt can be sensitive to small changes 
in air temperature. Although changes in air temperature can 
change the estimates of hourly PET (a decrease in air tem-
perature decreases PET and an increase in air temperature 
increases PET), these changes were not applied to the PET 
estimates because this effect was assumed to be small relative 
to the effect of air temperature on snowmelt. 

Eight different precipitation scenarios were developed. 
Seven scenarios were developed using a simple scaling of the 
hourly precipitation inputs, with scaling factors of 0, 0.1, 0.5, 
0.8, 1.2, 1.5, and 2.0. The scaling factor 0 was used to evalu-
ate results based only on the inflows from wastewater effluent, 
water deliveries, and nuisance flow. The eighth precipitation 
scenario was developed using a scaling factor of 0.2 for calen-
dar years 1988–1996 and a scaling factor of 1.8 for calendar 
years 1997–2005. The eighth scenario was used to evaluate the 
effect of increased precipitation variability on simulated flow 
and bacteria transport (a dry period followed by a wet period). 

Results of Air Temperature Scenarios
Simulated 1988-2005 streamflow and bacteria concen-

tration for the two air temperature scenarios were compared 
with the results obtained for the base case (current climate) 
simulation. Two air temperature scenarios—one assuming 
a 5°F decrease in air temperature and one assuming a 5°F 
increase—were simulated for five locations (tables 14 and 15). 
The results for the San Antonio Canyon submodel using the 
5°F decrease indicated a significant increase in the simulated 
monthly snow pack for upper San Antonio Canyon (fig. 25A), 
upstream of sample site IHC. Simulations of water years hav-
ing the greatest snow accumulations (1993, 1995, 1998, and 
2005) showed a maximum monthly snow pack depth approxi-
mately 30 percent greater than that for the base case simula-
tion. Results for upper San Antonio Canyon using the 5°F 
increase indicated an even greater relative change in monthly 
snow pack depth; for most years, the snow pack depth was 
approximately 70 to 80 percent less than that for the base-case 
simulation. 

Simulation results for monthly streamflow indicate 
changes in the magnitude and the timing of streamflow for 
upper San Antonio Canyon in response to the changes in air 
temperature. The 5o F decrease in air temperature caused maxi-
mum monthly streamflow to shift into later spring (fig. 25B). 
The 5o F increase in air temperature caused a significant (about 
30 to 50 percent) increase in maximum monthly streamflow 
during some winters, especially for the wetter than average 
years, and minimal to zero flows during summer. 

Simulated monthly bacteria concentrations indicated a 
complex response to the changes in streamflow caused by the 
differences in snow accumulation and melt as a result of the 
decrease and increase in air temperature in upper San Anto-
nio Canyon (fig. 25C). During most months and water years, 
the decrease in air temperature caused an increase in bacteria 
concentrations, whereas the increase in air temperature usually 
caused a decrease in monthly bacteria concentrations. Two 
exceptions to this pattern were the dry water-years 1994 and 
1999, when the increased air temperature scenario caused the 
maximum monthly bacteria concentration to be about 30 per-
cent higher than that for the base case and the decreased air 
temperature scenario caused the maximum monthly concen-
trations to be slightly less than that for the base case. The 
complex response is due to the interplay between (1) bacteria 
washoff during overland flow, which tends to increase as tem-
perature increases because less precipitation occurs as snow, 
and (2) baseflow concentrations, which for this study were 
represented as including point sources along stream channels. 
Baseflow concentrations tend to increase as flows decrease, 
and flows decrease as temperature decreases.
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Table 14A.  Summary of 1988–2005 simulation results for air temperature scenarios at sample site IHC and San Antonio Dam outflow in 
the Chino Creek subbasin, California.

[Temperature in degrees Fahrenheit. ft3/s, cubic feet per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent; bacteria refers to fecal bacte-
ria. The reported significant figures do not imply a level of accuracy attributed to the simulation results]

Parameter Units
Sample site IHC San Antonio Dam outflow

Base case Air temperature Base case Air temperature
– 5 degrees + 5 degrees – 5 degrees + 5 degrees

Simulation results for all flows
Number of simulated values hours 157,800 157,800 157,800 72,944 93,084 40,562
Percentage of time flow occurred % 100 100 100 46 59 26
Average simulated streamflow ft3/s 10.3 11.4 8.9 25.9 22.1 49.4
Maximum streamflow ft3/s 1,355 191 1,849 1,314 445 2,055
Minimum streamflow ft3/s 1.4 1.6 0.9 0.0 0.0 0.0
Average bacteria concentration cfu/100 mL 46 46 40 121 89 183
Geometric mean bacteria concentration cfu/100 mL 9 9 8 31 22 37
Maximum bacteria concentration cfu/100 mL 3,045 2,387 3,057 2,385 2,020 3,666
Minimum bacteria concentration cfu/100 mL 2 2 2 1 1 0
Percentage of base case concentration % 101 88 73 151

Simulation results for winter flows
Number of winter values hours 78,312 78,312 78,312 48,459 54,397 32,365
Percentage of time flow occurred % 50 50 50 31 34 21
Average streamflow ft3/s 12.2 11.1 12.5 33.9 23.5 60.7
Average bacteria concentration cfu/100 mL 83 73 71 160 113 210
Geometric mean bacteria concentration cfu/100 mL 23 20 18 72 51 58
Maximum bacteria concentration cfu/100 mL 3,045 2,185 3,057 1,693 1,389 3,666
Percentage of base case concentration % 88 86 71 131

Simulation results for summer flows
Number of summer values hours 79,488 79,488 79,488 24,485 38,689 8,199
Percentage of time flow occurred % 50 50 50 16 25 5
Average streamflow ft3/s 8.4 11.8 5.4 9.9 20.2 4.5
Average bacteria concentration cfu/100 mL 9 20 10 45 55 78
Geometric mean bacteria concentration cfu/100 mL 4 5 4 6 6 6
Maximum bacteria concentration cfu/100 mL 2,891 2,387 2,466 2,385 2,020 2,516
Percentage of base case concentration % 220 105 124 174

Simulation results for stormflows
Number of stormflow values hours  9,113  9,525  8,437  18,025  22,222  13,550 
Percentage of time flow occurred % 6 6 5 11 14 9
Average streamflow ft3/s 40.7 43.7 58.2 98.3 83.7 142.0
Maximum streamflow ft3/s 1,355 191 1,849 1,314 445 2,055
Minimum streamflow ft3/s 20.0 20.0 20.0 20.0 20.0 20.0
Average bacteria concentration cfu/100 mL 225 234 173 152 151 141
Geometric mean bacteria concentration cfu/100 mL 80 77 65 93 77 60
Maximum bacteria concentration cfu/100 mL 3,045 2,387 3,057 1,186 722 1,520
Minimum bacteria concentration cfu/100 mL 3 3 5 1 3 1
Percentage of base case concentration % 104 77 99 93

Simulation results for low flows
Number of lowflow values hours 148,687 148,275 149,363 54,919 70,864 27,014
Percentage of time flow occurred % 94 94 95 35 45 17
Average streamflow ft3/s 8.4 9.4 6.1 2.1 2.8 2.9
Maximum streamflow ft3/s 20.0 20.0 20.0 20.0 20.0 20.0
Minimum streamflow ft3/s 1.4 1.6 0.9 0.0 0.0 0.0
Average bacteria concentration cfu/100 mL 35 34 32 111 70 204
Geometric mean bacteria concentration cfu/100 mL 8 8 7 21 15 29
Maximum bacteria concentration cfu/100 mL 1,937 1,815 1,849 2,385 2,020 3,666
Minimum bacteria concentration cfu/100 mL 2 2 2 1 1 0
Percentage of base case concentration % 98 94 63 184
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Parameter Units
Sample site CCM1 Mill Creek outflow

Base case Air temperature Base case Air temperature
– 5 degrees + 5 degrees – 5 degrees + 5 degrees

Simulation results for all flows
Number of simulated values hours 152,971 157,800 141,685 157,800 157,800 157,800
Percentage of time flow occurred % 97 100 90 100 100 100
Average simulated streamflow ft3/s 10.3 9.5 11.6 51.7 49 52.7
Maximum streamflow ft3/s 5,094 4,172 4,883 13,896 12,541 13,778
Minimum streamflow ft3/s 0 0 0 8.5 8.5 8.5
Average bacteria concentration cfu/100 mL 6 7 9 1,111 1,184 1,093
Geometric mean bacteria concentration cfu/100 mL 3 3 2 77 82 76
Maximum bacteria concentration cfu/100 mL 421 244 7,828 333,188 332,079 327,200
Minimum bacteria concentration cfu/100 mL 0 0 0 13 13 13
Percentage of base case concentration % 115 140 107 98

Simulation results for winter flows
Number of winter values hours 77,563 78,312 75,346 78,312 78,312 78,312
Percentage of time flow occurred % 49 50 48 50 50 50
Average streamflow ft3/s 18.6 16.1 20.3 76.3 70.5 78.3
Average bacteria concentration cfu/100 mL 10 12 12 1,948 2,097 1,909
Geometric mean bacteria concentration cfu/100 mL 4 6 4 178 199 174
Maximum bacteria concentration cfu/100 mL 421 244 906 333,188 332,079 327,200
Percentage of base case concentration % 119 125 108 98

Simulation results for summer flows
Number of summer values hours 75,411 79,488 66,387 79,488 79,488 79,488
Percentage of time flow occurred % 48 50 42 50 50 50
Average streamflow ft3/s 1.8 2.9 1.7 27.5 27.8 27.5
Average bacteria concentration cfu/100 mL 2 3 4 287 286 288
Geometric mean bacteria concentration cfu/100 mL 2 2 2 34 34 34
Maximum bacteria concentration cfu/100 mL 281 178 7,828 26,269 26,089 26,269
Percentage of base case concentration % 106 186 99 100

Simulation results for stormflows
Number of stormflow values hours 9,693 15,434 8,496 8,002 8,863 8,063
Percentage of time flow occurred % 6 10 5 5 6 5
Average streamflow ft3/s 139.2 77.1 172.2 535.8 424.7 551.7
Maximum streamflow ft3/s 5,094 4,172 4,883 13,896 12,541 13,778
Minimum streamflow ft3/s 15 15 15 70 70 70
Average bacteria concentration cfu/100 mL 23 25 18 8,326 8,172 8,091
Geometric mean bacteria concentration cfu/100 mL 9 12 6 3,531 2,316 3,398
Maximum bacteria concentration cfu/100 mL 241 244 224 333,188 332,079 327,200
Minimum bacteria concentration cfu/100 mL 0 0 0 17 13 16
Percentage of base case concentration % 111 80 98 97

Simulation results for low flows
Number of lowflow values hours 143,281 142,366 133,237 149,798 148,937 149,737
Percentage of time flow occurred % 91 90 84 95 94 95
Average streamflow ft3/s 1.6 2.1 1.4 25.9 26.6 25.8
Maximum streamflow ft3/s 15 15 15 70 70 70
Minimum streamflow ft3/s 0 0 0 8.5 8.5 8.5
Average bacteria concentration cfu/100 mL 5 5 8 726 768 716
Geometric mean bacteria concentration cfu/100 mL 3 3 2 63 67 62
Maximum bacteria concentration cfu/100 mL 421 198 7,828 25,368 25,342 25,368
Minimum bacteria concentration cfu/100 mL 0 1 0 13 13 13
Percentage of base case concentration % 102 159 106 99

Table 14B.  Summary of 1988–2005 simulation results for air temperature scenarios at sample site CCM1 and Mill Creek outflow in the 
Mill Creek subbasin, California.

[Temperature in degrees Fahrenheit. ft3/s, cubic feet per second; cfu/100 mL, colony forming units per 100 milliliters; %, percent; bacteria refers to fecal  
bacteria. The reported significant figures do not imply a level of accuracy attributed to the simulation results.]
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Figure 25.  Simulated air temperature scenarios for water-years 1988–2005 at upper San Antonio Canyon in the Chino Basin: A, monthly 
snow pack, B, monthly streamflow, and C, monthly bacteria concentration. 

Simulation results obtained for the outflow at San Anto-
nio Dam indicated a different relationship between air temper-
ature, streamflow, and bacteria concentrations. The increased 
air temperature scenario resulted in higher peak flows, higher 
average flows, and higher bacteria concentrations, whereas 
the lower air temperature scenario resulted in lower peak 
flows, lower average flows, and lower bacteria concentrations 
(table 14). The results for the 1988–2005 base case simula-
tion included an average simulated streamflow of 25.9 ft3/s, 
a maximum streamflow of 1,314 ft3/s, an average bacteria 
concentration of 121 cfu/100 mL, and a maximum bacteria 

concentration of 2,385 cfu/100 mL. In comparison, results for 
the increased air temperature scenario included an average 
streamflow of 49.4 ft3/s, a maximum streamflow of 2,055 ft3/s, 
an average bacteria concentration of 183 cfu/100 mL, and a 
maximum bacteria concentration of 3,666 cfu/100 mL. Results 
for the decreased air temperature scenario included an average 
streamflow of 22.1 ft3/s, a maximum streamflow of 445 ft3/s, 
an average bacteria concentration of 89 cfu/100 mL, and a 
maximum bacteria concentration of 2,020 cfu/100 mL. 



112    Application of HSPF for Evaluating Pathogen Indicators, Chino Basin Drainage Area, San Bernardino Co., California

1/1/88 1/1/90 1/1/92 1/1/94 1/1/96 1/1/98 1/1/00 1/1/02 1/1/04 1/1/06

DATE

M
ON

TH
LY

 S
TR

EA
M

FL
OW

, I
N

 C
UB

IC
 F

EE
T 

PE
R 

SE
CO

N
D

0

400

350

300

250

200

150

100

50

EXPLANATION

Decrease in air temperature of 5 degrees Fahrenheit

Base case (current climate)

Increase in air temperature of 5 degrees Fahrenheit

B

Figure 25.  Continued.

The flow duration curves for simulated hourly outflow 
from San Antonio Dam (based on hourly results for the 
1988–2005 simulation period) at temperatures 5 degrees above 
and below a baseline air temperature—the two air tempera-
ture scenarios—were plotted and compared with the baseline 
curve. The flow duration analysis indicated that increasing air 
temperature increased the percentage of time that flows were 
approximately 100 ft3/s and greater (fig. 26A) and decreased 
the percentage of time that smaller flows were less than about 
100 ft3/s. Analysis of the decreased air temperature scenario 

indicated the opposite results: a decrease in the percentage 
of time that flows were greater than about 200 ft3/s and an 
increase in the percentage of time (or number of hours) that 
flows were 60 ft3/s or less. The maximum streamflow simu-
lated for the base case was approximately 1,000 ft3/s; increas-
ing the air temperature increased the maximum streamflow to 
about 1,800 ft3/s and decreasing the air temperature decreased 
maximum streamflow to only 400 ft3/s. 
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Figure 25.  Continued.

The concentration duration analysis of simulated hourly 
fecal coliform concentrations indicated variations caused 
by changes in air temperature similar to those of simulated 
streamflow (fig. 26B). Comparison of concentration dura-
tions (percentage of time hourly bacteria concentrations were 
exceeded) for the increased air temperature scenario and the 
base case simulation showed a relative difference similar to 
those for streamflow. Concentration durations for bacteria 
concentrations of about 200 cfu/100 mL and higher were 
increased relative to the base case, whereas concentration 
durations for the low concentrations (about 100 cfu/100 mL 

and less) were decreased relative to the base case. The results 
for the decreased air temperature scenario were more similar 
to the base-case results, with a small decrease in the percent-
age of time bacteria concentrations were exceeded for concen-
trations of about 400 cfu/100 mL and higher. The increased 
air temperature scenario indicated that bacteria concentrations 
of 200 cfu/100 mL and higher occurred about 3 percent of the 
time, compared with about 2 percent of the time for the base 
case and decreased air temperature simulations.
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Figure 26.  Simulated air-temperature scenarios at San Antonio Dam outflow in the Chino Basin during water-years 1988–2005: A, flow 
duration for hourly streamflow and B, concentration duration for hourly bacteria concentrations. 

The effects of temperature change on Mill Creek outflow 
were also analyzed. Although changing the air temperature 
scenarios significantly affected the results obtained for the 
San Antonio Canyon subbasin and in the northern part of the 
Mill Creek subbasin (sample site CCM1), only a small effect 
was observed in simulation results for Mill Creek outflow 
(table 14B). The increased air temperature scenario caused 

a slight increase in average and maximum streamflow, but a 
slight decrease in average and maximum bacteria concentra-
tions. The decrease in bacteria concentrations was caused by 
a shift in the timing of peak bacteria concentrations in the out-
flow from upstream drainages in the San Gabriel Mountains. 
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Results of Precipitation Scenarios
Simulated hourly streamflow flow-duration curves for all 

precipitation scenarios at San Antonio Dam outflow, Chino 
Creek outflow, and Prado Park Lake outflow are shown in 
figure 27. Flow duration curves representing the eight precipi-
tation scenarios for the simulated 1988–2005 hourly outflow at 
San Antonio Dam were compared with the base case (current 
climate) results (fig. 27A). As expected, changes in precipita-
tion caused significant changes in simulated outflow. Doubling 
precipitation increased the maximum mean hourly outflow by 
four times at San Antonio Dam; halving precipitation reduced 
the outflow to about one-tenth the rate of the base outflow. 

Results for Chino Creek outflow indicated similar results 
in terms of sensitivity to precipitation (fig. 27B). However, 
flow-duration analysis indicated that the peak flows for Chino 
Creek outflow were the most sensitive to changes in precipita-
tion; flows less than about 300 ft3/s were less sensitive because 
these flows were strongly controlled by wastewater effluent 
and OCWD water deliveries in Chino Creek. For example, the 
percent exceedance for zero precipitation closely matches the 
percent exceedance for the 0.1 x precipitation scenario because 
these simulations are dominated by the inflows of wastewater 
effluent and water deliveries. 

Figure 26.  Continued.
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A summary of results for precipitation scenarios at 
7 locations is provided in table 15. The simulation results are 
summarized for all flows, winter flows, summer flows, storm 
flows, and low flows. At San Antonio Dam outflow, there is no 
outflow from the Dam and thus no bacteria transport for the 
0 scale factor and the 0.1 × precipitation scenarios (table 15A). 
The 0.5 × precipitation scenario resulted in an average outflow 
of 5.6 ft3/s, with outflow from the dam occurring 5 percent 
of time. The base case simulation yielded an average outflow 
of 25.9 ft3/s, with outflow occurring 46 percent of the time. 
Maximum outflow for the 2.0 × precipitation scenario was 

7,243 ft3/s, compared with a maximum outflow of 1,314 ft3/s 
for the base case. The maximum simulated bacteria concentra-
tion was 3,119 cfu/100 mL for the variable dry/wet precipita-
tion scenario. With the exception of the 2.0 × precipitation 
scenario, maximum bacteria concentrations occurred during 
low flow conditions for all other scenarios. 

Results for sample site D indicate low sensitivity of 
maximum simulated bacteria concentration to the various 
precipitation scenarios (table 15B). The maximum concentra-
tions occur during storm and winter flow conditions in all 

Figure 27.  Flow duration of simulated hourly streamflow for precipitation scenarios for water-years 1988–2005 at A, San Antonio Dam 
outflow, B, Prado Park Lake outflow (sample site PPOC), and C, Chino Creek outflow in the Chino Basin, California. 
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cases. Average bacteria concentrations show higher sensitiv-
ity and increase from a minimum of 844 cfu/100 mL for the 
0 x precipitation scenario (representing only nuisance flow) 
to a maximum of 13,597 cfu/100 mL for the 2.0 x precipita-
tion scenario. Simulated average streamflow ranges from a 
minimum of 0.1 ft3/s (nuisance flow only) to a maximum of 
3.2 ft3/s for the 2.0 x precipitation scenario. The maximum 
simulated bacteria concentrations at this site are higher than  
at all other locations simulated for the Chino Basin. The 
maximum bacteria concentration of 3,559,091 cfu/100 mL 
was simulated for the 2.0 x precipitation scenario, higher than 
the maximums of 2,698,312 cfu/100 mL for the base case and 
922 cfu/100 mL for nuisance flow.

Relative differences and responses to increased and 
decreased precipitation for Prado Park Lake outflow were 
similar to those for sample site D, but the average and maxi-
mum concentrations were much lower than site D because 
of dilution and die-off processes affecting Prado Park Lake 
(table 15C). Results of the simulations for this site indicated a 
strong positive correlation between simulated bacteria concen-
trations and simulated streamflow (not included in table), and 
average bacteria concentrations for storm flows were much 
higher than those for low flows. 
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Figure 27.  Continued.
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Results for Chino Creek outflow also indicated a con-
sistent trend of increasing streamflow and increasing aver-
age bacteria concentration with increased precipitation 
(table 15D). However, results for sites CCM1, CCM2, and 
Mill Creek outflow indicated a more complex response to the 
various precipitation scenarios. Sample site CCM1 indicated 
the expected increase in average and maximum streamflow 
with increasing precipitation, but the average bacteria concen-
tration was highest for the 0.1 x precipitation climate scenario, 
and the maximum hourly concentration was highest for the 
0.5 x precipitation scenario (table 15E). At CCM2, the average 
bacteria concentration of 10,545 cfu/100 mL was also highest 
for the 0.1 x precipitation scenario, and the maximum hourly 
concentration of 195,891 cfu/100 mL was highest for the base 

case scenario (prec. x 1.0; table 15F). At Mill Creek outflow, 
the variation in average bacteria concentrations in response 
to the different precipitation scenarios was low relative to 
the other sites, especially for 0.5 x precipitation and wetter 
scenarios (table 15G).

For most locations and for most scenarios that receive 
precipitation greater than zero, average simulated bacteria 
concentrations for winter were greater than average concentra-
tions for summer. Maximum concentrations tended to occur 
during winter and during storm flows. Average hourly simu-
lated bacteria concentrations during storm flows tended to be 
greater than average concentrations during low flows. The 
geometric mean of the hourly concentration was considerably 

Figure 27.  Continued.
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less than the average concentration by as much as an order of 
magnitude or greater. For all flows at most sites, the aver-
age simulated concentration exceeded 200 cfu/100 mL, 
whereas the geometric mean concentration was less than 
200 cfu/100 mL. The highest geometric mean concentrations 
occurred at sites where nuisance flow is the dominant  
component of low flow. 

Simulated bacteria concentrations tended to increase 
with increasing precipitation at most sites. Maximum hourly 
bacteria concentrations often occurred for the variable dry/wet 
precipitation scenario. Exceptions to these patterns are results 
for San Antonio Dam outflow, CCM1, and CCM2, where 
maximum concentrations occur for the 0.1 x precipitation and 
the 0.5 x precipitation scenarios and increasing precipitation 
resulted in decreasing concentrations. The overall results illus-
trate the importance of location and upstream land use on the 
bacteria transport response to the various climate scenarios.

The concentration duration curves for the various precipi-
tation scenarios at San Antonio Dam outflow indicate a com-
plex relation between precipitation and the distribution of bac-
teria concentration (fig. 28A). Most of the scenarios resulted 
in a decrease in the frequency of maximum concentrations 
relative to the base case simulation. The 0.5 x precipitation 
scenario produced higher concentrations than the base case at 
exceedances of 0.1 and less (0.1 percent of the time the base 
case bacteria concentration was exceeded). The 200 cfu/100 
mL concentration was exceeded only 2 percent of the time for 
the 0.5 x precipitation scenario, compared with about 9 percent 
for the base case model. The greatest increase in maximum 
bacteria concentrations resulted from the variable precipitation 
scenario; maximum concentrations were higher than those for 
the base case about 0.2 percent of the time and less.

Simulated bacteria concentrations were highly sensi-
tive to the various precipitation scenarios at Prado Park Lake 
outflow (fig. 28B), but less sensitive at Chino Creek outflow 
(fig. 28C). At Prado Park Lake outflow, simulated bacteria 
concentrations affected by 2.0 times the base case precipitation 
were 3,000 cfu/100 mL or higher 10 percent of the time, com-
pared with about 3 percent of the time for the base case. The 
200 cfu/100 mL concentration was exceeded about 0.7 percent 
of the time for the 0.1 × precipitation scenario, 7 percent of 
the time for the 0.5 × precipitation scenario, about 12 percent 
of the time for the base case simulation, and about 20 percent 
of the time for the 2.0 × precipitation scenario. The relatively 
high sensitivity of bacteria concentrations to all precipitation 
scenarios for recurrence probabilities greater than 1 percent 
was caused by the response of pervious areas in the agricul-
tural land uses. The higher fraction of pervious areas resulted 
in a higher fraction of upstream area with high loading rates 
and washoff limits. 

Results for the precipitation scenarios at Chino Creek 
outflow indicated high sensitivity to scenarios drier than that 
for the base case, but low sensitivity (compared with that for 
Prado Park Lake outflow) to the scenarios wetter (fig. 28C). 

Maximum bacteria concentrations were similar for the 0.8 x 
precipitation and wetter scenarios relative to the base case 
simulation at exceedances of about 0.4 percent and less. 
To compare the effects of precipitation and stormflow with 
baseflow only (nuisance flow, wastewater effluent, and Orange 
County water deliveries), the 0 x precipitation scenario  
(zero precipitation) was included in the concentration-duration 
analysis. Hourly bacteria concentrations derived from the 
no precipitation (baseflow only) scenario did not exceed the 
200 cfu/100 mL level because the wastewater discharges and 
Orange County water deliveries dilute the contaminated nui-
sance flows. The 0.1 x precipitation scenario, which represents 
extremely dry conditions, caused a very large increase in the 
maximum simulated concentrations compared to the base 
case; the 200 cfu/100 mL level was exceeded 15 percent of the 
time, compared to about 25 percent of the time for the base 
case. Maximum concentrations were about 30,000 cfu/100 mL 
for both the 0.1 and 0.5 x precipitation scenarios. Maximum 
concentration increased to about 120,000 cfu/100 mL for the 
0.8 x precipitation scenario. The simulated bacteria concentra-
tions for the drier precipitation scenarios were very sensitive 
because impervious areas respond quickly to small changes 
in precipitation during drier conditions; bacteria washoff is 
initiated in response to small amounts of precipitation because 
of the lower washoff limits calibrated for the impervious areas. 
Under the wetter scenarios, the bacteria loading rates for the 
various land uses limited maximum concentrations, and this 
reduced sensitivity to the higher precipitation amounts. 

Land-Use Scenarios

Land-use scenarios were used to evaluate the potential 
effect of land-use changes on basin hydrology and bacteria 
loading and transport.

Development
Six different land-use scenarios were developed for 

comparison with the base case condition. The first land-use 
scenario (identified as land use scenario 0) was defined by set-
ting the bacteria loading for nuisance flows to zero (nuisance 
flow was simulated as pristine water). The remaining five 
land-use scenarios were defined by modifying the areas (in 
acres) of specific land uses contributing to each model reach 
segment, in addition to setting bacteria loading for nuisance 
flows to zero. Using uncontaminated nuisance flow allowed 
a more direct comparison of the effects of the five different 
land-use changes for all flows because contaminated nuisance 
flow tended to dominate concentrations simulated for the 
lower flows. 
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The land-use modifications were based on the assump-
tions that residential and recreation and open space land uses 
would likely increase as mixed agriculture land use (includ-
ing intensive livestock) and barren or vacant areas decrease. 
The assumption of increased residential land use was based 
on recent and projected trends in population growth (Rice, 
2005). The assumption of a decrease in mixed agriculture land 
use, particularly intensive livestock, is supported by recent 
changes in land use observed in the Chino Basin. Although 
some increases in commercial and services, industrial, and 
transportation and utilities land uses are likely with increased 
population, these changes were not considered in this study. 
The estimated bacteria loading rate for residential land use 
was higher than those for all of the other urban land uses and 

represented an upper bound for the effect of expanding urban 
areas. The estimated bacteria loading rate for recreation and 
open-space land use was lower than those for the other urban 
land uses and represented a lower bound for the effect of 
increased urbanization at the expense of barren or vacant and 
mixed agriculture land uses. 

Land-use scenario 1 was defined by converting the 
areas of the barren or vacant land use to the residential land 
use for each model reach segment (barren or vacant areas in 
mountainous terrain were not converted to residential). The 
barren or vacant land-use areas were set to zero. Land-use 
scenario 2 was defined by converting the intensive livestock 
land-use area to the residential areas for each model reach 
segment and setting the area of intensive livestock to zero. All 

Figure 28.  Concentration duration of simulated hourly bacteria concentration for precipitation scenarios for water-years 1988–2005 at 
A, San Antonio Dam outflow, B, Prado Park Lake outflow (sample site PPOC), and C, Chino Creek outflow in the Chino Basin, California. 
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land-use areas designated as intensive livestock were set to 
zero. Land-use scenario 3 was defined by converting all mixed 
agriculture land-use areas to residential and setting the area of 
mixed agricultural land use to zero. Land-use scenario 4 was 
defined by converting barren or vacant areas (excluding barren 
mountainous areas), intensive livestock, and mixed agriculture 
land uses to residential. Thus, land-use scenario 4 was defined 
by combining modifications of land-use scenarios 1 through 
3. Land-use scenario 4 represents the full expansion of the 
residential land use into the likely areas for population growth 
in the Chino Basin area. Land-use scenario 5 was defined by 
converting barren or vacant areas (excluding barren mountain-
ous areas), intensive livestock, and mixed agriculture land uses 
to recreation and open space land uses.

Figure 28.  Continued.

By converting the various land-use areas to residential or 
recreation and open space land use, the balance between pervi-
ous and impervious areas was also modified to preserve the 
ratio of pervious to impervious areas defined for the different 
land uses. This resulted in a decrease in pervious area and an 
increase in impervious area for land-use scenarios 1 through 4. 
Land-use scenario 1 (converting barren or vacant to residen-
tial) resulted in an increase in the estimated non-point source 
bacteria accumulation and storage terms relative to the base 
case, whereas land-use scenarios 2, 3, 4, and 5 all resulted in a 
decrease in the estimated non-point source bacteria accumula-
tion and storage terms relative to the base case. 

0.01 0.1 1 10 100

PERCENTAGE OF TIME BACTERIA CONCENTRATION EXCEEDED

HO
UR

LY
 B

AC
TE

RI
A 

CO
N

CE
N

TR
AT

IO
N

, 
IN

 C
OL

ON
Y 

FO
RM

IN
G 

UN
IT

S 
PE

R 
10

0 
M

IL
LI

LI
TE

RS

10

100

10,000

1,000

1,000,000

100,000

EXPLANATION

200 Colony forming units
   per 100 milliliters

B

No precipitation

Precipitation x 0.1

Precipitation x 0.5

Precipitation x 0.8

Precipitation x 1.2

Precipitation x 1.5

Precipitation x 2.0

Base case model
   (current climate)
Variable precipitation



122    Application of HSPF for Evaluating Pathogen Indicators, Chino Basin Drainage Area, San Bernardino Co., California

Results of Land-Use Scenarios
Simulation results for the various land-use scenarios 

were evaluated and compared to the base case result for four 
locations throughout the Chino Basin study area: (1) sample 
site D, (2) Prado Park Lake outflow, (3) Chino Creek outflow, 
and (4) Mill Creek outflow (table 16). The greatest differences 
between the various land-use scenarios resulted from simulat-
ing sample site D (table 16A) and Prado Park Lake outflow 

(table 16B); the smallest differences occurred at Mill Creek 
outflow (table 16D). Sample site D and Prado Park Lake out-
flow were the most sensitive because the amount of upstream 
land area affected by the land-use changes was greatest for the 
Prado Basin subwatershed, which includes the Euclid Avenue 
subwatershed upstream of sample site D. 

Figure 28.  Continued.
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Changing from contaminated to pristine nuisance flow 
(scenario 0) reduced the average bacteria concentration (for all 
flows) at site D from 8,551 cfu/100 mL to 7,807 cfu/100 mL, a 
decrease of about 9 percent (table 16A). The geometric-mean 
bacteria concentration was reduced from 1,687 ft3/s /100 mL 
to about zero; however, there was no significant affect on the 
maximum bacteria concentration. Land-use scenario 4 reduced 
the average concentration substantially to 2,302 cfu/100 mL, a 
73 percent reduction from the base case. The largest reduction 
(and thus improvement) was caused by land-use scenario 5, 
which reduced the average concentration to 708 cfu/100 mL, a 
92 percent reduction. Relative changes in simulated maximum 
hourly concentrations were greater than relative changes in the 
average concentrations; the lowest maximum concentration 
at site D under land-use scenario 5 was 100,569, compared 
with the highest maximum concentration of about 2.7 million 
cfu/100 mL for the base case. The greatest improvement in 
water quality for a land-use scenario involving a change in 
only one land use (scenarios 1–3) was simulated for land-use 
scenario 2, which resulted in a 69 percent reduction in average 
concentration.

Results for Prado Park Lake outflow were similar to 
results obtained for site D, but indicated an even greater 
relative reduction in average and maximum bacteria concen-
trations (table 16B). The average bacteria concentration for 
land-use 5 was 47 cfu/100 mL compared with the average 
concentration of 1,397 cfu/100 mL for the base case, a reduc-
tion of 97 percent. The maximum concentration was reduced 
from 255,855 cfu/100 mL for the base case to 6,952 cfu/100 
mL for land-use scenario 5. Stormflow bacteria concentrations 
for Prado Park Lake outflow were several orders of magnitude 
higher than low flow concentrations for all land-use scenarios.

Results for the various land-use scenarios at Chino 
Creek outflow indicated a diminished response to the land-
use scenarios compared to the affect of the scenarios on the 
Prado Basin. Simulation of pristine nuisance flow (land-use 
scenario 0) resulted in only a 2-percent reduction in the aver-
age bacteria concentrations, and no reduction in the maximum 
hourly concentration. Results based on land-use scenario 
2 indicated a 34-percent reduction in the average bacteria 
concentration. Land-use scenario 4 provided a 3-percent 
reduction in the average bacteria concentration, while results 
for land-use scenario 5 indicated a 48-percent reduction. As 
with the other sites, the greatest improvement in water quality 
was simulated using land-use scenario 5; the maximum hourly 
bacteria concentration of 235,198 cfu/100 mL obtained for the 
base case was reduced to 75,284 cfu/100 mL. 

Land-use scenarios applied to the Mill Creek subbasin 
generally resulted in smaller changes in simulated bacteria 

concentrations at Mill Creek outflow compared with those 
for the locations simulated for the Chino Creek subbasin 
(table 16D). Land-use scenario 4 resulted in a 4-percent 
decrease in average bacteria concentrations. Land-use scenario 
5 resulted in only a 29-percent reduction in average bacteria 
concentration. A much greater relative reduction was obtained 
in the simulated maximum hourly concentrations. The maxi-
mum concentration obtained using land-use scenario 5 is 
33,866 cfu/100 mL, about one-order of magnitude lower than 
the simulated maximum concentration of 333,188 cfu/100 mL 
for the base case. 

Comparisons of simulated daily streamflow and bacteria 
concentrations during storms for the five land-use scenarios 
at Prado Park Lake outflow (sample site PPOC), Chino Creek 
outflow, and Mill Creek outflow during 12/24/2004–3/8/2005 
are shown in figures 29A–C. The base case model with pristine 
nuisance flow is equivalent to land-use scenario 0 discussed 
previously. Results for Prado Park Lake outflow indicate a 
relatively simple relation between peak streamflow and peak 
bacteria concentration, although peak bacteria concentra-
tions for land-use scenarios 4 and 5 are much lower than 
peak streamflow (fig. 29A). Results for Chino Creek outflow 
indicate a more complicated response; differences between 
land-use scenarios were relatively small for the smaller storm 
peaks, but much greater for the simulated stormflows greater 
than approximately 100 ft3/s (fig. 29B). The smaller storm-
flows were affected less by outflow from Prado Park Lake, and 
differences in concentrations represented the effect of changes 
in land use in other parts of the Chino Creek subbasin. The 
larger streamflows included a significant contribution from 
Prado Basin, and these flows reflect the much higher sensitiv-
ity to the changes in land use, as compared to runoff generated 
in other parts of the Chino Creek subbasin. Results for Mill 
Creek outflow indicated a more complicated and variable rela-
tion between bacteria concentration and streamflow compared 
to the results obtained for both the Chino Creek and Prado 
Park Lake outflows (fig. 29C). The results for Mill Creek 
outflow indicated much higher bacteria concentrations (greater 
than 45,000 cfu/100 mL) for the 2/26/2005 storm relative to 
concentrations for the other storms (less than 20,000 cfu/100 
mL), including the 1/10/2005 storm with a higher peak 
flow compared to the 2/26/2005 storm. The earlier storms 
in the storm sequence, including the 1/10/2005 storm, cre-
ated antecedent conditions that resulted in saturated soils and 
increased runoff generation from the mixed agriculture and 
intensive livestock PERLNDs that are affected by the land-use 
scenarios. 
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Figure 29.  Simulated daily bacteria concentrations sampled during storms in water-year 2005 for 6 land-use scenarios at A, Prado Park 
Lake outflow, B, Chino Creek outflow, and C, Mill Creek outflow in the Chino Basin, California. 

The concentration duration curves for the 1988–2005 
simulated hourly bacteria concentrations (indicating the per-
centage of time bacteria concentrations are exceeded) using 
the six land-use scenarios is shown for the same three loca-
tions (figs. 30A–C). The concentration duration curves also 
indicated that Prado Park Lake outflow was the most affected 
by the land-use scenarios 2, 3, 4, and 5 because this subbasin 
had the greatest percentage of upstream land area affected by 
these land-use scenarios (fig. 30A). Land-use scenario 0 has 
little to no affect on Prado Park Lake outflow because nuisance 
flows were diluted by RP-1 discharge and the long residence 
time for water in Prado Park Lake maximizes bacteria die-off 
(the model does not account for possible bacteria re-growth 
and point source contamination at Prado Park Lake). Land-use 

scenario 1 also has no affect because there is no barren and 
vacant land use upstream of Prado Park Lake. Land-use sce-
nario 2 (conversion of intensive livestock to residential land 
use) had the greatest affect for changes to a single land use 
(intensive livestock). Land-use scenarios 2 and 4 significantly 
reduced maximum bacteria concentrations that occur 4 percent 
of the time or less (about 600 cfu/100 mL for both scenarios 
relative to 1,500 for the base case). However, only land-use 
scenario 5 greatly reduced the percentage of time that bacterial 
concentrations exceeded 200 cfu/100 mL—to about 3 percent 
of the time compared with about 12 percent for the base case. 
Results for Chino Creek outflow indicated a much lower affect 
on bacteria concentrations caused by the land-use scenarios 
because the mixed agriculture, intensive livestock, and vacant 
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Figure 29.  Continued.

or barren land uses do not comprise a large fraction of the total 
upstream area in the Chino Creek subbasin (fig. 30B). The 
percentage of time the 200 cfu/100 mL was exceeded is about 
10 percent for land-use scenario 5, and about 12 percent for 
the base case. Results for Mill Creek outflow also indicate a 
diminished affect from the land-use scenarios relative to the 
results for Prado Park Lake outflow (fig. 30C). The primary 
affect of the land-use scenarios at Mill Creek outflow was on 
the maximum bacteria concentrations that occurred only about 
0.1 percent of the time or less. 

Location was an important consideration in the evalua-
tion of land-use scenarios because land uses are not distributed 
uniformly throughout the study area (fig. 6). Upstream loca-
tions were likely to include only a subset of land uses in their 

catchment areas—this is especially true for the mixed agricul-
ture and intensive livestock land uses which are concentrated 
in the lower part of the Chino Basin. In addition, all locations 
are likely to be most affected by the nearest upstream land use 
because of bacteria die-off and dilution during transport. 

Land-use scenario 0 (pristine nuisance flow) affected 
sample site D the most because nuisance flow is the dominant-
to-sole contribution to low flows at this site. Sites in the lower 
reaches of Chino Creek (including Prado Park Lake outflow), 
Cucamonga Creek, and Mill Creek, which are downstream of 
discharges from wastewater treatment plants, were affected 
less by land-use scenario 0. 
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Comparing hourly simulation results indicated that (1) 
the effect of land-use scenario 1 was minor to insignificant at 
all analyzed locations, (2) land-use scenario 5 had the great-
est effect with the greatest reduction in peak concentrations, 
(3) of the scenarios having a single land use change, land-use 
scenario 2 (intensive livestock to residential) reduced peak 
concentrations the most, (4) the effect of land-use scenarios on 
bacteria concentrations depended mostly on location because 
land uses are not uniformly distributed throughout the Chino 
Basin, and (5) for the land-use scenarios considered, relative 
differences in bacteria concentrations may only be significant 
for the larger storms that cause runoff (and bacteria washoff) 
from pervious land areas. 

Land-use scenario 5 (barren or vacant, mixed agricul-
ture, and intensive livestock converted to recreation and open 

space) decreased average and peak bacteria concentrations 
the most, followed by land-use scenarios 4 (barren or vacant, 
mixed agriculture, and intensive livestock converted to resi-
dential), land-use scenario 2 (intensive livestock converted 
to residential) and land-use scenario 3 (mixed agriculture 
converted to residential). This result was expected given that 
the estimated accumulation and storage of bacteria in intensive 
livestock and mixed agriculture areas is greater than that in 
residential areas and much greater than that in recreational and 
open space areas.

Conversion to residential (all scenarios except 5) 
increased the percentage of impervious area, which increased 
the frequency of hourly concentrations exceeding 200 cfu/100 
mL. Conversion to recreation and open space (land-use 
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scenario 5) did not increase impervious area and thus did 
not increase the frequency of concentrations exceeding 
200 cfu/100 mL. 

For all scenarios where there were significant reduc-
tions in bacteria loading, the most significant were for the 
infrequent peak concentrations in response to the larger 
storms. The reduction in concentrations below the assumed 
200 cfu/100 mL target concentration is much less substan-
tial because this level of bacteria contamination is affected 
more by the more frequent, smaller storms that cause washoff 
from impervious areas only. For this reason, land-use sce-
nario 4 caused a slightly higher proportion of hourly bacte-
ria concentrations greater than 10 cfu/100 mL but less than 
approximately 300 cfu/100 mL at the Prado Park Lake outflow 
location because of a substantial increase in total upstream 

impervious area. The increased impervious area resulted in 
increased bacteria loading for the more frequent, smaller 
storms.

The land-use scenarios considered in this study generally 
affected only the lower reaches of the Chino Creek and Mill 
Creek subbasins, because this is where the mixed agriculture 
and intensive livestock land uses are located. However, these 
lower reaches coincide with waterways targeted for multi-use 
(parks and recreation). In addition, the lower reaches down-
stream of the mixed agriculture and intensive livestock land 
uses are the most likely to be affected by extreme bacteria 
loading in response to large storms, and thus land-use changes 
are likely to reduce maximum bacteria concentrations the most 
in this area.
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Figure 30.  Concentration duration for simulated hourly bacteria concentrations for 6 land-use scenarios during water-year 1988–2005 
at A, Prado Park Lake outflow, B, Chino Creek outflow, and C, Mill Creek outflow in the Chino Basin, California.
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Applying Results to Develop TMDLs
The results of this study indicated that the bacteria load-

ing in the Chino Basin waterways depended more on impervi-
ous area bacteria sources and loading rates if the TMDL target 
concentration of fecal coliform and E. coli was in the range 
of 100–300 cfu/100 mL (for this study, a target concentration 
of 200 cfu/100 mL was used for the concentration-duration 
analysis). Peak concentrations depended more on larger storms 
and on pervious-area bacteria sources and loading rates. Only 
the larger storms generated runoff, and thus bacteria washoff, 
on the pervious areas in the Chino Basin (most precipita-
tion falling on pervious areas enters the soil, and is then lost 
to evapotranspiration or percolates down below the zone of 

evapotranspiration and becomes recharge). Land uses that 
were assigned the highest bacteria-loading (agriculture and 
feedlots) values affected the time-averaged bacteria loads and 
the frequency of concentrations exceeding 200 cfu/100 mL 
less because significant washoff occurred relatively infre-
quently from the pervious areas (during some years, there is 
no washoff from pervious areas). For this reason, the changing 
of areas of modeled land use from agriculture and feedlots 
to residential did not significantly improve the average water 
quality of the Chino Basin waterways (and in some cases 
resulted in a decrease in the time-averaged water quality), 
although peak bacteria loading was decreased. In contrast, 
modeling the conversion of vacant, mixed agriculture, and 
intensive livestock areas to recreation and open space land use 
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areas resulted in a more significant reduction of the  
peak bacteria concentrations and the frequency of hourly  
concentrations exceeding 200 cfu/100 mL.

Analyses of field data indicated that (1) bacteria loading 
to nuisance flow (either as point or non-point sources) was sig-
nificant to the overall bacteria loading, especially for locations 
where the nuisance flow was the dominant baseflow compo-
nent, and should be considered as part of the TMDL develop-
ment. It is hypothesized that the nuisance flow originated pri-
marily as over-watering of irrigated landscapes, which in turn 
were likely sources of bacteria contamination. The nuisance 
flow component was included in the model as an estimated 
constant inflow with uniform bacteria concentration for each 
RCHRES segment on the basis of the total area of urban land 
uses contributing to the segment. The contaminated nuisance-
flow component was generally supported by the available 

field data, but was included in the model in a very simplified 
manner. To evaluate the contribution of nuisance flow relative 
to storm runoff and other sources of bacteria contamination 
(groundwater discharge, inflows), a land-use scenario using 
pristine (uncontaminated) nuisance flow was included in 
model application and analysis. The results from the evalua-
tion suggested that both storm flow and nuisance flow need to 
be considered in the TMDL development (storm flow alone 
does not account for all of the water-quality degradation). 
Overall, residential land use contributed the greatest total 
bacteria loading (as indicated by comparing the relative aver-
age loading rates for individual land uses). Residential land 
use accounted for the greatest total area in the Chino Basin, 
and the field data and subsequent model calibration indicated 
a moderate to high land-surface accumulation rate. Results 
from land-use modeling scenarios indicated that an increase in 
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residential land use with a corresponding decrease in agricul-
ture, intensive livestock (dairies), or barren or vacant land use 
did not cause a significant decrease in the frequency that bac-
teria concentrations in waterways exceeded 200 cfu/100 mL. 
A decrease in mixed agriculture and intensive livestock land 
use would likely result in a decrease in peak bacteria concen-
trations during the larger storms, as well as a decrease in total 
bacteria loading, but this may not change the level of compli-
ance with the TMDL if the frequency or duration of exceeding 
200 cfu/100 mL is used as the criterion. Reducing the effective 
impervious area would likely affect TMDL compliance more 
favorably.

Calibrating models contains uncertainties. In particular, 
the small sample size for storm runoff for specific land uses, 
such as recreation and open space, and a lack of samples for 
definitive pervious-area runoff from the urban and agricultural 
land uses (samples from large storms), increased uncertain-
ties in the model. Results from the land-use scenario analysis 
suggest that commercial and services land use has the highest 
estimated loading rates (this is consistent with the relative 
loading rates of the regional parameters). The loading rates 
may be correlated to size and number of irrigated landscapes 
and the degree of over-watering, which would also explain the 
high degree of contamination in the nuisance flows. Domestic 
animals (pets) and wildlife (birds, rats) likely rely on the over-
watering as a source of drinking water. Industrial land-use 
areas have a lower loading rate because of fewer over-watered 
landscapes (there are fewer animals because there is less  
available water). 

The calibrated loading rates for fecal coliforms were 
higher than the regional fecal coliform loading rates developed 
by the Southern California Coastal Water Research Project 
Authority (SCCWRP) for the Los Angeles region for most 
(but not all) land uses. The calibrated loading rates for urban 
and agricultural land uses were mostly higher than the SCC-
WRP rates, while loading rates for natural areas were mostly 
lower. This may be related to climate: the drier climate of the 
Chino Basin study area (hotter conditions, lower humidity 
compared with that of the coastal watersheds) encourages less 
wildlife in the natural environments and increased irrigation 
(and thus overwatering) in the urban environment (which 
attracts more animals to the irrigated landscapes). Thus, a 
reduction of overwatering may lead to a reduction in bacte-
ria loading for both nuisance flows (nuisance flows would 
decrease if overwatering decreased) and storm flows (bird and 
rodent populations would decrease). Using more retention 
basins to capture contaminated runoff and allow bacteria and 
pathogens to die off may also help improve downstream water 
quality.

Results of the modeling indicate that conversion of the 
mixed agriculture and intensive livestock land uses to the rec-
reation and open-space land use would significantly improve 
water quality for the Prado Basin. Water quality in the lower 
sections of Chino Creek and Mill Creek would also improve, 
but the effect would be smaller because only a small  
fraction of the total area supplying runoff to these main 

channels would be affected by the land use change. The recre-
ation and open-space land use was calibrated to have bacteria 
loading rates lower than that for residential and commercial 
and services land uses and thus converting to this land use 
would improve water quality substantially more than con-
verting to other land uses. Given the greater likelihood that 
the mixed agriculture and intensive livestock land uses will 
eventually be converted to residential land use, peak and total 
bacteria loading will still decrease substantially. However, the 
frequency at which bacteria concentrations exceed a given 
criterion level (for example, a limit of 200 cfu/100 mL for 
fecal coliform) may not change significantly. The results from 
this study suggest that if there are no changes in the existing 
conditions affecting the quality of urban runoff from impervi-
ous areas, water quality may even diminish in terms of the 
frequency of contamination, regardless of land-use changes, as 
the percentage of impervious area increases.

Summary and Conclusions
Pathogen indicator bacteria concentrations were mea-

sured during three storms in water-year 2004 at 9 locations in 
the Chino Basin to help evaluate water quality and to develop 
and calibrate a Hydrological Simulation Program-FORTRAN 
(HSPF) pathogen-indicator bacteria transport model for the 
Chino Basin. The data and transport model are being used 
for the Chino Basin study area as part of ongoing work to 
establish a pathogen-indicator bacteria Total Maximum Daily 
Load (TMDL) for a part of the Santa Ana River watershed that 
primarily includes the Chino Basin tributary. 

The pathogen-indicator bacteria samples collected during 
the 3 storms in water-year 2004 included total coliform, fecal 
coliform, E. coli, and enteroccoci. The data set was supple-
mented by indicator bacteria samples available from previous 
and ongoing water-quality studies in the Chino Basin. The 
bacteria data indicated elevated bacteria concentrations high 
above limits considered as being potentially harmful to human 
health, downstream of the highly urbanized central part of the 
Chino Basin and downstream of the mixed agriculture and 
intensive livestock areas in the southern part of the basin. 

The HSPF transport model area incorporated a relatively 
detailed representation of the urban area hydrography using 
10- and 30-meter digital elevation models (DEM), available 
storm-drain maps, hydrography maps, detailed and fairly 
recent (2000) land-use maps, high-resolution orthophotos, 
and an available map of estimated 2001 imperviousness. The 
drainage system was defined using 229 reach and reservoir 
model segments that were grouped into 46 land area segments 
having consistent land-surface and climate properties. The 
land-use map was used to define 12 pervious-area land types 
and 9 impervious area land types that were superimposed onto 
the 46 land area segments, generating a total of 966 hydrologic 
response units. Parameters controlling streamflow and bacteria 
transport processes were defined for all hydrologic response 
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units, and these were distributed by contributing area over the 
229 reach and reservoir segments. 

National Land Cover Dataset (NLCD) impervious-area 
maps were used to better quantify differences between pervi-
ous and impervious land areas within the 12 land types that 
were identified on the basis of generalized land uses and veg-
etation groups. The 12 land types were (1) shrubs and grasses; 
(2) forest; (3) barren and vacant; (4) mixed urban; (5) recre-
ation and open space; (6) commercial and services; (7) utilities 
and transportation; (8) medium to high density residential; 
(9) industrial; (10) mixed agriculture; (11) wetlands and water 
bodies; and (12) intensive livestock (dairies). Shrubs and 
grasses, forest, and wetlands and water did not have significant 
impervious areas and thus were defined only as pervious-area 
land types. Initial impervious-area percentages (as a percent-
age of total land-use area) were refined to improve model cali-
bration. Identifying the relative pervious and impervious areas 
for the various land uses and land types for the Chino Basin 
was an important part of model development because storm 
runoff and streamflow were very sensitive to the impervious 
areas affecting the drainage system. 

Developing spatially distributed hourly climate inputs 
using available data from a regionally distributed network of 
monitoring sites helped in calibrating the Chino Basin model 
to hydrographs that reflected complex hydrological processes. 
Areally-distributed recharge over pervious land units did not 
account for all recharge because of significant artificially-
induced recharge throughout the basin. Adding representa-
tion of in-stream recharge processes (retention basins) helped 
improve model calibration. 

Evaluation of simulated hourly fecal coliform bacteria 
concentrations in the Chino Basin study area indicated impor-
tant differences in contributions to bacteria loading between 
impervious and pervious source areas. Impervious areas 
tended to cause bacteria loading to be much more frequent, 
particularly bacteria concentrations less than approximately 
1,000 cfu/100 mL, because precipitation amounts from 
and intensities of most storms are not sufficient to generate 
significant runoff and bacteria washoff from pervious areas. 
Runoff usually comes from pervious areas when the soils 
become saturated, and in the central and southern parts of the 
Chino Basin, this only occurs in response to the larger storms 
during wetter than normal years. In contrast to pervious areas, 
runoff and subsequent bacteria washoff comes from impervi-
ous areas during all storms with precipitation exceeding the 
surface retention storage term, which was estimated to range 
from 0.08 to 0.15 in. for the Chino Basin study area. How-
ever, pervious-area washoff often results in more than 1 order 
of magnitude greater bacteria concentrations in downstream 
reaches, especially in locations where the upstream areas are 
used mostly for mixed agriculture and intensive livestock,  
uses which were calibrated as generating high bacteria  
accumulation rates per unit land area. 

Analyses of simulated and measured bacteria concen-
trations at many different sampling sites in the Chino Basin 
indicated that storm flows (runoff in response to precipitation) 

alone cannot account for all measured elevated bacteria con-
centrations. The field data and simulation results suggest that 
nuisance flows (flows originating as very small inflows from 
urbanized areas) likely contribute significantly to bacteria 
loading throughout the Chino Basin. The uncertainties encoun-
tered in model calibration with regard to estimates of nuisance 
flows indicated that they are an important data need and 
should be considered when interpreting the processes affecting 
water quality. 

The correlation between storm flow and bacteria concen-
tration was poor for most locations, and depended on location 
(upstream or downstream) along the drainage network and 
the ratio of pervious to impervious area. Small catchments 
with a high percentage of impervious area were character-
ized by rapid washoff of bacteria, even for relatively small 
runoff events. For most storms, the bacteria concentration 
peaked during the early (rising limb) stages, represented by 
the storm hydrograph, as increasing runoff diluted the initial 
bacteria loads. As runoff decreased, bacteria concentrations 
often increased because die-off is slow relative to the decrease 
in flow indicated by the falling limb of the hydrograph, and 
owing to delayed inflows of more contaminated runoff from 
upstream areas. For very low flows, bacteria concentrations 
could become very high because the evaporation rate exceeded 
the die-off rate. Small catchments with a high percentage of 
pervious area (agriculture, feedlot, open space land uses) were 
characterized by peak bacteria loads better correlated to the 
magnitude of streamflow because washoff from the pervious 
areas tended to occur only during the larger storms. During 
drier than normal periods, only the impervious areas contrib-
uted to bacteria loading and subsequent pathogenic degrada-
tion of downstream water quality. 

Using different climate and land-use scenarios in the 
model helped improve understanding of processes affecting 
bacteria concentrations (and thus pathogen contamination) in 
the Chino Basin. Changing the average air temperature sub-
stantially affected simulated streamflow in the northern part of 
the Chino Basin because of the effect on snow pack formation 
and melting and the bacteria loading from mountain-front 
canyons (San Antonio Canyon, Cucamonga Canyon, and 
Deer Creek Canyon). In general, higher temperatures caused 
an increase in simulated bacteria concentrations. However, 
increased bacteria concentrations in streamflow discharging 
from the mountain-front canyons had very little effect on the 
downstream sections of the drainage system in the model 
simulations because this streamflow is a minor fraction of the 
total runoff generated in the Chino Basin. 

Increased precipitation resulted in simulations having 
improved water quality for pristine areas (shrubs and grass-
lands, forests) in the northern, mountainous part of the basin, 
owing to dilution. In contrast, increased precipitation caused  
a simulated decrease in water quality for urban areas and 
downstream parts of the Chino Basin watershed because 
runoff from pervious areas for land uses with relatively high 
loading rates increased. A decrease in precipitation could also 
diminish water quality at locations in the drainage that are 
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strongly affected by nuisance flows, because of less dilu-
tion and higher constituent concentrations during low flow 
conditions. Locations downstream of wastewater inflows were 
usually less sensitive to nuisance flow contamination when the 
wastewater inflows were pristine (this was generally supported 
by the available data). Locations downstream of surface-water 
storage facilities also usually had lower simulated bacteria 
concentrations during low flows because bacteria die-off and 
dilution decreased concentrations in the stored water. How-
ever, the simplified advective transport model used in this 
study did not account for possible bacteria regrowth or resus-
pension as particulate matter. These processes might be better 
represented using a sediment transport model. 

The primary conclusions regarding the relation of patho-
gen indicator bacteria to land use in the Chino Basin is that the 
urban land uses generate a higher frequency (owing to imper-
vious areas), yet lower magnitude, bacteria load, whereas the 
intensive livestock and mixed agriculture land uses generate 
higher peak loads but less often. The simulated peak bacteria 
loads occurred infrequently because only the largest storms 
generated substantial runoff from the pervious areas. 

Results from this study indicated that if management 
options or Total Maximum Daily Load (TMDL, a pollution 
control plan) requirements are to be based on how often cer-
tain thresholds (such as 200 cfu/100 mL) are exceeded, then 
it is probably more important to control bacteria buildup and 
washoff from impervious areas than from pervious areas. A 
shift from mixed agriculture and intensive livestock land uses 
to residential land use upstream of an impaired reach may not 
have the desired effect in terms of meeting a TMDL require-
ment, because the frequency that threshold concentrations are 
exceeded may not change very much. On the other hand, if 
criteria for management options or TMDL requirements are 
to be based on peak loads, then reducing buildup and washoff 
from the pervious areas of urban and agricultural land uses 
(including intensive livestock) would be more important.  
A change in land use from mixed agriculture and intensive 
livestock to residential may meet management or TMDL 
requirements if based on peak loads or total loads. 

A change from mixed agriculture and intensive livestock 
(dairies/feedlots) to residential land use would most likely 
affect the Prado Basin, because a high percentage of the area 
upstream of this drainage is used for mixed agriculture and 
intensive livestock. Model results indicated that during wet 
years such as 2005, the effect of runoff from mixed agriculture 
and intensive livestock to Prado Park Lake is extreme. The 
effect in other areas depends on location, as most of the basin 
is upstream of the intensive livestock land use, but the lower 
part of the basin is influenced by dilution from the wastewater 
effluent. Streamflow upstream of the treatment plants is not 
diluted and the bacteria load coming directly from the urban 
areas, from both nuisance flow and storm runoff, appears to be 
significant. 

The accuracy of model simulations of future climate and 
land-use scenarios cannot be quantified without additional 
field data consisting of both land-use-targeted sampling of 
small catchments in upstream areas and integrated response 
samples from the main channels, preferably from stream-
gage locations. The results obtained in this study suggest an 
important distinction between impervious and pervious land 
area processes contributing to the total bacteria load. However, 
the most important pervious areas with potential bacteria load-
ing are generally located in the lower part of the Chino Basin, 
downstream of the stream gages used to calibrate the stream 
flow component of the transport model. Therefore, since data 
could not be collected in one location for both streamflow and 
bacteria loading in pervious areas, the model calibration did 
not fully represent the pervious land-use areas (mixed agri-
culture and intensive livestock) and could not be sufficiently 
calibrated. Location of additional stream gages downstream of 
the mixed agriculture and intensive livestock land uses would 
greatly improve model accuracy in representing the pervious 
area contribution to bacteria loading. 

Low soil infiltration rates assigned for the lower part 
of the Chino Basin were estimated on the basis of the high 
percentage of clays indicated in available STATSGO and 
SSURGO data. Simulated runoff and subsequent bacteria 
washoff for these areas is likely to be sensitive to these low 
infiltration rates, and as a result, indicates that soil properties 
should be more accurately defined. Runoff generation was also 
sensitive to precipitation intensity, which can vary greatly for 
the hourly time step used in this model. The hourly precipita-
tion inputs are mostly based on the available 1-hour precipita-
tion data but in some cases are based on 1-hour totals of higher 
resolution (15 or 5 minute) data. The higher resolution data 
more accurately represent maximum precipitation intensities 
occurring during shorter (less than 1 hour) time intervals, but 
the number of stations with higher resolution data is much less 
than stations with hourly data. 

Nuisance flow was observed to be an important factor 
affecting overall water quality for the study area, especially in 
terms of the frequency or duration of impaired water qual-
ity. However, nuisance flow was also considered to be the 
least accurately represented component of the HSPF flow and 
transport model. In order to better characterize the nuisance-
flow component, more streamflow and water-quality data are 
needed for channels affected only by urban runoff and nui-
sance flow (such as the drainage upstream of gage 11073493). 
To improve model accuracy the bacteria sampling must 
include more data collected during dry periods when only 
nuisance flow is occurring in the channel. In addition, sources 
of nuisance flow contamination would be better understood 
by monitoring discharges from various storm drains and land 
uses. 
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