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CONVERSION FACTORS, DATUM, AND ABBREVIATED
WATER-QUALITY UNITS

Multiply By To obtain
Length
inch (in.) 2.54 centimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
acre 4,047 square meter
acre 0.4047 hectare
square mile (mi?) 259.0 hectare
Volume
gallon (gal) 3.785 liter
gallon (gal) 0.003785 cubic meter
million gallons (Mgal) 3,785 cubic meter
cubic foot (ft3) 0.028317 cubic meter
acre-foot (acre-ft) 1,233 cubic meter
Flow
cubic foot per second (ft3/s) 0.02832 cubic meter per second
million gallons per day (Mgal/d) 0.04381 cubic meter per second
inch per hour 0.0254 meter per hour
inch per year 2.54 centimeter per year
Mass
ounce, avoirdupois (0z) 28.35 gram (g)
pound, avoirdupois (Ib) 0.4536 kilogram
pound per acre (Ib/acre) 1.121 kilogram per hectare

Horizontal coordinate information is referenced to the North American Datum of 1927 (NAD27).

Temperature: Temperature is reported in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F) as
follows: °F = 1.8 (°C) + 32°

Abbreviated water-quality units: Bacteria concentrations are reported in units of most probable number per 100
milliliters (MPN/100 mL).
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APPLICATION OF A WATERSHED MODEL (HSPF) FOR EVALUATING
SOURCES AND TRANSPORT OF PATHOGEN INDICATOR BACTERIA
IN THE CHINO BASIN, SAN BERNARDINO COUNTY, CA

By Joseph A. Hevesi, Clinton D. Church, Lorraine E. Flint, and Gregory O.
Mendez

ABSTRACT
A watershed model using Hydrologic Simulation Program—FORTRAN (HSPF) was developed for the

urbanized Chino Basin in Southern California for the purpose of simulating the transport of pathogen
indicator bacteria and evaluating the land use contributions of the bacteria to the water in the basin. The
calibration of the model for indicator bacteria was supported by historical data collected prior to this
study and samples that were collected by the U.S. Geological Survey from targeted land use areas during
storms in 2004. The model was successfully calibrated for streamflow at 4 gage locations representing
Chino Creek and Mill Creek drainages. Despite the limitations of the model with regard to the transport
of pathogen indicator bacteria, due to their representation as dissolved constituents, the measured bacteria
concentrations were well represented by the simulated concentrations for most locations. In general, the
residential and commercial land uses were the dominant sources for the majority of the pathogen indicator
bacteria during low to medium streamflows. However, in locations with dairies and mixed agriculture,
these land uses contributed the most bacteria under storm conditions. The calibrated model was used to
evaluate flow and transport under a climate scenario and under varying land use scenarios, which
indicated that locations with abundant pervious surfaces are the most sensitive to increases in
precipitation, although increased runoff dilutes bacteria concentration, and the most significant processes
influencing pathogen indicator bacteria transport is the relation of imperviousness to runoff, which

controls the frequency of transport, and the contribution of animals to the high peaks of bacteria.

INTRODUCTION
Background

The Santa Ana River, the largest stream system in Southern California, is the primary water supply for
approximately 2 million people. The Regional Water Quality Control Board (RWQCB) has listed the
Santa Ana River and its tributaries in Chino Basin (Fig. 1) as impaired water bodies on the RWQCB
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303(d) list. The main constituent of regulatory concern is pathogens that have impaired the use of waters
for the beneficial uses of warm freshwater 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 Dairy Preserve located in Chino
Basin. Wastes in rainfall runoff from animal feeding operations (AFOs) in the Chino Basin have the
potential to adversely affect water quality in Chino Creek, Mill Creek and reaches of the Santa Ana River
(Fig. 2). The Chino Basin is considered to have one of the highest concentrations of dairy animals in the
world, with its 279 facilities and more than 250,000 cows (Rice, 2005) located within an area of less than
50 square miles (30,000 acres). The application of manure to the ground in the Chino Basin has resulted
in significant groundwater pollution, specifically total dissolved solids (TDS) and nitrate (improvements
have been made by shipping solid wastes out of the basin and to bio-recycling facilities). Affected
groundwater in the Chino Basin also impacts the quality of the Santa Ana River because the Santa Ana
River becomes a gaining steam in the Prado Basin where groundwater from the Chino Basin contributes
to the surface flow of the Santa Ana River during the wetter winter months, particularly during wetter
than normal seasons.

Reaches in Chino Creek and two tributaries, Mill Creek and Prado Park Lake (Prado Basin), together
with two 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 pollution
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 Regional Water Quality Control Board in collecting data from the Chino Basin to
develop TMDLs.

The development of TMDLSs typically requires use of numerical or analytical models to evaluate the
transport and storage of water and water-quality constituents. 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.
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Figure 1. Regional map of study area and other basins with indicator bacteria studies.
Meteorologic data stations used in the development of upper boundary conditions for
the Chino Basin are included.
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Purpose and Scope

This report describes the development and application of the HSPF model to the Chino Basin. Land-
use, meteorological, topographical, and water-quality and streamflow data for the Chino Basin and nearby
watersheds from various sources were compiled. In addition, water-quality samples were collected by the
U.S. Geological Survey (USGS) at 9 sites (Fig. 2) throughout the basin over 3 storm periods during 2004.
The samples were analyzed primarily for the determination of pathogen indicator bacteria concentrations.
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 plus water
year 2004 from USGS gaging stations in the basin. The model was verified for streamflow simulation
using data from water years 2002-03 plus 2005. Only limited calibration of the model for simulation of
bacteria concentrations was possible because of the small amount of bacteria data available.
Supplementary data from other investigations were used to calibrate the model to general background
conditions of bacteria concentrations, while some storm-period sampling data from 2004 were used to

calibrate model simulations to sampled data.
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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, located between the San Gabriel/San

Bernardino Mountains to the north (Transverse Ranges) and the elevated Perris Block/San Jacinto
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Mountains to the south (Peninsular Ranges) and a coastal plain (Fig. 1). The Santa Ana River is the main
tributary draining the valley. The Chino Basin study area, located in the western portion of this valley
(Fig. 1), was formed as a result of tectonic activity along major fault zones. The bottom of the basin — the
effective base of the freshwater aquifer — consists of 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 Chino Basin to provide the reservoirs for groundwater. In the
deepest portions of Chino Basin, these sediments are greater than 1,000 ft thick. The sediments consist of
geologically old and young alluvium. The older alluvium varies in thickness from about 200 feet thick
near the southwestern end of Chino Basin to over 1,100 feet thick southwest of Fontana, and averages
about 500 feet throughout Chino Basin. It is commonly distinguishable in surface outcrop 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 of recent sedimentation. The younger
alluvium varies in thickness from over 100 feet near the mountains to a just few feet south of Interstate
10, and generally covers most of the northern half of Chino Basin in undisturbed areas.

The stratigraphy of Chino Basin can be divided into two natural divisions: (1) the pervious formations
that comprise the groundwater reservoirs are termed the water-bearing sediments and (2) the less pervious
formations that enclose the groundwater reservoirs are termed the consolidated bedrock. The consolidated
bedrock is further differentiated as metamorphic and igneous rocks of the basement complex overlain in
places 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 Chino Basin and the distribution of sediments and soils are illustrated in Figures 3a and b.

Predominant recharge to the groundwater reservoirs of Chino Basin is from percolation of direct
precipitation and infiltration of stream flow within tributaries exiting the surrounding mountains and hills
and within the Santa Ana River. Potential sources of recharge in Chino Basin include infiltration of flow
(and, locally, imported water) within unlined stream channels overlying the basin, infiltration of storm
water flow and municipal wastewater discharges within the channel of the Santa Ana River, underflow
from the saturated sediments and fractures within the bounding mountains and hills, artificial recharge at
spreading grounds of storm water, imported water, and recycled water, underflow from seepage across the
bounding faults, intermittent underflow from adjacent basins, and deep percolation of precipitation and

returns from use.
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Climate

Warm, dry summers and cool, moist winters characterize the climate of the study area. Average annual
precipitation ranges from about 18 inches in the lower part of Chino Basin to about 40 inches in the
northern mountains. Most precipitation occurs during the winter rainy season between November (Fig.
4a) and March. Average precipitation for January ranges from about 3 inches in the southern valley (Fig.
4b) to more than 10 inches in the mountains, while average precipitation for July is less than 0.1 inch
across the whole basin (Daly and others, 2004). Air temperatures across the basin in the winter are cool,
with average temperatures in degrees F in January ranging from the 30’s in the north, resulting in some
mountain snow pack, to as high as 60 in the southern valley. Average air temperatures for July are quite

warm, ranging from 65 to 80 degrees F.
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Drainage Network

Chino Creek is a tributary of the Santa Ana River. It extends from its confluence with the Santa Ana
River along the eastern side of the Chino Hills and into southern Pomona (Fig. 2). Chino Creek is divided
into two reaches. Reach 1 is that portion of the creek that extends from the confluence with the Santa Ana
River upstream and flows from north to south. Except for a short segment in the upper portion of the
reach, Reach 1 has natural unlined bottom and banks, that have been engineered into a straightened
configuration. Chino Creek, Reach 1 was added to the 303(d) list in 1994. Chino Creek Reach 2 extends
to beyond its confluence with San Antonio Creek, flows northwest to southeast, and is concrete-lined
along the bottom and banks throughout its length. San Antonio Creek, an important drainage feature in
western Chino Basin, is tributary to Chino Creek, Reach 2. Reach 2 was added to the 303(d) list in 1998.
Baseflow in Chino Creek consists primarily of wastewater effluent discharges from Inland Empire
Utilities Agency’s (IEUA) Carbon Canyon POTW and Regional Plant (RP) 5, and nuisance runoff (dry
season urban runoff from over-application of lawn watering, car and street washing, and other residential
and commercial activities).

Mill Creek is a tributary to Chino Creek, Reach 1 (Fig. 2) in the lower part of Prado Basin. It extends
from its confluence with Chino Creek to a location near the San Bernardino/Riverside County border.,
upstream of which it is concrete-lined and is designated as Cucamonga Creek. Mill Creek generally flows
in a northeast to southwest direction and has a natural unlined bottom and banks. Baseflow in Mill Creek
consists primarily of wastewater effluent from IEUA’s RP-1, and nuisance runoff. Mill Creek, Prado
Basin was 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 area and is concrete-lined along the bottom 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 Chino
Basin at the confluence of two drainage channels. 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 discharges of approximately 8 million
gallons per day (MGD) of recycled water from IEUA RP-1. Excess water flows out of the lake and 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 in1991. Elevated nutrient and bacteria levels were identified as sources of impairment in the
303(d) listing.
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Stormwater runoff from the mountainous areas of the watershed usually is diverted or lost to
infiltration into groundwater storage before it reaches the stream reaches in the valley. In contrast, storm
runoff from the lower portions of the basin can be very large and likely contributes large loads of
indicator bacteria. Although the nuisance runoff in the listed water bodies is much smaller than the storm
runoff, data collected for this study indicates that nuisance runoff may contain very high densities of

indicator bacteria (Appendix 1).

Land Cover and Use

The middle portion of the Chino Basin is heavily urbanized with extensive areas of high-density
residential development interspersed with areas of commercial and industrial development (Fig. 5). Asa
result of the urbanization, much of the land surface is impervious, and runoff is channelized. The urban
features also result in concentrated sources of water quality contaminants. In addition to the extensive
areas of urbanization, intensive livestock operations (dairies) are concentrated in the southeastern portion

of the Chino Basin. The dairies are likely sources of significant concentrations of pathogens.
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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-
contact 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 genera Salmonella, Shigella, and Vibrio, for example, can result in
several types of disease in humans, including gastroenteritis and bacillary dysentery, typhoid fever, and
cholera. The presence of Escherichia coli (E. coli) in water is direct evidence of fecal contamination from
warm-blooded animals and indicates the possible presence of pathogens. Water-quality criteria have been
developed by the U.S. Environmental Protection Agency (USEPA) for concentrations of indicator
bacteria in recreational waters, shellfish-growing waters, and in ambient waters (U.S. Environmental
Protection Agency, 1986). In 1986, E. coli and enterococci bacteria became the recommended indicator
bacteria for recreational waters, replacing fecal coliform and fecal streptococci bacteria (U.S.
Environmental Protection Agency, 1986, 2000). However, concentration of fecal coliforms measured in
the basin in 2004 were highly correlated with concentrations of measured E. coli and, although measured
data and model parameters are included for all bacteria, because fecal coliform data from other studies are
available for comparison fecal coliform data are used for most graphical displays and analyses in this
report. It is important to realize that the presence of indicator bacteria does not always prove or disprove

the presence of human pathogenic bacteria, viruses, or protozoans.

Field Data Collection

Samples for the analysis of indicator bacteria were collected at 9 sites in the Chino Basin (Fig. 2 and
Table 1). Analysis of indicator bacteria in this study included total coliforms, fecal coliforms, E. coli, and
enterococci (Appendix 1). Membrane-filtration (MF) and most probable number (MPN) methods result
in counts of colony forming units (cfu/200ml) and were used for the presumptive identification,
confirmation, and enumeration of indicator bacteria. Additional analysis included coli-lert and enterro-

alert microbial counting, but these methods proved less reliable and model calibration was done using the
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data obtained using the MF and MPN methods. Samples were analyzed by Orange County Public Health
Lab (OCPHL) for consistency with RWQCB data sets. Approximately 10% of the samples were
replicated to test the variability of field sampling by taking duplicate samples in the field. Duplicate rather
than split samples were collected as required for consistency with Orange County Health Lab sample
processing procedures. Sample results analyzed for the February 22, 2004 storm have indicated a range of
8 percent difference from the mean to over 100 percent, with no apparent bias on whether they were high
or low density samples, and is an indication of error in representative sampling rather than laboratory
processing (Table 2). Duplicate lab samples were tested by OCPHL during their 2002-2003 sampling, and
of 62 samples for which duplicates were tested, an average of two and a half percent difference from the
mean was calculated between duplicates, ranging from zero to 86 percent. Additional samples were taken
for total suspended sediment as a potential surrogate for indicator bacteria, but which yielded no positive
correlations with any of the indicator bacteria. Turbidity and water depth (stage) were also collected. All
USGS data are available in the National Water Information System (NWIS) database

(http://nwis.waterdata.usgs.gov/nwis).
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TABLE 1. WATER QUALITY (BACTERIA) SAMPLING SITES,
ASSOCIATED LAND USE, APPROXIMATE UPSTREAM AREA AND
FECAL COLIFORM DENSITIES FOR WY2004 STORM SAMPLING
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TABLE 2. VARIABILITY IN FECAL COLIFORM DENSITIES, IN CFU PER
100 ML, ON THE BASIS OF REPLICATE SAMPLES TAKEN ON
FEBRUARY 22-23, 2004 AT VARIOUS SITES.
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Sampling locations were selected primarily to support the investigation of various land uses and
practices, especially dairies, on pathogen concentrations. Four sample sites (SC, RecGC, ResD, and IndD)
were located where at least 80% of the upstream catchment areas were covered by single land-use types.
However, 4 other samples sites (INdND, RecND, RecD, and D) had catchments with multiple land uses,
because of the difficulty in finding good sampling locations representing a single land use.

As indicated in Table 1, one storm was sampled intensively (20 samples) on November 12-13, 2003 at
the gaged site on Mill Creek (station 11073495, site MC). Storms on February 2-3, 2004 and February
22-23 also were sampled less intensively at this site (6 and 5 samples, respectively). The storm on
February 2-3, 2004 was sampled once at the other 8 sampling sites, and the storm of February 22-23 was
sampled 5 times at the other 8 sampling sites. The relation between sampled fecal coliform density and
discharge for the 3 storms at the Mill Creek site is shown in Figure 6, and indicates a range of fecal
coliform densities of 370 to 150,000 cfu/100 ml (Appendix 1).

Although all 4 indicator bacteria constituents were collected and used in the transport modeling
analysis, only fecal coliform concentrations are displayed throughout the report for simplicity and
consistency with previous studies by other agencies. The relation of measured fecal coliforms to the other
3 indicator bacteria constituents is shown in Figure 7. As indicated, the regression lines and equations
indicate strong linear relations (r* between 0.71 and 0.89) of the logarithms of fecal coliform
concentrations with the logarithms of E. coli, a subset of fecal coliforms, enterococci, and total coliforms.
The regressions have considerable scatter as a result of sampling and measurement uncertainties,

however.
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Supplemental Water Quality Data

For the purpose of investigating sources of high bacteria levels thought to have contributed to fish kills
in Prado Park Lake in 1979, 1983, and 1989 and observable discharge of waste-laden agricultural
stormwater runoff, RWQCB collected stormwater samples at 14 locations in Chino Creek, Cucamonga
Creek/Mill Creek on February 23, 1993 (Table 3). The data from this sampling indicated levels of
bacteria concentration considered unhealthy by EPA standards (USEPA, 1986). However, the 1993 storm
sampling data has had a limited utility because the techniques used to detect bacteria concentrations in the
water samples were reliable only for indicating a lower limit to concentrations (in terms of cfu/100mL).
Samples were also taken during the winters of water years 1997 and 1998 at 15 locations to confirm the
1993 data and evaluate bacteria densities following storm events. These data provide results from a good
representation of dairies and subdrainages feeding directly into Prado Park Lake. Water samples were
only analyzed for total coliform and fecal coliforms. Results indicated that stormwater runoff contained
densities of fecal coliform that exceeded water quality objectives by several orders of magnitude.
Locations, associated land use and sampling dates are shown in Table 3.

To provide a more representative sampling of seasonal conditions other than just the storm sampling
done in the previous 2 sampling endeavors, RWQCB established an extensive monitoring program in
February 2002, collecting water samples at 10-13 locations on a weekly basis during nine 30-day
sampling periods (Table 3). Only one sample per day was collected (sampling times were usually
between 10am and 2pm), but multiple days were sampled during each sampling period, with wet-season
and dry-season flows represented. There were 5 sites on Mill Creek and its tributaries and 6 sites on
Chino Creek and its tributaries. Land uses represented included agriculture, urban, dairies, open space and
investigations of impairment status. 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 for defining natural background conditions and for calibrating the transport model to antecedent
conditions prior to WY2004 storm targeted sampling. They were also useful for calibrating to a source-
integrated response that results downstream, as opposed to the more general use of samples that could
only be used to calibrate land uses.

Orange County Water District (OCWD) collected indicator bacteria samples during all of these
sampling periods at 14 sites (Table 3), many of which coincided with RWQCB sites. They also collected
samples during WY 2005.
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TABLE 3. SUPPLEMENTAL WATER QUALITY (BACTERIA) SAMPLING
SITES, LAND USE AND SAMPLING DATES
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Data Limitations

Model development and simulation relies on a calibration that is based on field observations of the
parameters of interest, in this case, streamflow and concentrations of indicator bacteria. With the
exception of storm water sampling conducted for storms in 1992-93 and 1996-98, available historical data
did not specifically represent the higher flow periods during and immediately after storms. In addition,
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 from 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 bacteria concentrations (fecal coliforms, E. coli, total
coliforms, and enterococci) during stormflow periods. Most of the data collected consisted of storm
runoff from relatively small catchments (as small as 3 acres) that were considered representative of
specific urban land uses. Uncertainties in the collection of the 2004 storm samples include lack of
laboratory duplicates, and the collection of single samples at each field location may not reflect cross
sectional averages in a stream. The small amount of total indicator bacteria data did not provide an option
to assess relative land use contributions up front, but required the reliance on default and historical model
parameters as initial estimates.

Bacteria sampling techniques (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 1996-98 storm water study is of lower resolution than data obtained during

2004 and 2005 due to improvements in sampling techniques.

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 indicator bacteria transport in the Chino Basin. HSPF simulates the transport and storage
of water and associated water-quality constituents by routing observed precipitation inputs through

watershed surface, soil, and instream processes (Donigian and others, 1995). HSPF represents the
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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).
Natural variability in these hydrologic transport mechanisms occurs because of spatial changes in
watershed characteristics such as topography, land use, and soil properties; HSPF accounts for this
variability by simulating runoff from smaller, more homogeneous portions of the watershed that are
linked by interconnected channel segments. Thus, for modeling purposes, the watershed is disaggregated
into subwatersheds with similar land-use, climatic, and topographical characteristics. Each subwatershed
is refined further into hydrologic response units (HRU) that represent areas within each land segment with
similar watershed characteristics such as land use.

Water is supplied to each stream reach in the model from PERLNDs as overland flow, interflow
(shallow subsurface flow), or baseflow (groundwater discharge); IMPLNDs as overland flow; point
sources, such as sewage-treatment plant effluent or dam releases; and upstream channel reaches. All water
is assumed to enter the separate stream reaches at a single, upstream point. The impervious fraction can
be broken into two categories, “hydrologically effective” or “hydrologically ineffective” (Zarriello, 1999).
Hydrologically effective areas drain directly to stream channels and are represented by the IMPLND
module. Hydrologically ineffective areas drain onto pervious land types, such as grassland or forest, and
are better represented by the PERLND module.

The hydrological processes on a PERLND are considerably more complex than on an IMPLND and are
represented by a hydrologic water-budget module (PWATER) that includes model parameters for water
storage and transport along both surface and subsurface flow paths. The hydrologic water-budget module
for processes on an IMPLND (IWATER) is much simpler than the P?WATER module because there are
no subsurface flow paths. Precipitation 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 as in PWATER. The hydrologic
parameters for both PWATER and IWATER, many of which were adjusted during the calibration process
to simulate the hydrologic routing through each HRU, are defined in Table 4. More detailed descriptions
of the modules, 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 point also are heavily dependent 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 module similar to the hydrologic PWATER module. Thus, PQUAL simulates the
storage and transport of bacteria along surface and subsurface flow paths. Seven bacteria-transport
parameters are used for simulation (Fig. 8; Table 4) and are run through 3 algorithms representing surface
flow (SOQUAL), interflow (IOQUAL), and baseflow (AOQUAL) processes. Bacteria transport from
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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 is assumed to flow downstream as a kinematic wave (Martin and
McCutcheon, 1999). Flow characteristics are governed by such channel morphological parameters as
cross-sectional area, roughness, and slope. These data are measured or estimated and used to develop a
function table (FTABLE) module that relates stage to discharge at each end of the reach and provides
reach values of channel water-surface area and volume. Bacteria that enter a stream reach are presumed to
travel downstream with the water to the next reach, except for a portion that die off over time. The die-
off rate (parameter REMQOP) is a fixed first-order decay rate of 1.1 day™ (U.S. Environmental Protection
Agency, 1985). Every source represented in the model has a specific fecal coliform accumulation rate
(represented by the ACCUM parameter). The total accumulation rate of fecal coliform bacteria on the
land surface is bounded by a storage limit that enables 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 fecal coliform model is that fecal coliform bacteria are
simulated as a dissolved constituent. Fecal coliform bacteria, however, are particulate constituents and are
deposited and re-suspended once delivered to the active stream channel. The transport mechanisms
associated with deposition and resuspension are not simulated explicitly. However, mechanisms that
mimic deposition and resuspension can be simulated through interflow and base-flow pathways if these
components are represented in the flow regime, which was done for the parts of the Chino Basin located
in the upper watershed. The remaining locations in the watershed, which are dominated by runoff over

impervious land units and within channelized streams, are not represented in this manner.
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TABLE 4. HSPF MODEL CALIBRATION PARAMETERS FOR
HYDROLOGIC AND TRANSPORT SIMULATIONS FOR SEVERAL
REGIONAL MODELS AND THE CHINO BASIN MODEL FOR FECAL
COLIFORM TRANSPORT
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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. The basin was delineated into 229
smaller single-reach, interconnected hydrologic response units for the simulation of streamflow and
bacteria transport (Fig. 9). Although this degree of watershed disaggregation is greater than that used in
similar HSPF modeling studies, the delineation of so many channel reaches enabled the simulation of
runoff 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 associated hydrologic response
units had been determined, they were recombined into 46 larger base model segments (Fig. 9), each of
which had relatively uniform upper boundary conditions for input of air temperature and precipitation.
These distributions capture the spatial variability of climatic conditions in the basin (Figs. 4a and b).
Average annual precipitation and air temperature for each of the 46 segments indicate the variability of
upper boundary conditions over Chino Basin (Table 5). The 46 subwatersheds were further recombined
into 5 subbasin groupings for the purpose of optimizing hydrologic model calibration and verification at
the 5 streamflow gaging stations and for providing simulated flow and transport characteristics at the
mouths of the 4 streams in the Chino Basin (Fig. 10).

Simulations were made on the basis of 4 subbasins comprising San Antonio Canyon subbasin, Chino
Creek subbasin, Mill Creek subbasin, and the Prado Basin subbasin (Fig. 11). The San Antonio Canyon
subbasin is characterized by natural (background) conditions for bacteria generation, and 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).

The Chino Creek subbasin has several characteristics that distinguish it from the Mill Creek subbasin.
The Chino Creek drainage includes several natural (less-engineered) drainages along the northeastern
slope of the Chino Hills, and the lower reaches of Chino Creek are more characteristic of natural stream

channels as opposed to the concrete lined channels.
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TABLE 5. AVERAGE VALUES FOR UPPER BOUNDARY CONDITIONS
FOR 46 MODEL SEGMENTS FOR THE CHINO BASIN MODEL
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Input Data

Channel Reach Data

Photographs, field visits, and orthophotos were used to determine channel properties. 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), vegetation (instream and bank vegetation) for natural channels. Channel
slope was estimated by dividing the change in elevation from the upstream and downstream ends of a
reach by the reach length determined using GIS data. Cross section measurements, estimates of channel
roughness, and slope calculations were used in WinHSPF (the Windows-based preprocessor for HSPF) to

generate FTABLEs. Modeled streams are indicated in Figures 10 and 11.
Meteorological and Streamflow Data

Precipitation data were obtained from the National Climatic Data Center (NCDC), San Bernardino
County (SBC), and Los Angeles County (LAC). Precipitation data was also obtained via website from
the Western Regional Climate Center (WRCC) from the network of Remote Automated Weather Stations
(RAWS), and include hourly measurements of air temperature, dew point temperature (relative humidity),
barometric pressure, precipitation, wind speed, and wind direction. Meteorological data was obtained
from California Department of Water Resources and U.C. Davis, from the California Irrigation
Management Information System (CIMIS) (http://www.cimis.water.ca.gov/), including hourly
measurements of potential evapotranspiration, precipitation, solar radiation, vapor pressure, air
temperature, wind speed, and wind direction, as well as daily measurements of potential
evapotranspiration, solar radiation, minimum and maximum air temperature, and average vapor pressure.
Precipitation data sources, number of stations, and available dates used are shown in Table 6. Station
locations are shown on Figure 1.

Streamflow data were available from USGS streamflow gages for Chino Creek (gage 11073360, Chino
Creek at Schaefer Avenue near Chino, CA), San Antonio Channel (gage 11073300, San Antonio Creek at
Riverside Drive near Chino, CA), 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, CA) for various time periods (Table 6). Daily data was obtained
from NWIS, and 15-min data was obtained from the USGS Automated Data Processing System (ADAPS)
and processed to produce an hourly record. Daily outflow data for San Antonio Dam were available from
the Army Corps of Engineers (http://www.spl.usace.army.mil/cgi-bin/cgiwrap/zinger/proj_rpt.cgi?snto.)
(Table 6).
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TABLE 6. METEOROLOGICAL AND STREAMFLOW DATA,
LOCATIONS, AND DATES USED FOR CHINO BASIN MODEL



Chino Basin HSPF transport model, version 3/26/2007 Page 34

Surface Properties and Land Use

Surface properties are estimated from a combination of soils, vegetation, and land use information.
Vegetation is a dominant land cover in some areas of the Chino Basin, particularly in the northern
mountainous region. Vegetation type is converted to percent cover and used in several of the hydrologic
parameters, such as shading on snow (SHADE), and interception of rainfall (CEPSC) (Fig. 5; Table 4).
Soils are available from the national soils database, STATSGO, as well as from the more local and
refined database SSURGO. Soils information, such as particle size, permeability, and depth, are used
extensively in the hydrologic parameters for PERLNDS (Table 7; Fig. 4b).

Land use was available from the Southern California Association of Governments for the year 2000 in
a GIS coverage for the Chino Basin. The land-use coverage identifies 83 possible land-use types, which
were combined into 12 general types based on general similarities of types that contribute to hydrological
routing similarities and density of water quality contaminants. All urban agricultural land uses, including
all animal production land uses were lumped with the exception of the dairies, which are a separate land
use for this model. Areas indicated as “vacant” were evaluated on the basis of orthophotoquads available
from the USGS seamless website (http://seamless.usgs.gov/) to determine if they were natural wildland or
wetland, or urban lots. Combining land-use types resulted in Shrubs/Grassland, Forest, Barren/Vacant,
Mixed Urban, Utilities/Transport, Residential, Mixed Agriculture, Recreation/Open,
Commercial/Services, Industrial, Wetlands, Dairies/Feedlots. Each of these general land-use types

represents the HRUs for each subwatershed. The aggregated land use map is shown in Figure 5.
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TABLE 7. AVERAGE STATSGO SOIL PROPERTIES
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The degree of imperviousness for any given land use was based on a 2001 map from the National Land
Cover Data database, obtained from the USGS seamless website
(http://seamless.usgs.gov/website/seamless). This coverage was used to define the relative acreages of
PERLND and IMPLND for each HRU to assign appropriate hydrologic and transport parameters (Fig.
12). The land use map was evaluated for imperviousness for all the PERLNDS and IMPLNDS and
adjusted by a factor related to how effective the area mapped as impervious was at creating runoff. The
initial impervious area was adjusted to account for hydrologically effective and ineffective areas using
aerial photos and orthophoto quadrangle maps, and the effective impervious adjustment was made for
each land use type (Table 8).

The area of land use type for the contributing upstream area for sampling locations is shown in Table 9
and illustrates the dominant land use that corresponds to the impervious and pervious land unit types, as
well as the dominant land use or land unit type contributing to the sampled bacteria concentrations for the

different sampling locations.






Chino Basin HSPF transport model, version 3/26/2007 Page 38

TABLE 8. CORRECTION FOR EFFECTIVE IMPERVIOUSNESS FOR
PERLNDS AND IMPLNDS
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TABLE 9. LAND USE ACREAGES FOR IMPERVIOUS AND PERVIOUS
LAND UNIT TYPES FOR CONTRIBUTING UPSTREAM SUBBASIN
AREAS FOR SAMPLING LOCATIONS
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Model Calibration

The HSPF model was first calibrated to simulate streamflow, with a particular emphasis on accurately
simulating storm runoff. After the model was calibrated and verified for simulation of streamflow, some
limited calibration was done for simulation of indicator bacteria concentrations. The model was calibrated
for streamflow by iteratively adjusting various hydrologic parameters until simulated streamflow closely
matched mreasured streamflow at the 5 streamflow gaging stations in the study area. 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. Verification of the calibrated model was done
using hourly and daily streamflow records for water years 2002-03 and 2005. In addition, hourly
streamflow data for one selected winter-time storm month (November-February) for each year of the
calibration period was used to calibrate storm runoff. Hourly streamflow data for January 2005 were used
for verification of model simulations of storm flow.

Two general criteria were used for deciding when simulated daily streamflow was close enough to
measured daily streamflow: (1) the average difference between simulated and measured daily streamflow
(daily discharge exceeded 50-percent of the time) over the complete calibration period needed to be less
than about 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 about 20-
percent over the calibration period. The calibration goals for simulation of hourly discharge for high-flow
periods were similar to those for simulation of daily discharge: (1) the average difference between
simulated and measured hourly discharge (hourly discharge exceeded 50-percent of the time) over the
calibration period needed to be less than 20 percent, and (2) the average difference between the simulated
and recorded hourly peak discharge (hourly discharge exceeded 10-percent of the time) over the
calibration period needed to be less than 20 percent. In addition to the numerical goals for calibration and
verification, graphical comparisons between simulated and measured 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.

There are 6 permitted point source dischargers of water in the Chino Basin watershed (Table 3), each
permitted by DEQ to release treated wastewater that may not contain fecal coliform bacteria
concentrations exceeding 200 cfu/100 mL, and most comply to release concentrations far below that (data
from the Inland Empire Utility Ageny, which operates all treatment plants, indicates that total coliform
concentrations do not exceed 2 cfu/100 mL for effluent). Most of the bacteria in Chino Basin are derived
from and represented 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
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network with runoff from rainfall. Primary sources are the dairies/feedlots, followed by high to medium
residential, and commercial/services, and utilities/transport.

Given that there is little data available for the calibration of the model for transport of indicator
bacteria, it is done using a weight-of-evidence approach, bounding estimates with literature values and
relying on specific data that best represents particular land uses. 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 EPA in
Cottonwood County, Idaho (U.S. EPA, 2000; Table 4). Iterative calibrations incorporated parameter
estimates from other studies conducted in the region (Ackerman et al., 2003; Guay, 2002; US EPA, 2000;
Table 4). There was little data available to calculate specific deposition or accumulation rates for indicator
bacteria. Land surface processes were represented by parameters in Figure 8 and Table 4: ACCUM,
SQOLIM, SQO, and WSQOP, which were assigned according to land use; REMQOP, a constant die-off
rate; 1QO and AQO were assigned to land surfaces in San Antonio Canyon to represent interflow and
baseflow transport. Nuisance flow was represented as a uniform value scaled in each reach by the relative
land area that was connected to that reach. All values were then scaled up or down to generally coincide
with measured values.

The fecal coliform 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 information on loadings for targeted land
use areas. In most cases these consisted of runoff from small areas (a few acres to several tens of acres)
that were considered representative of specific land uses. These small catchments were included in the
model as separate RCHRES segments (each sample site was included as a RCHRES). Stormflow and
bacteria concentrations were simulated for these RCHRES segments and compared to the field
measurements. Primary parameters iteratively changed to match simulated concentrations with measured

simulations were the 7 parameters listed in the PQUAL section of Table 4.

RESULTS FROM THE STREAMFLOW AND FECAL COLIFORM
MODELS

Streamflow Model Calibration and Verification Results

Comparisons with calibration simulations and measurements were done for the 4 USGS gaged sites as
well as for the San Antonio Canyon location using the data for the San Antonio Dam (Table 6). All
calibrations were done for WY 1990-WY 2001 plus WY2004, and all verifications done using the
calibrated model were done for WY2003-WY 2003 plus WY 2005. The calibration period was chosen to

have a period of record that reflected variations in climate without including major changes in land use
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over time. Land use was represented by maps available in 2000. Examples of simulated and measured
storm flows for February 2004 are shown for the gage locations on Chino Creek and San Antonio Creek
in Figure 13, illustrating good matches in peak flows for both locations for the series of 5 runoff events.
Results of comparisons of measured and simulated streamflow values for the entire calibration period for
1, 10, 25, and 50 percent highest flows, and the 1, 10, 25, and 50 percent lowest flows, as well as
regression results are shown in Table 10 for all USGS sites for hourly streamflow, including comparisons
for average flows during winter and summer periods. Results are shown for 4 USGS gages including San
Antonio Dam gage for daily streamflow. Also shown for all locations are simulated and measured flow
duration curves for calibration and verification periods (Fig. 14).

There were several factors that contributed to the calibration results. Because there was not sufficient
data to warrant otherwise, model calibration was performed by changing parameters consistently over all
basins, rather than changing parameters within each subbasin to optimize calibration results. This required
compromises between matching high flows in some subbasins and lower flows in other basins. In
addition, as there was no data to support variable nuisance flows in the different subbasins, the same
nuisance flow, added to reaches on the basis of contributing area, was used throughout all subbasins, and
changed accordingly to match lower flows. This resulted in some basins having poorer matches of
simulated lower flows to measured lower flows. This is illustrated for both Chino Creek, for which
nuisance flows were underestimated, and San Antonio Creek, for which nuisance flows were
overestimated (Fig. 13). Low flows were a particular uncertainty in some locations, especially in San
Antonio Canyon (Fig. 14e), due to the lack of data regarding minor transfers and local point sources.
Verifications illustrate that the model was calibrated quite well for most flows, but that the simulation of
WY 2005, with very high storm flows, was extrapolated beyond the flows typically encountered during
the calibration period, and resulted in differences between measured and simulated results for verification
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 channels, 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
streamflow met the criteria for acceptable calibration, with the exception of the highest flows in Mill
Creek, which were oversimulated. Application of the calibrated model to the verification period was
quite successful meeting the criteria in all cases. Specific details regarding the calibration of each basin

follow.
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TABLE 10. ERROR ANALYSIS OF MEASURED AND SIMULATED
STREAMFLOW AT 5 GAGES FOR CALIBRATION AND VERIFICATION
TIME PERIODS FOR (A) DAILY AND (B) HOURLY DATA.
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Chino Creek Subbasin

Simulations for the purpose of calibrating and verifying the Chino Creek subbasin were done using
measured streamflow data from USGS gage 11073360, for both daily and hourly time steps. This
watershed provides a good representation of urban runoff, with significant influence from the San
Antonio Dam releases and Orange County water transfers, with variable nuisance flow. Inputs from
agriculture and dairies are considered insignificant. The gage is the main flow calibration point for Chino
Creek watershed, which includes San Antonio Creek and eastern Chino Creek. The location of the stream
gage coincides with the storm sampling indicator bacteria site.

A comparison of simulated and measured streamflow on an hourly timestep compared to percent of
time the flow was exceeded is shown in Figure 14a and illustrates a slight under simulation of peaks, and
a slight under simulation of very low flows. Regression results comparing simulated and measured

indicate r® values of 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. There is a high
baseflow due to large releases of effluent and a significant nuisance flow.

A comparison of simulated and measured streamflow on an hourly timestep compared to percent of
time the flow was exceeded is shown in Figure 14b and illustrates higher peak flows than all other
subbasins. R? values are lower than other subbasins due to the larger size of the subbasin including more

spatial heterogeneity (Table 10).

West Branch Cucamonga Creek Subbasin

The West Branch Cucamonga Creek and gage USGS 11073493 is upstream of and flows into Mill
Creek. This watershed is smaller than Chino Creek and Mill Creek watersheds, and provides a good
representation of urban runoff with variable nuisance flow.

Simulations at the West Branch Cucamonga Creek gage are generally slightly higher than the highest
flows during the calibration period, while the general low flows are under simulated (Table 10; Fig. 14c).
The regression analysis indicates better correlations between daily simulated and measured values than
for hourly values (Table 10). Simulated nuisance flows underestimate measured flows for both calibration

and verification periods (Fig. 14c).
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San Antonio Channel Subbasin

San Antonio Channel drains the outflow from San Antonio Dam and the drainage area between the
dam and the gage USGS 11073300 that is located just upstream of the confluence of San Antonio Creek
and Chino Creek. This watershed provides representation of 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. The calibration at this gage is important for checking the upstream response to the
main calibration gage at Chino Creek and in the representation of 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).

Simulations for the San Antonio Channel gage compare well with measured stream flow for both high
and low flows (Fig. 14d) for both hourly and daily timesteps, and r* values are also high, particularly for
the verification period (Table 10). There are slight under simulations on some of the highest peak flows,

and the very lowest flows are slightly over simulated (Fig. 14d).

San Antonio Dam Outflow

The outflow from San Antonio Dam is simulated to represent daily flow only and provides an estimate
of the inflow to the reservoir from the upland areas of the basin. The hydrology of this mountainous
subbasin is strongly controlled by the formation and melting of a winter snowpack. Nuisance flows and
urban runoff generally are nonexistent.

Calibration results using the daily stream flow record at San Antonio Dam indicate a reasonable fit
between simulated and measured streamflow for medium to high streamflow magnitudes (Table 10), with
only a marginal fit for flows less than 10 cfs (Fig. 14e). Simulation of low flows was particularly difficult

because of uncertainties in losses and diversions upstream of the dam.

Transport Model Results

Transport simulations were done for total coliforms, fecal coliforms, E. coli, as well as enterococci, but
for simplicity, the results primarily will be represented by results from the transport of fecal coliforms.
Comparisons of simulated versus measured fecal coliform concentrations included results obtained using
the advective (dissolved constituent) transport parameters developed for previous studies in nearby
coastal watersheds (Stein and others, 2003). These parameters have been used successfully in the San
Jacinto basin water quality modeling study (Tetra Tech Inc., 2003), and were applied in this study as a

reference for the regional transport parameters. The purpose of the comparison was to help evaluate
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conditions in the Chino Basin study area relative to average conditions in nearby watersheds, and to
evaluate the applicability of a regionalized parameter set.

The average HSPF transport parameters that were used in the simulations resulting in the following
illustrations are shown in Table 11 for the 12 land use categories for both impervious and pervious land
units. Generally bacteria loading parameters (ACCUM and SQOLIM) are slightly higher for impervious
land units, and much higher for urbanized land uses in comparison to grasslands or forests. Highest

loadings are for intensive livestock land use for both impervious and pervious land units.
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TABLE 11. VALUES FOR TRANSPORT PARAMETERS SQO, ACCUM,

SQOLIM, AND WSQOP FOR 12 LAND USES AND IMPERVIOUS AND
PERVIOUS LAND UNITS
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Comparisons with Land Use Specific Storm Sampling Sites

Model calibration at land-use specific storm sampling sites (February 2004 storm samples) was done
by simulating flow and transport at the specific location of sample collection and comparing simulated to
measured bacteria concentrations. Model fitting was done using trial and error adjustment of transport
parameters. In addition to bacteria concentrations, the field data included measurements of stage (water
height), and this was used as a relative measure of stream flow in several locations where cross sections
were not available. The upstream catchments for most of the land use specific sampling sites were
generally small in area (from 3 to approximately 100 acres). Stream flow and bacteria transport for these
sites was simulated using a single land use segment (portioned 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.

Comparisons with Historical Supplemental Data

Although not initially intended for calibration of the Chino Basin pathogen indicator transport model,
the water quality data collected by the Regional Water Quality Control Board Task Force and the Orange
County Water District was used to supplement the storm-targeted data collected specifically for model
calibration. The supplemental data was available for various sampling sites in the Chino Basin study area
and proved to be helpful for confirming the parameters in the calibrated model because of the longer time
periods sampled, additional sampling representing the integrated response in the main stream channels,
and additional sampling representing specific land uses. For example, natural background conditions were
represented by the IHC site and illustrate the relatively low bacteria concentrations in the upland areas
(Figure 15). In addition, the data collected at the Bon View and Merrill Ave. sampling site (BVAM)
provided confirmation of bounds for the combined mixed agriculture and intensive livestock land uses
and illustrates the condition where pervious land uses require very high flows to become effective at
transporting bacteria, as shown by the very high bacteria measurement. The data collected at the Chino
Creek at Schaeffer Ave sampling site, which is coincident with the location of the USGS stream gage
11073360 used for calibrating the stream flow component of the model, and provided data for
characterizing the integrated response in the main Chino Creek channel over a longer time period (2002
through 2005). This location illustrates the effect of the Orange County water transfers that result in

dilution of the bacteria concentrations as well as a relatively level of bacteria in nuisance flows. The
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integrated site at Mill Creek (MC) illustrates a lower level of bacteria in the nuisance flow and captures
some of the storm sampling from 2003. In many cases the supplemental data were interpreted as being
representative of base flow only (waste water effluent, water transfers, and nuisance flow). However, in
some cases the supplemental data represented at least to some degree the impact of storm runoff or the

combined effect of storm runoff and base flow components.
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Comparisons with Integrated Storm Sampling Sites

Figure 16a provides an example of simulated and measured bacteria concentration for the IndND site
(Industrial land use, not in proximity to intensive livestock land use; Table 2). This sample site consisted
of a street gutter with an uncertain hydraulic cross section so discharge was not calculated. The site had a
relatively large upstream area (approximately 118 acres) causing the street to be prone to flooding. The
flow conduit was represented in the model as a first order stream. For the IndND sample site, the higher
simulated bacteria concentrations provide a fairly good match to the measured values, although the timing
of the simulated peak concentrations do not provide a good match to the measured peak concentration for
the February 22 storm. The relation between simulated streamflow and simulated bacteria concentration
is complex because the peak bacteria concentration occurs rapidly during the rising limb of the
hydrograph and the magnitude of the peak bacteria concentration is dependent on preceding conditions
(wash off from preceding storms diminishes the available supply) and on the degree to which dilution
occurs following the initial wash off. In addition, high bacteria concentrations are often simulated for very
low flows. For these reasons, there is no direct correlation between simulated stream flow and simulated
bacteria concentrations for the small catchment areas represented by a single land (PERLND and
IMPLND) and reach (RCHRES) segment. In some cases, there is an apparent inverse correlation
between the peak of the stream flow hydrograph and the peak bacteria concentration (as in the case of the
February 22 storm) because a previous storm has depleted the bacteria storage component for the land
surface and, following the initial wash off, continued runoff generated by the storm dilutes the bacteria
concentration in the reach. The site illustrated in Figure 16b indicates that the simulated bacteria
concentration at the RecND location is strongly affected by the very low nuisance flow conditions of less
than 0.001 cfs occurring between the storm flows. The upstream area contributing to nuisance flow is
relatively small for this location, and thus the nuisance flow volume is very small which in turn creates a
higher sensitivity to the simulated bacteria concentrations (this sensitivey is illustrated by the diurnal
variability in bacteria concentratrions). For this location, the simulated stormflows tended to dilute
bacteria concentrations relative to the nuisance flow concentrations. However, the measured bacteria
concentrations are still well represented by the model.

Simulation results at the RecGC sampling site also indicate a high sensitivity of simulated bacteria
concentrations to the very low nuisance-flow conditions occurring between storms (Fig. 17). However,
the nuisance flow rate is higher than for the RecND site (about 0.03 cfs), and the bacteril concentration of
the nuisance flow is lower (approximately 1,000 cfu/100ml compared to 10,000 cfu/100ml for the RecND
site). For the RecGC location, simulated stormflow causes an initial increase in bacteria concentrations

during the rizing limb of the stormflow hydrograph, The combined nuisance and stormflow
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concentrations simulated for the February 2 storm are high compared to the measured bacteria
concentration at the RecGC location. However, the simulated concentrations are in good general
agreement with the measured concentrations for the February 22 storm. Results for the February 22 storm
indicate that both the measured and modeled bacteria concentrations support dilution during and after
peak stormflow conditions. In general, the 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 based on 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 a more rigorous field sampling of various nuisance flows

based on land use
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The dairies site (D) (Fig. 18a) located in lower Chino Creek basin indicates higher simulated
streamflow and bacteria concentrations during the February 2 and 22 storms relative to the other storm-
targeted sampling sites. The higher simulated streamflows of up to 100 cfs (for the February 26 storm) are
caused by the larger contributing upstream area for this compared to the other land uses sampled as part
of the storm-targeted sampling. For the February 2 storm, measured and simulated bacteria
concentrations are consistent with a very rapid increase in concentrations during the rising limb of the
hydrograph. The peak simulated concentrations of approximately 80,000 cfu/100ml are coincident with
the hydrograph peak of approximately 10 cfs. For the February 22 storm, simulated concentrations
indicate an initial increase in concentrations followed by dilution, whereas the measured concentrations
indicate that dilution may not have occurred. However, the following storm (February 26) indicates no
dilution for this larger storm and shows simulation results consistent with measurements taken during the
February 22 storm in terms of bacteria concentrations greater than 100,000 cfu/100ml. Overall, the
simulation results are in agreement with measured concentrations indicating large increases in bacteria
concentrations during storms, and higher average concentrations relative to nuisance flow.

The Mill Creek sampling site (MC) includes both storm targeted bacteria data collected during the
2003-2004 winter season as well as supplemental data collected by the RWQCB (Fig. 18b and ¢). The
storm targeted data collected during the storms of 2004 show higher fecal coliform concentrations
compared to the concentrations for the lower-flow samples collected during 2004. Although nuisance
flow comprises a significant part of the total base flow at the Mill Creek sampling site, waste water
effluent comprises the larger part of the base flow component and helps dilute the higher concentrations
usually associated with nuisance flow. The detail illustrated for the peak flows of November 12 and 13
(Fig. 18c) show that measured bacteria concentrations are relatively high for this storm (up to 100,000
cfu/100ml). The simulation results are in good agreement with the rapid increase in concentrations
occurring during the rising limb of the first hydrograph peak, and are also in agreement with dilution
during peak flow. This effect is also indicated during the 2" peak of the storm hydrograph, however, the
simulated results are low relative to the measured concentrations for the 2" hydrograph peak.

Providing a better match between the simulated and measured values for the 2™ hydrograph peak
would require an increase in the landuse loading rates and this in turn would results in overestimation of
bacteria concentrations measured for other storms and at other locations. The high measured bacteria
contrations that occurred during the November 12 and 13 storm for the Mill Creek site may be due to
conditions unique to this storm, such as a flushing of sediments in retention basins and channels (this
storm may be representative of unique conditions that would tend to occur during the early part of the wet

season).
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Observed 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 observed
bacteria concentration occurs between storm events as opposed to during storms (Fig. 19a). The data
indicate that the nuisance flows are likely to have higher bacteria concentrations than storm flows at some
locations. This location is upstream of the mixed agriculture and intensive livestock land use areas, and is
somewhat comparable to land uses affecting the Chino Creek at Schaeffer Ave. sampling site. Both sites
indicate that high bacteria loading is likely in the main stream channels due to both nuisance flows and
storm runoff from urban areas upstream of the mixed agriculture and intensive livestock land use areas.
The simulations and measurements for this site are also shown for all of 2005 (Fig. 19b), illustrating that
although there is very little indication of changes in streamflow during July and August that would cause
increases in bacteria transport, the very low flows make small changes in the number of organisms result
in large differences in concentration.

Differences between the regional model parameters and the calibrated model parameters are illustrated
in Figure 20. The higher concentrations simulated by the calibrated model are caused by the higher
bacteria accumulation rates and storage limits used for the calibrated model in an attempt to better
represent the high concentrations observed at many of the sampling sites. The greatest differences
between the calibrated and regional model occurs for locations representative of natural (background)
conditions, and also for locations representative of mixed agriculture and intensive livestock land uses.
For the natural conditions, the calibrated model results in lower simulated concentrations relative to the
regional model. Overall, simulation results using the regional model provided a fairly good starting point
for calibrating to the observed data. An important difference in the two parameter sets is that the pervious
area accumulation rates are significantly higher for Chino Basin, which is illustrated in Figure 20 for the
large storms occurring during 2005. The greatest difference occurs for the later part of the January 7
through 11 storm period.
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Uncertainties in Modeling a System with Changing Conditions

Critical model inputs 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 provide accurate representations of 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 include the many simplifying assumptions used to define the
hydrologic behavior of the basin and 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 cause an increase in runoff generation relative to non-irrigated landscapes. Such
characteristics are indirectly incorporated into the model by adjustment of parameters during the model

calibration process (the increased runoff should be accounted for by the stream flow record).

MODEL APPLICATION: NON-POINT SOURCE AREA
EVALUATION

Evaluation of Source Area Contribution for Pervious and Impervious Areas

To evaluate relative contributions to bacteria loading from pervious and impervious areas, two
hypothetical conditions were evaluated. In the first condition, the effect of impervious area runoff was
evaluated by setting SQO, ACQOP, and SQOLIM to zero for all PERLNDs, while leaving the IMPLND
and RCHRES transport parameters unchanged. In the second condition, the effect of pervious area runoff
was evaluated by setting SQO, ACQOP, and SQOLIM to zero for all IMPLNDs, while leaving the
PERLND and RCHRES transport parameters unchanged. Simulation results from the modified model
were used to compare bacteria concentrations resulting from storm washoff of contaminants from
impervious areas only and from pervious areas only at the Chino Creek outflow and Prado Park Lake
outflow locations (Fig. 21). For both locations, pervious area runoff resulted in the highest peak
concentrations because pervious areas account for a larger percentage of total upstream land area, and
because higher loading rates were estimated for pervious areas for the urban land uses, including
agriculture and dairy. For the Prado Park outflow location, the pervious area is dominated by land uses
with relatively higher estimated bacteria loading rates (agriculture and dairy land uses), and this causes a

greater relative difference between simulated peak concentrations. (Fig. 21b).
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Simulation results for the sampled February 2004 storms at the location of Chino Creek directly
upstream of the confluence with Mill Creek (Chino Creek outflow into Prado Basin) (Fig. 22a) indicate a
very rapid increase in bacteria concentrations generated by impervious area washoff during the rising
limb of the flow hydrograph, with a subsequent decrease in these concentrations during peak flows due to
dilution caused by the increasing runoff (bacteria from the impervious source areas has been depleted). A
comparison with the much higher streamflows in 2005 indicates far lower bacterial concentrations for
impervious areas in both Chino Creek (Fig. 22b) and Mill Creek.
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The overall comparison of simulation results indicate that most of the storm runoff and subsequent
bacteria washoff in Chino Basin occurs in response to impervious area runoff because the frequency of
occurrence for impervious area runoff is much higher 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 resulting in
saturated soils. Although peak bacteria concentrations are correlated to the larger storms and correspond

to pervious area runoff, the frequency of impervious area runoff is much higher.

Evaluation of Source Area Contribution on the Basis of Land Use

Bacteria loading from a single land use was simulated 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). These simulations 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 simulations, including the base-case (baseline) simulation obtained for
all land uses, were compared. The evaluations were based on the calendar year 1980-2005 simulation
results to mitigate the effects of uncertainty in initial conditions and model inputs for the early (1970-
1980) part of the simulation.

Average monthly fecal coliform concentrations for 1980-2005 were assessed for all land uses
combined (the base case model) and for each individual land use, and it was determined that for 16 of the
26 years included in the period, residential land use had the highest contribution to the total bacteria load
for Chino Creek outflow. These are generally average to drier than average years and the average monthly
fecal coliform concentration is less than 1,000 cfu/100mL for all months. For 10 of the 26 years, the
intensive livestock (dairies) land use has the highest contribution to the total bacteria load, followed by
mixed agriculture. These are wetter than average years and the average monthly fecal coliform
concentration exceeds 1,000 cfu/100mL for some months (generally the wetter winter months). During
the 1997-1998 winter season, average monthly concentrations reached approximately 14,000 cfu/100mL,
with the intensive livestock land use contributing the greatest to the total bacteria load. For six of the 26
years, average monthly fecal coliform concentrations exceeded 6,000 cfu/100mL for at least one month.
The very distinct differences in the relative contributions to total bacteria loading according to land use
arises from the differences in impervious versus pervious land area contributions to runoff and subsequent
bacteria washoff and transport. During wetter than average conditions when pervious areas generate
runoff (in addition to the impervious areas), land uses with a high percentage of pervious area and
relatively high bacteria accumulation and storage terms can contribute the most to the total bacteria load.

However, during average to dry years (which for the study period had a higher frequency of occurrence
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relative to wetter than average year), residential land use is the dominant source of fecal coliform loading
at Chino Creek outflow.

The concentration-duration plot for all land uses (Fig. 23) shows the relative contribution of all land
uses (upper green line) and each separate land use to the frequency (or duration) of hourly fecal coliform
concentrations exceeding a given value. For example, hourly fecal coliform concentrations for the base
case model (all land uses) exceed 200 cfu/100mL approximately 25% of the time. It is important to note
that this includes hourly baseflow as well as hourly storm flow conditions, where baseflow (nuisance
flow, wastewater effluent, and water transfers) is being represented by the model as pristine water
(bacteria free). Thus, the concentration-duration plot indicates only the storm flow contribution to the
total hourly bacteria load, relative to all flows (including baseflow).

At medium flows the residential land use has the highest frequency of exceeding 200 cfu/100mL
(approximately 18% of the time) compared to all other land uses, followed by the Commercial and
services land use (approximately 12% of the time). However, during less frequent high flows, intensive
livestock and mixed agriculture have frequencies exceeding residential land use for fecal coliform
concentrations of approximately 2000-3000 cfu/100mL and greater. For fecal coliform concentrations
exceeding approximately 2000 cfu/100mL, the intensive livestock land use has the highest frequency of
occurrence (2000 cfu/100mL is exceeded approximately 3 % of the time based only on contributions from
intensive livestock). Fecal coliform concentrations greater than 10,000 cfu/100mL can occur from the
intensive livestock land use, but only for a very small percentage of time (about 0.5 % of the time).
Hourly fecal coliform storm flow concentrations exceeding 10,000 cfu/100 mL occurs approximately 2%
for all land uses combined (basecase model).

Figure 24a shows hourly coliform concentrations during the winter storm period for water year 2005
for all land uses combined (the base case model) and for each individual land use (the base case is
indicated by the green line, each separate land use is indicated by the colored lines). The base case result
indicates the highest concentrations because this is the total contribution from all land uses combined.
For most of the time period residential land use had the highest contribution to the total bacteria load for
Chino Creek at Schaeffer Ave. (CHIS), with the commercial and services land use having the second
highest contribution. Mixed agriculture and intensive feedlot land uses comprise only a minor part of the
total land area upstream of this site, and thus the contributions from these land uses are also minor.

The very distinct differences in the relative contributions to total bacteria loading according to land use
arises from the differences in impervious versus pervious land area contributions to runoff and subsequent
bacteria washoff and transport, as well from differences in the estimated loading rates and relative
differences in contributing areas.. During wetter than average conditions when pervious areas generate

runoff (in addition to the impervious areas), land uses with a high percentage of pervious area and
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relatively high bacteria accumulation and storage terms can contribute the most to the total bacteria load.
Percent exceedance of concentration for this location (Fig. 24b) shows a contribution of water transfers at
just over the 1,000 cfu/100ml level for up to 90 percent of the time, and maintains the residential and

commercial land uses as the highest contributors in this location upstream of the dairies.
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Analysis of simulated hourly storm hydrographs and bacteria concentrations indicates the different
characteristics of bacteria source loading and transport based on the degree to which pervious areas are
contributing to the total runoff volume. The February 2004 storms sampled for this study were considered
to be representative of average storm flows relative to all storm flows occurring (simulated) during the
1980-2005 evaluation period (Fig. 25a). The February 2004 storms were not considered to be
representative of the larger storms occurring during the evaluation period. Simulated stream flow for the
February 2004 storms was dominated by impervious-area contributions to total runoff, with some
pervious area contributions occurring during the larger storm of February 26 (Fig. 25a). For the sampled
storms of February 2 and 22, the residential land use was the greatest contributor to the total storm flow
bacteria load, followed by the commercial and services land use (Fig. 25b). Intensive livestock and mixed
agriculture caused some significant initial contributions to the earlier (rising limb) stage of the
hydrograph, preceding the contributions from residential and commercial and services because of the
proximity of the intensive livestock and mixed agriculture land uses (the residential and

commercial/services land uses are mostly located further upstream.








































































