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Approaches for Assessing Long-Term Annual Yields of 
Highway and Urban Runoff in Selected Areas of California 
with the Stochastic Empirical Loading and Dilution 
Model (SELDM)

By Gregory E. Granato and Paul J. Friesz

Abstract
The California Department of Transportation, commonly 

known as CalTrans, and other municipal separate storm sewer 
system permittees in California as well as other State depart-
ments of transportation nationwide need information about 
potential loads and yields (loads per unit area) of constituents 
of concern in stormwater runoff and discharges from stormwa-
ter best management practices (BMPs). Although its National 
Pollution Discharge Elimination System stormwater permit is 
focused on areas subject to total maximum daily load (TMDL) 
regulations, CalTrans builds and maintains BMPs to minimize 
the adverse effects of roadway runoff on receiving waters 
throughout the State. This report describes approaches used by 
the U.S. Geological Survey in cooperation with CalTrans for 
using the Stochastic Empirical Loading and Dilution Model 
(SELDM) to assess long-term annual yields of highway and 
urban runoff in selected areas of California. In this study, a 
series of regional and local yields were simulated to provide 
statewide planning-level estimates and more refined TMDL-
specific yield values. SELDM was used to analyze 368 State 
roadway and urban runoff yields for 53 runoff quality con-
stituents. The analyses included 222 random-seed analyses, 
60 regional State roadway-runoff analyses, 24 regional 
urban roadway-runoff analyses, and 62 focused TMDL-area 
analyses.

This report describes approaches and statistics used to 
analyze available hydrologic and runoff quality data in all 
analyses. Results for all analyses are provided in the model 
archive, but only a selected subset of results are presented as 
examples in this report. State roadway runoff, urban runoff, 
and BMP discharge yields for total suspended solids, total 
nitrogen, total phosphorus, and total zinc were selected as 
examples because they are widespread constituents of concern 
with substantial amounts of State roadway and urban runoff 
monitoring data. In this report, a hypothetical basin was speci-
fied by using available geographic information to demonstrate 
use of the State roadway and urban runoff yields to estimate 
long-term annual stormwater loads from developed areas. 

Application of these yields to the hypothetical basin indicates 
that although State-roadway yields may be higher than urban-
runoff yields for some constituents, State-roadway loads may 
be a small proportion of total stormwater loads because State 
roadways themselves are a small fraction of the total impervi-
ous area in such basins. Although application of results from 
this study may have considerable uncertainty for any particular 
stormwater outfall, the study does provide robust estimates to 
support basin-scale runoff-load analyses in California. These 
analyses also provide estimates for the 12 U.S. Environmental 
Protection Agency level III ecoregions that are completely or 
partially within the boundaries of the State of California.

Introduction
The California Department of Transportation, com-

monly known as CalTrans, is responsible for maintaining 
350,000 acres of right of way, 15,133 centerline miles, more 
than 50,000 lane miles of State roadways, and 4,669 bridges 
or large culverts over water in the State (California 
Department of Transportation, 2020a, c; Federal Highway 
Administration, 2020). The population of bridges and cul-
verts crossing waterways comprises 1,404 principal arterial 
interstate highways, 2,033 principal arterial State highways, 
1,073 minor arterial State roads, and 48 other roads (Federal 
Highway Administration, 2020). The 2014 highway census 
indicates that CalTrans operates about 4,050 miles of limited 
access highways, 10,190 miles of other arterial highways, and 
860 miles of lower capacity roads (table 1; Federal Highway 
Administration, 2015). Although its primary mission is to 
“provide a safe, sustainable, integrated and efficient transpor-
tation system to enhance California’s economy and livability” 
(California Department of Transportation, 2020a), CalTrans 
also manages runoff from its roadways to meet responsibilities 
under Federal and State environmental law as an important 
part of its mission (California Department of Transportation, 
2016, 2020b, d; California State Water Resources Control 
Board, 2017). In its National Pollution Discharge Elimination 
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Table 1. Definition and ownership of road classes in California.

[Road statistics are from Federal Highway Administration (2015). Road classes are listed in order of increasing functional class. Official road-class definitions 
are not quantitative. For more extensive definitions see Federal Highway Administration (2013) or American Association of State Highway and Transportation 
Officials (2001). mi, mile; —, not applicable]

Road class Definition
Percentage 

of total
Road length owned (mi)

CalTrans Other

Local Local roads provide basic access between residential and commercial prop-
erties, connecting them with higher order highways. A route meeting this 
purpose would connect a home, work, or entertainment trip by connecting 
the final destination to the roads serving longer trips. These roads com-
monly have two lanes, low traffic, and low speeds.

71.50 0.45 161,260.17

Collector, minor Minor collectors link local roads with major collectors or arterial roads. 
These roads provide traffic access and circulation in lower density resi-
dential, commercial, or industrial areas; they commonly have two lanes, 
low traffic, and low speeds.

3.64 21.65 8,189.72

Collector, major Major collectors link local roads and minor collectors to arterial roads. 
These roads provide direct property access and traffic circulation in higher 
density residential neighborhoods and commercial and industrial areas. 
These roads commonly have two or more lanes, moderate traffic, and low 
to moderate speeds.

10.91 841.34 23,785.47

Arterial, minor Minor arterial roadways provide through-traffic routes in urban areas and 
travel routes between municipalities in rural areas. These roads provide 
direct connections to adjacent property and cross streets and commonly 
have two or more lanes, low to moderate traffic, and moderate speeds.

7.60 5,407.34 11,723.23

Arterial, principal Principal arterial roadways provide through-traffic routes in urban areas and 
travel routes between municipalities in rural areas. These roads provide 
direct connections to adjacent property and cross streets and commonly 
have more than two lanes, moderate to high traffic, and moderate to high 
speeds.

4.52 4,777.89 5,406.47

Arterial, freeways 
and expressways

Freeways and expressways are principal limited-access arterial roadways 
that are divided limited-access highways. These roads, designed for mod-
erate to high traffic and high speeds, are accessed by traffic ramps, cross 
streets, railways, and other features through overpasses or underpasses.

0.74 1,598.29 67.15

Arterial, interstate Interstate highways are freeways or expressways that are designed to carry 
high-speed traffic between States.

1.09 2,451.43 0.00

Total — 100.00 15,098.39 210,432.21

System (NPDES) statewide stormwater permit, CalTrans is 
identified as a stakeholder in 84 areas subject to total maxi-
mum daily load (TMDL) regulations (California State Water 
Resources Control Board, 2017).

As indicated by the number of bridges and large cul-
verts crossing waterways (Federal Highway Administration, 
2020), CalTrans maintains thousands of stormwater outfalls 
and structural stormwater treatment facilities, commonly 
known as structural stormwater best management practices 
(BMPs). Although its NPDES permit is focused on TMDL 
areas, CalTrans builds and maintains BMPs to minimize the 
adverse effects of roadway runoff on receiving waters through-
out the State (California Department of Transportation, 2016, 
2020d). Such facilities are costly to build and maintain with 
life-cycle costs that can exceed $70,000 per pound per year 
for some constituents of concern (Taylor and others, 2014). 
Under existing agreements with the California State Water 

Resources Control Board, CalTrans is annually required to 
add 1,650 compliance units, each of which is equivalent to 
an acre of highway mitigation or $88,000 to fund municipal 
mitigation measures (California Department of Transportation, 
2018a). Therefore, CalTrans and other Municipal Separate 
Storm Sewer System (MS4) permittees in California and other 
State departments of transportation nationwide need informa-
tion about potential yields (loads per unit area) of constituents 
of concern in stormwater runoff and BMP discharges. Lantin 
and others (2019) concluded that the Stochastic Empirical 
Loading and Dilution Model (SELDM) developed by the 
U.S. Geological Survey (USGS) in cooperation with the 
Federal Highway Administration is a useful method for esti-
mating runoff and BMP discharge yields for State departments 
of transportation. Similarly, Granato and Jones (2017), Smith 
and others (2018), and Stonewall and others (2018) dem-
onstrated the use of SELDM to simulate long-term average 
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annual yields in runoff and BMP discharges from roadways 
and other land covers to provide information needed for deci-
sion making.

Although the word “highway” may connote an image 
of a limited access freeway or expressway, a highway is 
defined as any publicly maintained road, street, or parkway 
(23 U.S. Code §101). In this report, the term highway will be 
used to include all roadways owned by CalTrans (table 1). The 
Highway-Runoff Database (HRDB) for CalTrans and other 
States includes runoff data from many different road classes—
from two-lane rural routes to multilane ultra-urban express-
ways (Granato and Friesz, 2021).

SELDM was developed for simulating stormwater event 
mean concentrations (EMCs) to indicate the risk for stormwa-
ter flows, concentrations, and loads to be above user-selected 
water-quality goals and to evaluate the potential effectiveness 
of mitigation measures to reduce such risks (Granato, 2013, 
2014; Granato and Jones, 2014, 2017, 2019). The runoff 
coefficient statistics are a function of the imperviousness of 
the site of interest. Although SELDM is nominally a roadway-
runoff model, it is a lumped parameter model that can be 
used to simulate runoff from various land covers (Granato, 
2013; Stonewall and others, 2018; Jeznach and Granato, 
2020). SELDM uses the U.S. Environmental Protection 
Agency (EPA) definition of a runoff-producing event to do 
Monte Carlo simulations that represent possible conditions 
at a site of interest over a long period of time. SELDM is not 
calibrated by fitting input values to a historical record; it is 
calibrated by selecting statistics for runoff quality variables 
and BMP treatment variables from robust and representative 
datasets (Granato, 2013, 2014; Granato and Jones, 2014, 2017; 
Granato and others, 2021). SELDM can use the EPA level III 
ecoregions (Omernik and others, 2003) as areas of hydrologic 
similarity to develop regional planning-level estimates of 
stormwater characteristics. These regional planning-level esti-
mates can be refined by using more site-specific input statistics 
or user-defined values.

SELDM simulates each storm event in an analysis and 
assigns a sequence number and an annual load accounting 
year (Granato, 2013). When the time between event mid-
points (delta) of a series of simulated events exceeds 365 
or 366 days, those events are lumped into one annual load 
accounting year. SELDM generates each storm randomly; 
there is no serial correlation. The order of storms does not 
reflect seasonal patterns. The annual load accounting years, 
which are randomly generated collections of events with sums 
of interevent times less than or equal to a year, are used to 
generate annual highway flows and loads. These annual values 
can be used for TMDL analyses (Granato and Jones, 2017; 
Lantin and others, 2019).

SELDM produces an annual highway runoff loads output 
file that includes five annual hydrologic variables, includ-
ing the precipitation total for runoff-generating events, total 
roadway-runoff flow, runoff flow normalized to the highway 
drainage area, the BMP discharge flow, and the BMP discharge 

flow normalized to the roadway drainage area. The annual 
output file also includes two water-quality variables, which are 
the annual roadway runoff and the BMP discharge loads. This 
annual output file facilitates analysis of TMDLs by recording 
the simulated annual contributions of a site of interest to a 
receiving water body. The simulated population of annual run-
off loads from the site of interest indicates the potential high-
way or urban contribution and the long-term annual variability 
in such loads. The simulated population of annual runoff loads 
from the BMP discharge indicates the potential for reducing 
the highway or urban loads to meet any proposed load alloca-
tions. If the site of interest for a given land cover is simulated 
as one acre, then SELDM produces a population of runoff 
and BMP discharge yields in pounds per acre. Once yields for 
different land covers are calculated, information about differ-
ent land-cover areas obtained from a geographic information 
system (GIS) can be used to estimate total loads from each 
land-cover area in a stream basin of interest (Stonewall and 
others, 2018).

Purpose and Scope

This report describes approaches and statistics used 
to analyze available hydrologic and runoff quality data by 
simulating long-term annual yields of highway and urban 
runoff constituents of concern with SELDM (version 1.1.0; 
Granato, 2021b). In this study, a series of regional- and local-
area simulations were done to provide statewide planning-
level estimates and TMDL specific yield values. This report 
includes examples selected to illustrate the approaches used 
by Granato and Friesz (2021) to simulate highway and urban 
runoff and BMP discharge yields in California. The study 
described in this report was done by the USGS in cooperation 
with CalTrans.

In these analyses, regional or local precipitation statis-
tics were used with runoff coefficient statistics developed 
by the USGS in cooperation with the Federal Highway 
Administration to generate a population of highway or 
urban runoff flows (Granato, 2010a, 2013). Representative 
water-quality statistics were calculated to generate a popu-
lation of runoff EMCs. The flows and EMCs were used to 
simulate event runoff yields and annual yields, which are the 
totals of event yields within annual load accounting years. 
Representative BMP treatment statistics (Granato and oth-
ers, 2021) were used to modify runoff flows and EMC values 
to simulate populations of event and annual BMP discharge 
yields. A hypothetical basin was simulated by using available 
geographic information to demonstrate use of highway and 
urban yields to estimate long-term annual stormwater loads 
from developed areas. These data, information, and statistics 
are intended to facilitate stochastic analysis of the potential 
effects of stormwater runoff on receiving waters at unmoni-
tored sites (or sites with limited monitoring data). The meth-
ods and statistics described in this report were designed for use 
with SELDM but may be used with other methods or models.
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Simulation Methods
SELDM uses Monte Carlo methods to generate a 

population of random precipitation, flow, concentration, and 
treatment values that are grouped into annual load account-
ing years but do not represent any particular time period or a 
particular time series (Granato, 2013). SELDM is calibrated 
by using representative input statistics rather than by adjusting 
model parameters so that model outputs match a limited set 
of measured values. The model simulates hydrologic, runoff 
quality, and runoff treatment variables stochastically by using 
literature and public-database-derived statistics for hundreds 
to thousands of sites (Granato, 2010a, 2013, 2014; Granato 
and others, 2021).

If, as in this study, SELDM is being used only to gener-
ate loads or yields from a site of interest and is not being used 
to simulate receiving-water contributions downstream of a 
particular discharge point for individual storm events, then the 
upstream and downstream results are not needed (Granato, 
2013). In this type of study, hypothetical input values can 
be used. The upstream-basin variables, which include the 
upstream-basin properties, prestorm flow, and upstream water 
quality, must be specified but are not used to generate loads 
or yields from the (highway) site of interest. The highway 
hydrograph timing variables (the length, slope, and basin 
development factor) also must be specified but are not used to 
generate loads or yields from the site of interest. Therefore, the 
input and output variables for determining the upstream and 
downstream stormflow, concentrations, and loads documented 
by Granato and Friesz (2021) are hypothetical values that do 
not represent conditions at any particular site.

Hydrologic Analysis

The three hydrologic variables needed for producing esti-
mates of long-term average annual highway and urban runoff 
yields are the drainage area of the site of interest, the precipi-
tation statistics, and the runoff coefficient statistics for that site 
(Granato, 2013; Granato and Jones, 2017; Stonewall and oth-
ers, 2018). The drainage area used for the hypothetical sites of 
interest was one acre so that the results could be used directly 
as stormwater yields. In this study, a series of regional simula-
tions was done to provide statewide planning-level estimates 
and a series of local simulations was done to develop specific-
yield values for TMDL basins (Granato and Friesz, 2021).

The regional simulations were done by using precipita-
tion statistics for the 12 EPA level III ecoregions that lie in 
whole or in part within the State of California (fig.1; table 2). 
Regional statistics provide initial planning-level estimates that 
can be applied at sites without the need for local precipita-
tion data. Table 3 shows synoptic precipitation statistics that 
were calculated for the selected ecoregions by using the EPA 
definition of a runoff-generating event with a minimum inter-
event time of 6 hours and a minimum precipitation volume 
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Figure 1. Map showing U.S. Environmental Protection Agency 
level III ecoregions that lie in whole or in part within the State of 
California. The Stochastic Empirical Loading and Dilution Model 
(SELDM) for California was built on the basis of a discretized 
version of the 2003 ecoregions (Omernik and others, 2003).
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Table 2. U.S. Environmental Protection Agency level III ecoregions that lie in whole or in part within the State of California.

[Ecoregion numbers, names, and definitions are defined by the U.S. Environmental Protection Agency (Omernik and others, 2003). SELDM area is the dis-
cretized area of each ecoregion in the Stochastic Empirical Loading and Dilution Model (Granato, 2013) calculated by using the number of grid cells and the 
average area of a 0.25-degree grid cell in the ecoregion; calculated areas are for the entire ecoregion (not just the area in California). mi2, square mile]

U.S. Environmental Protection Agency level III ecoregion definitions SELDM, 
area  
(mi2)

Ecoregion 
number

Name Definition

1 Coast Range The low mountains of the Coast Range are covered by highly productive, rain-drenched 
coniferous forests. Sitka spruce and coastal redwood forests originally dominated the fog-
shrouded coast, while a mosaic of western red cedar, western hemlock, and seral Douglas-
fir blanketed inland areas. Today Douglas-fir plantations are prevalent on the intensively 
logged and managed landscape.

28,810

4 Cascades This mountainous ecoregion is underlain by Cenozoic volcanics and has been affected by 
alpine glaciations. It is characterized by steep ridges and river valleys in the west, a high 
plateau in the east, and both active and dormant volcanoes. Elevations ranges up to 4,390 
meters. Its moist, temperate climate supports an extensive and highly productive conifer-
ous forest. Subalpine meadows occur at high elevations.

17,201

5 Sierra Nevada The Sierra Nevada ecoregion is a deeply dissected block fault that rises sharply from the arid 
basin-and-range ecoregions on the east and slopes gently toward the Central California 
Valley to the west. The eastern part has been strongly glaciated and generally contains 
higher mountains than are found in the Klamath Mountains to the northwest. Most of the 
central and southern parts of the region is underlain by granite as compared to the mostly 
sedimentary formations of the Klamath Mountains and volcanic rocks of the Cascades. 
The higher elevations of this region are largely federally owned and include several na-
tional parks. The vegetation grades from mostly ponderosa pine at the lower elevations on 
the west side and lodgepole pine on the east side to fir and spruce at the higher elevations. 
Alpine conditions exist at the highest elevations.

21,248

6 Southern and 
Central 
California 
Plains and Hills

The primary distinguishing characteristic of this ecoregion is its Mediterranean climate of 
hot, dry summers and cool, moist winters, and its associated vegetative cover composed 
mainly of chaparral and oak woodlands; grasslands are found at some lower elevations, 
and patches of pine are found at higher elevations. Most of the region consists of open 
low mountains or foothills, but there are areas of irregular plains in the south and near the 
border of the adjacent Central California Valley ecoregion. Much of this region is grazed 
by domestic livestock; very little land has been cultivated.

48,262

7 Central California 
Valley

Flat, intensively farmed plains having long, hot, dry summers and cool, wet winters distin-
guish the Central California Valley from its neighboring ecoregions that are either hilly 
or mountainous, forest or shrub covered, and generally nonagricultural. Nearly half of the 
region is cropland, about three fourths of which is irrigated. Environmental concerns in the 
region include salinity caused by the evaporation of irrigation water, groundwater contami-
nation from heavy use of agricultural chemicals, wildlife habitat loss, and urban sprawl.

17,518

8 Southern 
California 
Mountains

Like the other ecoregions in central and southern California, the Southern California 
Mountains have a Mediterranean climate of hot, dry summers and moist, cool winters. 
Although Mediterranean types of vegetation such as chaparral and oak woodlands pre-
dominate, the elevations are considerably higher in this region, the summers are slightly 
cooler, and precipitation amounts are greater, causing the landscape to be more densely 
vegetated and stands of ponderosa pine to be larger and more numerous than in the adja-
cent regions. Severe erosion is common where the vegetation cover has been destroyed by 
fire or overgrazing.

7,627

9 Eastern Cascades 
Slopes and 
Foothills

The Eastern Cascade Slopes and Foothills ecoregion is in the rain shadow of the Cascade 
Mountains. Its climate exhibits greater temperature extremes and less precipitation than 
ecoregions to the west. Open forests of ponderosa pine and some lodgepole pine distin-
guish this region from the higher ecoregions to the west, where fir and hemlock forests 
are common, and also from the lower dryer ecoregions to the east, where shrubs and 
grasslands are predominant. The vegetation has adapted to the prevailing dry continental 
climate and is highly susceptible to wildfire. Volcanic cones and buttes are common in 
much of the region.

20,773
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Table 2. U.S. Environmental Protection Agency level III ecoregions that lie in whole or in part within the State of California. 
—Continued

[Ecoregion numbers, names, and definitions are defined by the U.S. Environmental Protection Agency (Omernik and others, 2003). SELDM area is the dis-
cretized area of each ecoregion in the Stochastic Empirical Loading and Dilution Model (Granato, 2013) calculated by using the number of grid cells and the 
average area of a 0.25-degree grid cell in the ecoregion; calculated areas are for the entire ecoregion (not just the area in California). mi2, square mile]

U.S. Environmental Protection Agency level III ecoregion definitions SELDM, 
area  
(mi2)

Ecoregion 
number

Name Definition

13 Central Basin and 
Range

The Central Basin and Range ecoregion is internally drained and is characterized by a 
mosaic of xeric basins, scattered low and high mountains, and salt flats. It has a hotter and 
drier climate, more shrubland, and more mountain ranges than the Snake River Plain and 
Northern Basin and Range ecoregions to the north. Basins are covered by Great Basin 
sagebrush or saltbush-greasewood vegetation that grow in Aridisols; cool season grasses 
are less common than in the Mollisols of the Snake River Plain and Northern Basin and 
Range. The region is not as hot as the Mojave and Sonoran Basin and Range ecoregions, 
and it has a greater percentage of grazed land.

120,644

14 Mojave/Southern 
Basin and 
Range

This ecoregion contains scattered mountains that are generally lower than those of the 
Central Basin and Range. Potential natural vegetation in this region is predominantly 
creosote bush, as compared to the mostly saltbush-greasewood and Great Basin sagebrush 
of the ecoregion to the north, and creosote bush-bur sage with large patches of paloverde 
cactus shrub and saguaro cactus in the Sonoran Basin and Range to the south. Most of this 
region is federally owned and there is relatively little grazing activity because of the lack 
of water and forage for livestock. Heavy use of off-road vehicles and motorcycles in some 
areas has caused severe wind and water erosion problems.

49,728

78 Klamath 
Mountains

The ecoregion is physically and biologically diverse. Highly dissected and folded mountains, 
foothills, terraces, and flood plains occur and are underlain by igneous, sedimentary, and 
some metamorphic rock. The mild, subhumid climate of the Klamath Mountains is charac-
terized by a lengthy summer drought. It supports a vegetal mix of northern Californian and 
Pacific Northwest conifers.

19,444

80 Northern Basin 
and Range

This ecoregion contains arid tablelands, intermontane basins, dissected lava plains, and 
scattered mountains. Nonmountain areas have sagebrush steppe vegetation; cool season 
grasses and Mollisols are more common than in the hotter, drier basins of the Central 
Basin and Range where Aridisols are dominated by sagebrush, shadscale, and greasewood. 
Ranges are generally covered in mountain sagebrush, mountain brush, and Idaho fescue at 
lower and mid-level elevations; Douglas fir, and aspen are common at higher elevations. 
Overall, the ecoregion is drier and less suitable for agriculture than the Columbia Plateau 
and higher and cooler than the Snake River Plain. Range land is common, and dry land 
and irrigated agriculture are found in eastern basins.

56,090

81 Sonoran Basin and 
Range

Similar to the Mojave Basin and Range to the north, this ecoregion contains scattered low 
mountains and has large tracts of federally owned land, most of which is used for military 
training. The Sonoran Basin and Range, however, is slightly hotter than the Mojave and 
contains large areas of paloverde cactus shrub and giant saguaro cactus, whereas the po-
tential natural vegetation in the Mojave is largely creosote bush.

48,428
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Table 3. Synoptic precipitation statistics for selected U.S. Environmental Protection Agency level III ecoregions that lie in whole or in 
part within the State of California.

[U.S. Environmental Protection Agency level III ecoregions are defined in Omernik and others (2003) and listed in table 2. Synoptic precipitation statistics were 
calculated by using the definition of a runoff generating event with a minimum interevent time of 6 hours and a minimum precipitation volume of 0.1 inch of 
liquid precipitation. The statistics are the medians of statistics for each ecoregion from the National Oceanic and Atmospheric Administration (NOAA) hourly 
precipitation data stations with at least 25 years of data from 1965 to 2006 (Granato, 2010a). Delta is the time between storm event midpoints. in/yr, inch per 
year; in., inch; hr, hour; mi2, square mile]

Ecoregion Median of long-term average statistics from measured data

Number 
of NOAA 
stations

Average  
estimated area 

per station  
(mi2)

Number Name

Runoff-
generating 
events per 

year

Annual 
runoff-

generating 
precipitation 

(in/yr)

Event 
volume 

(in.)

Event 
dura-

tion (hr)

Delta 
(hr)

1 Coast Range 64 56.19 0.87 13.48 127 41 703
4 Cascades 68 49.92 0.68 11.85 120 37 465
5 Sierra Nevada 30 30.8 1.03 12.29 272 37 574
6 Southern and Central California 

Plains and Hills
20 16.29 0.8 10.76 414 109 443

7 Central California Valley 25 12.24 0.47 10.81 341 15 1,168
8 Southern California Mountains 17 17.01 0.96 10.34 493 26 293
9 Eastern Cascades Slopes and 

Foothills
28 11.92 0.46 9.51 302 14 1,484

13 Central Basin and Range 21 6.96 0.37 6.73 406 41 2,943
14 Mojave/Southern Basin and Range 10 4.74 0.44 6.94 922 14 3,552
78 Klamath Mountains 38 30.52 0.86 12.57 208 33 589
80 Northern Basin and Range 22 7.34 0.34 6.95 396 13 4,315
81 Sonoran Basin and Range 12 5.48 0.47 6.7 749 15 3,229

of 0.1 inch of liquid precipitation from National Oceanic and 
Atmospheric Administration hourly-precipitation data stations 
in each ecoregion with at least 25 years of data from 1965 to 
2006 (Granato, 2010a). SELDM uses only four variables to 
generate the stochastic population of runoff events. The long-
term average number of events per year is used to define the 
minimum number of events generated, and the event volume, 
duration, and the time between event midpoints (delta) are 
used to generate the long series of events that comprise a 
series of annual load accounting years (Granato, 2013).

Regional analyses are useful for developing planning-
level estimates, but regional values may not capture local 
variations in precipitation characteristics. Although the 
ecoregion-median is theoretically the best estimate for any 
randomly selected location in an ecoregion, knowledge about 
local conditions can be applied to improve such estimates. 
In California and surrounding areas where precipitation 
characteristics change substantially over short distances and 
especially at high elevations, moving from a level 1 to a level 
2 analysis on the basis of knowledge of local patterns can 
reduce the uncertainty of regional estimates. In the SELDM 
manual (Granato, 2013), the use of statistics from the database 
application for nearby sites is described as a level 2 analysis 
to distinguish it from an analysis based on regional values; 
however, the phrase “level 2” should not be confused with the 

description of “level III” ecoregions. The ecoregions in this 
area of the country are large—ranging from about 7,630 to 
121,000 square miles (table 2)—and the precipitation-station 
density in some ecoregions is low, ranging from 293 to about 
4,320 square miles per station (table 3).

Because the regional values provide only planning-level 
estimates, expert judgement was used to select National 
Oceanic and Atmospheric Administration hourly-precipitation 
monitoring stations to calculate representative precipitation 
statistics for individual TMDL areas in California (Granato 
and Friesz, 2021). The precipitation statistics used for the 
analyses were the medians of statistics from the selected 
hourly precipitation monitoring stations within or adjacent 
to each area (table 4). Although there are 84 TMDLs in the 
CalTrans permit (California Department of Transportation, 
2016; California State Water Resources Control Board, 
2017), table 4 includes 31 sets of precipitation statistics 
because TMDLs for multiple constituents are colocated in 
highly developed basins, and because multiple TMDLs are 
clustered in areas represented by the same hourly precipita-
tion monitoring stations (Granato and Friesz, 2021). The 
medians were selected because this method has been shown 
to produce robust local estimates of synoptic-precipitation 
statistics (Risley and Granato, 2014; Stonewall and oth-
ers, 2019; Weaver and others, 2019). Departures from the 
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Table 4. Synoptic precipitation statistics representing the median of selected-station values used for annual-yield analyses in 
California with the Stochastic Empirical Loading and Dilution Model (SELDM).

[Synoptic precipitation statistics were calculated by using the definition of a runoff generating event with a minimum interevent time of 6 hours and a mini-
mum precipitation volume of 0.1 inch of liquid precipitation; the statistics are the medians of statistics from selected National Oceanic and Atmospheric 
Administration (NOAA) hourly precipitation data stations with at least 25 years of data from 1965 to 2006 (Granato, 2010a) that are located within or near the 
area of interest. Hourly precipitation data stations were selected to represent the hydrology of different total maximum daily load focus areas in California. Level 
III ecoregions are defined by the U.S. Environmental Protection Agency (EPA; Omernik and others, 2003) and listed in table 2. The analysis index number is 
the sequence number key HighwayAnalysis_ID in table tblHighwayAnalysis in the SELDM application; the 100-percent impervious simulations are in the 
4,000 series and the 60-percent impervious simulations are in the 6,000 series of analyses (Granato and Friesz, 2021). Delta is the time between storm event 
midpoints. in/yr, inch per year; in, inch; hr, hour]

Index number Medians of long-term average statistics from measured data

Number of 
NOAA stationsEPA level III 

ecoregion
Analysis  

index number

Runoff-
generating 

events per year

Annual runoff-
generating  

precipitation  
(in/yr)

Event volume  
(in.)

Event duration  
(hr)

Delta  
(hr)

1 6 30 33.95 1.06 10.86 292 2
1 24 50 51.04 1.01 12.57 162 2
1 25 43 45.01 1.07 13.13 188 9
1 26 36 40.83 1.04 12.71 198 3
1 27 34 39.61 1.09 15.42 224 4
1 28 33 34.20 1.14 13.06 219 3
1 29 36 29.71 0.85 12.84 223 2
1 30 35 31.96 0.93 13.36 227 3
1 31 30 40.66 1.25 13.43 271 3
5 4 31 23.46 0.76 11.18 272 1
6 1 18 9.51 0.51 9.30 478 2
6 2 18 15.10 0.84 9.10 470 2
6 3 17 9.51 0.58 7.72 525 4
6 7 18 15.71 0.88 10.28 449 3
6 8 27 27.12 1.03 10.31 293 5
6 9 28 19.60 0.68 10.61 288 10
6 10 26 27.12 1.05 11.53 293 3
6 11 26 23.71 0.92 11.12 315 4
6 13 16 18.93 1.15 10.20 529 6
6 14 17 17.09 0.99 12.17 492 9
6 16 16 14.31 0.93 11.19 516 7
6 17 16 15.36 0.93 11.74 515 21
6 18 16 10.01 0.68 8.77 539 5
7 12 28 15.97 0.58 12.42 308 4
8 15 17 23.59 1.38 11.67 466 1
9 19 21 6.89 0.33 7.96 428 1

78 20 31 19.00 0.60 10.30 271 4
78 21 29 23.29 0.66 10.93 247 3
78 22 36 30.88 0.87 13.14 233 14
78 23 36 38.14 0.93 13.75 228 5
81 5 4 2.42 0.54 7.18 2017 1
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median-ecoregion values for precipitation statistics in this area 
of the country can be substantial (fig. 2). The regional values 
provide insights for interpretation and comparison, but the 
local estimates provide statistics needed for individual site-
specific analyses in areas of the country where precipitation 
characteristics vary substantially over short distances. Such 
variations commonly occur where mountains cause orographic 
effects (Risley and Granato, 2014; Weaver and others, 2019).

Runoff coefficients are the transfer functions that translate 
precipitation volumes into runoff volumes (Granato 2010a, 
2013). In SELDM, runoff coefficients are simulated stochasti-
cally by using the average, standard deviation, and skew of 
runoff coefficients that are either entered by the user or are 
calculated on the basis of the type of site (highway or non-
highway) and imperviousness of the site. In this study, two 
impervious fractions were simulated—a value of 1.0 (100 per-
cent impervious) and 0.6 (60 percent impervious). The value 
of 1.0 was selected to simulate runoff from paved areas and 
the value of 0.6 to simulate an area representing a highway 
corridor with unpaved median and shoulders. The average, 

standard deviation, and skew of the runoff coefficients used to 
simulate runoff from the completely impervious highway areas 
were 0.785, 0.1917, and −1.19, respectively. The average, 
standard deviation, and skew of the runoff coefficients used 
to simulate runoff from the 60-percent impervious areas were 
0.483, 0.20662, and 0.138, respectively. These statistics were 
calculated from imperviousness by using the SELDM highway 
site equations (Granato 2010a, 2013).

For a series of urban runoff simulations, the SELDM 
nonhighway equations (Granato 2010a, 2013) were used to 
calculate runoff coefficient statistics from completely (100 per-
cent) impervious areas. The average, standard deviation, and 
skew of these runoff coefficients are 0.769, 0.114, and −0.51, 
respectively. The higher average for the highway sites may 
reflect the effect of random sampling or may be the result of 
engineering design objectives to rapidly drain runoff from the 
roadway and efficiently convey runoff from the road to storm-
water discharge locations to maintain safe driving conditions 
(Brown and others, 2009).
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Figure 2. Graphs showing comparisons of precipitation statistics for selected sites and the medians of statistics for all hourly 
precipitation data stations used for annual-yield analyses in California with the Stochastic Empirical Loading and Dilution Model. 
A, Average event volume; B, Average event duration; and C, Average time between event midpoints.
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Both of these average runoff coefficient values are lower 
than the commonly used values, which can be as high as 0.96 
for completely impervious areas; research shows that com-
monly used runoff coefficient values are biased high because 
of the assumptions and methods used to estimate runoff vol-
umes, and because runoff coefficients used for drainage design 
include a margin of safety (Granato, 2010a, 2013). Although 
the stochastic runoff-generation algorithms in SELDM pro-
duce many events with runoff coefficients at or near a value 
of 1, a substantial number of events will show the precipita-
tion losses evident in high-quality runoff monitoring datasets 
(Granato, 2010a).

SELDM uses a random-seed management algorithm to 
ensure that each runoff quality analysis will be reproducible 
(Granato, 2013). In SELDM (and other programs that use 
Monte Carlo methods), the (pseudo) random-number genera-
tors use an initial set of values known as the random seeds. 
Each SELDM analysis uses a master-seed identification 
number (ID) to select one of the 11,111 random-seed pairs in 
the seed table of the database application. Changing the seed 
values shuffles the random combinations of flows, concentra-
tions, and treatment efficiencies, and therefore the storm and 
annual loads among the simulated storm events. SELDM is 
designed to generate from about 25 years of record (in humid 
areas) to about 60 years of record (in extremely arid areas) to 
produce enough events to allow for convergence toward input 
statistics without vastly exceeding the record lengths used to 
calculate precipitation and flow statistics. However, Monte 
Carlo methods can produce events that greatly exceed the 
sample probability in the simulated record. Although a 100-, 
500-, or 1,000-year precipitation event would not be expected 
during a typical simulation period, such events can occur 
randomly, and the presence of such events can greatly inflate 
loads, especially if large events are randomly paired with large 
runoff coefficients and high concentrations. Granato and Jones 
(2017) did a seven-seed sensitivity analysis and focused on 
the median of highway runoff loads produced. In the current 
study, a 111-seed sensitivity analysis was done by using pre-
cipitation statistics from a humid area (ecoregion 1, the Coast 
Range) and an arid area (ecoregion 5, the Sierra Nevada). The 
focus of this random-seed analysis was on the long-term aver-
age annual precipitation, runoff, and BMP discharge volumes 
produced. Although all three of these hydrologic variables 
were evaluated, the final master-seed selection was based on 
the runoff volume because this was the value used to calculate 
the yields for all the constituents of concern.

Runoff Quality Analysis

Statistics were calculated for 53 water-quality properties 
and constituents of concern (table 5) in California (California 
State Water Resources Control Board, 2017), and these sta-
tistics were used to simulate long-term populations of runoff 

events. For most constituents, statistics from sites with seven 
or more storm events were included in the analysis to deter-
mine the median values in tables 6 and 7. Highway runoff 
quality statistics were calculated by using version 1.1.0a of the 
HRDB (Granato and Friesz, 2021). Highway runoff quality 
statistics from sites with fewer events were used for the pesti-
cides and polychlorinated biphenyls (PCBs). National urban-
runoff quality statistics for commonly measured properties and 
constituents were calculated by using version 1.2.0 of the Best 
Management Practices Statistical Estimator (BMPSE), which 
includes urban runoff data from the December 2019 version 
of the International BMP database (Granato, 2021a). Statistics 
for urban runoff quality constituents that are not commonly 
measured were calculated by using version 4.02 of the 
National Stormwater Quality Database (NSQD; International 
Stormwater Best Management Practices Database, 2015). 
Statistics for unfiltered PCBs (Gilbreath and others, 2019, 
unfiltered Dieldrin (Masoner and others, 2019), and unfiltered 
methylmercury (Masoner and others, 2019) in urban runoff 
were estimated by using literature values because data for 
these constituents were not available in the BMPSE or the 
NSQD. Simulations were run by using highway runoff quality 
(table 6) and urban runoff quality (table 7) statistics.

Highway and urban runoff quality datasets contain many 
values—commonly known as censored values—that are 
measured below one or more detection limits. The HRDB 
uses the robust regression-on-order statistics (ROS) method 
to estimate statistics for datasets that include censored values 
(Helsel and Hirsch, 2002; Granato and Cazenas, 2009). The 
ROS algorithms from the HRDB were added to the BMPSE to 
calculate urban runoff statistics (Granato, 2021a). The NSQD 
does not include the methods necessary to do a ROS analysis, 
so ROS methods were applied manually to the data from the 
NSQD and to literature values to estimate urban runoff statis-
tics for those constituents.

All concentrations were simulated as random variables by 
using the frequency-factor method with the average, stan-
dard deviation, and skew of the transformed (logarithmic) or 
untransformed (arithmetic) values (Granato, 2013). All the 
constituents except pH were simulated by using statistics for 
the logarithms of data (tables 6 and 7). Concentrations of prop-
erties and constituents of highway and urban runoff commonly 
are analyzed and simulated by using the logarithms of the 
data because concentration data vary by orders of magnitude 
and are bounded by zero (Athayde and others, 1983; Di Toro, 
1984; Driscoll, Palhegyi, and others, 1989; Driscoll, Shelley, 
and others, 1989, 1990; Van Buren and others, 1997; Novotny, 
2004; Kayhanian and others, 2007; Granato and Cazenas, 
2009; National Research Council, 2009; Smith and Granato, 
2010; Granato, 2013; Smith and others, 2018; Weaver and oth-
ers, 2019). However, pH is defined as the negative logarithm 
of the hydronium ion concentration (Hem, 1992); the hydro-
nium ion may be simulated by using the logarithms of data, 
but pH must be simulated in arithmetic space.
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Table 5. Runoff quality constituents used to simulate highway and urban runoff quality in selected areas of California with counts of 
the number of highway and urban runoff sites and the best management practices treatment analysis method.

[Pcode is the water-quality parameter code denoted by the letter p and the five-digit identification number from the U.S. Geological Survey (2021) National 
Water Information System (NWIS). Name is the constituent name in NWIS. Fraction is the sampled fraction (filtered water or unfiltered [whole] water); BMP 
(best management practice) is the treatment estimate, as follows: C, water- quality-category median estimated by Granato and others (2021, table 7); M, esti-
mated from measured data by Granato and others (2021, table 1.1); and S, water-quality-treatment estimate from a similar constituent. HN is the number of 
highway sites in the Highway-Runoff Database (Granato, 2019) used to calculate constituent concentration statistics. UN is the number of urban sites in the 
Best Management Practices Statistical Estimator (Granato, 2021a) or the National Stormwater Quality Database (International Stormwater Best Management 
Practices Database, 2015) used to calculate constituent concentration statistics. e; estimated from a similar constituent; L, literature value estimate from Gilbreath 
and others (2019) or Masoner and others (2019); PAHs, polycyclic aromatic hydrocarbons; PCBs, polychlorinated biphenyls; EPA, U.S. Environmental 
Protection Agency; CEDEN, California Environmental Data Exchange Network]

Pcode Name Fraction HN UN BMP

Water-quality properties

p00076 Turbidity, water, unfiltered, nephelometric turbidity units Whole 14 35 M
p00094 Specific conductance, water, unfiltered, field, microsiemens per centimeter at 25 degrees 

Celsius
Whole 2 45 M

p00403 pH, water, unfiltered, laboratory, standard units Whole 60 89 M
Sediment and related constituents

p00530 Solids, suspended, water, milligrams per liter Whole 71 241 M
p80154 Suspended sediment concentration, milligrams per liter Whole 3 30 M

Nutrient constituents, filtered

p00613 Nitrite, water, filtered, milligrams per liter as nitrogen Filtered 1 e C
p00618 Nitrate, water, filtered, milligrams per liter as nitrogen Filtered 2 1 M
p00666 Phosphorus, water, filtered, milligrams per liter Filtered 17 58 M
p00671 Orthophosphate, water, filtered, milligrams per liter as phosphorus Filtered 9 31 M

Nutrient constituents, unfiltered

p00600 Total nitrogen, water, unfiltered, milligrams per liter Whole 9 67 M
p00615 Nitrite, water, unfiltered, milligrams per liter as nitrogen Whole 13 11 M
p00620 Nitrate, water, unfiltered, milligrams per liter as nitrogen Whole 65 56 M
p00625 Ammonia plus organic nitrogen, water, unfiltered, milligrams per liter as nitrogen Whole 69 115 M
p00630 Nitrite plus nitrate, water, unfiltered, milligrams per liter as nitrogen Whole 6 57 M
p00665 Phosphorus, water, unfiltered, milligrams per liter Whole 70 196 M
p70507 Orthophosphate, water, unfiltered, milligrams per liter as phosphorus Whole 5 17 M

Minor and trace inorganics, filtered

p01030 Chromium, water, filtered, micrograms per liter Filtered 59 19 M
p01040 Copper, water, filtered, micrograms per liter Filtered 61 101 M
p01046 Iron, water, filtered, micrograms per liter Filtered 12 5 M
p01049 Lead, water, filtered, micrograms per liter Filtered 52 49 M
p01065 Nickel, water, filtered, micrograms per liter Filtered 55 23 M
p01090 Zinc, water, filtered, micrograms per liter Filtered 61 94 M
p01106 Aluminum, water, filtered, micrograms per liter Filtered 3 1 M

Minor and trace inorganics, unfiltered

p01002 Arsenic, water, unfiltered, micrograms per liter Whole 55 21 M
p01027 Cadmium, water, unfiltered, micrograms per liter Whole 54 49 M
p01034 Chromium, water, unfiltered, recoverable, micrograms per liter Whole 69 32 M
p01042 Copper, water, unfiltered, recoverable, micrograms per liter Whole 70 146 M
p01045 Iron, water, unfiltered, recoverable, micrograms per liter Whole 25 20 M
p01051 Lead, water, unfiltered, recoverable, micrograms per liter Whole 70 97 M
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Table 5. Runoff quality constituents used to simulate highway and urban runoff quality in selected areas of California with counts of 
the number of highway and urban runoff sites and the best management practices treatment analysis method.—Continued

[Pcode is the water-quality parameter code denoted by the letter p and the five-digit identification number from the U.S. Geological Survey (2021) National 
Water Information System (NWIS). Name is the constituent name in NWIS. Fraction is the sampled fraction (filtered water or unfiltered [whole] water); BMP 
(best management practice) is the treatment estimate, as follows: C, water- quality-category median estimated by Granato and others (2021, table 7); M, esti-
mated from measured data by Granato and others (2021, table 1.1); and S, water-quality-treatment estimate from a similar constituent. HN is the number of 
highway sites in the Highway-Runoff Database (Granato, 2019) used to calculate constituent concentration statistics. UN is the number of urban sites in the 
Best Management Practices Statistical Estimator (Granato, 2021a) or the National Stormwater Quality Database (International Stormwater Best Management 
Practices Database, 2015) used to calculate constituent concentration statistics. e; estimated from a similar constituent; L, literature value estimate from Gilbreath 
and others (2019) or Masoner and others (2019); PAHs, polycyclic aromatic hydrocarbons; PCBs, polychlorinated biphenyls; EPA, U.S. Environmental 
Protection Agency; CEDEN, California Environmental Data Exchange Network]

Pcode Name Fraction HN UN BMP

Minor and trace inorganics, unfiltered—Continued

p01067 Nickel, water, unfiltered, recoverable, micrograms per liter Whole 59 36 M
p01077 Silver, water, unfiltered, recoverable, micrograms per liter Whole 1 29 C
p01092 Zinc, water, unfiltered, recoverable, micrograms per liter Whole 70 169 M
p01104 Aluminum, water, unfiltered, recoverable, micrograms per liter Whole 13 4 M
p01147 Selenium, water, unfiltered, micrograms per liter Whole 7 19 C
p71900 Mercury, water, unfiltered, recoverable, micrograms per liter Whole 4 6 S

Organic constituents

p00310 Biochemical oxygen demand, water, unfiltered, 5 days at 20 degrees Celsius, milligrams 
per liter

Whole 10 3 M

p00680 Organic carbon, water, unfiltered, milligrams per liter Whole 54 46 M
p50284 Methylmercury, water, unfiltered, recoverable, nanograms per liter Whole 7 L C
p75984 PCBs, water, unfiltered, recoverable, nanograms per liter (sum of congeners) Whole 2 L M
p75984ma PCBs, water, unfiltered, recoverable, nanograms per liter (sum of congeners) Whole 4 1 S
p75984mb PCBs, water, unfiltered, recoverable, nanograms per liter (sum of homologs) Whole 1 e S
p75984mc PCBs, water, unfiltered, recoverable, nanograms per liter (sum of congeners, CalTrans in 

CEDEN)
Whole 4 L S

pXXX05 PAHs EPA 8310, water, unfiltered, micrograms per liter, (sum of 16 PAHs not censored) Whole 8 8 M
pXXX06 PAHs, water, unfiltered, micrograms per liter, (sum of PAHs, CalTrans in CEDEN) Whole 2 e S

Biological constituents

p31507 Total coliform, completed test, water, most probable number per 100 milliliters Whole 2 29 M
p31616 Fecal coliform, M-FC MF (0.45-micrometer) method, water, colonies per 100 milliliters Whole 7 8 M
p50468 Escherichia coli, Colilert Quantitray method, water, most probable number per 100 mil-

liliters
Whole 5 11 M

Pesticide constituents

p39380 Dieldrin, water, unfiltered, recoverable, micrograms per liter Whole 3 L C
p39570 Diazinon, water, unfiltered, recoverable, micrograms per liter Whole 1 3 C

Major ionic constituents and properties

p00515 Residue, water, filtered, dried at 105 degrees Celsius, milligrams per liter Filtered 54 51 M
p00900 Hardness, water, unfiltered, milligrams per liter as calcium carbonate Whole 69 12 M
p00940 Chloride, water, filtered, milligrams per liter Filtered 5 58 M
p70300 Solids, total dissolved: Residue, water, filtered, dried at 180 degrees Celsius, milligrams 

per liter
Filtered 9 e S
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Table 6. Statistics used to simulate highway-runoff quality in California with the Stochastic Empirical Loading and Dilution Model 
(SELDM).

[Data are from studies sponsored by the department of transportation for State(s) indicated (CA, California; MA, Massachusetts; NV, Nevada; OR, Oregon; 
WA, Washington). Pcode, water-quality parameter code denoted by the letter p and the five-digit identification number from the U.S. Geological Survey (2021) 
National Water Information System (NWIS); log, (common) logarithms of data; percentage not skewed, percentage of sites with a skew value that is not 
significantly different from 0 at the 95-percent confidence interval (Interagency Advisory Committee on Water Data, 1982); Spearman’s rho, rank correlation 
coefficient; avg-SD, correlation between the average and standard deviation; avg-AADT, correlation between the average concentration and the average annual 
daily traffic; NPNS, nonparametric Nash-Sutcliffe efficiency (eq. 6 in Legates and McCabe, 1999 with the median replacing the mean), indicating the predictive 
power of the regression relation to estimate the concentration from the logarithms of average annual daily traffic (a positive NPNS value indicates the predictive 
strength of the regression, and a value less than or equal to zero indicates that the observed median is a better predictor than the regression equation); source 
(Granato and Friesz, 2021);—, insufficient data to calculate statistic]

Pcode Log Average
Standard 
deviation

Skew
Percentage 
not skewed

Spearman’s rho
NPNS Source

Avg-SD Avg-AADT

Water−quality properties

p00076 Yes 2.197 0.3414 0 71 0.26 −0.51 0.316 CA
p00094 Yes 2.426 0.3267 0 100 — — — CA
p00403 No 6.898 0.4842 0 83 0.10 0.34 0.074 CA

Sediment and related constituents

p00530 Yes 1.837 0.3387 0 87 −0.11 0.12 0.026 CA
p80154 Yes 1.639 0.3627 0 100 — — — CA

Nutrient constituents, filtered

p00613 Yes −1.288 0.2175 0 100 — — — CA
p00618 Yes −0.404 0.4275 0 50 — — — CA, NV, and OR
p00666 Yes −1.068 0.3528 0 100 −0.21 0.46 −0.010 CA
p00671 Yes −1.465 0.2878 0 100 −0.40 0.10 −0.016 CA

Nutrient constituents, unfiltered

p00600 Yes 0.171 0.3145 0 89 −0.08 0.06 −0.022 CA, MA, and WA
p00615 Yes −1.271 0.3199 0 92 0.42 0.88 0.595 CA
p00620 Yes −0.235 0.3593 0 94 −0.22 0.76 0.306 CA
p00625 Yes 0.206 0.3225 0 91 −0.17 0.65 0.292 CA
p00630 Yes −0.384 0.2397 0 83 0.03 0.93 0.477 WA
p00665 Yes −0.637 0.3371 0 94 −0.20 0.29 0.041 CA
p70507 Yes −1.435 0.4974 0 100 −0.30 0.30 −0.332 CA

Minor and trace inorganics, filtered

p01030 Yes 0.345 0.2482 0 97 −0.26 0.53 0.169 CA
p01040 Yes 1.000 0.2505 0 95 0.21 0.78 0.421 CA
p01046 Yes 2.075 0.5044 0 92 0.37 −0.26 0.071 CA
p01049 Yes 0.092 0.4270 0 100 −0.01 0.53 0.134 CA
p01065 Yes 0.543 0.2947 0 100 0.16 0.54 0.154 CA
p01090 Yes 1.603 0.2814 0 90 0.35 0.59 0.236 CA
p01106 Yes 1.464 0.4924 0 67 — — — CA and OR

Minor and trace inorganics, unfiltered

p01002 Yes 0.141 0.2960 0 84 −0.03 0.23 0.058 CA
p01027 Yes −0.313 0.2754 0 89 −0.42 0.68 0.283 CA
p01034 Yes 0.802 0.2603 0 93 −0.15 0.40 0.074 CA
p01042 Yes 1.453 0.2310 0 87 −0.15 0.75 0.366 CA
p01045 Yes 2.786 0.4327 0 76 0.08 −0.40 0.118 CA
p01051 Yes 0.8884 0.2893 0 93 −0.13 0.55 0.158 CA
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Table 6. Statistics used to simulate highway-runoff quality in California with the Stochastic Empirical Loading and Dilution Model 
(SELDM).—Continued

[Data are from studies sponsored by the department of transportation for State(s) indicated (CA, California; MA, Massachusetts; NV, Nevada; OR, Oregon; 
WA, Washington). Pcode, water-quality parameter code denoted by the letter p and the five-digit identification number from the U.S. Geological Survey (2021) 
National Water Information System (NWIS); log, (common) logarithms of data; percentage not skewed, percentage of sites with a skew value that is not 
significantly different from 0 at the 95-percent confidence interval (Interagency Advisory Committee on Water Data, 1982); Spearman’s rho, rank correlation 
coefficient; avg-SD, correlation between the average and standard deviation; avg-AADT, correlation between the average concentration and the average annual 
daily traffic; NPNS, nonparametric Nash-Sutcliffe efficiency (eq. 6 in Legates and McCabe, 1999 with the median replacing the mean), indicating the predictive 
power of the regression relation to estimate the concentration from the logarithms of average annual daily traffic (a positive NPNS value indicates the predictive 
strength of the regression, and a value less than or equal to zero indicates that the observed median is a better predictor than the regression equation); source 
(Granato and Friesz, 2021);—, insufficient data to calculate statistic]

Pcode Log Average
Standard 
deviation

Skew
Percentage 
not skewed

Spearman’s rho
NPNS Source

Avg-SD Avg-AADT

Minor and trace inorganics, unfiltered—Continued

p01067 Yes 0.841 0.2556 0 95 −0.04 0.41 0.089 CA
p01077 Yes −1.424 0.3279 0 100 — — — CA
p01092 Yes 2.147 0.2581 0 90 −0.06 0.63 0.280 CA
p01104 Yes 3.275 0.2934 0 85 0.12 −0.40 0.018 CA and OR
p01147 Yes −0.999 0.1928 0 86 0.25 −0.43 −0.027 CA, MA, and OR
P71900 Yes −1.878 0.3801 0 100 — — — CA

Organic constituents

p00310 Yes 0.775 0.2457 0 100 0.14 0.45 0.062 OR and WA
p00680 Yes 1.197 0.2898 0 93 0.13 0.50 0.206 CA
p50284 Yes −0.765 0.2200 0 100 0.39 0.41 −0.031 CA
p75984 Yes 0.813 1.2686 0 50 — — — OR
p75984ma Yes 0.582 0.3761 0 100 — — — CA
p75984mb Yes 0.584 0.1604 0 100 — — — CA
p75984mc Yes 0.585 0.1586 0 100 — — — CA
pXXX05 Yes −0.724 0.3338 0 100 −0.17 0.76 0.236 CA
pXXX06 Yes −0.439 0.3383 0 100 — — — CA

Biological constituents

p31507 Yes 3.526 0.6662 0 100 — — — CA
p31616 Yes 3.015 0.3954 0 86 −0.14 0.11 −0.141 CA
p50468 Yes 3.010 0.6218 0 80 0.50 0.60 0.485 CA and OR

Pesticide constituents

p39380 Yes −2.270 0.1280 0 — — — — OR
p39570 Yes −1.552 0.6961 0 100 — — — CA

Major ionic constituents and properties

p00515 Yes 1.765 0.3602 0 85 −0.31 0.35 0.055 CA
p00900 Yes 1.514 0.2326 0 83 −0.13 0.60 0.162 CA
p00940 Yes 2.039 0.7581 0 100 −0.70 0.10 −0.106 CA
p70300 Yes 1.875 0.3250 0 100 0.52 −0.02 −0.391 CA



Simulation Methods  15

Table 7. National urban-runoff quality statistics used to simulate urban-runoff quality in California with the Stochastic Empirical 
Loading and Dilution Model (SELDM).

[Pcode, water-quality parameter code denoted by the letter p and the five-digit identification number from the U.S. Geological Survey (2021) National Water 
Information System (NWIS); log, (common) logarithms of data; percentage not skewed, percentage of sites with a skew value that is not significantly differ-
ent from zero at the 95-percent confidence interval (Interagency Advisory Committee on Water Data, 1982); BMPSE, Best Management Practices Statistical 
Estimator (Granato, 2021a); NSQD, National Stormwater Quality Database (International Stormwater Best Management Practices Database, 2015); 
SCVURPPP, Santa Clara Valley Urban Runoff Pollution Prevention Program; —, insufficient data to calculate statistic]

Pcode Log Average
Standard 
deviation

Skew
Percentage 
not skewed

Spearman’s rho, 
average standard 

deviation
Source

Water-quality properties

p00076 Yes 1.33 0.306 0 91 0.17 BMPSE v. 1.2.0
p00094 Yes 2.00 0.239 0 87 0.12 BMPSE v. 1.2.0
p00403 No 6.94 0.342 0 79 −0.14 BMPSE v. 1.2.0

Sediment and related constituents

p00530 Yes 1.68 0.381 0 90 0.01 BMPSE v. 1.2.0
p80154 Yes 2.08 0.470 0 90 0.19 BMPSE v. 1.2.0

Nutrient constituents, filtered

p00613 Yes −1.55 0.265 0 91 — Estimated from p00615
p00618 Yes −0.363 0.320 0 100 — BMPSE v. 1.2.0
p00666 Yes −1.09 0.340 0 83 0.12 BMPSE v. 1.2.0
p00671 Yes −1.07 0.316 0 87 −0.10 BMPSE v. 1.2.0

Nutrient constituents, unfiltered

p00600 Yes 0.158 0.258 0 82 −0.04 BMPSE v. 1.2.0
p00615 Yes −1.53 0.265 0 91 −0.06 BMPSE v. 1.2.0
p00620 Yes −0.316 0.333 0 80 0.14 BMPSE v. 1.2.0
p00625 Yes 0.142 0.284 0 83 0.04 BMPSE v. 1.2.0
p00630 Yes −0.455 0.385 0 72 −0.53 BMPSE v. 1.2.0
p00665 Yes −0.760 0.295 0 82 −0.05 BMPSE v. 1.2.0
p70507 Yes −1.44 0.312 0 100 0.13 BMPSE v. 1.2.0

Minor and trace inorganics, filtered

p01030 Yes 0.124 0.186 0 74 −0.12 BMPSE v. 1.2.0
p01040 Yes 0.833 0.256 0 94 0.03 BMPSE v. 1.2.0
p01046 Yes 1.55 0.376 0 80 0.80 BMPSE v. 1.2.0
p01049 Yes 0.214 0.340 0 82 0.17 BMPSE v. 1.2.0
p01065 Yes 0.496 0.295 0 97 0.26 BMPSE v. 1.2.0
p01090 Yes 1.58 0.275 0 86 −0.11 BMPSE v. 1.2.0
p01106 Yes 1.81 0.458 0 100 — BMPSE v. 1.2.0

Minor and trace inorganics, unfiltered

p01002 Yes 0.178 0.235 0 95 −0.41 BMPSE v. 1.2.0
p01027 Yes −0.276 0.274 0 88 −0.33 BMPSE v. 1.2.0
p01034 Yes 0.647 0.218 0 94 −0.05 BMPSE v. 1.2.0
p01042 Yes 1.13 0.258 0 86 −0.05 BMPSE v. 1.2.0
p01045 Yes 2.97 0.420 0 60 −0.09 BMPSE v. 1.2.0
p01051 Yes 1.00 0.343 0 88 −0.19 BMPSE v. 1.2.0
p01067 Yes 0.712 0.271 0 97 −0.08 BMPSE v. 1.2.0
p01077 Yes −0.207 0.284 0 87 0.40 NSQD v. 4.02
p01092 Yes 1.82 0.265 0 86 −0.09 BMPSE v. 1.2.0
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Table 7. National urban-runoff quality statistics used to simulate urban-runoff quality in California with the Stochastic Empirical 
Loading and Dilution Model (SELDM).—Continued

[Pcode, water-quality parameter code denoted by the letter p and the five-digit identification number from the U.S. Geological Survey (2021) National Water 
Information System (NWIS); log, (common) logarithms of data; percentage not skewed, percentage of sites with a skew value that is not significantly differ-
ent from zero at the 95-percent confidence interval (Interagency Advisory Committee on Water Data, 1982); BMPSE, Best Management Practices Statistical 
Estimator (Granato, 2021a); NSQD, National Stormwater Quality Database (International Stormwater Best Management Practices Database, 2015); 
SCVURPPP, Santa Clara Valley Urban Runoff Pollution Prevention Program; —, insufficient data to calculate statistic]

Pcode Log Average
Standard 
deviation

Skew
Percentage 
not skewed

Spearman’s rho, 
average standard 

deviation
Source

Minor and trace inorganics, unfiltered—Continued

p01104 Yes 2.93 0.522 0 100 — BMPSE v. 1.2.0
p01147 Yes 0.197 0.354 0 85 −0.69 NSQD v. 4.02
P71900 Yes 0.536 0.313 0 100 0.66 BMPSE v. 1.2.0

Organic constituents

p00310 Yes 0.823 0.340 0 100 — BMPSE v. 1.2.0
p00680 Yes 1.17 0.2685 0 87 0.27 BMPSE v. 1.2.0
p50284 Yes −0.749 0.359 0 — — Estimated from Masoner and others (2019)
p75984 Yes 0.505 0.419 0 — — Estimated from Gilbreath and others (2019)
p75984ma Yes 0.475 0.826 0 100 — BMPSE v. 1.2.0
p75984mb Yes 0.475 0.826 0 100 — Estimated from p75984ma
p75984mc Yes 0.714 0.589 0 100 — SCVURPPP, 2020
pXXX05 Yes −0.422 0.417 0 100 0.07 BMPSE v. 1.2.0
pXXX06 Yes −0.137 0.417 0 100 — Estimated from pXXX05

Biological constituents

p31507 Yes 3.49 0.801 0 90 0.04 BMPSE v. 1.2.0
p31616 Yes 4.26 0.390 0 50 −0.40 BMPSE v. 1.2.0
p50468 Yes 3.25 0.694 0 100 −0.15 BMPSE v. 1.2.0

Pesticide constituents

p39380 Yes −0.109 0.561 0 — — Estimated from Masoner and others (2019)
p39570 Yes −1.77 0.459 0 67 — BMPSE v. 1.2.0

Major ionic constituents and properties

p00515 Yes 1.91 0.343 0 84 0.16 BMPSE v. 1.2.0
p00900 Yes 1.35 0.288 0 75 0.07 BMPSE v. 1.2.0
p00940 Yes 1.12 0.522 0 75 0.50 BMPSE v. 1.2.0
p70300 Yes 1.91 0.343 0 84 — Estimated from p00515



Simulation Methods  17

Concentrations of highway and urban runoff were 
simulated by using a skew value of 0. This value was selected 
because the percentage of datasets with skew values that were 
not significantly different from 0 at the 95-percent confidence 
interval was large. For highway runoff, the percentage of data-
sets with calculated skews that were not significantly different 
from zero ranged from 50 to 100 percent with an average of 
91 percent (table 6). For urban runoff, the percentage of data-
sets with calculated skews that were not significantly different 
from zero ranged from 50 to 100 percent with an average of 
88 percent (table 7). Skew values of 0 were used because most 
constituents could be characterized as lognormal (or normal 
for pH), and because use of a skew equal to 0 would reduce 
the risks for generating improbable extreme outliers in the 
simulated highway and urban runoff concentration populations 
(Risley and Granato, 2014).

SELDM simulates individual event loads and loads for 
annual load accounting years for constituents in units of mass 
per unit volume (for example, milligrams per liter; Granato, 
2013). For pH, it calculates loads of the hydronium ion. For 
other constituents that are not measured with units of mass 
per unit volume, including turbidity, specific conductance, and 
measures of bacterial concentrations, SELDM calculates flow-
weighted loading values that are the product of water-quality 
measurement statistics and flow but are not actual mass values. 
However, these flow-weighted values can be used to estimate 
loadings to receiving waters and the potential effectiveness of 
BMPs to reduce flows and loading values (Granato, 2013).

Rank correlation analysis using Spearman’s rho was used 
to guide selection of runoff water-quality statistics for analysis 
(table 6). Spearman’s rho is a robust method of analysis that 
indicates the strength of relations between variables without 
the assumption that the relation is linear; rank correlation 
is not affected by transforming data to or from logarithmic 
space (Helsel and Hirsch, 2002). Correlation coefficients 
were calculated if data were available from five or more sites 
because this is the minimum number of data points needed to 
quantify the correlation coefficients and determine their con-
fidence intervals, which become more narrow with increasing 
sample size (Abdel-Megeed, 1984; Caruso and Cliff, 1997). 
Rank correlation analyses were used to evaluate the cross-
correlation between the average and standard deviation of 
pH and the logarithms of concentrations of other constituents 
to determine whether or not the values used for simulation 
could be selected independently. Rank correlation values for 
highway runoff constituents ranged from −0.7 to 0.52 with a 
median correlation of −0.06 (table 6). Rank correlation values 
for urban runoff constituents ranged from −0.69 to 0.8 with a 
median correlation of 0.01 (table 7). Apart from selenium in 
urban runoff, the strongest correlation coefficients were not 
significantly different from zero because they were associ-
ated with the smallest number of sites (tables 5–7; Caruso and 
Cliff, 1997).

Rank correlation coefficients also were calculated 
between the average annual daily traffic (AADT) at monitor-
ing sites, the average of pH, and the average of the logarithms 
of other constituents to assess the potential for developing 
explanatory equations (table 6). These rank correlation values 
ranged from −0.51 to 0.93 with a median of 0.45. The number 
of highway sites in table 5 and the rho values in table 6 indi-
cate that only about half the coefficients for five or more sites 
are statistically significant at the 95-percent confidence limits 
(Haan, 1977; Caruso and Cliff, 1997), and that only the nitrite 
constituent (p00615 and p00630) data would produce quantita-
tive relations. Because some correlations were significant, the 
nonparametric Nash Sutcliffe efficiency (NPNS) statistic (eq. 6 
in Legates and McCabe, 1999 with the median replacing the 
mean) was calculated to compare the predictive power of the 
logarithms of AADT for estimating constituent concentrations 
(table 6). The rank correlation coefficients and NPNS values 
generally indicate that AADT is not a strong predictor for 
constituent concentrations at study sites for most constituents. 
The best potential relation (and equation) for nitrite (p00615) 
would explain only about 60 percent of the variation in con-
centration as a function of AADT; the percentages for most 
other relations were far worse (table 6).

The application of predictive equations from monitor-
ing sites to unmonitored sites in TMDL watersheds also is 
complicated by variations in AADT within TMDL watersheds 
and uncertainties in short-term AADT measurements. Point 
AADT measurements on a road may not represent traffic vol-
umes at other points along the same roadway and do not rep-
resent traffic volumes along other roads within the watershed. 
For example, CalTrans reports AADT values from a statewide 
network of 7,141 traffic monitoring stations (fig. 3; California 
Department of Transportation, 2018b). At 5,816 of these traffic 
monitoring stations, AADT values are reported as “Back” and 
“Ahead” of nominal monitoring locations, which indicates 
differences caused by changes in traffic to or from intersect-
ing routes. The average absolute difference in AADT values at 
these sites is 7,150 vehicles per day (VPD), and the median is 
2,400 VPD. Therefore, a measured AADT value for a single 
location would not be widely applicable in a TMDL watershed 
even along a single route. Furthermore, studies show that the 
uncertainty in AADT estimates from short-term monitoring 
stations commonly is on the order of plus or minus 20 percent 
and as high as plus or minus 50 percent for low AADT roads 
(less than 1,000 VPD) and that estimates are highly uncertain 
for all traffic volumes with measurement durations of less than 
a full day (Krile and others, 2015). Therefore, estimation of 
concentrations from AADT for application to TMDL estimates 
may be of limited value. Similarly, because of the limited 
power of AADT relations and the variations in AADT within 
TMDL watersheds, Lantin and others (2019) provided nation-
wide highway runoff statistics by AADT category but used 
the statistics from the lumped (all AADT) dataset to simulate 
long-term annual loads for TMDL analyses in different areas 
of the country.
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EXPLANATION
 CalTrans traffic census monitoring sites, N=7,141

 CalTrans highway runoff quality monitoring sites with total suspended solids data, N=88

Figure 3. Scatter plot showing the annual average daily traffic counts at California Department of Transportation (CalTrans) 
traffic-census monitoring sites (California Department of Transportation, 2018b) and highway runoff monitoring sites (Granato and Friesz, 
2021). N, number of sites.

concentration (MIC), which is the lowest expected BMP efflu-
ent concentration, by substituting a user-defined MIC value for 
BMP effluent concentrations that are less than the MIC.

SELDM uses rank correlation to preserve the structure 
of inflow and outflow data commonly found in BMP studies. 
Correlations between the ratios of outflow to inflow volumes 
and the magnitudes of inflows are positive because it would 
be difficult for BMPs built with commonly used designs 
to retain or infiltrate a large proportion of flow from a very 
large runoff event. As such, the positive correlations between 
inflow volumes and the outflow ratios calculated by Granato 
and others (2021) reduce the average effectiveness of volume 
reduction that would be simulated by using the ratios without 
correlation. Correlations between the concentration ratios and 
inflow concentrations are negative because BMP monitoring 
datasets indicate that BMPs are more effective for substan-
tially reducing large inflow concentrations than small inflow 
concentrations. Therefore, the negative correlations between 

SELDM can be used to simulate three stormwater-
treatment mechanisms, including runoff hydrograph extension, 
volume reduction, and water-quality treatment, by using a 
trapezoidal distribution with correlation to the inflow values 
(Granato 2013, 2014; Granato and Jones, 2014; Granato and 
others, 2021). Runoff hydrograph extension affects down-
stream flows, concentrations, and loads, but not the mag-
nitudes of flows, concentrations, or loads discharged from 
the simulated site of interest. Therefore, the potential effects 
of runoff hydrograph extension were not examined in this 
study. The SELDM BMP module uses the trapezoidal dis-
tribution and the rank correlation with the associated high-
way or urban runoff variable to provide a stochastic transfer 
function to approximate the quantity and quality of BMP 
effluent given the associated inflow values in a simulation. 
SELDM also simulates the effect of the minimum irreducible 

Runoff Treatment Analysis
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inflow concentrations and the outflow ratios increase the aver-
age effectiveness of concentration reductions that would be 
simulated by using the ratios without correlations.

In this study, runoff treatment was analyzed to examine 
the potential effects of volume reduction and water-quality 
treatment by stormwater BMPs on annual yields. SELDM gen-
erates a unique combination of treatment values for each event 
in the simulated time series by using the random numbers 
generated and the correlation with inflow values; it does not 
apply a universal treatment efficiency value to every runoff 
event (Granato, 2013). In SELDM, as in reality, outflow vol-
umes and concentrations can exceed associated inflow values 
during some simulated events (Granato 2013, 2014; Granato 
and others, 2021). The load-reduction performance for each 
runoff event depends on the simulated volume reduction, the 
water-quality treatment, and the MIC. As for other variables, 
SELDM generates a random series of events rather than a 
time series, so it does not explicitly simulate seasonality or 
long-term changes in performance as BMPs age. Few BMP 
monitoring datasets have sufficient data to characterize either 
seasonality or the effects of aging (Taylor and others, 2014; 
Granato and others, 2021). However, calculating the ratio of 
the long-term average annual runoff load to the long-term 
average annual BMP discharge load would provide a long-
term universal treatment efficiency estimate.

State departments of transportation commonly use many 
different types of BMPs suitable for the local hydrology, 
available areas in or near the right-of-way, other site con-
straints, and water-quality design objectives from site to site 
(Taylor and others, 2014; National Academies of Sciences, 
Engineering, and Medicine, 2015; California Department of 
Transportation, 2018a; Leisenring and others, 2020). As such, 
many water bodies that are adversely affected by stormwater 
discharges are likely to receive runoff from many types of 
BMPs. Even if one type of BMP is predominant in a basin 
of interest, research shows large variations in performance 
from site to site for every type of BMP (Granato, 2014; Taylor 
and others, 2014; Granato and others, 2021). Within BMP 

categories, Leisenring and others (2013) did not find that per-
formance was quantitatively linked to physical design features. 
For example, Barrett and others (2004) found that outflow 
concentrations from grassy filter strips stabilized after about 
16 feet, and that the performance was not affected by physical 
design features such as slope, vegetation type, or hydraulic-
residence time. In a study of CalTrans BMP monitoring 
data, Barrett (2005) indicated that the inflow concentration 
was the primary predictor of outflow concentration for most 
BMP categories. Even if the performance of a specific BMP 
is known at one point in time, its performance will vary with 
age, maintenance, and many other factors (Taylor and others, 
2014). Therefore, most simulations done for this project used a 
generic BMP calculated by using the median of statistics docu-
mented by Granato and others (2021).

CalTrans currently (2020) has a list of 14 categories of 
approved postconstruction BMPs (California Department 
of Transportation, 2019), but it also has experimental and 
legacy BMPs. To meet the requirements of its NPDES permit, 
CalTrans must increase the use of BMPs to treat highway 
and urban runoff in the State each year (California State 
Water Resources Control Board, 2017). During the 2017–18 
fiscal year, CalTrans added about 682 new acres of treated 
area; about 14, 42, and 13 percent of these acres were treated 
by using biofilter (grass) strip (BI), biofilter (grass) swale 
(BS), and media-filter (MF) BMPs, respectively (California 
Department of Transportation, 2018a). About 30 percent of the 
new treatment area was treated with other types of BMPs.

The trapezoidal distribution of volume-reduction ratios 
for the generic, BI, BS, and MF BMPs are listed in table 8. 
With the exception of the BS, there is some risk that the 
outflow will exceed the inflow volume. In theory, the outflow 
may exceed the inflow for a given event because of carryover 
from a previous event or because of groundwater exfiltration 
into the BMP. Water-quality statistics for the 53 water-quality 
constituents simulated in this study are the median values pub-
lished by Granato and others (2021, table 1.1), which also are 
listed in the SELDM output-documentation file (*-Out.txt) for 

Table 8. Median of selected stormflow volume-reduction statistics for the trapezoidal distribution and Spearman’s rho correlation 
coefficient statistics for best management practices, by category.

[Modified from Granato and others (2021). BMP, best management practice; min, minimum; LBMPV, lower bound of the most probable value; UBMPV, upper 
bound of the most probable value; max, maximum; avg, theoretical trapezoidal average; med, theoretical trapezoidal median; pct GT 1, the theoretical percent-
age of storms in which outflows exceed inflows and whose ratio is thus greater than 1 (the percentage of outflow ratios greater than one is calculated by using 
the volume-reduction statistics in this table; the volume-reduction statistics are for the trapezoidal distribution of the ratio of outflow to inflow volume); rho, the 
Spearman’s rho correlation coefficients, calculated by using the ranks of the inflow volumes and the associated ratios of outflow to inflow volumes]

International BMP category Volume-reduction statistics, unitless ratio

Code Name Min LBMPV UBMPV Max Avg Med Pct GT 1 rho

BI Grass strip 0 0.0202 0.0317 1.2428 0.421 0.371 3.9 0.42
BS Grass swale 0.0671 0.0671 0.4966 0.8882 0.390 0.380 0.0 0.68
GB Generic BMP 0.2382 0.5199 0.7629 1.1889 0.685 0.677 7.0 0.44
MF Media filter 0.4836 0.4836 0.5033 1.3773 0.782 0.746 17.8 0.28
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each analysis in the model archive for this study (Granato and 
Friesz, 2021). The CalTrans BMPs simulated in this study use 
surrogate or category-level values for 12 constituents without 
sufficient data (table 5), 10 of which were added to statistics 
calculated by Granato and others (2021).

Results
In this study, 368 analyses were done to examine high-

way and urban runoff yields in California (Granato and 
Friesz, 2021). Precipitation statistics for ecoregion 1, a humid 
area, and ecoregion 5, an arid area (table 2), were used in 
111 analyses in each ecoregion to identify a robust master seed 
ID for the remaining highway and urban runoff simulations. 
Analyses were done for 12 ecoregions with highway runoff 
quality statistics for sites that are 100 and 60 percent impervi-
ous. Highway runoff quality analyses also were done for sites 
that are 100 and 60 percent impervious in 31 TMDL areas. 
Analyses were done for 12 ecoregions with urban runoff 
quality statistics for sites that are 100 percent impervious by 
using the SELDM highway and nonhighway runoff coefficient 
statistics. Most of the analyses in this study were done by 
using the generic BMP. Alternative analyses for the BI, BS, 
and MF BMPs also were done for 12 ecoregions with highway 
runoff quality statistics for sites that are 100 percent impervi-
ous. The results of all these analyses are documented in the 
model archive associated with this study (Granato and Friesz, 
2021). Only examples selected to illustrate stochastic-analysis 
concepts are discussed in this report.

The random-seed analysis was done to identify a master 
seed value that would provide the most representative results 
for the simulated highway runoff volumes. The site of interest 
for these analyses was simulated as completely impervious. 
The 111 test simulations for ecoregion 1, the Coast Range, 
resulted in a range of 1,812 to 1,891 events representing 
26 to 27 annual load accounting years. The average annual 
precipitation values ranged from 58.1 to 62 inches per year, 
the average annual runoff ranged from 45.6 to 49.3 water-
shed inches (the flow volumes divided by the drainage area) 
per year, and the average annual BMP discharge ranged 
from 34.3 to 37.4 watershed inches per year among simula-
tions. The 111 test simulations for ecoregion 5, the Sierra 
Nevada, that used the same master-seed values as the associ-
ated ecoregion 1 simulations, resulted in a range of 1,234 to 
1,270 events representing 38 to 40 annual load accounting 
years. The average annual precipitation values ranged from 
31.9 to 34.8 inches per year, the average annual runoff ranged 
from 25.1 to 27.4 watershed inches per year, and the average 
annual BMP discharge ranged from 18.8 to 20.9 watershed 
inches per year among simulations. The master random-seed 
ID value 931 was chosen for the interpretive analyses because 
simulation results based on this seed in both ecoregions were 
closest to the median of the combined rank of the long-term 
average highway runoff volumes. This seed ID value resulted 
in 1,877 events and 27 annual load accounting years in 

ecoregion 1, and 1,245 events and 38 annual load accounting 
years in ecoregion 5. The long-term average annual precipita-
tion was 60.4 inches per year, the runoff was 47.1 watershed 
inches per year, and the BMP discharge was 35.6 watershed 
inches per year in ecoregion 1. The long-term average annual 
precipitation was 33.6 inches per year, the runoff was 26.1 
watershed inches per year, and the BMP discharge was 19.8 
watershed inches per year in ecoregion 5.

Although ecoregions 1 and 5 were used in the random-
seed analysis, simulation results from ecoregion 6 will be used 
to illustrate the results of analysis. Results from the ecoregion 
6 simulations were selected for discussion because this ecore-
gion contains the largest number of TMDL areas simulated 
in this project (table 4). The large number of TMDL areas 
is probably a result of the many urban areas in ecoregion 6, 
including the four largest metropolitan areas in California 
(Los Angeles, San Diego, San Jose, and San Francisco). Also, 
precipitation statistics for ecoregion 6 are close to the medians 
for all the ecoregions with areas in California (table 3) and are 
well within the ranges of precipitation statistics used for the 
level-2 simulations of this ecoregion (fig. 2). Although discus-
sions in this report are limited to selected examples, results 
from all 368 simulations are available in the model archive 
assembled by Granato and Friesz (2021).

Hydrologic Analysis

In the ecoregion 6 analyses that used 931 as the master 
random-seed ID, SELDM generated 1,068 runoff events rep-
resenting 50 annual load accounting years. Figure 4 shows the 
population of simulated events, including the precipitation in 
inches, and the runoff and BMP discharge values in watershed 
inches. In these simulations, precipitation ranges from about 
0.10 to 4.35 inches with a median of 0.596 and an average of 
0.797 inches. In the highway runoff coefficient scenario with 
a total impervious area (TIA) value of 1.0 (HRC100), high-
way runoff ranged from 0.0137 to 3.33 inches with a median 
of 0.438 and an average of 0.619 inches. In the urban runoff 
coefficient scenario with a TIA value of 1.0 (URC100), urban 
runoff ranged from 0.0574 to 3.37 inches with a median of 
0.435 and an average of 0.609 inches. In the highway runoff 
coefficient scenario with a TIA value of 0.6 (HRC060), high-
way runoff ranged from 0.0003 to 2.485 inches with a median 
of 0.249 and an average of 0.364 inches. The differences in 
runoff coefficient statistics between the highway and urban 
runoff equations result in the differences in runoff volume 
populations. Figure 4 emphasizes differences at the low end, 
but differences between the highway and urban runoff flows 
with TIA values of 1 are pronounced only above the 98th per-
centile event. The differences between the runoff volumes 
for the highway runoff equations with TIA values of 1 and 
0.6 are not linear with respect to the difference in TIA. Based 
on the average of event flows, reducing the imperviousness 
by 40 percent results in a reduction of runoff flows of about 
59 percent in these simulated events.
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Figure 4. Scatter plot showing the populations of precipitation, runoff, and structural best management practice (BMP) discharge by 
event in ecoregion 6 simulated by using the Stochastic Empirical Loading and Dilution Model. Runoff from the simulated site is shown 
with a total impervious area (TIA) fraction equal to 0.6 and 1.0 with the use of the highway runoff coefficient equations (HRC100 and 
HRC060), and a TIA fraction of 1.0 with the use of the urban and highway runoff coefficient equations (URC100). A watershed inch is the 
flow volume divided by the drainage area.

This correlation value is low partly because of environmental 
variability and partly because the precipitation volume is the 
denominator of the runoff coefficient (Granato, 2010a, 2013).

The long-term average-annual precipitation and runoff 
values are calculated by dividing the sum of all individual 
values by the length of the simulation period. The individual 
annual values indicate the potential short-term variability in 
annual loads that may be used to assess a TMDL margin of 
safety (fig. 5); however, because the annual load account-
ing years are random collections of events, the long-term 
average-annual value is the most robust estimate for a TMDL 
allocation (Novotny, 2004; Granato, 2013; Granato and 
Jones, 2017). The long-term averages of the annual runoff 
coefficients are 0.778, 0.459, and 0.764 for the HRC100, 
HRC060, and URC100, respectively. In these simulations, 
the runoff coefficients are slightly less than their theoretical 
values (Granato, 2013) primarily because the most extreme 
events were not paired with a runoff coefficient value of 1. In 
theory, such large events would be correlated with the runoff 
coefficient, but for most events that are of concern for water-
quality regulation, runoff coefficients (the ratios of runoff to 
rainfall) are not strongly correlated to precipitation (Athayde 
and others, 1983; Driscoll and others, 1990; Granato, 2010a). 

Runoff Quality Analysis

Four water-quality constituents were selected as exam-
ples for discussion in this report because they are constituents 
of concern in California (California State Water Resources 
Control Board, 2017) and because data were available from 
multiple sites for these constituents (table 5). Total suspended 
solids (TSS, p00530) was selected because sediment is a 
concern in 27 of 83 TMDL areas, and data are available from 
71 CalTrans and 241 urban runoff monitoring sites. Total 
nitrogen (TN, p00600) and total phosphorus (TP, p00665) 
were selected because nutrients are a concern in 14 TMDL 
areas, and data are available from multiple sites in the Cal-
Trans and urban runoff monitoring datasets. TN and TP 
commonly are the nutrients limiting eutrophication in coastal 
and inland waters, respectively. Total zinc (TZn, p01092) 
was selected because minor and trace elements are a concern 
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Figure 5. Scatter plot showing the populations of precipitation, runoff, and structural best management practice (BMP) discharge by 
annual load accounting year in ecoregion 6 simulated by using the Stochastic Empirical Loading and Dilution Model. Runoff from the 
simulated site is shown with a total impervious area (TIA) fraction equal to 0.6 and 1.0 by using the highway runoff coefficient equations 
(HRC100 and HRC060), and a TIA fraction of 1.0 by using the urban runoff coefficient equations (URC100).

urban runoff concentrations were simulated by using the sta-
tistics in table 7. The CalTrans pavement runoff concentrations 
simulated with statistics from the HRDB (Granato and Friesz, 
2021) are higher than the national urban-runoff values simu-
lated with statistics from the BMPSE (Granato, 2021a), which 
represent the median of many sites with different land uses and 
impervious fractions. Comparison of the averages in tables 6 
and 7 indicates that, on average, the geometric mean highway 
runoff concentrations are about 1.35 times the associated urban 
runoff values. Measured AADT at highway runoff monitoring 
stations are biased high in comparison to the AADT measured 
throughout the State (fig. 3), and the AADT at highway sites is 
strongly correlated to imperviousness near the highway (with a 
Spearman’s rho of 0.78 between the AADT and the TIA within 
a 0.5-mile radius around the monitoring station and a rho of 
0.76 between the AADT and the TIA within a 1-mile radius 
around the monitoring station). Therefore, the simulation 
results and comparison of input statistics indicate that simulat-
ing roadway yields with the median of highway site statistics 
(table 6) provides robust yield estimates.

in 16 TMDL areas, and data are available from 70 CalTrans 
and 169 urban runoff monitoring sites. The total (unfiltered) 
constituents were selected over the associated dissolved 
(filtered) constituents because the sample-filtration process 
adds variability and uncertainties to measured concentra-
tions (Granato and others, 2003). Also, reductions of filtered 
constituents measured in BMP outflows may reflect partition-
ing to suspended solids in the outflow rather than actual load 
reductions by retention within the BMP (Granato and others, 
2021). All 53 water-quality properties and constituents listed 
in table 5 were simulated in the highway and urban runoff 
analyses documented by Granato and Friesz (2021), but these 
four constituents are sufficient for demonstrating approaches 
for assessing long-term annual yields of highway and urban 
runoff in California.

SELDM was used to generate EMCs for 1,068 runoff 
events representing 50 annual load accounting years in the 
ecoregion 6 analyses. In EMC simulations for TSS, TN, TP, 
and TZn in highway and urban runoff and BMP discharge 
(fig. 6), the concentrations for each constituent vary by about 
1.7 to 2.8 orders of magnitude. The highway runoff concentra-
tions were simulated by using the statistics in table 6, and the 
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Figure 6. Scatter plot showing the populations of A, Total suspended solids (p00530); B, Total nitrogen (p00600); C, Total phosphorus 
(p00665); and D, Total zinc (p01092) concentrations in highway and urban runoff and in structural best management practice (BMP) 
discharge by event, that were simulated by using the Stochastic Empirical Loading and Dilution Model.
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Figure 6.—Continued
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Figure 6.—Continued

The EMC from each event is multiplied by the flow from 
each event to calculate event loads, and the individual loads 
are summed for each annual load accounting year to calcu-
late the long-term population of annual load values for each 
constituent. Because the site of interest was simulated with an 
area of 1 acre, these loads also are yields in pounds per acre 
per year. Figure 7 shows the population of simulated annual 
yields for the four selected constituents. In these simula-
tions, annual highway runoff yields vary by a factor of 4 to 5, 
and urban runoff yields vary by a factor of 5 to 6 during the 
50-year simulation period. The long-term average TSS yield 
from the 100 percent impervious highway site (HRC100) 
was about 278 pounds per acre per year, and the yield from 
the 60 percent impervious highway site (HRC060) was about 
165 pounds per acre per year (table 9). This difference in 
yields represents the reduction in runoff flow per unit area but 
not changes in runoff quality that may be caused by routing 
runoff across the highway median and shoulders because the 
same concentration statistics were used for both scenarios. 
Similarly, the ratio of long-term average HRC060 to HRC100 
yields was about 0.59, which is equivalent to the ratio of the 
average runoff coefficients. The ratio of long-term average 
highway (HRC100) to urban yields range from 1.13 for TN 
to 2.10 for TZn for the highway runoff coefficient with urban 

runoff concentration scenario (HRCU100) and 1.15 for TN to 
2.13 for TZn in the urban runoff coefficient with urban runoff 
concentration scenario (URC100).

Runoff Treatment Analysis

Simulation of basin-wide BMP performance by using 
the generic (median) BMP indicates potential flow and yield 
reductions that may be achieved in a TMDL area with a vari-
ety of BMP types operating at various stages in the lifecycle of 
structural BMPs (Taylor and others, 2014; Granato and others, 
2021). Although this report demonstrates use of the long-term 
average BMP performance results for runoff yield analyses, 
SELDM randomly generates volume reduction and water-
quality treatment values for each event. The theoretical aver-
age of the trapezoidal distribution used for volume reduction 
by the generic BMP is 0.685, which would result in a reduc-
tion of about 31.5 percent. The simulated long-term volume 
reduction average, which can be calculated by comparing the 
runoff and discharge flows in table 9, is about 23.4 percent 
because the outflow-to-inflow ratios are positively correlated 
with inflow volume. The theoretical averages of the trapezoi-
dal distribution used for water-quality treatment by the generic 
BMP are about 0.53, 0.83, 0.82, and 0.39 for TSS, TN, TP, 
and TZn, respectively. The ratios of average BMP to highway 
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Figure 7. Scatter plot showing the populations of A, Total suspended solids (p00530); B, Total nitrogen (p00600); C, Total phosphorus 
(p00665); and D, Total zinc (p01092) yields in highway and urban runoff and in structural best management practice (BMP) discharge by 
annual load accounting year, that were simulated by using the Stochastic Empirical Loading and Dilution Model.
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Figure 7.—Continued
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Figure 7.—Continued

Table 9. Long-term average annual yields of selected constituents in highway or urban runoff and structural stormwater best 
management practice discharge in ecoregion 6, that were simulated by using the Stochastic Empirical Loading and Dilution Model.

[WI, watershed inch (the runoff volume or discharge divided by the drainage area): (lb/ac)/yr, pound per acre per year; p00530, solids, suspended, water, mil-
ligrams per liter; p00600, total nitrogen, water, unfiltered, milligrams per liter; p00625, phosphorus, water, unfiltered, milligrams per liter; p01092, zinc, water, 
filtered, micrograms per liter; BMP, best management practice; TIA, total impervious area as a fraction of the total area]

Scenario Flow (WI)
Water-quality constituent yields ([lb/ac]/yr)

p00530 p00600 p00665 p01092

Highway runoff coefficient scenario with a TIA value of 1.0 and highway runoff concentrations

Runoff 13.2 278 5.81 0.968 0.492
Biofiltration (grass) strip 6.95 37.1 2.54 0.313 0.072
Biofiltration (grass) swale 6.62 47.0 2.69 0.506 0.084
Generic BMP 10.1 65.5 3.03 0.413 0.101
Media filter 11 41.3 3.3 0.1 0.088

Highway runoff coefficient scenario with a TIA value of 0.6 and highway runoff concentrations

Runoff 7.77 165 3.31 0.596 0.292
Generic BMP 5.99 38.8 1.74 0.25 0.06

Highway runoff coefficient scenario with a TIA value of 1.0 and urban runoff concentrations

Runoff 13.2 209 5.15 0.676 0.234
Generic BMP 10.1 45.8 2.78 0.302 0.047

Urban runoff coefficient scenario with a TIA value of 1.0 and urban runoff concentrations

Runoff 13 206 5.05 0.669 0.231
Generic BMP 9.9 44.8 2.72 0.297 0.046
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concentrations are about 0.31, 0.68, 0.59, and 0.28 for TSS, 
TN, TP, and TZn, respectively. Theses averages are lower than 
the nominal average trapezoidal ratios because of the negative 
correlation between inflow concentration and the concentra-
tion ratios (Granato, 2014; Granato and others, 2021).

The long-term average load reduction ratios, which 
included concentration and volume reductions for these 
constituents, are much lower than the concentration ratios at 
about 0.23, 0.53, 0.43, and 0.20 for TSS, TN, TP, and TZn, 
respectively. These long-term average load reduction ratios are 
equivalent to mass reductions of about 77, 47, 57, and 80 per-
cent for TSS, TN, TP, and TZn, respectively. Such values may 
represent reductions that are the maximum extent practicable 
on a watershed scale, especially for existing urban areas with 
many design and economic constraints (National Research 
Council, 2009; National Academies of Sciences, Engineering, 
and Medicine, 2015).

Alternate HRC100 scenarios also were run to examine 
BMP performance by using the BI, BS, and MF statistics 
(table 8); the results for ecoregion 6 are listed in table 9. 
On average, the BS BMP has the highest volume-reduction 
capacity (about 50 percent) and the MF BMP has the lowest 
volume-reduction capacity (about 17 percent) of the simulated 
results (table 9). On average, among the constituents included 
in table 9, the MF has the highest yield-reduction capacity 
(about 75 percent), and the generic BMP has the lowest yield-
reduction capacity (about 65 percent).

Application of Results

Application of simulated runoff yields to actual TMDL 
areas in California is beyond the scope of this report, but 
information from the USGS StreamStats web-based applica-
tion (U.S. Geological Survey, 2020) was used to illustrate load 
calculations by using information from the literature. Actual 
loads would be calculated by using detailed data on basin 
properties, development, road geometry, and the highway and 
urban storm-sewer network with GIS software. To estimate the 
potential area of urban imperviousness and highways for load 
calculations without doing a detailed GIS analysis, informa-
tion about the TIA, percentage of roads, and the percentage 
of highways is needed. To do an actual or example analysis, 
stormwater yields (in pounds per acre per year, such as the 
ones listed in table 9) would be multiplied by measured or 
estimated land-cover areas to estimate watershed loads.

The USGS StreamStats application (U.S. Geological 
Survey, 2020) was used to obtain estimates of the drain-
age area, total developed areas (TDA), and TIA in 41 river 
and stream basins containing TMDL reaches (table 10). The 
drainage areas ranged from 7.3 to 10,194 square miles (mi2) 
with a median of about 303 mi2. The percent TDAs ranged 
from 1.8 to 99 with a median of 7.4 percent. The percent TIA 
ranged from 0.1 to 65.1 with a median of 1.2 percent. The 
percentage of TDA that is impervious ranged from 1.79 to 
66.3 with a median of 13.6 percent. The imperviousness of the 

developed area has a strong positive correlation to the percent-
age of developed area (rho=0.8), which indicates the urban 
intensification (increasing TIA per unit area) that occurs with 
increasing development. However, these development and 
impervious values are basin-wide values that may not repre-
sent the TDA and TIA in individual TMDL subbasins within 
the larger river basins.

The penultimate step in developing hypothetical esti-
mates of long-term annual loads is to estimate the highway 
and nonhighway portions of the basin-wide TIA. Studies of 
the components of impervious surfaces in developed areas 
consistently indicate that, on average, off-street parking, roofs, 
roads, and other anthropogenic surfaces comprise about 35, 
32, 25, and 8 percent of the TIA in these areas, respectively 
(Tilley and Slonecker, 1996; Roy and Shuster, 2009; Wang, 
2013). Spaetzel and others (2020) did a geographic analysis 
of road lengths in nested basins above road crossings and 
found that in 8,679 subbasins with drainage areas greater than 
1 square mile that contained a nonzero highway length, the 
ratio of highways (defined as controlled access highways, 
ramps, secondary highways, or major connecting roads) to 
total road lengths ranged from 3×10−6 to 1, with an average 
ratio of 0.13. The American Association of State Highway 
and Transportation Officials (2001) estimate that arterial 
roads comprise about 8 percent of roads in rural areas and 
20 percent in urban areas nationwide. The Federal Highway 
Administration (2015) national census of roads indicates that 
CalTrans owns about 6.7 percent of roadways in the State 
(table 1). Therefore, if all roads are 25 percent of the impervi-
ous area and highways are 6.7 percent of roads, then percent-
age of highways in the hypothetical basin may be estimated 
as about 1.7 percent of the TIA and other developed-area 
imperviousness is 98.3 percent of the TIA.

The final step in developing the hypothetical load 
estimates is to multiply the yields times the areas. Using the 
median values from table 10 (a drainage area of 303 square 
miles and TIA of 1.2 percent) would result in 3.63 square 
miles of impervious surface. Assuming the highways were 
1.7 percent of the TIA would result in an area of about 
0.06 square miles (about 38 acres) of highway and 3.57 square 
miles (about 2,285 acres) of nonhighway impervious surfaces. 
Multiplying the highway runoff (HRC100) yields for ecore-
gion 6 (table 9) by the highway area would result in loads of 
about 19,500; 407; 68; and 34 pounds of TSS, TN, TP, and 
TZn, respectively from the highway. These loads would be 
reduced to about 4,590; 212; 28.9; and 7.07 pounds of TSS, 
TN, TP, and TZn, respectively if the generic BMP yields are 
applied. However, Washburn and others (2010) sampled areas 
in Sacramento, Irvine, and Santa Cruz California and found 
that on average the imperviousness of highway rights of way 
were only about 47 percent of the right-of-way, indicating that 
grassy swales are a ubiquitous feature of CalTrans rights-of-
way. If the swale-discharge yields in table 9 are used, then 
the highway loads would be reduced to about 3,290; 188; 
35.4; and 5.88 pounds of TSS, TN, TP, and TZn, respec-
tively. In comparison, the urban impervious loads based on 
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Table 10. Selected StreamStats basin properties for streams and rivers in total maximum daily load areas of California.

[StreamStats data are from U.S. Geological Survey (2020). DRNAREA, area that drains to a point on a stream, in square miles; LC11DEV, percentage of 
developed (urban) land from the National Land Cover Database (NLCD) 2011 classes 21–24 (U.S. Geological Survey, 2014); LC11IMP, average percentage of 
impervious area determined from NLCD 2011 impervious dataset (U.S. Geological Survey, 2014); IMPDEV, percentage of developed (urban) land (LC11DEV) 
that is impervious]

Basin name
Delineation point StreamStats basin properties

IMPDEV
Latitude Longitude DRNAREA LC11DEV LC11IMP

Albion River 39.22531 −123.76783 42.6 5.10 0.2 3.92
Ballona Creek 33.96345 −118.45259 133.1 89.5 51.9 58.0
Big Bear Lake 34.2428 −116.97637 35.9 43.3 9.70 22.4
Big River 39.30189 −123.79212 181.6 4.40 0.10 2.27
Cache & Bear Creeks 38.72106 −121.71577 678.1 3.50 0.30 8.57
Calleguas Creeks tribs 34.10926 −119.09291 346.7 34.7 11.5 33.1
Chollas Creek 32.68773 −117.12748 26.9 97.9 60.0 61.3
Clear Lake 38.92568 −122.61457 489.2 21.4 1.20 5.61
Dominguez Channel etc 33.77729 −118.24119 132.4 98.2 65.1 66.3
Garcia River 38.94593 −123.72346 113.8 4.40 0.20 4.55
Gualala River 38.76844 −123.53291 298.9 2.50 0.10 4.00
Klamath River 41.54633 −124.08062 10,193.8 3.60 0.30 8.33
Lake Elsinore 33.65732 −117.33025 767.9 25 6.90 27.6
Los Angeles River 33.7672 −118.20544 831.8 61.7 31.4 50.9
Los Cerritos Channel 33.76766 −118.10431 41.9 99.0 62.2 62.8
Lower Eel River 40.62594 −124.28764 302.5 7.4 1.1 14.9
Mad River 40.94863 −124.12693 496 4.00 0.40 10.0
Malibu Creek 34.03234 −118.68002 109.6 26.4 6.50 24.6
Middle Fork Eel 39.71324 −123.3522 753.7 3.20 0.10 3.13
Morro Bay 35.3434 −120.83807 77.1 15.5 4.20 27.1
Napa River 38.0781 −122.24749 420 19.7 6.60 33.5
Navarro River 39.19262 −123.76045 315 4.80 0.20 4.17
Noyo River 39.43782 −123.76991 109 5.60 0.10 1.79
Rainbow Creek 33.41108 −117.21597 11.5 20.4 4.30 21.1
Redwood Creek, North Coast 41.29259 −124.09135 282.5 1.80 0.10 5.56
San Diego Creek 33.65087 −117.86727 118.6 76.0 35.8 47.1
San Gabriel 33.75018 −118.10904 675 52.1 26.2 50.3
San Lorenzo River 36.9909 −122.03133 115.2 14.0 1.20 8.57
San Pedro Creek 37.59628 −122.50546 7.30 28.2 8.20 29.1
Santa Clara River 34.23492 −119.25674 1,623.2 9.60 2.30 24.0
Scott River 41.77891 −123.03688 814.3 3.60 0.20 5.56
Shasta River 41.83045 −122.59367 790.7 4.10 1.10 26.8
Sonoma Creek 38.15778 −122.40748 163.4 15.4 3.60 23.4
South Fork Eel River 40.35501 −123.91982 689.2 4.90 0.20 4.08
South Fork Trinity 40.88901 −123.60173 932.1 3.70 0.10 2.70
Ten Mile River 39.53969 −123.75103 119.6 3.70 0.10 2.70
Trinity River 41.18515 −123.70837 2,969.8 3.90 0.20 5.13
Truckee River 39.464 −120.00325 441.9 5.90 1.40 23.7
Upper Main Eel River 39.71353 −123.3534 709 4.30 0.20 4.65
Van Duzen 40.5486 −124.16074 429.4 2.30 0.10 4.35
Ventura River 34.27456 −119.30779 225.6 11.0 1.50 13.6
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the URC100 yields for ecoregion 6 (table 9) would be about 
464,000; 11,400; 1,510; and 527 pounds of TSS, TN, TP, and 
TZn, respectively. The treated urban loads would be about 
101,000; 6,130; 669; and 104 pounds of TSS, TN, TP and 
TZn, respectively. Thus, in this hypothetical example, the 
treated and untreated highway loads are about 4.7 and 4.3 per-
cent of the corresponding urban loads, respectively, even 
though the highway yields are higher than the urban yields. 
Therefore, the highway loads are well within the uncertainty 
of the measured urban stormwater concentrations (Harmel and 
others, 2006). Similarly, Stonewall and others (2018) exam-
ined long-term average- annual yields and loads from high-
ways and other land covers and found that although highway 
yields were larger than for other land covers, the highway 
contributions were a small fraction of the total loads in the 
Willamette River Basin in Oregon.

These highway and urban loads may be inflated because 
only a fraction of the total impervious area may drain to 
receiving waters. The directly connected impervious area 
(DCIA, the area that actually drains to the receiving water) 
is expected to be about 0.18 when TIA is about 1.0 percent 
(Granato, 2010b). If this DCIA value is used to estimate the 
source area of runoff and BMP discharges in these example 
calculations, then the long-term average annual loads to 
receiving waters would be about 18 percent of the example 
values in the previous paragraph. As TIA increases, however, 
the DCIA approaches the TIA, so a ratio of 0.18 would not 
apply in highly developed areas within a largely undeveloped 
basin (Granato, 2010b).

If detailed GIS data are used to estimate loads for actual 
TMDL areas, then the analyst must choose which yields to 
use. In this study, highway yields were simulated by using 
TIA values of 100 and 60 percent. However, Washburn and 
others (2010) sampled areas in Sacramento, Irvine, and Santa 
Cruz California and found that, on average, the impervious-
ness of highway rights-of-way were only about 47 percent of 
the total right-of-way areas. In comparison, they found that, 
on average, the impervious percentages for the local, collector, 
and arterial roadways were about 87, 90, and 77 percent of the 
right-of-way areas, respectively. This indicates the potential 
extent of grass strips and swales outside small stretches of 
ultra-urban downtown areas. This information supports use of 
the HRC100 yields for pavement analyses and BMP yields in 
the HRC100 scenarios (table 9) rather than the HRC60 values 
to estimate loads from the entire CalTrans rights of way in 
TMDL areas. The HRC100 BMP statistics may be more rep-
resentative than the HRC60 values because the HRC60 simu-
lations were done by using pavement-runoff concentration 
statistics.

Limitations of the Analysis

The analyses described in this report were designed to 
produce estimates of stormwater yields from highway and 
urban land-cover areas with and without BMP treatment for 

use in multiple TMDL basins across California. SELDM is 
calibrated by selecting statistics for runoff-quality variables 
and BMP treatment variables from robust and representative 
datasets rather than by matching outputs to a historical record 
(Granato, 2013, 2014; Granato and Jones, 2014, 2017, 2019; 
Stonewall and others, 2019). Therefore, uncertainties in input 
values are proportional to uncertainties in the results. There 
are uncertainties in individual measurements (Harmel and 
others 2006), population statistics calculated from individual 
measurements (Haan, 1977; Interagency Advisory Committee 
on Water Data, 1982; Leutnant and others, 2018), and in the 
use of statistics from monitored sites to unmonitored sites 
that affect results from any model (Farmer and Levin, 2018). 
Although SELDM simulates hydrologic, runoff-quality, and 
runoff-treatment variables stochastically using literature and 
public database-derived statistics from hundreds to thousands 
of sites, application of results to any particular stormwater 
outfall has considerable uncertainty.

In this study, the average and standard deviation of 
concentrations from available data were used to simulate 
more than 1,000 EMCs for each constituent in each analysis. 
Although the average is the best estimate of the center of the 
distribution, the value of the average can be substantially 
biased by either high or low outliers in small datasets (Haan, 
1977; Interagency Advisory Committee on Water Data, 1982). 
Estimates of the average values tend to stabilize more rapidly 
with each additional sample and are less biased by outliers 
than the standard deviation or skew because these statistics are 
calculated by using the sum of squared differences between 
each value and the average and the sum of cubed differences 
between each value and the average, respectively. Therefore, 
uncertainties in these statistics are associated with available 
sample sizes (Driscoll and others, 1979; Burton and Pitt, 2002; 
California Department of Transportation, 2009; Granato, 
2014; Leutnant and others, 2018). Driscoll and others (1979) 
recommend the collection of 20–40 EMC samples to charac-
terize runoff for any given site on the basis of the variability of 
commonly measured runoff constituents. Similarly, Burton and 
Pitt (2002) indicate that, at a minimum, 25–50 EMC samples 
may be needed to characterize runoff for any given site. The 
California Department of Transportation (2009) provides 
examples in their BMP monitoring handbook that indicate that 
50–113 paired EMC samples may be needed just to detect dif-
ferences in mean concentrations. Leutnant and others (2018) 
determined that 40 EMC samples would need to be collected 
to characterize TSS concentrations.

In this study, a minimum threshold of seven events per 
site was selected to obtain statistics for one or more sites 
(table 5). Some of the uncertainty in statistics for individual 
sites and the transfer of statistics from monitored to unmoni-
tored sites is mitigated by use of the median of multiple sites 
to represent the general characteristics of highway and urban 
runoff. The median of site statistics represents the central 
tendency of all site statistics, without the potential influence 
of extreme outliers that could be caused by monitoring bias 
or uncharacteristic conditions at a few sites. For example, 
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heavy-industrial or mining operations near a highway-runoff 
monitoring site could substantially bias site statistics and may 
not be representative of the vast majority of highway miles 
in the State. Similarly, Granato and others (2021) used the 
median of BMP performance statistics from multiple sites to 
develop robust but generalized estimates. The number of sites 
with sufficient data available for each constituent (table 5) 
indicates the relative uncertainty of the statistics for highway 
(table 6) and urban (table 7) runoff constituents used in this 
report. This comparison, however, is not linear because the 
constituents with more sites also tend to have more EMCs per 
site and the uncertainty also depends on the variability in mea-
sured values (Haan, 1977; Interagency Advisory Committee 
on Water Data, 1982).

Summary
The California Department of Transportation, commonly 

known as CalTrans, meets responsibilities under Federal and 
State environmental law as an important part of its mission. In 
its National Pollution Discharge Elimination System (NPDES) 
statewide stormwater permit, CalTrans is identified as a 
stakeholder in 84 areas subject to total maximum daily load 
(TMDL) regulations. CalTrans maintains thousands of storm-
water outfalls and structural stormwater treatment facilities, 
commonly known as structural stormwater best management 
practices (BMPs). Although its National Pollution Discharge 
Elimination System permit is focused on TMDL areas, Cal-
Trans builds and maintains BMPs to minimize adverse effects 
of roadway runoff on receiving waters throughout the State. 
Therefore, CalTrans and other MS4 permittees in California 
and other State departments of transportation nationwide need 
information about potential yields (loads per unit area) of con-
stituents of concern in stormwater runoff and BMP discharges. 
The U.S. Geological Survey in cooperation with the Federal 
Highway Administration developed the Stochastic Empirical 
Loading and Dilution Model (SELDM) to meet these infor-
mation needs. SELDM has been selected to provide informa-
tion about runoff and BMP discharge loads and yields (loads 
per unit area) from highways and other land covers by the 
National Cooperative Highway Research Program (Lantin and 
others, 2019), several other State departments of transportation 
(Granato and Jones, 2017; Smith and others, 2018; Stonewall 
and others, 2018, 2019; Weaver and others, 2019), and now 
CalTrans.

This report describes approaches and statistics used 
to analyze available hydrologic and runoff-quality data to 
simulate long-term annual yields of highway and urban 
runoff constituents of concern with SELDM (version 1.1.0; 
Granato, 2021b). In this study, 368 analyses were done to 
examine highway and urban runoff yields in California 
(Granato and Friesz, 2021). Precipitation statistics for 
12 U.S. Environmental Protection Agency (EPA) level III 
ecoregions that lie in-whole or in-part within the State of 

California were simulated to provide statewide planning-level 
runoff yields. Precipitation statistics for 31 TMDL areas in 
California also were used to provide more detailed analy-
ses. Highway runoff-quality analyses were done by using 
SELDM highway runoff equations for sites that are 100 and 
60 percent impervious. Urban runoff-quality analyses were 
done by using SELDM highway and nonhighway runoff equa-
tions for sites that are 100 percent impervious. Representative 
water-quality statistics for 53 water-quality properties and 
constituents of concern were calculated to simulate runoff 
event mean concentrations by using CalTrans highway runoff 
data and national urban runoff data. National BMP statistics 
for treatment of runoff volumes and concentrations were used 
to assess the potential for basin-wide reductions. For most 
of the analyses, the Federal Highway Administration generic 
BMP statistics were used. Specific BMPs (biofilter strips, bio-
filter swales, and media filters) commonly used by CalTrans 
also were simulated on the regional scale.

This report provides the input statistics and methods used 
for all 368 analyses but results for only 11 selected examples 
are described to illustrate the approaches used in this study. 
The hydrology of EPA level III ecoregion 6 (the Southern 
and Central California Plains and Hills) was used to simu-
late precipitation and flows. Four water-quality constituents, 
including total suspended solids, total nitrogen, total phospho-
rus, and total zinc, were selected as examples because they are 
widespread constituents of concern with substantial amounts 
of highway and urban runoff monitoring data. Water-quality 
treatment statistics for the four BMP categories also were used 
as selected examples.

In this report, a hypothetical basin was specified by using 
available geographic information to demonstrate use of the 
highway and nonhighway yields to estimate long-term annual 
stormwater loads from developed areas. The examples dem-
onstrating application of these results indicate that highway 
runoff loads may be a small proportion of the total stormwater 
loads in a typical basin. This is because State highways com-
monly are a small proportion of the total impervious area in 
basins of concern. Also, geographic studies in California indi-
cate that, on average, paved surfaces comprise less than half of 
the CalTrans rights-of-way, which indicates that local infiltra-
tion may substantially reduce the directly-connected portion of 
highway pavements outside of ultra-urban areas.

Although SELDM simulates hydrologic, runoff-quality, 
and runoff-treatment variables stochastically using literature 
and public database-derived statistics from hundreds to thou-
sands of sites, application of results to any particular stormwa-
ter outfall has considerable uncertainty. There are uncertainties 
in individual precipitation, flow, and EMC measurements. 
Calculated statistics from individual measurements may 
have considerable uncertainty, especially for water-quality 
constituents with data from few sites and few samples. Use 
of statistics from monitored sites to simulate conditions at 
unmonitored sites also can add uncertainties in results from 
any method or model. Although CalTrans has one of the most 
extensive highway-runoff datasets in the country, more sites 
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and more samples per site are needed to better character-
ize variations in highway-runoff quality within and between 
receiving-water basins. Similarly, although the International 
BMP database has a substantial amount of data, the available 
data are not yet sufficient to minimize uncertainty in BMP 
performance statistics. Results of simulations from this study, 
however, do provide robust estimates to support basin-scale 
runoff-load analyses in California. Regional results also may 
be useful for developing planning-level estimates in areas that 
are outside California but within the 12 EPA level III ecore-
gions simulated in this study.
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