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Abstract

The Federal Highway Administration and State depart-
ments of transportation nationwide need an efficient method
to assess potential adverse effects of highway stormwater
runoff on receiving waters to optimize stormwater-treatment
decisions. To this end, the U.S. Geological Survey, in coopera-
tion with the Federal Highway Administration and the North
Carolina Department of Transportation (NCDOT), developed
a decision-support software tool based on a statewide ver-
sion of the Stochastic Empirical Loading and Dilution Model
(SELDM). This decision-support tool is designed to identify
potential adverse effects of highway runoff by using a cri-
terion based on a measurable change in water quality from
a surrogate pollutant. The NCDOT worked with the North
Carolina Department of Environmental Quality to select a
25-percent change in suspended sediment concentration as the
decision-rule criterion for identifying measurable downstream
water-quality change; this selection was based on available
data and widely accepted stormwater monitoring uncertain-
ties. Development of the statewide tool and its application to
the Piedmont ecoregion are described in this report. Because
SELDM can be applied to build a similar decision-support
tool in any State, this report describes practice-ready methods
that other State departments of transportation and municipal
permittees can use to streamline environmental permitting and
project delivery while protecting the environment.

Hydraulic design engineers can use this decision-support
tool to establish stormwater-treatment goals for highway
construction or improvement projects without having to
learn SELDM or interpret its statistical output. The tool is a
spreadsheet that determines if a selected highway segment
can directly discharge highway runoff, if the highway seg-
ment can discharge runoff following treatment using a basic
vegetated conveyance best management practice (BMP), or
if treatment using an advanced BMP is needed to minimize

tU.S. Geological Survey.
2North Carolina Department of Transportation.

3Federal Highway Administration.

effects of discharges on downstream water quality. To use
the tool, hydraulic design engineers obtain upstream-basin
characteristics from the U.S. Geological Survey StreamStats
application and highway-site characteristics from prelimi-
nary design plans. They then enter these characteristics in
the decision-support tool, which identifies the necessary
stormwater-treatment goal.

The Piedmont ecoregion was used as a case study to
demonstrate the type of information the decision-support tool
can provide. In this ecoregion, 100 percent of direct discharges
meet the water-quality criterion when the drainage-area ratio
is less than about 0.007 acres of highway per square mile of
upstream basin. Advanced BMPs are needed in 100 percent
of basins with drainage-area ratios greater than about 50 acres
per square mile. Between these drainage-area ratios, the
selection of direct discharge, a basic vegetated conveyance
BMP, or an advanced BMP is a function of highway-site and
upstream-basin properties.

Introduction

The Federal Highway Administration (FHWA) and State
departments of transportation nationwide are responsible for
determining and minimizing the effects of highway stormwater
runoff on receiving waters while planning, designing, building,
operating, and maintaining the Nation's highway infrastruc-
ture (McGowen and others, 2009; Wagner and others, 2011,
2012; Granato, 2013; Granato and Jones, 2014; Taylor and
others, 2014; U.S. Environmental Protection Agency, 2018).
Accordingly, State departments of transportation need quan-
titative information about runoff flows, concentrations, and
loads to assess and mitigate potential adverse effects of high-
way runoff on receiving waters. Although the FHWA and State
departments of transportation strive to mitigate adverse effects
of runoff, many factors limit construction and maintenance
of stormwater best management practices (BMPs) at every
stream crossing. State departments of transportation must
balance environmental objectives with available resources
(Taylor and others, 2014; National Academies of Sciences,
Engineering, and Medicine, 2017).
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State departments of transportation are unique among
stormwater permit holders in that they operate and main-
tain extensive linear transportation systems with limited
rights-of-way that cross thousands of streams within each
State (U.S. Environmental Protection Agency, 2018). For
example, the North Carolina Department of Transportation
(NCDOT) owns approximately 80,000 centerline miles of
roadway, more than 174,000 lane-miles of roadway, more
than 15,000 bridges over water, and more than 116,000 road-
waterbody crossing locations across the State (Federal
Highway Administration, 2020, 2022a, b; Weaver and oth-
ers, 2021). State departments of transportation are limited in
their ability to treat runoff at every stream crossing because
BMPs are expensive to design, build, and maintain (Taylor
and others, 2014). Results of a recent project by the National
Cooperative Highway Research Program on the long-term
performance and life-cycle costs of stormwater BMPs indi-
cated that costs for the BMPs analyzed ranged from $3.74
to $16.97 per pound of suspended solids removed per year
(Taylor and others, 2014). Given median sediment produc-
tion and removal rates in North Carolina (Weaver and oth-
ers, 2019a, 2021), the cost of stormwater-treatment may be
from about $1,400 to $36,000 per acre per year (Taylor and
others, 2014). Assuming that all of the NCDOT roads are
treated, that they have only 2.5 lanes, and that the lower end
cost ($1,400 per acre per year) is applicable, stormwater-
treatment costs could grow to about 17 percent of the total
annual NCDOT budget.

The U.S. Environmental Protection Agency has inter-
preted the Clean Water Act “maximum extent practicable”
(MEP) standard for municipal separate stormwater systems
(40 U.S.C. 122.26) without precisely defining that standard
to allow maximum flexibility on a location-by-location
basis (National Association of Clean Water Agencies, 2018).
The NCDOT, like many other State departments of trans-
portation, has an MEP stormwater-treatment standard
in its stormwater permit (North Carolina Department of
Environmental Quality, 2022; North Carolina Department
of Transportation, 20223, b). The NCDOT and other State
departments of transportation may meet the MEP standard by
following a decision-making design process involving envi-
ronmental regulators and highway engineers. Although use of
the most advanced BMP at every site may seem like the way
to define the MEP standard, this approach may be infeasible
with limited resources and does not allow for optimization of
stormwater-treatment decisions (North Carolina Department
of Transportation, 20223, b). To this end, the NCDOT
worked with the FHWA, the North Carolina Department
of Environmental Quality, and the U.S. Geological Survey
(USGS) to use the Stochastic Empirical Loading and Dilution
Model (SELDM) as a primary basis for determining the
preliminary stormwater-treatment goal for any given high-
way segment (Weaver and others, 2021; North Carolina
Department of Transportation, 2022b; Powell, 2022). In
this context, the process of achieving the MEP standard
is defined as establishing a stormwater-treatment goal,

which is documented in a preliminary stormwater manage-
ment plan, designing the drainage system to meet the goal,
evaluating alternative stormwater-treatment options if site
constraints prevent attainment of the goal, and then docu-
menting the stormwater-treatment decisions in a stormwater
management plan.

Standard methods that produce repeatable results are
needed to meet a MEP criterion that will be acceptable to the
NCDOT, regulatory agencies, and other stakeholders. Once
these standard methods are developed and accepted, they can
be used as a decision rule to select the stormwater-treatment
goal. SELDM was selected by the NCDOT and accepted by
the North Carolina Department of Environmental Quality
because it can be used to represent individual site condi-
tions repeatably by using standardized operational defini-
tions. SELDM is calibrated by selecting descriptive statistics
for runoff-quality variables and BMP stormwater-treatment
variables from robust and representative datasets rather than
by matching outputs to a historical record (Granato, 2013;
Granato and Jones, 2014, 2017, 2019; Weaver and oth-
ers, 2019a, b). The NCDOT, like many other State depart-
ments of transportation, needed the standardized operational
definitions to be codified so that highway engineers without
specialized modeling skills could follow the decision rule to
make planning-level decisions about stormwater-treatment
goals early in the highway-project development process.

The purpose of this report is to describe approaches
that State departments of transportation can use to develop
practice-ready stormwater-treatment decision-support sys-
tems (DSSs) based on standardized operational decisions that
will be acceptable to the State departments of transportation,
regulatory agencies, and other stakeholders. The decision-
support system developed by the USGS in cooperation with
the FHWA and the NCDOT (Weaver and others, 2019a, 2021)
for use in North Carolina is presented as an example of the
use of SELDM to develop a stormwater-treatment DSS, which
other States could follow in developing and using their own
DSSs. This report describes the development of the opera-
tional definitions for the North Carolina DSS, the development
of the DSS after the operational definitions were selected, and
the process of using the DSS. The results from one level 111
ecoregion, the Piedmont, are provided as an example to help
potential DSS developers, State departments of transportation,
and regulatory agencies envision the type of information this
type of DSS can provide.

The North Carolina DSS was developed in two phases;
the details of this development effort were published in a
scientific investigations report and three data releases. In the
first phase, Weaver and others (2019a, b) developed a ver-
sion of SELDM that was preloaded with local hydrologic and
water-quality statistics. Granato and others (2018) updated
the Highway-Runoff Database to include seven highway
runoff-quality datasets from North Carolina. In the second
phase, the local version of SELDM developed in the first
phase (NC-SELDM) was used to build a catalog of results
and this information was used to build a spreadsheet-based



DSS (Weaver and others, 2021). The second phase of the
effort to develop the DSS consisted of three steps. First, the
operational definitions for basin properties, hydrology, water
quality, and stormwater-treatment in each region of North
Carolina were used to simulate runoff quality, BMP dis-
charge quality, upstream stormflow quality and downstream
stormflow quality. Second, a series of R scripts (Weaver and
others, 2019b) were developed to automatically process the
SELDM output to obtain the selected simulation results. Third,
a Microsoft Excel spreadsheet named the “NC-SELDM_Cata-
log” was developed to translate user inputs to planning-level
stormwater-treatment goals.

The North Carolina DSS was designed to be a tool
for determining whether a selected highway segment can
directly discharge highway runoff, discharge runoff following

Introduction 3

stormwater-treatment using a basic vegetated conveyance
BMP, or discharge runoff only after stormwater-treatment
using an advanced BMP is used to minimize effects of
discharges on downstream water quality at any existing or
proposed roadway-runoff outfall in the State. Weaver and oth-
ers (2021) developed the DSS by using hydrologic variables
for three regions: the Blue Ridge ecoregion, the Piedmont
ecoregion, and the combined Southeastern Plains and Middle
Atlantic Coastal Plain ecoregions (fig. 1). In this report,
however, the development and use of the DSS are described
by using examples based on data and statistics from the
Piedmont ecoregion.
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Figure 1. Map showing U.S. Environmental Protection Agency level Il ecoregions in North Carolina with 39 highway-runoff and bridge-runoff sampling sites across

North Carolina for which water-quality and (or) storm-event data were added to the national Highway-Runoff Database (Granato, 2019), and 27 selected U.S. Geological
Survey (USGS) continuous-record streamgages for which water-quality transport curves were developed (modified from Weaver and others, 2019a). NCDOT, North Carolina
Department of Transportation.

1

IN@13s Buisn Aq wayshg poddng-uoisioa( Juauneal] -13)emwio)g euijose] yuop ay) jo Juawdojanaq



Development of Operational
Definitions

To develop a DSS that will produce results that are use-
ful and acceptable to decisionmakers in State departments of
transportation and regulatory agencies, a set of operational
definitions is needed to establish the methods used to sup-
port decisions made by using the DSS outputs. To achieve
consensus, the agencies involved need operational defini-
tions for the methods used, inputs, and decision criteria. To
develop a stormwater-treatment DSS, seven components must
be addressed, including (1) model selection and selection of
operational definitions to be used to specify (2) highway-
site and upstream-basin properties, (3) hydrologic variables,
(4) highway-runoff quality, (5) upstream stormflow quality,
(6) stormwater-treatment, and (7) stormwater-quality change
definitions. In this discussion, the effort to develop opera-
tional definitions for the North Carolina DSS is used as an
example to illustrate the process. This effort was, by and large,
based on results from a previous stormwater-quality study
done by the USGS in cooperation with the NCDOT (Weaver
and others, 2019a, b).

Model Selection

SELDM was chosen to develop the water-quality
information needed to build the North Carolina stormwater-
treatment DSS for several reasons related to SELDM’s
purpose, methods, and use in previous studies. SELDM was
developed by the USGS, in cooperation with the FHWA, to
replace previous highway-runoff-quality models, and it was
published as an approved technique and method of the USGS
(Granato, 2013). During the model-development process,
SELDM and the associated documentation were reviewed and
tested by scientists, engineers, and regulators at the FHWA,
USGS, U.S. Environmental Protection Agency, U.S. Fish and
Wildlife Service, and multiple State departments of transpor-
tation, including the NCDOT. Since its publication, SELDM
has been used in studies published in USGS reports (Risley
and Granato, 2014; Smith and others, 2018; Stonewall and
others, 2019; Weaver and others, 2019a, b; Granato and
Friesz, 2021; Granato and others, 2021), National Cooperative
Highway Research Program reports (National Academies of
Sciences, Engineering, and Medicine, 2017; Lantin and oth-
ers, 2019), and peer-reviewed journal articles (Granato and
Jones, 2014, 2017, 2019; Stonewall and others, 2018; Bakr
and others, 2020; Jeznach and Granato, 2020). Because the
scientific information provided by the USGS for resource
managers, planners, and other entities, including the NCDOT
and North Carolina Department of Environmental Quality,
must be unbiased, objective, and impartial (U.S. Geological
Survey, 2022a), these agencies were willing to recognize and
accept simulation results from SELDM as part of the decision-
support development process.

Development of Operational Definitions 5

SELDM is a lumped-parameter mass-balance model
that uses basin properties, hydrologic-variable statistics,
water-quality statistics, and stormwater-treatment statistics to
generate random flows, concentrations, and loads for a series
of stochastic runoff events (fig. 2). Basin properties and hydro-
logic statistics are used to simulate the volume and timing of
stormflows from the highway site and the upstream basin. The
upstream and highway-runoff water-quality statistics are used
to simulate concentrations and, when paired with storm-
flow, loads of constituents of concern. Stormwater-treatment
statistics are used to modify the quantity, timing, and quality
of highway runoff. Downstream stormflows and loads are the
sums of upstream and highway values; downstream concen-
trations are calculated as the concurrent downstream loads
divided by the streamflow.

To build the DSS, SELDM was used to produce estimates
of the magnitude of changes in receiving-water quality caused
by highway runoff and BMP discharges. SELDM is calibrated
by selecting descriptive statistics for runoff-quality variables
and stormwater-treatment variables from robust and represen-
tative datasets rather than by matching outputs to a historical
record (Granato, 2013). There are more than 116,000 road-
waterbody crossing locations across North Carolina, each of
which is a potential site of interest. In comparison, there are
only 92 National Oceanic and Atmospheric Administration
hourly precipitation stations, 84 USGS index streamgages,

15 highway-runoff monitoring sites, and 18 stream-quality
monitoring sites with sufficient high-quality hydrologic and
suspended sediment concentration data within and near North
Carolina (Wagner and others, 2011, 2012; Weaver and oth-
ers, 2019a, b, 2021). Therefore, the statistical approach used
by SELDM is better suited to produce robust planning-level
estimates than more complex but uncalibrated deterministic
simulation models. For example, in a comparison of nine
uncalibrated deterministic runoff models to observed flows,
Zarriello (1998) found that simulated storm volumes differed
from observed storm volumes by as much as 240 percent. It is
expected that errors in stormwater concentrations from uncali-
brated deterministic models, which are a function of storm-
flows, could be much greater than the uncertainties in storm
volumes. Although statistical uncertainties in results of simula-
tions with SELDM may be large for any particular stormwater
outfall location, use of representative statistics provides robust
estimates across the large range of sites of potential interest to
State departments of transportation and regulators.

To ensure that each runoff-quality analysis will be repro-
ducible, SELDM uses a random-seed management algorithm
(Granato, 2013). Each analysis uses a master-seed identifica-
tion number to identify the seed pair used to set the (pseudo)
random-number generator. Changing the seed values shuffles
the simulated population of hydrologic and water-quality
variables. Therefore, a change of master seed will shuffle the
random combinations of precipitation and stormflow variables,
concentrations, and stormwater-treatment efficiencies among
the storm events. Granato and Jones (2017) did a seven-seed
sensitivity analysis focused on the median of highway-runoff
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loads produced. Granato and Friesz (2021) did a 111-seed
sensitivity analysis focused on the runoff volume because this
was the value used to calculate the yields for all the constitu-
ents of concern. These two studies, however, were designed
to produce estimates of long-term annual loads rather than to
produce individual event-based values. In the current study, a
master random seed value of 4,000 was selected as the opera-
tional definition for this variable.

Basin Property Definitions

SELDM uses drainage area, main-channel length, main-
channel slope, imperviousness, and a basin-development
variable to simulate the volume and timing of runoff from a
highway site and its upstream basin (Granato, 2012, 2013;
Granato and Jones, 2014; Weaver and others, 2019a, 2021).
These basin variables have been used for hydrograph and
flood-flow analyses for more than 60 years (Benson, 1962;
U.S. Geological Survey, 1977, 1980; Sauer and others, 1983;
Granato, 2012, 2013). The main-channel length is the dis-
tance along the main drainage pathway from the drainage
divide to the point of interest. The main-channel slope is the
difference in elevation along the main channel from points
that are 10 and 85 percent of the main-channel length from
the point of interest to the basin divide. In the North Carolina
studies (Weaver and others, 2019a, 2021), imperviousness
was used to calculate runoff-coefficient statistics and as the
basin-development variable. Because the North Carolina DSS
development study (Weaver and others, 2021) used hydrologic
and water-quality statistics from a previous study in North
Carolina (Weaver and others, 2019a, b), selecting representa-
tive combinations of highway-site and upstream-basin proper-
ties for the analyses of water-quality exceedance risks was a
primary focus of the DSS development effort.

The highway-site properties were selected by the
NCDOT using best professional judgment to represent a range
of site characteristics. Paved highway-catchment areas of 0.1,
0.5, 1, 2.5, 5, 10, 15, and 20 acres were selected. Highway-site
drainage lengths were selected as a function of area to repre-
sent short and long highway areas (Weaver and others, 2021).
As the drainage length increases, the time to drain the highway
increases and the amount of concurrent upstream flow used
in the mixing analysis increases. To be conservative, drainage
lengths were estimated to be about half the physical length of
the hypothetical sites to represent a condition where the high-
way is draining from both sides of a stream (Granato, 2013).
For the smaller areas, less than 2.5 acres, the highway-site
drainage lengths correspond to road widths associated with
2- and 4-lane roadways with 12-foot travel lanes and paved
road-edge areas (American Association of State Highway and
Transportation Officials, 2001). For the midsize areas, 2.5
and 5 acres, highway-site drainage lengths correspond to road
widths associated with 3- and 6-lane roadways with 12-foot
travel lanes and paved road-edge areas. The larger areas would
represent much longer physical drainage lengths for multilane
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highways. Highway-site drainage slopes of 0.3, 1, 3, 5, and

8 percent were selected for each highway area to represent
commonly used drainage slopes (American Association of
State Highway and Transportation Officials, 2001; Federal
Highway Administration, 2009) and the topography of North
Carolina (Weaver and others, 2019a, b). The imperviousness
used to simulate the runoff coefficients and the timing of high-
way runoff was 100 percent. In these simulations, the imper-
viousness of the highway site also was used to simulate the
basin-development variable (Granato, 2013). These selections
resulted in 80 combinations of highway-site properties.

The characteristics of basins upstream from the hypo-
thetical highway sites were derived by randomly sampling
1,000 locations in each ecoregion within North Carolina from
the NCDOT database of more than 116,000 road-waterbody
crossing locations (Weaver and others, 2021). Once the loca-
tions were selected, the USGS StreamStats batch-processing
application (U.S. Geological Survey, 2022b) was used to
retrieve the properties of the delineated upstream basins.

The properties of these basins in the Piedmont ecoregion are
shown in figure 3. A subset of basin properties was selected
for simulations to develop the decision-support tool. The
selected upstream-basin areas were 0.01, 0.05, 0.2, 1.0, 5.0,
10, 20, 35, 50, 75, 100, 250, and 500 square miles (fig. 3A).
Main-channel lengths were highly correlated to drainage area
(Spearman’s rank correlation coefficient of 0.982), so a regres-
sion equation was developed between the logarithms of these
variables to compute main-channel length from drainage area
(Weaver and others, 2021). Using this equation, the calculated
main-channel length in miles for each site was equal to 2.1
times the drainage area, in square miles, raised to a power of
0.533. The main-channel slope was not strongly correlated

to drainage area, so three values were selected to represent
flat-, normal-, and steep-slope basins characteristic of the
topography in each ecoregion (fig. 3C). These values, defined
as the 85, 50, and 15 percent of slope values that equaled or
exceeded the randomly sampled 1,000 road-stream crossings
in the Piedmont, were 36, 94, and 194 feet per mile, respec-
tively (fig. 3C). The main-channel slope is used to calculate
the basin lagtime by using the basin lag factor, which is the
main-channel length divided by the square root of the main-
channel slope (Granato, 2012, 2013). Because the square root
of the slope is used, the differences in upstream-basin lagtimes
from the outliers to the simulated maximum and minimum
slopes are within the uncertainty of the runoff-event timing
variables. Upstream imperviousness has a substantial effect
on the volume (runoff coefficients) and timing (basin lagtime)
of upstream flows (Granato, 2010, 2012, 2013; Weaver and
others, 2019a). In these simulations, the imperviousness of
the upstream basin was used to calculate the basin lagtime by
specifying a basin-development factor of —1 (Granato, 2013).
Four impervious percentages (0.25, 1, 5, and 20 percent) were
selected to represent a range of values (fig. 3D). At impervi-
ous percentages below about 50 percent, the lagtimes and
runoff coefficients do not change substantially with changes in
imperviousness (Granato, 2010, 2012, 2013). An upper limit



8 Development of the North Carolina Stormwater-Treatment Decision-Support System by Using SELDM

A B
L e R 3 L e =
= Q. : C ° .
C ] L 7
I i - -
Y \. ]
100 = -
g F 103
E - . E 10— —
o = - .
o 10 — - S - -
g_ = = = L |
— ] [=2]
e = . 5 T .
g L 1 = [ ’
© S r —
o 1= — =
=3 = = ©
© — . ]
£ - . s 1= —
o S = ]
a B ] = - ]
- o - °
0.01 R T S RO B RPN 0.1 I R N TR R SR N
c D
2,000 T T T T T T T 1 We——T—71 7 T 17 17 1 11 3
o = =
1,000 — - C ]
N ] 10 = —
2 b s = =
‘g | | - C ]
2 s L i
E 100 — = g’_ 1= -
c = 3 £ = =
-y - ] v L .
e 1 g r i
[<b}
S r . S0 =
= 2 E -
% E F ® 3
10 - E r % ]
o - . - ® -
= C ]
1 I R N TR R SR N 0.001 I R N TR R SR N
0.01 05 2 10 30 50 70 90 98 995 99.99 0.01 05 2 10 30 50 70 90 98 995 99.99

Percentage of values that equal or exceed a given value

EXPLANATION
©  Sampled upstream basin
O Selected value for simulations

Figure 3. Probability plot showing the distribution of A, drainage basin areas, B, main-channel lengths, C, main-channel slopes, and
D, impervious percentages of 1,000 sampled upstream basins and the basin-property values selected for simulations in the Piedmont
ecoregion of North Carolina. The main-channel lengths panel does not include values for simulations because this basin property was
highly correlated to drainage basin area and a regression equation was developed between the logarithms of these variables.



of 20 percent impervious was selected because few basins
(less than 12 percent of delineated basins) had impervious
percentages larger than 20 percent and because other issues
such as right-of-way limitations and poor upstream water
quality limited the efficacy of stormwater-treatment options

in highly developed stream basins (National Academies of
Sciences, Engineering, and Medicine, 2017; Jeznach and
Granato, 2020). These selections resulted in 156 combinations
of upstream-basin properties; when coupled with the 80 com-
binations of highway-site properties, there were 12,480 combi-
nations of basin properties.

Hydrologic-Variable Definitions

SELDM simulates stormflows from runoff-generating
events by using statistics for prestorm streamflows, precipita-
tion, and runoff coefficients, which are simulated by using the
log-Pearson type Il distribution, the two-parameter exponen-
tial distribution, and the Pearson type Il distribution, respec-
tively (Granato, 2013; Granato and Jones, 2014; Weaver and
others, 2019a). The effects of antecedent conditions on runoff
coefficients are simulated by incorporating the rank correlation
to prestorm streamflow. In the example simulations discussed
in this report, the median of streamflow statistics from 91
streamgages in the ecoregion and precipitation statistics from
40 precipitation stations in the ecoregion were used in the sim-
ulations (Weaver and others, 2019a, b, 2021). The proportion
of zero prestorm streamflows was 0.0. The average, standard
deviation, and skew of the logarithms of normalized stream-
flow were 0.423, 3.45, and 0.504, respectively. These statistics
resulted in simulated prestorm flows ranging from 0.00174 to
5.47 with a median of 0.0375 cubic foot per second per square
mile. The ecoregion median precipitation volume, duration,
and time between storm-event midpoints were 0.72 inches,
7.145 hours, and 164.7 hours, respectively; simulations for
the Piedmont resulted in 1,587 runoff events representing a
30-year period. The average, standard deviation, and skew
of runoff coefficients for the impervious roadway area were
0.785, 0.1917, and —1.19, respectively (Granato, 2013; Weaver
and others, 2019a, b). The average, standard deviation, and
skew of runoff coefficients ranged from 0.130, 0.099, and
1.08, respectively, for an upstream basin with 0.25 percent
imperviousness, to 0.174, 0.102, and 0.969, respectively,
for an upstream basin with 20 percent imperviousness
(Granato, 2013; Weaver and others, 20193, b, 2021). The rank
correlation between prestorm streamflow and upstream runoff
coefficients was 0.75 (Weaver and others, 20193, b, 2021).

Highway-Runoff-Quality Definitions

SELDM simulates highway-runoff quality as a random
or dependent variable. In this study, highway-runoff quality
was simulated as a random variable by using the frequency-
factor method with the log-Pearson type 11 distribution (fig. 2;
Granato, 2013; Weaver and others, 2019a, 2021). Although
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the Highway-Runoff Database contains data for more than 415
water-quality properties and constituents, most constituents
are not commonly measured and many constituents have a
large percentage of censored values (Granato, 2019; Granato
and Jones, 2019; Granato and Friesz, 2021; Weaver and oth-
ers, 2019a, b, 2021). Six commonly measured stormwater-
quality constituents were simulated: total copper, lead,
nitrogen, phosphorus, zinc, and suspended sediment (\Weaver
and others, 2019a, b, 2021). Highway-runoff-quality statistics
were calculated by using version 1.0.0b of the Highway-
Runoff Database (Granato and others, 2018; Weaver and oth-
ers, 2019a, b). The median of at-site statistics from 15 sites in
North Carolina was chosen to represent highway-runoff qual-
ity because this median represents the central tendency of all
site statistics, without the potential influence of extreme outli-
ers that could be caused by monitoring bias or uncharacteristic
conditions at a few sites. The Highway-Runoff Database con-
tains data from many more monitoring sites in North Carolina
(fig. 1), but only the 15 USGS bridge-monitoring sites had
data for suspended sediment concentrations (SSCs).
Suspended sediment was selected from among the six
simulated water-quality constituents as the operational defini-
tion for the constituent of interest to develop the water-quality
criterion used as a decision rule for BMP selection in North
Carolina. Suspended sediment was selected as the constituent
of interest because (1) it is commonly measured in receiving
streams (Granato and others, 2009), (2) sediment can be used
as a surrogate for total phosphorus and trace metals in runoff
and receiving waters (Breault and Granato, 2000; Granato
and others, 2009), (3) sediment deposits in receiving waters
are associated with adverse effects of runoff on stream biota
(Buckler and Granato, 1999), and (4) sediment reduction is
a primary focus of many BMP monitoring studies (Granato
and others, 2021). Total suspended solids commonly are
measured in runoff-quality studies because this constituent
was incorporated into water-quality regulations for municipal
wastewater-treatment plants (Bent and others, 2001; Granato
and others, 2021). However, suspended sediment rather than
suspended solids was selected as the operational definition for
the water-quality decision rule because the USGS has found
that the total suspended solids method is “fundamentally unre-
liable” for measuring sediment in runoff and receiving waters
(Gray and others, 2000; U.S. Geological Survey, 2000; Bent
and others, 2001; Glysson and others, 2001). Median statistics
from among the 15 sites were selected for use because correla-
tions between traffic volume and concentration statistics are
not consistently strong among these sites in North Carolina
(Wagner and others, 2011, 2012; URS Corporation, 2012).
The average, standard deviation, and skew of the logarithms of
highway-runoff SSCs used for simulations were 2.33, 0.658,
and 0.142, respectively (Weaver and others, 2019a, b, 2021).
These statistics resulted in simulated highway-runoff con-
centrations ranging from 3.55 to 96,200 milligrams per liter
(mg/L) with a median of 219 mg/L (fig. 4).
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Figure 4. Probability plot showing simulated highway-runoff and basic vegetated conveyance best management practice (BMP) and
advanced BMP suspended sediment concentrations based on statistics from Weaver and others (2021).

Upstream Stormflow-Quality Definitions

The upstream water quality was simulated by using a
water-quality transport curve with stochastic variations above
and below the regression line (fig. 2; Granato, 2013; Weaver
and others, 2019a). Transport curves for various constituents
were developed by using paired concentration and flow data
from 27 USGS monitoring stations in North Carolina (fig. 1;
Weaver and others, 2019a). Although upstream water quality
is expected to differ substantially from site to site, available
data from these 27 sites is insufficient to address conditions
at more than 15,000 bridges over water and at more than
116,000 road-waterbody crossing locations across the State
(Federal Highway Administration, 2020, 2022a, b; Weaver and
others, 2021). Furthermore, the NCDOT cannot control water
quality upstream from its roadway-runoff outfall, and a com-
prehensive, long-term, and site-specific water-quality dataset
would be needed to establish a robust exceedance risk at every
project site. Therefore, a single transport curve was selected
as the operational definition for upstream quality to standard-
ize the analysis of the potential effects of highway runoff
or BMP discharge in the receiving water below the point of
discharge (fig. 2).

A total of 18 suspended sediment transport curves were
developed by Weaver and others (2019a, b) by using the loga-
rithms of paired streamflow and concentration data. The trans-
port curve selected to represent upstream-basin sediment qual-
ity was developed with 184 paired streamflow and SSC values
measured at USGS station 0208524090 (fig. 5; Weaver and

others, 2019a, b, 2021). Data from this station were selected
because the basin represents background conditions for water
quality and land cover values in the region (about 52 percent
forest, 32 percent agricultural, and 9 percent developed area),
and paired values of streamflow and concentration were avail-
able over a large range of flows. A third zero-slope segment
was added above the range of available flows to ensure that
extrapolation above the second segment would not produce
anomalous values. The simulated concentrations along the
transport curve and random variations around the lines ranged
from 2.28 to 3,210 mg/L with a median of 80.4 mg/L.

Stormwater-Treatment Definitions

SELDM can simulate three stormwater-treatment
mechanisms—runoff hydrograph extension, volume reduction,
and water-quality treatment—Dby using a trapezoidal distri-
bution with correlation to the inflow values (Granato, 2013;
Granato and Jones, 2014; Weaver and others, 2019a, b;
Granato and others, 2021). Hydrograph extension increases
dilution by slowing the discharge of highway runoff into the
stream. Volume reduction and water-quality treatment reduce
highway loads to the stream; this will reduce receiving-
water concentrations if highway-runoff concentrations are
greater than upstream stormflow concentrations (fig. 2).

The stormwater-treatment statistics are shown in table 1.
Although stormwater-treatment values are simulated with
the trapezoidal-distribution statistics in the table, resulting
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Table 1. Trapezoidal-distribution stormwater-treatment statistics used to simulate suspended sediment concentrations in discharge
from stormwater best management practices (BMPs) with the Stochastic Empirical Loading and Dilution Model (SELDM).

[Statistics defined by Granato (2013) and Granato and others (2021). Statistics for North Carolina calculated by Weaver and others (2019a, b, 2021). MPV, most
probable value; BMP, best management practice]

. . Lower Upper . Rank correlation Theoretical .
Treatment Mechanisms Minimum bound of boundof Maximum to0 inflow average Simulated average
MPV MPV
Basic BMP (based on vegetated conveyance)
Hydrograph extension (hours) 0 0 0 3 0.04 1 1.05
Flow reduction ratio 0.312 0.452 0.722 1.02 0.548 0.632 0.63
Water-quality ratio 0 0 0 1.545 —0.569 0.515 0.502
Advanced BMP (based on bioretention)
Hydrograph extension (hours) 0.0 0.225 0.225 8.38 0.13 2.87 3.00
Flow reduction ratio 0.0 0.0185 0.152 0.947 0.61 0.328 0.33
Water-quality ratio 0.0 0.0 0.0 0.885 —-0.635 0.295 0.288
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values are more lognormally distributed. Figure 4 shows the
concentration changes caused by the basic vegetated convey-
ance BMPs and advanced BMPs, and figure 6 shows the load
changes caused by the basic vegetated conveyance BMPs

and advanced BMPs. The long-term SSC load reductions,
which result from flow and concentration reductions, were
about 82 percent for the basic vegetated conveyance BMP and
94 percent for the advanced BMP (Weaver and others, 2021).

Stormwater-Quality Change Definitions

A robust criterion was needed as the decision rule to
determine what level of stormwater treatment is needed to
minimize effects of discharges on downstream water quality at
any given site in the State without an intensive monitoring and
modeling study. Although an approach using water-quality-
criterion exceedance may seem feasible, the NCDOT cannot
control water quality upstream from its roadway-runoff outfall,
and a large number of samples from a long-term, site-specific,
water-quality monitoring program would be needed to estab-
lish a robust exceedance risk at every project site (Risley and
Granato, 2014; Leutnant and others, 2018). Requiring the most
cost-intensive BMP at every site would not be economically
feasible, and stormwater treatment at many sites may not yield
a measurable net benefit to receiving-water quality (Taylor and
others, 2014; National Academies of Sciences, Engineering,
and Medicine, 2017). For example, monitoring studies in
North and South Carolina have shown that changes in water-
quality, sediment quality, and ecological health from upstream
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to downstream of bridge sites are not commonly detected
at most sampled sites (Wagner and others, 2011, 2012;
URS Corporation, 2012; Journey and others, 2020). Therefore,
this study focused on the development and use of a criterion
that could be used as a decision rule to identify the potential
for measurable differences between upstream and downstream
concentrations at road-stream crossings and other sites where
roadway runoff is discharged to streams. This approach is
intended to best target limited resources to sites where a basic
vegetated conveyance BMP or an advanced BMP could make
a measurable difference in receiving-water quality.

Suspended sediment was selected from among the
six simulated water-quality constituents as the operational
definition for the constituent of interest to develop the water-
quality decision rule. Suspended sediment was selected
because many constituents of concern are correlated with
sediment concentrations in runoff and stormflows in receiv-
ing waters (Breault and Granato, 2000) and because adverse
ecological effects of highway and urban runoff commonly are
detected in areas with poor bed-sediment quality (Buckler
and Granato, 1999). Suspended sediment also was selected
because of the availability of large upstream datasets and the
presence of monitoring sites in all of the ecoregions (Weaver
and others, 2019a, b). Finally, analysis of all simulation results
indicated that, in general, SSCs tended to have larger percent-
age changes than the other simulated constituents (\Weaver
and others, 2021); therefore, using suspended sediments as the
change criterion for the decision rule would provide the most
environmentally conservative approach.
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Figure 6. Probability plot showing simulated highway-runoff and basic vegetated conveyance best management practice (BMP) and
advanced BMP storm-event loads of suspended sediment (Weaver and others, 2021).



With any rainfall-runoff model, uncertainties in input
values are proportional to uncertainties in the simulation
results. There are uncertainties in individual measurements,
in the population statistics calculated from individual mea-
surements, and in the application of statistics from moni-
tored to unmonitored sites that affect results from any model
(Granato, 2013; Granato and Jones, 2014, 2017, 2019; Weaver
and others, 2019a). Although SELDM simulates hydrologic,
runoff-quality, and water-quality treatment variables stochasti-
cally using literature and public database-derived statistics
from hundreds to thousands of sites, application of results
to any particular stormwater outfall has considerable uncer-
tainty. Because SELDM is a mass-balance model, it calculates
precise differences in concentration values; however, the
uncertainties in measured concentrations at monitored sites
and uncertainty in the application of statistics from monitored
sites to represent conditions at unmonitored sites necessitated
use of the measurable concentration-change criterion as the
decision rule.

Stormwater-quality measurement uncertainty includes
bias and variability caused by methods used for stormflow
measurements and water-quality-sample collection, handling,
preservation, and laboratory analysis. Uncertainties in flows,
concentrations, and loads at monitored sites are commonly
on the order of 20-50 percent and can exceed 100 percent
of measured values (Harmel and others, 2006; Jordan and
Cassidy, 2011; McMillan and others, 2012). Hollaway and
others (2018) found that uncertainties in concentrations
of total phosphorus were about 231 percent for the lowest
concentrations and about 81 percent at the highest concentra-
tions; similarly, uncertainties in total phosphorus loads were
about 292 percent for the lowest loads and about 74 percent
for the highest loads. Leutnant and others (2018) determined
that 40 event mean concentration samples would need to be
collected to characterize total suspended solids concentrations
in runoff from developed areas by using a lognormal distribu-
tion. Jordan and Cassidy (2011) determined that uncertainties
in annual instream loads were highly dependent on sampling
frequency; monthly sampling could lead to uncertainties
of about —50 to +180 percent, and samples collected every
6 hours all year round were needed to reduce risks to within
about +10 percent. McDonald and others (2018) determined
that continuous monitoring of flow and water-quality in
receiving streams at an interval of about once an hour was
necessary to determine instream sediment concentrations with
an uncertainty less than 20 percent. Park and others (2009)
demonstrated that uncertainties introduced by the application
of statistics from monitored time periods to unmonitored time
periods could be substantial. Even if onsite data are available
for a given site, they may not represent conditions that occur
as the highway and upstream land covers change. In a simu-
lated total phosphorus example, Risley and Granato (2014)
demonstrated that having a single stormwater sample may
provide a geometric mean estimate within 2 orders of mag-
nitude of the actual geometric mean concentration, hav-
ing 10 samples may provide an estimate within 1 order of
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magnitude, and having 20 samples may provide an estimate
that is half or double the actual geometric mean concentra-
tion. Similarly, comparison of the measured and simulated
suspended sediment data shown in figure 5 indicates that
available stream monitoring data may not fully cover the range
of applicable stormflows even if 184 paired streamflow and
SSC values are available at a given site. Therefore, even if
time and resources were available to complete a comprehen-
sive onsite water-quality monitoring study at each proposed
highway-improvement project site, considerable uncer-
tainty would remain in the interpretation and application of
monitoring results.

Streamflow uncertainties are expected to be less than
water-quality uncertainties because measurement of stream-
flow is less complex than water-quality measurement and
because long-term records of streamflow are available from
tens of thousands of sites nationwide (Granato and oth-
ers, 2017). Despite the large pool of available streamflow
data, uncertainties in the transfer of statistics from moni-
tored to unmonitored sites is considerable. Farmer and Levin
(2018) used a dataset with 44 years of daily streamflow from
66 USGS streamgages in New England to estimate streamflow
statistics by substitution methods; they found that predicted
streamflows commonly ranged from double to half the mea-
sured streamflow values. Similarly, the prediction intervals for
streamflow statistics in the USGS StreamStats web tool indi-
cate that uncertainties in the transfer of streamflow statistics
from monitored to unmonitored sites may be on the order of
100 percent (U.S. Geological Survey, 2022b).

Therefore, to address the uncertainties associated with
estimating water quality at unmonitored sites, a water-quality
change of 25 percent was selected as the operational definition
for a measurable concentration-change criterion for storm-
water quality based on an uncertainty analysis of individual
concentrations from stormflow monitoring studies (table 5
in Harmel and others, 2006). This value was selected as the
average uncertainty of total nitrogen, total phosphorus, and
total suspended solids measurements for the “typical” runoft-
monitoring scenario identified in a systematic study by Harmel
and others (2006). The 25-percent measurable concentration-
change criterion approach was designed to focus on concentra-
tion increases that are high enough to possibly be of conse-
quence to downstream water quality and ecological health.

Once all the simulations were complete, a four-step
process was used to determine if highway runoff without
stormwater-treatment (direct discharge) would meet the water-
quality change criterion used as the decision rule at a given
site (fig. 7). First, the change in receiving-water concentra-
tion (downstream minus upstream) was calculated for each
simulated event (AQW,). Second, the water-quality change per-
centage (AQW,) was calculated by dividing the storm-specific
concentration change (AQW,) for each event by the median
upstream concentration (SSCs;) from all simulated events and
multiplying that value by 100 percent. The individual AQW,;
values were divided by the median concentration because
a small difference can be a large percent change at low
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Schematic diagram showing the process of applying the water-quality change definitions to determine

stormwater-treatment goals with the North Carolina (NC) Stochastic Empirical Loading and Dilution Model (SELDM) decision-support
system (DSS). The top four boxes show a series of calculations computed by the DSS to determine AQW,, which is then compared

to the operational definition for measurable water-quality change to receiving waters (25-percent change to suspended sediment
concentration). The ovals show how the stormwater-treatment goals are determined; the hexagons represent the stormwater-treatment
goals. BMP, best management practice; QW,,,,,, downstream concentration from individual simulated storm event; AW, upstream
concentration from individual simulated storm event; SSC,, median upstream suspended sediment concentration from all simulated
storm events; AQW, change in receiving-water concentration for each individual simulated storm event; AQW,, water-quality change
percentage for each individual simulated storm event; AGQW,, 10th percentile of water-quality change percentages from all simulated

storm events.

concentrations and because many of the downstream concen-
trations also fall below the median of upstream concentrations
in the simulated events. Normalizing the change in concentra-
tion to the median upstream concentration focuses the analysis
on the higher concentration range. The equation for water-
quality change percentage is expressed as

AQW,
SSCy )

AQW, = 100 x < 1)
Third, once the AQW, values were calculated for each
runoff event, the concentration increase that was exceeded by
the largest 10 percent of events was selected (AQW,). The
10th percentile of differences was selected as a conservative
threshold to represent high receiving-water concentrations
without including high outliers. Finally, the AQW,, value was
compared to the measurable concentration-change criterion
(25 percent) to determine if direct discharge of highway
runoff would meet the water-quality change criterion for a
given site. If AQW,, was less than or equal to 25 percent, then

the direct discharge option was indicated as the stormwater-
treatment goal. If AQW,, was greater than 25 percent in the
direct-discharge simulation results, then it was determined
that the measurable concentration-change criterion was
exceeded because the difference was greater than expected
field-measurement uncertainty. In this case, as an additional
step, the simulation results for BMP discharge were used to
determine the stormwater-treatment goals (fig. 7).

If AQW,, was greater than 25 percent in the direct-
discharge simulation results for a given site, then the same
calculations were performed for the basic vegetated convey-
ance BMP and advanced BMP simulation results (fig. 7). If
the basic vegetated conveyance BMP AQW,, was less than
or equal to 25 percent, then the basic vegetated convey-
ance BMP option was defined as the stormwater-treatment
goal. If the AQW,, was greater than 25 percent for the basic
vegetated conveyance BMP simulation results, then the
advanced BMP option was identified as the stormwater-
treatment goal. In extreme cases, the advanced BMP option
also produced AQW,, values greater than 25 percent; in such
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cases, the advanced BMP option was considered to meet

the MEP objective in setting the planning-level stormwater-
treatment goal for the simulated site. Once the planning-level
stormwater-treatment goal is identified and documented in
the preliminary stormwater management plan, the NCDOT
engineers examine drainage-system requirements to meet

the goal. In practice, however, the NCDOT policy is to avoid
a direct discharge stormwater-treatment goal when pos-

sible, so direct discharge is considered an acceptable option
only if site constraints prevent implementation of a basic
vegetated conveyance BMP (North Carolina Department of
Transportation, 2014, 2022b; North Carolina Department of
Environmental Quality, 2020a, b). If site constraints prevent
designs that meet the goal, then the stormwater-treatment deci-
sion to be implemented is documented in the final stormwater
management plan.

Development of the North Carolina
Decision-Support System

The effort to develop the North Carolina decision-support
system (DSS) consisted of three steps. First, the operational
definitions for highway-site and upstream-basin properties,
hydrology statistics, water-quality statistics, and stormwater-
treatment statistics in each region of North Carolina were used
to simulate runoff quality, BMP discharge quality, upstream
stormflow quality, and downstream stormflow quality. Second,
a series of R scripts (Weaver and others, 2021) was developed
to automatically process the SELDM output to obtain the
selected simulation results. Third, a Microsoft Excel spread-
sheet named the “NC-SELDM_Catalog” was developed to
translate user inputs to planning-level stormwater-treatment
goals. In some States, an effort to modify the StreamStats
application to provide values for variables used as inputs to
a DSS may be needed, but the variables used in the North
Carolina DSS were previously added to StreamStats by prior
studies (Robbins and Pope, 1996; Mason and others, 2002;
Weaver and others, 2009, 2012; Feaster and others, 2014).

Simulating Runoff Quality

To develop the decision-support system, SELDM was
run in batch mode by using regional hydrologic variables
and statewide highway-runoff, upstream water-quality, and
stormwater-treatment statistics identified as the operational
definitions to represent the hydrologic and water-quality con-
ditions at any specified site in each region (Weaver and oth-
ers, 2019a, b, 2021). The regional hydrologic statistics were
calculated for three regions based on the U.S. Environmental
Protection Agency level 111 ecoregions in North Carolina.
These regions were the Blue Ridge ecoregion, Piedmont
ecoregion, and the Coastal Plain region, which consists of the
combined Southeastern Plains and Middle Atlantic Coastal
Plain ecoregions.

SELDM is a Microsoft Access database application, so
the inputs for all the simulations were built systematically
by Perl code scripts that linked the hydrology and water-
quality statistics defined in a previous study (Weaver and
others, 2019a, b) with systematically generated database
identification numbers defined in the effort of developing the
decision-support system (Weaver and others, 2021). Then
the hydrology and water-quality statistics from a previous
version of SELDM were imported into a copy of SELDM
version 1.1.0 developed by the USGS in cooperation with the
FHWA and the NCDOT (Granato, 2021). This customized ver-
sion of SELDM was saved in four versions of the file to man-
age database bloat and facilitate parallel processing (Weaver
and others, 2021).

A total of 74,880 SELDM simulations were completed
across the three regions (24,960 simulations per region),
reflecting a wide variety of highway drainage configurations
and upstream-basin characteristics. Each SELDM simulation
produces results for both direct discharge and one BMP. There
were 156 combinations of upstream-basin properties and
80 combinations of highway-site properties in each region.
Each SELDM simulation produces a stochastic population
of highway-runoff results and stormwater-treatment results,
so each configuration was run twice in each region to pro-
duce estimates of water-quality changes from direct dis-
charge, a basic vegetated conveyance BMP, and an advanced
BMP stormwater-treatment option. Therefore, there were
12,480 simulations for each BMP type in each region (Weaver
and others, 2021).

Although SELDM was run in batch mode, the process
was not completely automated. Because the simulations
included six runoff-quality constituents and two stormwater-
treatment BMP options for each constituent, the average time
to complete each simulation was approximately 40 seconds,
resulting in over 832 hours of computer processing time.
Microsoft Access, however, does not fully clear memory
between simulations, which causes a problem known as
database bloat. This problem limits the number of batch
simulations that can occur before active memory is expended
and, therefore, precludes complete automation of the simula-
tion process. Microsoft Access could complete about 400 of
the North Carolina SELDM simulations before it was neces-
sary to manually exit and restart the database. Restarting the
database application frees up the memory for the next series
of runs because SELDM is designed to compact and repair
itself on exit.

Processing Simulation Results

Each SELDM simulation in this North Carolina effort
produced 10 output files to document inputs and the results
of the simulation (Granato, 2013; Weaver and others, 2021).
SELDM produced 1,737 runoff events in 28 annual-load
accounting years in the Blue Ridge region, 1,565 runoff events
in 30 annual-load accounting years in the Coastal Plain region,
and 1,587 runoff events in 30 annual-load accounting years in
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the Piedmont region. The simulations resulted in 748,800 files
with results for 122,029,440 runoff events. Given the three
stormwater-treatment scenarios (direct discharge, basic vege-
tated conveyance BMP, or advanced BMP), there were 37,440
potential selections in each region and 112,320 potential selec-
tions needed to populate the statewide decision-support system
tool. Therefore, automated processes were needed to extract
the needed information from simulation results.

The computer code used to process and analyze results of
the simulations was written in R, which is an open-source free
programming language for statistical computing and graphics
(R Core Team, 2021; Weaver and others, 2021). The R scripts
written to develop the North Carolina DSS were developed in
Rstudio (Rstudio Inc., 2021) and executed by using R ver-
sion 4.0.5 (64-bit) for windows (R Core Team, 2021). The
R scripts can be opened and viewed in a text editor but cannot
be executed without installing R (R Core Team, 2021) and ver-
sion 1.3.1 or later of the “tidyverse” package (Wickham, 2021)
on the computer used for processing the results (Weaver and
others, 2021). Because the North Carolina SELDM simula-
tion outputs are very large (approximately 190 gigabytes for
the three regions), the R code was broken into 24 separate
scripts because closing and restarting R is the best way to free
up computer memory to process all the results. Therefore, the
results of the SELDM analyses must be processed by using
methods described by Weaver and others (2021).

Developing the North Carolina SELDM Catalog
in Microsoft Excel

The decision-support system tool, which was named the
“NC-SELDM_Catalog,” was designed to provide a simple
method for applying the results of simulations to any suitable
highway site within the State (Weaver and others, 2021). This
tool was built by using a Microsoft Excel workbook because
Microsoft Excel is familiar to highway engineers and envi-
ronmental regulators. The tool was implemented by using
standard Microsoft Excel functions within the worksheets
rather than using macros or Visual Basic for Applications
programming subroutines to prevent the need to convert from
a standard Microsoft Excel workbook (with the .xIsx suffix)
to a macro-enabled workbook (with the .xlsm suffix) because
a macro-enabled workbook format would be less familiar to
users and would trigger more security messages when used.
The NC-SELDM_Catalog was published as a password-
protected workbook to ensure the integrity of results. An
unprotected version of the workbook can be obtained from the
NCDOT Highway Stormwater Program team (North Carolina
Department of Transportation, 2023) or the North Carolina
office of the USGS South Atlantic Water Science Center
(U.S. Geological Survey, 2021; Weaver and others, 2021).

The NC-SELDM _Catalog was designed to be self-
documenting to facilitate use with minimal training. The
first worksheet, named “Background,” contains introduc-
tory information and links to the model-development report
(Weaver and others, 2019a) and the USGS data release

(Weaver and others, 2021). The second worksheet, named
“Detailed Instructions,” contains step-by-step instructions
describing the entire analysis process. The third worksheet,
“Basin & Highway Inputs,” is the main user interface that
contains information prompts and spreadsheet input cells that
are identified by using a light yellow color (hexadecimal code
#FFF2CC). Four additional worksheets contain two example
inputs and the associated output reports. Although the cata-
log is designed to be used with minimal training, informa-
tion and resources are available from the NCDOT Highway
Stormwater Program team (North Carolina Department of
Transportation, 2023) or the North Carolina office of the
USGS South Atlantic Water Science Center (U.S. Geological
Survey, 2021; Weaver and others, 2021).

The summary results of each of the 74,880 SELDM
simulations are documented in a hidden sheet named “Lookup
Table.” This sheet has 2 heading lines and 37,440 lines of
simulation results. Each line of simulation results contains the
summary values from two simulations. These values include
region, highway-site characteristics, upstream-basin charac-
teristics, direct discharge results (“DirectDischarge”), basic
vegetated conveyance BMP results (“MinimumMeasures”),
and advanced BMP results (“BMPtoolbox”). The results on
each line include dilution factors (Granato, 2013) and the
percent concentration changes (Weaver and others, 2019a, b).
This sheet, however, is hidden in the protected workbook to
ensure the integrity of results.

Although there were 24,960 simulations in each region,
which included 12,480 simulations for each BMP type, the
combinations of input highway-site and upstream-basin char-
acteristics were still discrete rather than continuous values.
Similarly, analysis of the results from different simulations
did not indicate that changes in explanatory variables had a
smooth, monotonic effect on the stormwater-quality change
percentage. This is because there are multiple interlocking
effects of changes in area, length, slope, and impervious-
ness of the highway site and upstream basin (Granato, 2013).
Therefore, the equations in the “Basin & Highway Inputs”
worksheet first categorize the user inputs and then select the
result of the analysis in the “Lookup Table” that matches
the categorized user inputs. StreamStats provides the flow-
analysis regions (Weaver and others, 2009). Regions 1 and 2
correspond to the Piedmont and Blue Ridge ecoregions, and
regions 3 and 4 (Sandhills and Coastal Plains, respectively)
are added together to represent the Coastal Plain region used
in the SELDM analysis. The region selected for analysis of
results has the greatest percentage of area in the upstream
basin; it is expected that many small and midsized stream
basins will fall entirely within one region. The size and slopes
were categorized by using intervals based on the averages
of sequential simulated values. For example, the simulated
highway areas were 0.1, 0.5, 1, 2.5, 5, 10, 15, and 20 acres. If
the input area was less than or equal to 0.30 acres (the aver-
age of 0.1 and 0.5), a value of 0.1 was used to determine the
result. Similarly, if an input area was greater than 0.30 and
less than or equal to 0.75 (the average of 0.5 and 1), a value
of 0.5 was used to determine the result. Once the variables are
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categorized, the green “Output” cell is populated by using the
Microsoft Excel “INDEX” and “MATCH?” functions to display
the result associated with the categorized input values. The
“Output Explanation” cell uses a simple series of Microsoft
Excel “IF” function statements to translate the output determi-
nation into a short sentence. The “Summary Report” work-
sheet is populated as the “Basin & Highway Inputs” worksheet
is populated; the “Summary Report” worksheet is designed

to provide a simple black and white output to be printed and
included with stormwater-treatment decision documents.

Application of the North Carolina
Decision-Support System

Application of the North Carolina DSS is a three-
step process once a site of interest has been identified and
highway-site project plans have been developed. The highway
engineer can obtain highway-site characteristics by using
the preliminary design plans, obtain upstream-basin char-
acteristics by using the USGS StreamStats application, and
obtain the planning-level stormwater-treatment goals from
the NC-SELDM _Catalog worksheet (fig. 8). Stormwater-
treatment goals are identified by using the scientific informa-
tion integrated into the decision-support tool, but the ultimate
stormwater-treatment decisions are defined by engineering
constraints at the site of interest. The NC-SELDM_Catalog
provides two examples: Lyle Creek at the McDonald Parkway
crossing in Hickory, North Carolina, and an unnamed tribu-
tary to Lyle Creek that also crosses the McDonald Parkway
in Hickory, North Carolina; the users may refer to the
example graphics and explanations within the catalog for
detailed information.

The NC-SELDM_Catalog was designed to provide one
of three results for each site. If the input site configuration
results in a water-quality change from highway runoff that is
less than or equal to the 25-percent change criterion, then the
tool returns a “DirectDischarge” result, indicating that direct
discharge of stormwater runoff without treatment may be an
acceptable stormwater-treatment goal at this stream cross-
ing. If the input site configuration results in a water-quality
change from untreated runoff greater than the 25-percent
change criterion but runoff treated by a basic vegetated con-
veyance BMP is less than or equal to the 25-percent change
criterion, then the tool returns a “MinimumMeasures” result,
indicating that minimum measures (a basic vegetated convey-
ance BMP) used to treat highway runoff may be an acceptable
stormwater-treatment goal at this stream crossing. If the basic
vegetated conveyance BMP discharge results in a water-
quality change greater than 25 percent, then the tool returns a
“BMPtoolbox” result, indicating that an advanced BMP from
the NCDOT BMP Toolbox (North Carolina Department of
Transportation, 2014, 2022b) should be used as the accept-
able stormwater-treatment goal for highway runoff at this
stream crossing.

The decision-support tool searches through the
12,480 simulation results within the designated region to find
the selection that most closely matches the user-specified
project inputs and the 25-percent water-quality criterion. The
tool returns the stormwater-treatment goal for the outfall loca-
tion. If none of the selections meet the water-quality criterion,
then the advanced BMP is selected. Once the analysis is
complete, the user can print a one-page summary report listing
the project inputs, the preliminary stormwater-treatment goal,
and a brief description of why the planning-level stormwater-
treatment goal was selected.



Step 1: Obtain highway-site characteristics from North Carolina Department of Transportation highway plans

Step 3: Obtain planning-level stormwater-treatment goals from the North Carolina SELDM Catalog

Step 2: Obtain upstream-basin characteristics from the U.S. Geological Survey StreamStats application

7

Figure 8. Schematic diagram showing the process for developing planning-level highway-runoff stormwater-treatment goals for a site of interest in North Carolina. Step 1
graphic from North Carolina Department of Transportation (2019). Step 2 screen capture from U.S. Geological Survey (2022b). Step 3 screen capture from Weaver and
others (2021).
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Step 1: Obtain Highway-Site Characteristics

The following steps are used to obtain highway-site char-

acteristics by using preliminary highway plans for entry into
the NC-SELDM_Catalog workbook:

1.

Determine the total impervious portion of the drainage
area, in acres, of the highway segment that will be con-
tributing stormwater runoff to the stream at the stream

crossing of interest.

. Determine the flow length, in feet, along the highway
segment draining towards the stream crossing of interest.

In SELDM, this length is described as the main-channel
length, which is used with the slope to calculate the
basin lagtime (Granato, 2013). The highway drain-

age length is one of the primary inputs to the NC-
SELDM_Catalog workbook, but an exact value is not

required to develop a planning-level basin lagtime value.

The longest flow length should be used if the highway
segment contains multiple flow paths (for instance, from
contributing areas on opposite sides of the stream cross-
ing of interest).

. Determine the percent slope of the highway segment

draining to the stream crossing of interest. In SELDM,
this slope, which is described as the main-channel slope
or the 10-85 slope, is calculated between points that are
10 and 85 percent of the distance along the main chan-
nel and is used with the length to calculate the basin
lagtime (Granato, 2013). As with the length, the slope is
one of the primary inputs to the NC-SELDM_Catalog
workbook, but an exact value is not required to develop
a planning-level basin lagtime value. Therefore, the
highway slope can be calculated as the change in eleva-
tion between the drainage divide (highest point in the
highway segment) and the lowest point in the highway
segment divided by the distance between these points.
The average slope should be calculated if the highway
segment contains multiple flow paths (for instance, from
contributing areas on opposite sides of the stream cross-
ing of interest).

Step 2: Obtain Upstream-Basin Characteristics

The following steps are used to obtain upstream-basin

characteristics by using the USGS StreamStats application:

1.

Visit the USGS StreamStats application webpage
(https://streamstats.usgs.gov/ss/).

. Zoom to the stream crossing of interest and then select

“North Carolina” from the left-side panel.

. Click the “Delineate” button in the left-side panel, then

click on the stream crossing of interest. To delineate a
basin, users will need to zoom in to level 15 or greater
(indicated at bottom left of map image) to make the
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National Hydrography Dataset streamflow lines visible
and to enable the delineation tool on the left side of the
StreamStats application window.

. Click “Continue” in the left-side panel once the basin

has been successfully delineated.

. Click the drop-down arrow to the right of the “Basin

Characteristics” box in the left-side panel, select the
following parameters, and then click “Continue” at the
bottom of the parameter list:

a. CSL10_85fm (“Change in elevation between points
10 and 85 percent of length along main channel to
basin divide divided by length between points ft
per mi”);

b. DRNAREA (“Area that drains to a point on a
stream”);

c. LC11IMP (“Average percentage of impervious area
determined from NLCD 2011 impervious dataset”);

d. PCTREGL1 (“Percentage of drainage area located in
Region 1 — Piedmont / Ridge and Valley”);

e. PCTREG2 (“Percentage of drainage area located in
Region 2 — Blue Ridge”™);

f. PCTREG3 (“Percentage of drainage area located in
Region 3 — Sandhills™);

g. PCTREG4 (“Percentage of drainage area located in
Region 4 — Coastal Plains”).

. Click “Continue” in the left-side panel with the Basin

Characteristics Report selected.

. Click “Open Report” to preview the Basin

Characteristics Report and verify that values were
returned for all parameters.

. If results are correct, print the Basin Characteristics

Report to a PDF file, and retain the file to help document
the planning-level stormwater-treatment decision.

Step 3: Obtain the Planning-Level Treatment
Goals

The following steps are used to complete the basin and

highway inputs and obtain the planning-level stormwater-
treatment goals by using the NC-SELDM_Catalog workbook:

1. In the “Basin & Highway Inputs” worksheet, fill in

“Project Name” (the name of the entire highway con-
struction project).

2. Fill in “Site Description” (start/end stations of highway

segment, stream crossing of interest, and any other rel-
evant project information).


https://streamstats.usgs.gov/ss/
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Percentage of simulations meeting the stormwater-treatment criteria

. Fill in “Analyst Name” (engineering firm, analyst name/
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initials, and so on).

. Insert the upstream-basin characteristics from the USGS

StreamStats Basin Characteristics Report.

. Insert the highway-site characteristics from the prelimi-

nary design plans.

. Verify that the output returns a valid response; if the

output returns “#NA,” review the input parameter cells

for errors or typos.

. Print the “Summary Report” worksheet as follows:
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a. Navigate to the “Summary Report” worksheet.

b. Verify that all fields are populated, includ-
ing the “Project Name,” “Site Description,”
“Conducted by,” “Date,” “Project Information,”
“Recommendation,” and “Explanation” fields.

c. Click “File” > “Print” and verify that the summary
report fits on a single page in the print preview
window. If the report fits, then print the summary
report to a .pdf file and retain the file to document
the planning-level stormwater-treatment decision.

Example of Regional Results of
Analyses

An example of the results of the stormwater-treatment
designations is shown in figure 9 as a function of the ratio of
highway pavement area (in acres) to upstream-basin area in
square miles in the Piedmont ecoregion. This catalog of simu-
lations underlying the decision-support tool indicates that, in
this ecoregion, the stormwater-treatment goal for 100 percent
of sites with a drainage-area ratio less than about 0.007 acres
of highway per square mile of upstream basin can be direct
discharge of highway runoff. Similarly, the advanced BMP is
the stormwater-treatment goal for 100 percent of sites with
a drainage-area ratio greater than about 50 acres per square
mile. Between these ratios, the selection of direct discharge, a
basic vegetated conveyance BMP, or an advanced BMP also
is a function of the length and slope of the highway site and
upstream basin and the imperviousness of the upstream basin.
Statistical tests (using Kendall’s rank correlation coefficient)
indicate that the upstream-basin area, highway-pavement area,
upstream slope, and upstream imperviousness are significantly
related to the stormwater-treatment designation, but relations
to the highway slope and length are not statistically signifi-
cant. Because the decision matrix has six dimensions in each
region (the area, length, and slope of the highway; and the
area, slope, and imperviousness of the upstream basin), the
decision-support tool provides the stormwater-treatment goal
by selecting variables that most closely match one simulation.
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Figure 9. Stormwater-treatment goals as a function of the ratio of highway-pavement area to upstream-basin area in the Piedmont
ecoregion in North Carolina (Weaver and others, 2021). BMP, best management practice.



Summary

State departments of transportation need simple-to-
use decision-support systems (DSS) in the early stages of
designing highway projects to plan for an appropriate level
of stormwater treatment at a given outfall location in order
to protect water quality while controlling costs. To imple-
ment such a system, State departments of transportation
need a scientifically defensible stormwater model that can be
used at many sites without an extensive site-specific effort to
build, calibrate, and verify at each individual site of interest.
Because site-specific data are not commonly available and
because years of data collection may be needed to develop
robust estimates of site-specific conditions for each highway
construction or improvement project site, State departments
of transportation need to develop operational definitions to
represent the hydrology and water-quality conditions at any
given site in coordination with applicable regulators, decision-
makers, and stakeholders. These operational definitions also
must include decision rules to translate simulation results into
resource management decisions.

To meet this need, the North Carolina Department of
Transportation worked with the U.S. Geological Survey,
the Federal Highway Administration, and State regula-
tors to develop the operational definitions for hydrologic,
water-quality, stormwater-treatment, and stormwater-quality
change criteria needed to develop decision rules for use in
North Carolina. The DSS for North Carolina was built by
using the Stochastic Empirical Loading and Dilution Model
(SELDM) with regional hydrologic statistics and statewide
water-quality and stormwater-treatment statistics. Results of
24,960 batch simulations in each region, which were done
by using these statistics with a range of highway-site and
upstream-basin properties, provided the information needed
to relate individual highway-site conditions to planning-level
stormwater-treatment goals.

The North Carolina DSS was designed to provide instant
planning-level determinations of stormwater-treatment goals
without delays caused by intensive site-specific monitoring
and modeling efforts at each project site. The North Carolina
DSS, which includes an easy-to-use spreadsheet application,
also was designed so that stormwater-treatment goals could be
developed by highway engineers without the need for expert
modeling skills. Because these determinations can be devel-
oped by using site-specific information from highway plans
and the U.S. Geological Survey StreamStats application with-
out expert modeling skills, the results are repeatable and can
be verified by regulators, decisionmakers, and other stakehold-
ers with minimal effort. The North Carolina DSS can accel-
erate project delivery and environmental review, minimize
monitoring and modeling costs for each project, and provide
a scientifically defensible determination of the stormwater-
treatment goal for each site. Use of the North Carolina DSS,
however, does not preclude site-specific simulations with
SELDM by using more detailed hydrologic and water-quality
data in cases where specific issues, such as the presence of
endangered species, are of concern. Because SELDM can
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be applied to build a similar DSS in any State, the methods
described in this report represent practice-ready methods that
can be used by other State departments of transportation and
municipal permittees to streamline project delivery while
protecting the environment.
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