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ABSTRACT 1 
The Massachusetts Department of Transportation (DOT) and the Rhode Island DOT are 2 

working to assess and address roadway contributions to Total Maximum Daily Loads (TMDLs). 3 
Example analyses for total nitrogen, total phosphorus, suspended sediment, and total zinc in 4 
highway-runoff were done by the U.S. Geological Survey in cooperation with the Federal 5 
Highway Administration to simulate long-term annual loads for TMDL analyses with the 6 
Stochastic Empirical Loading and Dilution Model (SELDM). Concentration statistics from 19 7 
highway-runoff monitoring sites in Massachusetts were used with precipitation statistics from 11 8 
long-term monitoring sites to simulate long-term pavement yields (loads per unit area). Highway 9 
sites were stratified by traffic volume and/or surrounding land use to calculate concentration 10 
statistics for rural roads, low-volume highways, high-volume highways, and ultra-urban 11 
highways. The median of the event-mean concentration statistics in each traffic-volume category 12 
was used to simulate annual yields from pavement over a 29–30 year period. Long-term average 13 
yields for total-nitrogen, -phosphorus, and -zinc from rural roads are lower than yields from the 14 
other categories, but yields of sediment are higher than for the low-volume highways. The 15 
average yields of the selected water-quality constituents from high-volume highways are 1.35 to 16 
2.52 times the associated yields from low-volume highways. The average yields of the selected 17 
constituents from ultra-urban highways are 1.52 to 3.46 times the associated yields from high-18 
volume highways. Example simulations indicate that both concentration reduction and flow 19 
reduction by structural best management practices are crucial for reducing runoff yields. 20 

 21 
 22 

Keywords: Stochastic Empirical Loading and Dilution Model, SELDM, Total Maximum Daily 23 
Loads, TMDL, nutrient, sediment, metal, zinc, yield, stormwater, highway runoff, BMP, best 24 
management practice, minimum irreducible concentration, highway runoff database, HRDB, 25 
stormwater control measure, SCM  26 
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INTRODUCTION 1 
The Federal Highway Administration (FHWA) and State transportation agencies need 2 
information about the quality and quantity of runoff and the potential effectiveness of mitigation 3 
measures to address potential effects of highway runoff on receiving waters (1–4). To this end, 4 
decision makers use Environmental Impact Statements, National Pollutant Discharge System 5 
permits, Municipal Separate Storm Sewer System (MS4) permits, and efforts to establish Total 6 
Maximum Daily Loads (TMDLs) to quantify potential effects of runoff on the environment and 7 
the efficacy of potential mitigation measures (1–4). TMDLs are used as a method to calculate 8 
allowable loads of the water-quality constituents that will reduce or eliminate water-quality 9 
impairments in receiving waters. The results of TMDL analyses are used to determine load 10 
allocations for point and non-point sources of the constituents of concern. Currently (2016), the 11 
U.S. Environmental Protection Agency (EPA) reports that there are 42,457 impaired water 12 
bodies nationwide and 69,382 TMDLs have been approved since 1995 (5). Many of the 13 
constituents of concern for these water-quality impairments, including pathogens, nutrients, trace 14 
metals, organic carbon, and sediment, also have been identified as highway and urban runoff-15 
quality constituents (4, 6–8). Research indicates that Departments of Transportation (DOTs) 16 
need information, tools and techniques to address increasing concerns about their roles and 17 
responsibilities in the TMDL processes (1, 3, 9). 18 

In 2013 the U.S. Geological Survey (USGS), in cooperation with the FHWA, published 19 
the Stochastic Empirical Loading and Dilution Model (SELDM) to provide a tool that can be 20 
used to simulate stormwater event mean concentrations (EMCs), flows, and loads from highways 21 
and other land uses (2, 10). SELDM can be used to model sites with different land uses and sites 22 
in different settings because it is a lumped parameter model that simulates runoff by using 23 
representative input values for conditions at a site of interest. Although SELDM is primarily 24 
designed to indicate the risk for stormwater EMCs, flows, and loads to be above user-selected 25 
water-quality goals for individual storm events, it also calculates annual loads that can be used 26 
for TMDL analyses. SELDM uses the EPA definition of a runoff-producing event to do long-27 
term Monte Carlo simulations that represent conditions that would occur at a site of interest. 28 
SELDM also has a stormwater best management practice (BMP) module to simulate potential 29 
effects of stormwater control measures on runoff flows, EMCs, and loads from the site of 30 
interest. In SELDM, each storm that is generated for an analysis is identified by sequence 31 
number and annual-load accounting year. When the time between event midpoints of a series of 32 
simulated events exceeds 365 or 366 days, those events are lumped into one annual-load 33 
accounting year. SELDM generates each storm randomly; there is no serial correlation. The 34 
order of storms does not reflect seasonal patterns. The annual-load accounting years, which are 35 
random collections of events generated with sums of inter-event times less than or equal to a 36 
year, are used to generate annual highway flows and loads for both the TMDL and the lake-basin 37 
analyses (10).  38 

SELDM produces an annual highway-runoff-loads output file each time the model is run. 39 
SELDM writes five annual hydrologic variables, including the precipitation total for runoff-40 
generating events, total highway-runoff flow, runoff flow normalized to the highway drainage 41 
area, BMP discharge flow, and BMP discharge flow normalized to the highway drainage area. 42 
SELDM also writes two annual water-quality variables, the highway load and the annual BMP 43 
discharge load to this file. This output file is designed to facilitate analysis of TMDLs for the 44 
highway site by recording the annual highway contributions to a receiving waterbody. The 45 
population of annual runoff loads from the highway indicates the potential highway contribution 46 
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and the uncertainty of such estimates. The population of annual runoff loads from the BMP 1 
discharge indicates the potential for reducing the highway loads to meet any proposed load 2 
allocations.  3 

SELDM is not calibrated by fitting input values to a historical record; it is calibrated by 4 
selecting statistics for runoff-quality variables and BMP treatment variables from robust and 5 
representative datasets (2, 10, 11). The input statistics that are selected can have a substantial 6 
effect on the TMDL allocation assigned to a DOT and the potential number of water-quality 7 
excursions that may occur in a simulation. The SELDM development project published three 8 
FHWA reports and five USGS reports documenting the model, statistics to be used for input 9 
values, and statistical methods for use in runoff-quality simulations (2, 6, 10, 11, 12).  10 
 11 
Purpose and Scope 12 
The purpose of this paper is to provide examples for estimating long-term annual highway-runoff 13 
loads for TMDL analyses with SELDM (version 1.0.2). Because SELDM has been approved by 14 
the USGS and the FHWA and was developed with input from people in 15 State DOTs, the 15 
EPA, and a State regulatory agency, the methods described in these examples can be used to help 16 
practitioners address current and future TMDL-compliance issues. These examples will 17 
demonstrate stochastic generation of annual loads by using data and statistics available for 18 
different road classes in Massachusetts (MA). Total nitrogen, total phosphorus, sediment, and 19 
total zinc were selected for this example because these constituents are subject to TMDLs in 20 
New England (Henry Barbaro, Massachusetts DOT, written commun. June 2015) and are of 21 
common concern throughout the Nation (1, 3–5,13). 22 
 23 
HYDROLOGIC ANALYSIS 24 
A set of seven long term (29 to 30 year) simulations that represent long-term hydrologic 25 
conditions in eastern MA and Rhode Island (RI) were used to estimate annual highway yields for 26 
use in TMDLs in these areas. Although standard methods and variables described by Granato 27 
(10) were used for these simulations, information about the timing of runoff from the highway is 28 
not needed for annual-loads analyses. Therefore, the only highway-site hydraulic variables 29 
needed for these analyses were the drainage area and the impervious fraction. A drainage area of 30 
one acre and an impervious fraction of one (100 percent) were selected so the loads would be 31 
computed as annual yields in pounds per acre of pavement. The stochastic-runoff coefficient 32 
statistics used in the analysis were calculated by using the standard SELDM values for the 33 
average (0.785), standard deviation (0.1917), and skew (-1.19) of runoff coefficients for sites that 34 
are fully impervious; these statistics were calculated by using rainfall-runoff data from 58 35 
highway-runoff monitoring sites (10). The other statistics needed for an annual-loading analysis 36 
are the volume, duration, and the number of hours between event midpoints for runoff-37 
generating storm events. The average of runoff-event precipitation statistics from 11 National 38 
Weather Service long-term precipitation monitoring sites in eastern Massachusetts and Rhode 39 
Island (TABLE 1) were used to do these stochastic simulations of precipitation, runoff volume, 40 
and runoff quality. Stochastic variations in precipitation-event values resulted in 5 simulations 41 
with 29 annual-load accounting years and 2 simulations with 30 annual-load accounting years. 42 

 43 
 44 
 45 
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TABLE 1. SELDM runoff-event precipitation statistics from the FHWA 2010 dataset (10) for data collected at 1 
National Weather Service stations in Eastern Massachusetts and Rhode Island during the 1965-2006 period. 2 

Station 
Number 

National Weather Service 
Station Name 

Storms 
per 
year 

Annual 
precipitation 
(inches) 

Storm 
volume 
(inches) 

Storm 
duration 
(hours) 

Time between 
storm midpoints 
(hours) 

190840 Bridgewater 43 30.98 0.72 7.65 179 
190736 Blue Hill Obs 66 48.50 0.73 12.69 133 
190770 Boston/Logan Ap 61 39.99 0.65 12.03 145 
190575 Bellingham 50 37.92 0.76 9.76 154 
195246 New Bedford 62 44.78 0.72 12.36 135 
196681 Provincetown 49 32.29 0.66 8.79 162 
376698 Providence/Green State Ap 62 43.60 0.70 11.56 142 
193821 Hyannis 52 34.62 0.67 9.43 152 
375215 Newport Rose 41 30.91 0.75 7.43 179 
190998 Buffumville Lake 49 35.72 0.73 8.03 163 
199923 Worcester Rgnl Ap 65 44.35 0.68 12.59 135 
 Simulated values (average) 55 38.51 0.71 10.21 153 

 3 
RUNOFF QUALITY ANALYSIS 4 
The simulated populations of annual runoff yields for the different road classes within the study 5 
area depend on the input concentration-statistic values because yields from each road class are 6 
modeled as one acre of pavement with the same precipitation and runoff-coefficient statistics. 7 
Highway-runoff quality was simulated by using statistics from version 1.0.0a of the Highway 8 
Runoff Database (HRDB) (6, 7). Runoff-quality statistics from 19 highway runoff monitoring 9 
sites in Massachusetts were used to model long-term constituent yields of total nitrogen, total 10 
phosphorus, suspended sediment, and total zinc per acre of pavement (TABLE 2). Highway sites 11 
were stratified by traffic volume and/or surrounding land use. Data from two monitoring sites 12 
were combined into one data set to simulate runoff quality from a two-lane roadway (State Route 13 
119, Ashburnham, MA) with an annual average daily traffic (AADT) count of 3,000 vehicles per 14 
day (VPD). This dataset was classified as a rural road. Data from six multi-lane highway 15 
monitoring sites representing four highways with AADT values ranging from 15,532 to 39,693 16 
VPD were combined into four datasets. These were classified as low-volume highway datasets. 17 
Data from five multi-lane highway sites with AADT values ranging from 41,168 to 180,605 18 
VPD were classified as high-volume highway datasets. Data from five multi-lane highway sites 19 
along Interstate 93, Boston, MA with AADT values ranging from 170,000 to 190,993 VPD were 20 
classified as ultra-urban highway datasets. These sites were analyzed separately from the other 21 
high-AADT highways because the study by Smith and Granato (7) indicated that the total 22 
imperviousness of the surrounding area had a substantial effect on the quality of highway runoff. 23 
The median of statistics for the average, standard deviation, and skew of the common logarithm 24 
of selected highway-runoff constituents for each highway class was used for the annual-load 25 
simulations (TABLE 3). As indicated by the populations of the averages of the common 26 
logarithms of total nitrogen, total phosphorus, suspended sediment, and total zinc EMCs in 27 
FIGURE 1, there were substantial variations in runoff-quality statistics at different sites within 28 
and between these road classes. Although the average values indicate the central tendency, 29 
increasing the standard deviation and skew increases the number and magnitude of extreme 30 
values (2, 10, 13).   31 
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TABLE 2. Massachusetts highway sites from the highway-runoff database (version 1.0.0a) used in the 1 
annual-loading analysis (7). 2 

Site name Data set Road class AADT 
(VPD) 

Traffic 
lanes 

MA SR-119 424209071545201, Ashburnham MA 2009 Rural 3,000 2 
MA SR-119 424155071543201, Ashburnham MA 2009 Rural 3,000 2 
MA SR-8 424019073062601, North Adams MA 2009 Low volume 15,532 4 
MA I-195 414339070462201, Marion MA 2009 Low volume 25,700 4 
MA I-195 414339070462201, Marion MA 2010 Low volume 25,700 4 
MA SR-6 414200070063601, Harwich MA 2010 Low volume 26,400 2 
MA SR-2 423027071291301, Littleton MA 2009 Low volume 39,693 4 
MA SR-2 423027071291302, Littleton MA 2009 Low volume 39,693 4 
MA I-190 423016071431501, Leominster MA 2009 High volume 41,168 4 
MA I-495 422716071343901, Bolton MA 2009 High volume 81,900 4 
MA I-495 422821071332001, Boxborough MA 2009 High volume 81,900 6 
MA I-95 422620071153301, Lexington MA 2009 High volume 154,500 8 
MA I-95 422420071153301 &302, Waltham MA 2009 High volume 180,605 8 
MA I-93 421647071024703, Boston MA 2009 Ultra-urban 190,993 8 
MA I-93 CB-136-04 catch basin outlet MA 2002 Ultra-urban 170,000 8 
MA I-93 CB-136-05 catch basin inlet MA 2002 Ultra-urban 170,000 8 
MA I-93 OGS-136-03 oil-grit separator inlet MA 2002 Ultra-urban 170,000 8 
MA I-93 OGS-739-03 oil-grit separator inlet MA 2002 Ultra-urban 170,000 8 

AADT, Average Annual Daily Traffic; I, Interstate; MA, Massachusetts; SR, State Route; VPD vehicles per day. 3 
 4 
TABLE 3. Median of the average, standard deviation, and skew of the common (base 10) logarithms of event-5 
mean concentrations measured at Massachusetts highway-runoff monitoring sites grouped by road class (7). 6 
Constituent Highway Class Average Standard Deviation Skew 
Nitrogen (p62855) Rural -0.291 0.376 -0.278 
Nitrogen (p62855) Low volume -0.0491 0.214 -0.0545 
Nitrogen (p62855) High volume 0.0518 0.259 0.151 
Nitrogen (p62855) Ultra-urban 0.307 0.194 0.0106 
Phosphorus (p00665) Rural -1.26 0.483 0.0674 
Phosphorus (p00665) Low volume -1.04 0.291 -0.749 
Phosphorus (p00665) High volume -0.944 0.488 -0.436 
Phosphorus (p00665) Ultra-urban -0.445 0.264 1.36 
Sediment (p80154) Rural 1.50 0.692 0.396 
Sediment (p80154) Low volume 1.885 0.400 -0.470 
Sediment (p80154) High volume 1.86 0.585 0.467 
Sediment (p80154) Ultra-urban 2.34 0.402 0.181 
Zinc (p01092) Rural 1.60 0.486 0.383 
Zinc (p01092) Low volume 1.88 0.293 0.115 
Zinc (p01092) High volume 2.17 0.406 0.358 
Zinc (p01092) Ultra-urban 2.8 0.27 1.41 

Nitrogen (p62855), Total nitrogen, water, unfiltered, analytically determined, milligrams per liter as nitrogen; 7 
Phosphorus (p00665), Phosphorus water, unfiltered, milligrams per liter; Sediment (p80154), Suspended sediment 8 
concentration, milligrams per liter; Zinc (p01092), Zinc, water, unfiltered, recoverable, micrograms per liter. The 9 
alpha-numeric identifiers starting with “p” are the U.S. Environmental Protection Agency parameter codes. 10 
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 1 
 2 

FIGURE 1. Boxplot showing the populations of the average of common logarithms of event mean 3 
concentrations of (a) total nitrogen, (b) total phosphorus, (c) suspended sediment concentration, and (d) total 4 
zinc by road class. AADT is annual average daily traffic. VPD is vehicles per day. 5 
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In this analysis total suspended solids (TSS) EMCs and loads were simulated because the 1 
EPA Region 1 wants to use total suspended solids as a measure of sediment concentrations for 2 
TMDL analyses in New England (Henry Barbaro, Massachusetts DOT, Highway Division, 3 
written commun., 2016). However, scientific studies show that TSS (EPA parameter code 4 
p00530) is an unreliable and biased measure of sediment concentrations (6, 14–17). Therefore, 5 
the MA highway-runoff studies use the suspended sediment concentration (SSC) method to 6 
quantify stormwater quality. The dependent runoff-quality method in SELDM was used to 7 
simulate TSS as a function of simulated SSC in runoff (10). SELDM uses a regression relation 8 
with random variation to simulate a dependent constituent (in this case TSS) from the predictor 9 
constituent (in this case SSC). The regression equation used in this analysis was developed with 10 
paired data from the HRDB (6, 7) and is shown in FIGURE 2. The regression equation was 11 
developed by using the maintenance of variance type 1 (MOVE.1) method (18) with 90 paired 12 
TSS and SSC measurements in highway runoff; random variations above and below the line 13 
were simulated by using the median absolute deviation of residuals. Simulated values are shown 14 
as gray dots on the graph. FIGURE 2 shows that some TSS EMCs are greater than the associated 15 
SSC EMCs, especially at low concentrations. In theory, this is impossible. However, TSS 16 
measurements can be highly variable and the objective of the study is to simulate a population of 17 
TSS values as if they had been measured directly. Furthermore, this bias occurs in the data and in 18 
simulations when concentrations are low; and the magnitude of the bias is small in comparison to 19 
the range of simulated TSS concentrations. 20 
 21 

 22 
 23 

FIGURE 2. Relation between suspended sediment concentration (SSC) and total suspended solids (TSS) 24 
concentration in highway runoff samples from the highway-runoff database. 25 
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Seven 29-30 year simulations were run to demonstrate and account for variability in 1 
stochastic simulation results. In these simulations, SELDM calculates an annual yield in pounds 2 
per acre per year (lb/ac/yr) of pavement for each annual-load accounting year. FIGURE 3 is an 3 
example of the population of annual yields for total phosphorus. This graph shows the median 4 
annual yields for each plotting position in the seven simulations. To construct this graph, 5 
plotting-position results for the 30-year simulations were adjusted by using linear interpolation to 6 
calculate yields that were equivalent to the 29-year simulation results. The results of the analyses 7 
are shown as long term average-annual runoff yields for each of the simulations (TABLE 4). The 8 
long term average-annual yield is the sum of the loads, per unit area, for the entire simulation 9 
period divided by the number of years in the simulation. The medians of the average annual 10 
yields in the different simulations are presented in TABLE 4 as the best estimator to account for 11 
stochastic variability from simulation to simulation. These results indicate that average yields for 12 
total nitrogen, total phosphorus, and total zinc from rural roads are lower than yields from low 13 
AADT highways, high AADT highways, and ultra-urban highways. However, yields of sediment 14 
from rural roads are higher than for the low AADT highways. The medians of long-term average 15 
yields of the different constituents from high AADT highways are 1.37 to 2.52 times the 16 
associated yields from low AADT highways. The medians of long-term average yields of the 17 
different constituents from high ultra-urban highways are 1.52 to 3.46 times the associated yields 18 
from high AADT highways. 19 

 20 
FIGURE 3. Probability plot showing the annual yields of total phosphorus in highway runoff for a 29 year 21 
simulation period. The annual yields shown are the median for each percentile from the 7 simulations. 22 

1 2 5 10 20 30 40 50 60 70 80 90 95 98 99
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

Rural highway

Low AADT

High AADT

Ultra-urban

A
nn

ua
ly

ie
ld

of
to

ta
lp

ho
sp

ho
ru

s,
in

po
un

ds
pe

ra
cr

e
pe

ry
ea

r

Percentage of years in which the annual yield was equaled or exceeded

Explanation



Granato and Jones  10 

TABLE 4. Long term average-annual runoff yields, in pounds per acre per year (lb/ac/yr ) for selected water-1 
quality constituents. 2 

Run Seed Years TN 
RR 

TN 
LV 

TN 
HV 

TN 
UU 

TP 
RR 

TP 
LV 

TP 
HV 

TP 
UU 

1 6181 29 5.54 7.30 10.0 16.8 0.746 0.815 1.47 3.22 
2 7190 29 5.65 7.57 10.1 16.7 0.746 0.838 1.46 3.68 
3 5919 30 5.34 7.15 9.60 16.3 0.777 0.786 1.48 3.41 
4 1622 29 5.32 7.22 9.62 16.4 0.846 0.838 1.38 3.40 
5 1306 29 5.39 7.36 9.46 16.4 0.776 0.791 1.40 3.38 
6 5770 30 5.28 7.22 9.97 16.5 0.718 0.773 1.34 3.12 
7 10886 29 5.51 7.46 10.1 16.2 0.807 0.789 1.32 3.35 

Median NA NA 5.39 7.30 9.97 16.4 0.776 0.791 1.40 3.38 
 3 

Run Seed Years SSC 
RR 

SSC 
LV 

SSC 
HV 

SSC 
UU 

TSS 
RR 

TSS 
LV 

TSS 
HV 

TSS 
UU 

1 6181 29 1,033 824 2,485 2,365 466 523 813 1,093 
2 7190 29 1,018 811 1,967 2,614 492 520 823 1,157 
3 5919 30 993 804 1,693 2,482 456 504 731 1,094 
4 1622 29 1,302 834 1,530 2,576 500 523 704 1,170 
5 1306 29 1,137 796 1,441 2,623 479 504 682 1,216 
6 5770 30 1,368 840 1,698 2,516 537 546 711 1,151 
7 10886 29 1,637 766 1,386 2,801 563 515 631 1,162 

Median NA NA 1,137 811 1,693 2,576 492 520 711 1,157 
 4 

Run Seed Years TZn 
RR 

TZn 
LV 

TZn 
HV 

TZn 
UU 

 

1 6181 29 0.642 0.722 1.71 6.19 
2 7190 29 0.775 0.718 1.82 6.50 
3 5919 30 0.586 0.654 1.78 6.15 
4 1622 29 0.534 0.704 1.99 6.09 
5 1306 29 0.695 0.683 1.65 6.58 
6 5770 30 0.598 0.715 1.87 6.05 
7 10886 29 0.592 0.699 1.77 6.03 

Median NA NA 0.598 0.704 1.78 6.15 

Run, Stochastic Empirical Loading and Dilution model run number and median of values from the seven runs; Seed, 5 
Monte Carlo random seed; Years, annual-load accounting years; TN, Total nitrogen, water, unfiltered (p62855); TP, 6 
Phosphorus water, unfiltered (p00665); SSC, Suspended sediment concentration (p80154); TSS, Total suspended 7 
solids (p00530); TZn, Zinc, water, unfiltered, recoverable (p01092); LV, Low traffic-volume highway; HV, High 8 
traffic-volume highway; RR, Rural roads; UU, Ultra-urban highway; NA, not applicable. 9 

 10 
By and large, the geometric mean EMCs have the greatest effect on the simulated loads. 11 

The geometric means, which are the retransformed means of the logarithms, of EMCs 12 
represented by the statistics in TABLE 3 range from 39.8 micrograms per liter for rural zinc to 13 
219 mg/L for ultra-urban SSC EMCs; the associated median yields range from 0.598 to 2,576 14 
lb/ac/yr (TABLE 4). However, the standard deviation and skew of the logarithms of the EMCs 15 
substantially influence the yields (10, 13). The effects of these two variables are most apparent in 16 
the comparison of SSC yields in TABLE 4, and TP yields in FIGURE 3 for the RR and LV 17 
categories. In both cases, the simulated means are higher for the LV category, but the associated 18 
standard deviations and skews are lower than for the RR category. Although the geometric mean 19 
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TP concentration is about 1.7 times the associated RR value the simulated populations of annual 1 
yields in FIGURE 3, are almost equal because of the larger standard deviation and skew of RR 2 
concentrations. In a few high-yield years, RR TP yields are higher than the LV TP yields with 3 
the same exceedance frequency. The result is that TP yields for the RR category are larger than 4 
yields for the LV category and the median difference in category yields is small. For SSC yields, 5 
the geometric mean for the LV category is about 2.43 times the geometric mean for the RV 6 
category, but the standard deviation and skew of the RR category is much larger than for the LV 7 
category so the long-term average RR yields are consistently higher than the long-term average 8 
LV yields. 9 

 10 
RUNOFF TREATMENT ANALYSIS 11 
This runoff-treatment analysis was done to examine the potential effects of flow reductions and 12 
concentration reductions by stormwater BMPs on annual yields from highways. Total 13 
phosphorus was selected for this BMP analysis example because nutrients are a common concern 14 
throughout the Nation and data for the performance of BMPs are readily available for this 15 
constituent (2). The high AADT simulation was selected for two reasons. Total phosphorus 16 
yields from high AADT highways are much higher than yields from low-AADT highways and 17 
rural roads. High-AADT highways also are more prevalent than ultra-urban highways in eastern 18 
MA and RI. Run 5 was selected for this BMP analysis because this run produced the median of 19 
annual-average yields of total phosphorus among the high AADT simulations (TABLE 4). The 20 
BMP effluent concentrations are simulated by using the BMP-treatment module in SELDM (10, 21 
11).  22 

The SELDM BMP-treatment module has provisions for stochastic modeling of three 23 
stormwater treatments: volume reduction, hydrograph extension, and water-quality treatment 24 
(10, 11). Hydrograph extension is an important variable for dilution analyses, but the duration of 25 
BMP discharges do not substantially affect the total-annual yield from the highway. The SELDM 26 
BMP module uses the trapezoidal distribution and the rank correlation with the associated 27 
highway-runoff variable to provide a stochastic transfer function to approximate the quantity and 28 
quality of BMP effluent given the associated inflow values in a simulation (10,11) (TABLE 5). 29 
SELDM uses rank correlation to preserve the structure of inflow and outflow data commonly 30 
found in BMP studies (11). Correlations between the ratio of outflow to inflow volumes and the 31 
magnitude of inflows are positive because it would be difficult for BMPs built with commonly 32 
used designs to retain or infiltrate a large proportion of flow from a very large runoff event. The 33 
small positive correlation between highway inflow volumes and the outflow ratios shown in 34 
TABLE 5 reduces the average effectiveness of flow reduction by the BMP (10, 11). Correlations 35 
between the concentration ratio and inflow concentrations are negative because BMP-monitoring 36 
datasets indicate that BMPs are more effective for substantially reducing large inflow 37 
concentrations than small inflow concentrations. The negative correlation between highway 38 
inflow concentrations and the outflow ratios increases the average effectiveness of concentration 39 
reduction by the BMP (10, 11). In many studies, BMP outflow concentrations can exceed very 40 
low inflow concentrations (11). To represent this phenomenon, SELDM simulates the effect of 41 
the minimum irreducible concentration (MIC), which is the lowest expected BMP effluent 42 
concentration. SELDM substitutes the MIC for BMP effluent concentrations that are less than 43 
the MIC. 44 

 45 
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For this analysis, a generic BMP was simulated by using the median of treatment 1 
statistics for flow reductions, concentration reductions, and MICs from 7 BMP categories with 2 
data from the 2012 International BMP database (TABLE 5). The categories bioretention, 3 
detention basins, biofilters (swales), media filters, retention ponds, wetland basins, and wetland 4 
channels were selected because flow statistics, concentration statistics, and MIC statistics were 5 
available from multiple BMP monitoring sites for these categories (11). The MIC values for 6 
total-phosphorus that were chosen were based on the median of the minimum of MIC estimates 7 
from available sites, which ranged from 0.01 to 0.05 milligrams per liter (mg/L) for the BMP 8 
categories that were chosen for this analysis (11). The median MIC of 0.02 mg/L was used for 9 
these simulations. About 8.5 percent of highway-runoff EMCs were below the 0.02 mg/L MIC 10 
value in these BMP simulations. However, this effect accounts for only about 1 percent of the 11 
difference in highway runoff and BMP discharge yields in these simulations because the MIC 12 
concentrations are so small. 13 

 14 
TABLE 5. Best management practice performance statistics for stormwater flows and total-phosphorus 15 
concentrations (11). 16 

BMP type Treatment Minimum LBMPV UBMPV Maximum Rho 
Bioretention Flow 0.000 0.019 0.152 0.947 0.61 
Detention Basin Flow 0.147 0.147 0.657 1.232 0.07 
Biofilter (swale) Flow 0.060 0.306 0.495 1.085 0.29 
Media filter Flow 0.113 0.742 0.742 1.262 0.00 
Retention pond Flow 0.208 0.665 0.903 1.832 0.00 
Wetland basin Flow 0.136 0.934 0.934 1.233 0.21 
Wetland channel Flow 0.116 0.548 0.548 1.849 0.27 
Median Flow 0.116 0.548 0.657 1.233 0.21 
Bioretention Concentration 0.013 0.176 0.325 2.339 -0.420 
Detention Basin Concentration 0.240 0.415 0.561 1.550 -0.498 
Biofilter (swale) Concentration 0.105 0.669 0.827 3.556 -0.669 
Media filter Concentration 0.161 0.210 0.228 1.597 -0.555 
Retention pond Concentration 0.053 0.199 0.380 1.653 -0.606 
Wetland basin Concentration 0.056 0.512 0.880 2.158 -0.517 
Wetland channel Concentration 0.171 0.226 0.623 2.203 -0.401 
Median Concentration 0.105 0.226 0.561 2.158 -0.52 

LBMPV, lower bound of the most probable value; UBMPV, upper bound of the most probable value; rho, 17 
Spearman's rank correlation coefficient; Volume reduction statistics (designated as “Flow” in the treatment column) 18 
are for the trapezoidal distribution of the ratio of outflows to inflows; correlation is to inflow volume. Concentration 19 
statistics are for the trapezoidal distribution of the ratio of outflow to inflow concentration; correlation is to inflow 20 
concentration. If adjacent treatment statistics are equal, the distribution simplifies to a triangular distribution. 21 
 22 

FIGURE 4 shows the results of the analyses for highway runoff, BMP flow reduction, 23 
BMP concentration reduction, and both flow and concentration reduction. Although annual 24 
average yields with and without the BMP treatments are shown, these values represent results of 25 
stochastic simulations for each runoff event, not application of average performance statistics for 26 
the entire simulation period. Individually, both flow reduction and concentration reduction have 27 
a substantial effect on the annual yields of total phosphorus in these simulations. However, the 28 
BMPs can produce excess flows and concentrations in some storms, which can reduce or 29 
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eliminate the combined effectiveness for those storms (11). For example, if concentrations are 1 
reduced in a given storm but the discharge flow is larger than the runoff inflow, then the total 2 
BMP discharge load may be greater than or equal to the runoff load. Increases in flow can be 3 
caused by carry over from previous storms and/or groundwater discharge to the BMP (especially 4 
for wet BMPs). Resuspension of previously deposited constituents can cause increases in 5 
discharge concentrations. In these simulations, the flow-reduction BMP attenuates long-term 6 
annual average annual highway-runoff yields by about 31 percent. The concentration-reduction 7 
BMP attenuates these yields by about 34 percent. The BMP with both flow and concentration 8 
reduction attenuates these yields by about 54 percent. This total yield reduction is not the sum of 9 
the component reductions because the combined yields are the product of the concentration and 10 
flow terms. 11 
 12 

 13 
 14 
FIGURE 4. Probability plot showing annual yields of total phosphorus in highway runoff from a high annual 15 
average daily-traffic (AADT) highway and in discharge from a hypothetical stormwater treatment facility 16 
with concentration reduction, flow reduction, or concentration and flow reduction. The hypothetical 17 
stormwater treatment facility is simulated by using the median of the performance statistics shown in table 5 18 
 19 
CONCLUSIONS 20 

Stormwater practitioners need proven and accepted methods to address current and future 21 
TMDL-compliance issues. SELDM is a proven tool for estimating long-term annual highway-22 
runoff loads for TMDL analyses. SELDM has been approved by the USGS and the FHWA and 23 
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was developed with input from people in 15 State DOTs, the EPA, and a State regulatory 1 
agency. Example analyses for total nitrogen, total phosphorus, suspended sediment, and total 2 
zinc in highway-runoff were done by the USGS in cooperation with the FHWA to demonstrate 3 
methods for simulating long-term annual yields (load per unit area) for TMDL analyses. These 4 
specific examples may be used to help MADOT and RIDOT assess and address roadway 5 
contributions to TMDLs in eastern MA and RI. The methods described in this paper also may be 6 
applied to TMDL analyses across the nation. 7 

The results of these analyses indicate the relative yields of the different roadway classes 8 
that were analyzed. Highway sites were stratified by traffic volume and/or surrounding land use 9 
to calculate concentration statistics for rural roads, low-volume highways, high-volume 10 
highways, and ultra-urban highways. The median of the event-mean concentration statistics in 11 
each traffic-volume category was used to simulate annual yields from pavement over a 29–30 12 
year period. Long-term average yields for total-nitrogen, -phosphorus, and -zinc from rural roads 13 
are lower than yields from the other categories, but yields of sediment are higher than for the 14 
low-volume highways. The average yields of the selected water-quality constituents from high-15 
volume highways are 1.35 to 2.52 times the associated yields from low-volume highways. The 16 
average yields of the different constituents from ultra-urban highways are 1.52 to 3.46 times the 17 
associated yields from high-volume highways. Example simulations indicate that both 18 
concentration reduction and flow reduction by structural best management practices contribute to 19 
yield reductions. However, the effect of flow reductions and concentration reductions are not 20 
additive because stochastic variations in flow and concentration reductions and correlation 21 
between treatment statistics and inflow values affect the overall ability of the simulated BMP to 22 
reduce runoff loads. 23 

If a geographic information system (GIS) is used to apply these roadway and BMP 24 
discharge yields to the different types of roads in selected TMDL watersheds, then the roadway 25 
contributions of these (and other) constituents can be estimated. Given statistics for other land 26 
use/land cover categories SELDM could also be used to simulate yields from non-roadway areas 27 
by using the methods described herein. As with the roadway yields, GIS analyses could be used 28 
to develop runoff TMDLs for other runoff-generating land uses in watersheds of interest. 29 
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