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Conversion Factors

U.S. Customary Units to International System of Units

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 0.004047 square kilometer (km?)
square mile (mi?) 259.0 hectare (ha)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m?)
cubic foot (ft3) 0.02832 cubic meter (m?)
Flow rate
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
Mass
pound, avoirdupois (I1b) 0.4536 kilogram (kg)
International System of Units to U.S. customary units
Multiply By To obtain
Volume
liter (L) 0.2642 gallon (gal)
Mass
milligram (mg) 0.00003527 ounce, avoirdupois (0z)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C) + 32.

Xi
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Datums

Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929
(NGVD 29).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Supplemental Information

The models and the results of model simulations developed and used in this study are available
from the U.S. Geological Survey ScienceBase web page at https://doi.org/10.5066/P9Q1PP61.

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L) with the
exception of specific conductance, which is given in microsiemens per centimeter (uS/cm) at 25
degrees Celsius.

Abbreviations

BMP best management practice

BDF basin development factor

CMC criterion maximum concentration
EMC event mean concentration

EPA U.S. Environmental Protection Agency
GIS geographic information system

MgCl, magnesium chloride

NaCl sodium chloride

NPDES National Pollutant Discharge Elimination System
0DEQ Oregon Department of Environmental Quality
oDoT Oregon Department of Transportation

SELDM Stochastic Empirical Loading and Dilution Model
USGS U.S. Geological Survey
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Assessing the Impact of Chloride Deicer Application in the
Siskiyou Pass, Southern Oregon

By Adam J. Stonewall, Matthew C. Yates, and Gregory E. Granato

Abstract

Chloride deicers have been applied by the Oregon
Department of Transportation (ODOT) to Interstate Route 5
(I-5) from the Oregon-California border north to mile marker
10 for several years in the high-elevation area known as the
Siskiyou Pass. Magnesium chloride (MgCl,) and sodium
chloride (NaCl) are applied to keep the interstate highway
safe for drivers and allow for efficient transport of goods
and people through adverse weather conditions, particularly
snow and ice. The U.S. Geological Survey entered into a
cooperative agreement with ODOT to research the effects of
chloride deicers in the Carter and Wall Creek watersheds that
drain the vicinity of the Siskiyou Pass.

The Stochastic Empirical Loading and Dilution
Model (SELDM) was used to estimate combinations of
prestorm-streamflow, stormflow, highway-runoff, and
event mean constituent concentrations (EMCs), as well as
stormwater-constituent loads at sites of interest. The study
evaluated the effects of roadway application of chloride
deicers on downstream and highway-runoff conditions
(particularly EMCs), exceedance rates of criterion maximum
concentrations, and concurrent runoff loads of stormwater
constituents from a site of interest. SELDM was also
used to evaluate the efficiency of hydrograph extension
best management practices to reduce peak constituent
concentrations. Several SELDM scenarios were developed as
sensitivity analyses to evaluate the model benefit of collecting
specific local sets of data, such as streamflow, precipitation,
highway-runoff and riverine water-quality samples, and
volumetric runoff coefficient statistics.

Results of the study showed that for SELDM modeling
in the Siskiyou Pass area, (1) the inclusion of local streamflow
data is important for obtaining accurate downstream EMCs,
(2) the inclusion of precipitation data is important for highway
and concurrent runoff load calculations, and (3) water-quality
constituent EMC data from highway runoff and upstream
stormflows are the most important data to collect for highway
runoff and upstream water-quality constituent concentration
statistics.

Introduction

The Oregon Department of Transportation (ODOT) is
charged with keeping Oregon’s highways safe for motorists
and keeping traffic moving efficiently regardless of weather
conditions. Currently, ODOT relies on a proactive approach
of applying a corrosion-inhibiting liquid deicer (magnesium
chloride, or MgCl,) to pavement prior to winter storms
to prevent ice and snow from bonding to pavement. The
application of MgCl, allows for more efficient plowing
and snow removal during and after a winter storm and can
be augmented with the addition of winter sand and gravel
to improve traction. However, MgCl, does not function
efficiently under all winter conditions (Salt Institute, 1991).
Sometimes high application rates are needed to ensure that
MgCl, is effective and that sand remains on the highway.
High application rates result in higher costs, and under
adverse weather conditions improvements in winter highway
conditions are only marginal.

Sodium chloride (NaCl) is commonly used as a low
cost, highly efficient winter maintenance tool for breaking up
packed snow and ice, especially in States in the Midwest and
Northeast (Kelly and others, 2010; Granato and others, 2015).
Western States use NaCl for snow and ice mitigation as well,
although historical use has not been as extensive owing to
fewer highways and milder winters in many western locations.
If application rates of NaCl can be lowered, it will result in
less impact to the environment and less wear on highways.
State DOTs commonly work a difficult balance between public
safety and environmental, infrastructure, and material-cost
concerns (Salt Institute, 1991).

ODOT has tried to avoid the use of NaCl entirely
since the late 1990s because of concern about damage to
concrete structures caused by the application of NaCl, and
because research at the time indicated that chloride in NaCl
disassociated more readily and was more mobile in the
environment than chloride in MgCl,. Of the two deicers,
MgCl, is considered to be a more environmentally friendly
alternative than NaCl (Shi and others, 2009). As a result,
ODOT chose MgCl, as its primary highway deicer even
though application of NaCl can be cheaper, easier, and more
effective at reducing snow and ice on the highway (Salt
Institute, 1991). Because of technical advancements by
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transportation agencies in reducing salt application rates and
because of the winter safety and cost efficiencies that NaCl
can provide, ODOT is currently experimenting with applying
NaCl (in addition to MgCl,) to some of its highways in winter.
Adding NaCl to winter traction sand and gravel allows for

the gravel to better imbed into the snow and ice, resulting in
less gravel being projected from the roadway. By mixing solid
NaCl with winter traction sand prior to highway application,
ODOT hopes to reduce MgCl, application quantities and
ultimately reduce the amount of chloride applied to ODOT
highways, although the use of traction sand may have

adverse effects on water quality and infrastructure (Smith and
Granato, 2010; Smith and others, 2018). This use of NaCl
should also improve mobility and winter driving conditions.
California, Nevada, Idaho, and Washington all use NaCl as a
primary deicer on their highways. By adding NaCl as a winter
highway-maintenance tool, ODOT can make a smoother
transition for vehicles as they move from NaCl to MgCl,
maintained highways when crossing State lines.

A 5-year ODOT study (the Winter Salt Pilot Project)
evaluating the use of NaCl for improving winter driving
conditions ended in 2017. The project was designed to
evaluate (1) the effectiveness of NaCl for improving winter
driving conditions and (2) ODOT’s ability to minimize
adverse environmental impacts of the application of NaCl by
developing and following appropriate chloride-application
best management practices (BMPs). The preliminary findings
of that pilot study were the impetus for this study and
accompanying report.

NaCl has been applied on two stretches of highway: on
Interstate Route 5 (I-5) at the Siskiyou Pass (fig. 1) between
the California border and milepost 11, and on U.S. Highway
95 from the Oregon-Nevada border to the Oregon-Idaho
border (approximately 121 miles of NaCl application, not
shown). In coordination with the Oregon Department of
Environmental Quality (ODEQ), ODOT has collected soil
and water samples and has observed the roadside vegetation
in both pilot areas to evaluate potential adverse environmental
effects resulting from NaCl application.

The U.S. Geological Survey (USGS) entered into a
cooperative agreement with ODOT to research the effects
of chloride deicers in the Carter and Wall Creek watersheds,
both of which drain within the Siskiyou Pass. Data collection
spanned the period from November 2017 to November 2019
(water years 2018-20).

Oregon Department of Transportation Winter
Salt Pilot Project

Preliminary unpublished findings from the ODOT
Winter Salt Pilot Project (Jeffery Moore, Oregon Department
of Transportation, written commun., 2017) have shown that
application of NaCl in addition to ODOT’s ongoing MgCl,
application practices in two pilot areas has not produced
observable effects on local vegetation, but stream sampling

does indicate elevated chloride levels in both Wall and

Carter Creeks in the Siskiyou Pass pilot area (near -5

and the California border). ODEQ has set the chronic and
acute water-quality criterion for chloride at 230 and 860
milligrams per liter (mg/L), respectively (Oregon Department
of Environmental Quality, 2018). Elevated chloride values
determined during the last 2 years of the pilot project
(2014—15 and 2015-16) are of concern because they exceeded
the above-referenced criteria for chloride.

The ODOT pilot project was designed to determine
whether water-quality criteria were being exceeded in surface
waters. However, the pilot project did not determine how
much chloride infiltrated into the local groundwater system
nor documented the environmental impacts resulting from
long-term chloride dicer application (NaCl and MgCl,) to the
roads. Additional work is needed to evaluate these concerns
and to determine whether the levels of chloride detected in the
streams were from the pilot application of NaCl in conjunction
with MgCl, or from the long-term application of MgCl, over
the past 20 years.

USGS Stochastic Empirical Loading and Dilution
Model

In cooperation with the Federal Highway Administration,
the USGS developed methods for estimating pollutant
loads and concentrations instream and from highway-runoff
discharges to better manage highway stormwater. Using a
Monte Carlo approach, the Stochastic Empirical Loading
and Dilution Model (SELDM) estimates combinations of
contaminant loads and concentrations from upstream basins
and stormwater runoff affecting the water quality of receiving
streams (Granato, 2006, 2008, 2010; Granato and Cazenas,
2009; Granato and others, 2009). Although SELDM is
nominally a highway-runoff model, it is a lumped parameter
model that can be used to model the quality and quantity
of runoff from many land uses. By facilitating scenario
simulation and sensitivity analysis, SELDM can determine
the potential risk of downstream water-quality exceedances
resulting from stormwater runoff.

SELDM can be run using national, regional, or local
data. Local data are preferred if available. For model inputs
where local data are not available, SELDM inputs are
typically estimated using regional and (or) national data.

For example, SELDM inputs require population statistics of
the volumetric runoff coefficient (mean, standard deviation,
and skew coefficient) for the highway crossing of interest.
Because such data often are not available for the highway
crossing of interest, the population statistics of the volumetric
runoff coefficients are estimated based on the total impervious
fraction of highway area. Other model inputs are estimated
using regional and (or) national data in a similar manner.
Much of the data collection in this study was designed to
allow for local data to be input into SELDM rather than using
regional or national data.
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In the first of three ODOT-USGS research collaborations
leveraging this method, SELDM was used to estimate
storm flows and hypothetical constituent loadings and
concentrations in six Western Oregon highway study sites with
upstream watersheds ranging from 0.16 to 6.56 square miles
(mi?) (Risley and Granato, 2014). A second ODOT-USGS
study applied SELDM to watersheds having multiple
ODOT roadways crossing a single stream for evaluation
and quantification of the contribution of stormwater from
State roadways to the pollutant load of an entire watershed
(Stonewall and others, 2019). This study is the third
ODOT-USGS research collaboration involving SELDM.

Purpose and Scope

This report documents multiple analyses made using
SELDM to evaluate effects of the application of chloride
deicers near and along I-5 in the Siskiyou Pass—specifically
in the Carter and Wall Creek watersheds. The primary
objectives of the study included the following:

1. Use SELDM to evaluate the amount of chloride that
will reach Carter and Wall Creeks for a given amount of
chloride-based deicers applied to roadways. Specifically,
to use SELDM to calculate the probability of exceeding
water-quality standards in a given year.

2. Use SELDM to evaluate the use of chloride-application
BMPs to mitigate the effects of using chlorides.

3. Use collected data to analyze how much of the chloride
downstream is from NaCl and MgCl,, respectively.

4. Evaluate the use of SELDM using different combina-
tions of locally collected data and historical regional data
to determine which locally collected data are most ben-
eficial for model accuracy and which locally collected
data are adequately represented by regional estimations
without additional data collection.

5. Evaluate expected background levels of chloride, mag-
nesium, and sodium in streamflows for the region assum-
ing no anthropogenic inputs.

6. Evaluate the expected percentage of deicer chlorides
applied to roadways that will reach receiving waters.

Terminology

The following terminology, much of which is taken from
Risley and Granato (2014), Stonewall and others (2018), and
Stonewall and others (2019), is used throughout this report:

Concurrent runoff is the runoff that occurs when there
is measurable runoff in both the stream and from the highway,
as measured downstream from the highway unless otherwise
noted. Note that concurrent runoff is often much smaller than
total annual runoff, which can include periods when there

is streamflow but no highway runoff. For this study area,

one common example of this scenario would be instances in
which the highway and right of way are snow-free, but there

is snowmelt feeding local streams. Thus, concurrent runoff
load represents the total load that occurs collectively only
during periods of concurrent runoff. For this report, concurrent
runoff loads are usually expressed for annual periods (pounds
per year).

Criterion maximum concentration (CMC) is an estimate
of the highest concentration of a water-quality constituent to
which an aquatic community can be exposed briefly without
resulting in an unacceptable effect. For this study, non-chloride
CMCs are hypothetical, and not based on known studies.

Event mean concentration (EMC) refers to a
flow-weighted mean concentration during a rainfall-runoff
event. It is calculated by dividing the total pollutant load mass
by the total runoff volume of the stream or highway under
consideration. In this report, the term “concentration” is often
used to encompass both EMCs and constituent concentrations
in a more general sense.

Exceedance probability is the probability that a given
value (usually an EMC for this study) will be equaled or
exceeded. For example, if the exceedance probability is 0.40
for a chloride EMC of 10 mg/L, this means that in 40-percent
of occurrences, the chloride in question will be equal to or
greater than 10 mg/L.

Dilution factor in the SELDM model is the highway
runoff or BMP-discharge volume (in cubic feet [ft3]) divided
by the downstream stormflow concurrent with the highway
runoff or BMP discharge (in ft%).

Highway catchment area is the area of a highway and
adjacent ground that drains into the stream of interest during a
storm event.

Highway runoff is the volume of runoff from the
highway catchment area during a storm event.

Hydrograph extension is an increase in the duration
of discharge of highway runoff beyond the length of a
storm achieved by using a structural BMP. In other words,

a BMP is constructed in such a manner as to spread out the
discharge over a longer period of time, which is intended to
result in smaller peak discharges from the highway to the
receiving water.

Road (or highway) crossing is the point of intersection
between the stream of interest and a road. It could be a bridge
or a culvert. The term can be considered synonymous with
“stream crossing,” although the latter term was avoided in this
report for consistency and because streams may cross other
structures such as railroad tracks and pipelines, which may be
sources of other constituents of concern but are not typically
subject to high chloride application.

Stormflow is the surface-water runoff derived from
a precipitation event. In SELDM, stormflows in runoff
conveyances and structural BMPs comprise concentrated
land-surface runoff and potentially groundwater or
vadose-zone discharge. Stormflows in receiving waters
comprise stormflows from runoff sources and prestorm



flows, which may be base flow if the time between events is
sufficient for the previous storm to recede, or base flow plus
the remaining stormflow from the previous event.

Volumetric runoff coefficient is the percentage of
precipitation that becomes runoff for a given catchment.

For this project, such runoff would either be in the form

of stormflow in a stream or highway runoff that reaches a
stream. For example, if 100,000 ft* of precipitation fell over
the watershed for one storm event and 30,000 ft3 of that
precipitation reached the stream and became stormflow, the
volumetric runoff coefficient would be 0.3 or 30 percent.

In statistics, the population is the total membership of
a defined class of people, objects, or events. For example,
the set of measured concentrations of chloride in runoff in
selected events from a specific highway would be a sample
for that site, but a set of measured concentrations from all
events would be considered a population of concentrations.
Few sampling programs can measure a population of events,
but a Monte Carlo model can simulate a population by
using sample statistics. Both the sample and the population
share membership of being from the same physical location
(a specific highway) and are of the same type of event
(highway-runoff concentrations).

For purposes of this report, exceedance is the occurrence
of a number of events or a period of time in which a specific
value is exceeded. Similarly, exceedance probability is the
probability of exceeding a value for a given number of events
or duration of time. In this report, exceedance probability will
most commonly be used to denote the probability of exceeding
a water-quality standard for any storm event, unless denoted
otherwise (for example, “annual exceedance probability”).
Note that in some literature, the terms “fraction of events that
equal or exceed a given value” and “excursion probability” are
used in a manner that is synonymous with how “exceedance
probability” is used in this report.

The terms road and highway are used interchangeably in
this report and represent the paved, impervious transportation
corridor onto which the deicer is applied.

SELDM Background

SELDM was developed to estimate the risk of
exceeding specific stormwater concentrations, flows, and (or)
water-quality constituent loading goals; to evaluate the need
for mitigation measures; and to estimate the effectiveness
of such measures for reducing these risks (Granato, 2013).
SELDM was designed to provide long-term planning-level
estimates of constituent loads and EMCs, the results of
which can then be used to assess and evaluate alternative
management scenarios. However, planning-level estimates
commonly include large uncertainties (Barnwell and Krenkel,
1982; Marsalek, 1991; Granato, 2013). In particular, measured
stormwater flows and EMCs can vary by several orders of
magnitude, even at individual monitoring sites. SELDM

SELDM Background 5

simulations can be used to estimate downstream water-quality
constituent EMCs, provide an example concentration risk
analysis, and produce estimates of long-term loads.

SELDM is a stochastic model that uses Monte Carlo
methods to produce random combinations of input variables
needed to generate a stochastic population of values for each
component variable. SELDM results are ranked, and plotting
positions are calculated to indicate the level of risk of adverse
effects caused by constituent runoff concentrations, flows, and
loads on receiving waters by storm and by year. SELDM is
not a deterministic hydrologic model, and consequently is not
calibrated by changing values of input variables to match a
historical record of values. Instead, input values for SELDM
are based on site characteristics and representative statistics
for each hydrologic variable. As such, SELDM is an empirical
model based on data and statistics rather than theoretical
physiochemical equations.

SELDM is a lumped-parameter model because the
highway site and the upstream basin are each represented as
a single homogeneous unit. Each source area is represented
by average basin properties, and results are calculated as
point estimates for the site of interest. SELDM is designed
to provide for three general levels of analysis. As noted in
Stonewall and others (2019), p. 5:

“In a level-one analysis, the user can select default
regional input statistics (ecoregion or rain zone)
available within SELDM to easily and rapidly
develop a planning-level estimate to use as a screen-
ing tool. If the risks of adverse effects from runoff

at the site of interest are sufficiently low, then the
analyst and decision makers can conclude that there
is no finding of significant effect and shift the focus
of analysis and investment in mitigation measures

to other sites that may have greater risks for adverse
effects. If the risks for adverse effects at a site are

in question after a level-one analysis or the site is

of special interest, then the analyst can proceed to a
level-two analysis. In a level-two analysis, regional
estimates of input statistics are replaced with esti-
mates developed by using data and information from
nearby, hydrologically similar sites. SELDM sup-
ports generation of level-two estimates from nearby
precipitation and streamflow monitoring sites by
using statistics available within the model analyses.
However, advanced analysis techniques can be used
to further refine these level-two estimates (Stonewall,
2019). In most cases, because of the large variabil-
ity in physical, chemical, and anthropogenic factors
affecting stormwater quality, a level two analysis is
sufficient for informed decision making. At sites of
special concern (for example, a site upstream from a
water supply or habitat for an endangered species), a
level three analysis that uses robust datasets collected
at the site of interest may be warranted. The level-
three analysis is not the default approach because
site-specific field monitoring efforts are resource
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intensive, and it can take years to collect enough data
to substantially reduce the uncertainty of input vari-
ables. Additionally, in most cases data collected at a
site of interest over a short period may not represent
either the past or future conditions at that site.”

SELDM was designed to allow different levels of
analysis for just this reason; if a quick regional analysis
indicated that the risks for adverse effects of runoff are
remote, a level-1 analysis may be sufficient, but if the risks are
substantial, then a more detailed analysis (level-2 or 3) may
be warranted (Granato, 2013). Such an approach is needed
by State departments of transportation and municipalities
that have extensive road networks that may cross and (or)
discharge into many streams. For example, the National
Bridge Inventory indicates that ODOT maintains 8,211
bridges in the State; although some of these bridges may
cross roads and railways, this number does not include many
more culverts that also cross streams (Federal Highway
Administration, 2020).

Because SELDM does not incorporate seasonality into
its modeling structure, and because the salinity of paved-area
runoff typically varies through the course of melt events,
the EMCs estimated by SELDM may not fully represent the
bimodality of the population of EMCs. As a result, individual
EMCs may exceed SELDM estimates at low exceedance
probabilities. However, because SELDM inputs replicate
EMC population statistics, the resulting model constituent
loads should balance out over time.

Hydrologic Setting

The Carter and Wall Creek watersheds are located in
southern Oregon, along the I-5 corridor in the Siskiyou
Mountains (fig. 1). Carter Creek has a drainage area of about
8.9 mi2, most of which is downstream of its crossing with I-5.
Carter Creek is a tributary to Emigrant Creek, which flows into
Emigrant Lake, which is a part of the Bear Creek watershed.
Carter Creek has many branches and unnamed tributaries,
including the West Branch. Four branches of Carter Creek
cross [-5, of which only the West Branch is officially named.

For this study, all branches of Carter Creek were assigned

a number (fig. 2). The primary focus of this report will be
Branch 1 (a tributary to the West Branch), as it is the only
perennial stream branch of Carter Creek to cross [-5 and is
located in an area with relatively heavy road-deicer application
compared to the rest of [-5. More basin characteristics for the
Carter Creek watershed upstream from -5 and Oregon State
Route 273 can be found in table 1, including the length of
minor, major, and State roads within the watersheds.

Wall Creek has a drainage area of about 1.3 mi?, of which
about 0.9 mi? is upstream from [-5 (which is the location
in table 1). Wall Creek is a tributary to Hill Creek, which
is a tributary to Emigrant Lake. Wall Creek has two minor
branches that converge near I-5.

The geology of the study area can be roughly partitioned
using the path of [-5 and the location of the Siskiyou Summit.
South of Ashland along the I-5 corridor is the undivided,
metamorphic amphibolite and schist of the Applegate Group
(Wells, 1956). Northeast of the highway is the Hornbrook
Formation, a collection of Cretaceous marine sedimentary
rocks. A small outcrop of the Osburger Gulch Sandstone
Member of the Hornbrook Formation is located near the
Siskiyou Summit (Nilsen, 1993). Eocene sedimentary rocks
make up the Payne Cliffs Formation, which are located to the
east of the Hornbrook Formation. The southeast section of the
study area is composed of the Oligocene-Miocene Little Butte
Volcanics basaltic andesite, andesite, and volcaniclastic rocks
of the Roxy Formation. To the southwest are the volcaniclastic
rocks of the Eocene-Oligocene Colestin Formation, part of the
Western Cascade Volcanics (Kays, 1970; Bestland, 1987). To
the northwest is the Jurassic biotite granodiorite and granite of
the Ashland pluton. Numerous Quaternary surficial deposits
and landslides are scattered throughout the study area.

Mean annual precipitation for the Carter and Wall Creek
watersheds is about 25.7 and 27.5 inches, respectively. Much
of this precipitation falls as snow, as both watersheds have
mean elevations of more than 3,500 ft (3,540 ft for Carter
Creek and 4,270 ft for Wall Creek). Precipitation patterns are
characteristic of a Mediterranean climate, with warm, dry
summers and cool, wet winters.
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Acquisition of Local Hydrological and
Meteorological Data

As part of the study, local hydrological and
meteorological data were collected in the Siskiyou Pass (fig. 2,
table 2). Precipitation data were collected just south of the
highway-runoff gage at USGS station 420420122361500 on
the other side of Oregon State Route 273. Precipitation was
collected in a heated rain gage, meaning that all precipitation
was recorded as liquid water equivalent rather than snow.
Local temperature records can be used to infer whether
specific precipitation events fell as rain or snow. Precipitation
data were used from the 2-year period of November 7, 2017,
to November 6, 2019.

Highway-runoff flow data were collected in the
“cloverleaf” just north of Oregon State Route 273 (also known
as Old Highway 99) between -5 and the interstate offramp as
it circles back toward Oregon State Route 273 (USGS station
420425122361700). The runoff from the highway flows into
the southeast section of the partial cloverleaf intersection and
through a weir constructed by the USGS (fig. 3). From there
the runoff flows through a large grate and into an unnamed
tributary to Carter Creek (named as Branch 1 for this report).
Flow measurements of the highway runoff were made near
the weir, and 15-minute stage values were recorded in the
pool behind the weir (U.S. Geological Survey, 2020a).

A stage-discharge relation was developed from the flow
measurements and the stage record. Specific conductance was
also collected at this location. Additionally, an autosampler
was set up (fig. 4) to collect water samples during large storm
events. The sampler was programmed to trigger according to
specific conductance readings. The autosampler collected 518
samples over the course of 70 events (U.S. Geological Survey,
2020b). All instrumentation was positioned just upstream from
the weir.

Acquisition of Local Hydrological and Meteorological Data 9

Streamflow data were collected just upstream from the
intersection of Oregon State Route 273 and the unnamed
tributary to Carter Creek (USGS station 14348430). A
traditional USGS stage-discharge rating was developed
using the stage data and instantaneous measurements and
streamflow (U.S. Geological Survey, 2020c). Continuous
specific conductance data were collected at this site. In the
winter of 2018-19, an autosampler was installed at this site to
collect water samples during large events related to snowmelt
(U.S. Geological Survey, 2020d). Autosampler samples were
analyzed for specific conductance, chloride, magnesium,
and sodium. Streamflow and specific conductance data from
November 9, 2017, to November 8, 2019, were used for
analysis in this study.

Additional specific conductance data were collected
on Wall Creek just upstream from Oregon State Route 273
(USGS station 420628122360400) and upstream from [-5 on
the unnamed tributary to Carter Creek that runs through the
partial cloverleaf near Oregon State Route 273 (USGS station
420423122363100). Data were collected at these sites from
October 27, 2017, to June 11, 2019. Because these specific
conductance records were less than 2 years in length, data for
the missing period (June 12—October 26, 2019) were estimated
using data from 2018. Because the period of incomplete
data occurred during summer, when chloride application and
flow rates are low, the absence of this part of the record was
surmised to have minimal impact on results.

In addition to samples collected using the two
autosamplers, water samples were manually collected at
several locations in the Bear Creek watershed (fig. 5, table 2).
Most samples were collected outside of the Carter and Wall
Creek watersheds to evaluate background levels of the three
major ions of interest (chloride, magnesium, and sodium).
Samples from the Carter and Wall Creek watersheds (around
the locations in table 1) were also collected for use in SELDM.
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Figure 3. Weir used for highway-runoff flow measurement into Carter Creek Branch 1in the Siskiyou Pass, southern Oregon.
[Photograph by Mark Schuster, 2018, U.S. Geological Survey.]

Figure 4. Autosampler used to sample highway runoff into Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon. [Photograph
by Mark Schuster, 2018, U.S. Geological Survey.]
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Regional Background Concentrations
of Chloride, Magnesium, and Sodium

To estimate regional background concentrations of
chloride, magnesium, and sodium, water samples were
collected from 20 random sites within the Bear Creek
watershed during the low-flow fall season of 2018 (table 2
and fig. 5). All background stream samples were taken just
upstream from roadway crossings. A geographic information
system (GIS) analysis was used to determine where to collect
random samples with the following methodology:

1. The NHDPlus hydrologic dataset (U.S. Environmental
Protection Agency, 2021a) was downloaded and cropped
to include only flow pathways within the Bear Creek
watershed.

2. All waterways that did not represent relatively
natural waterways were removed from analysis. For
example, any waterways specified as a “Canal Ditch”
were removed.

3. The “ORTRANS_ public” database (Oregon Spatial Data
Library, 2017) was downloaded and cropped to include
only roads within the Bear Creek watershed.

4. All intersections between public roads and natural water-
ways were mapped. Public roads were deemed necessary
for access to the waterways.

5. For every intersection between a waterway and a road,
the National Hydrology Dataset Plus or NHDPlus stream
of the waterway was determined. Waterways of stream
order “zero” were eliminated from consideration because
they are small enough that they would likely be dry dur-
ing sampling.

6. For each stream order (first, second, third, and fourth),
the number of road crossings was tabulated. The number
of samples for each stream order was determined by

the percentage of intersections that had streams of that
stream order. For example, 95 of the total 489 intersec-
tions were with second-order streams, which represents
about 19 percent of all intersections. Consequently, 4
(19 percent of 20 samples) samples should be collected
from second-order streams. The final results were 12
first-order stream intersections, 4 second-order stream
intersections, and 2 intersections with both third- and
fourth-order streams.

7. For each of the four stream orders, all stream intersec-
tions were ranked using a random number generator.

8. During sampling, if any streams were found to be dry or
unreachable, the next stream of the same stream order
with the next-highest randomly generated number was
sampled instead.

Median values of chloride, magnesium, and sodium were
11.4, 14.7 and 16.9 mg/L, respectively (fig. 6). The median
specific conductance of all samples was 404 microsiemens
per centimeter (uS/cm) at 25 degrees Celsius. One sample
site of note is Jeffery Creek at Dump Road (USGS station
421545122440801). As the name implies, the creek runs
through a waste disposal site. Landfill sites have been
documented as sources of chloride (Granato and others,
2015). The Jeffery Creek site had the highest concentrations
of chloride, magnesium, and sodium, and the highest specific
conductance value of any of the manual grab samples made
for estimating regional background concentrations.

Linear regression analysis on the logarithms of data
showed strong correlation between specific conductance
values and all three ions of interest (fig. 7), with r-squared
values ranging from 0.71 to 0.96. Of the three ions
investigated, magnesium had the strongest correlation with
specific conductance.
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Development of SELDM Scenarios

SELDM produces a random collection of events
developed to be representative of long-term site conditions
rather than a series of historical events that follow seasonal
patterns. For this project, each SELDM scenario simulates 39
years of data across 1,300 to 1,600 individual storm events.
All SELDM scenarios developed in this study are available
from the USGS ScienceBase web page (Stonewall, 2022).

Fifteen SELDM scenarios were developed (1) to estimate
water-quality constituent concentrations, concurrent runoff
loading, and criterion maximum concentration (CMC)
exceedances at three locations (table 1) and (2) to perform
sensitivity analyses on the inclusion of a specific set of local
data (table 3). One or more sets of inputs were developed
for each set of parameters needed to perform SELDM runs:
highway-site characteristics, upstream basin characteristics,
precipitation statistics, streamflow statistics, volumetric runoff
coefficient statistics, and water-quality statistics. Each SELDM
scenario is a unique combination of these input sets.

Calculation of Highway Site Characteristics

SELDM requires five highway site characteristics for
calculations of highway stormflow runoff (table 4). Four of
the characteristics—drainage area, drainage length, mean
basin slope and impervious fraction—can be calculated using
a combination of standard GIS software, aerial photography,
highway engineering designs, and physical observations of

Table 3.
watersheds in the Siskiyou Pass, southern Oregon.

the highway catchment. The drainage area determines the
precipitation volume that falls on the highway catchment
during each event. Drainage length, mean basin slope, and
the basin development factor determine the timing of the
runoff hydrograph. The impervious fraction determines the
volumetric runoff coefficient statistics, which are used to
translate the precipitation volume into a runoff volume. These
four characteristics do not vary according to the level of
analysis because they are derived from actual site conditions.
In other words, the characteristics are identical for a level-1,
level-2, or level-3 analysis.

The basin development factor (BDF) was developed for
small stream basins by Sauer and others (1983) and has been
adapted for SELDM use to be a representation of general
development and urban highway infrastructure within the
highway catchment, with a scale of ratings from 0 to 12, the
higher BDF values representing more urban development and
infrastructure, and less infiltration. BDF is used to calculate
the basin lag time and can be calculated using one of two
methods. The BDF value can be estimated by inventorying
channel improvements, channel lining, storm drains, storm
sewers, and curb-and-gutter streets. For this study, this
inventory approach was considered a level-3 analysis. SELDM
also allows the user to enter a BDF value of -1, which results
in SELDM computing catchment lag times using regression
equations relating lag time to total impervious area. Granato
(2012) showed that BDFs are highly correlated with total
impervious area. For this study, the automated approach to
BDF calculation was considered a level-1 analysis.

List of Stochastic Empirical Loading and Dilution Model (SELDM) scenarios and input short names for Carter and Wall Creek

[Table 3 (in the form of Microsoft Excel and .csv files) is available for download at https://doi.org./10.3133/5ir20225091.]

Table 4. Highway site characteristics needed for Stochastic Empirical Loading and Dilution Model

highway-runoff calculations.

[BDF, basin development factor]

Site characteristic Units Carter Creek Carter Creek Wall Creek
Branch 1 Branch 6

Highway drainage area Acres 8.74 13.23 8.2
Drainage length Feet 993.7 993.7 2,375
Mean basin slope Feet per mile 412.44 412.44 334.48
Impervious fraction No units 0.3741 0.3044 0.99
BDF 1st order No units -1 -1 -1
BDF 3rd order No units 8 8 9



https://doi.org./10.3133/sir20225091

Calculation of Upstream Basin Characteristics

SELDM requires eight upstream basin characteristics
to estimate stormflow (table 5). Five upstream basin
characteristics are related to basin hydraulics. Drainage
area, mean basin slope, and impervious fraction can be
calculated using the Oregon StreamStats web page (U.S.
Geological Survey, 2018a). Drainage length can be calculated
using standard GIS software. Similar to the highway site
characteristics, these four characteristics do not vary according
to the level of analysis.

The fifth hydraulic basin characteristic, BDF, is similar
to the highway BDF. It can be calculated using the approach
detailed by Sauer and others (1983) (used for level-2 and
level-3 analyses) or by entering a BDF value of —1 (which
calculates the basin lag time by using the impervious fraction
of the basin, which was used for level-1 analysis).

The remaining three upstream basin characteristics are
hydrograph recession variables, which, with the basin lag
factor, determine the timing of stormflows from the upstream
basin (Granato, 2012). Hydrograph-recession variables were
calculated using three methods, depending on the analysis
level. The level-1 analysis uses the default values for all three
characteristics. These hydrograph-recession parameters are
calculated using the median values of a nationwide database of
USGS streamgages.

For the level-2 analysis, records from nearby streamgages
having significant record length (more than 5 years) and
similar basin characteristics that would influence hydrograph
shape (drainage area, slope, and elevation) were analyzed
(table 6). For three sites meeting these requirements, a series
of hydrographs were analyzed for shape, including the ratio of
the durations of the rising and falling limb of the hydrograph.
For each streamgage, the minimum, most-probable value, and
maximum ratios were calculated. Then the median of each of
the three ratio values was taken from the three stations and
used as inputs for the level-2 analysis.

The level-3 analysis was conducted in a similar
manner to the level-2 analysis, except instead of using
nearby streamgages with at least 5 years of record length,
hydrographs from the Carter Creek USGS station 14348430
were used. This level-3 analysis is suboptimal for two reasons:

1. At the time of analysis, there were less than 2 years of
streamflow data collected at station 14348430. Because
of this short-term record, fewer hydrographs were avail-
able for comparison, and of the hydrographs selected,

a higher percentage had less than ideal characteristics.

Development of SELDM Scenarios 17

When possible, hydrographs used for this analysis
should have one smooth peak, little base flow before the
event, and a clear start and end to the storm event.

2. No stage or streamflow data were collected at Wall
Creek. Owing to the proximity and relatively similar
drainage areas of Wall and Carter Creeks, these creeks
presumably should have similar hydrograph shapes for
any given storm. However, without the collection of
stage data, it is not possible to confirm this presumption.

Estimation of Precipitation Statistics

In SELDM, the stormflow upstream from the intersection
of interest is calculated in part using precipitation statistics.
Synoptic storm event statistics are defined using the arithmetic
mean value for seven parameters, and the coefficient of
variation for five parameters (table 7).

Three approaches were used for estimating precipitation
statistics. In the level-1 analysis, precipitation statistics were
derived from the rain zone (Rain Zone 14). Rain zones defined
in SELDM are geographically large (15 in the United States
[Granato, 2010]). In comparison, ecoregions used to define
some of the other hydrologic characteristics are substantially
smaller (84 in the United States). Consequently, there can be
substantial precipitation variability within any given rain zone,
especially in locations that have high elevations and steep
slopes such as the Siskiyou Pass.

For the level-2 analysis, precipitation statistics were
taken from Risley and Granato (2014). The Risely and
Granato analysis was roughly equivalent to a level-2 analysis
that might be performed by any end-user, although their use
of kriging may have resulted in better estimates than would a
more conventional, level-2 analysis. Because the watersheds
for Wall and Carter Creeks are in close geographic proximity,
the precipitation statistics derived from the level-2 analysis are
nearly identical.

For the level-3 analysis, the precipitation statistics
from USGS station 420420122361500 (fig. 2) were derived
in accordance with the methodology detailed by the U.S.
Environmental Protection Agency (1992) using the period of
November 7, 2017, to November 6, 2019. Data were compiled
from several nearby National Oceanic and Atmospheric
Administration (NOAA) weather stations. Rainfall patterns
at the Medford precipitation gage (National Oceanic and
Atmospheric Administration, 2019) were most similar to those
at the USGS gage, so the Medford gage was chosen as an
index gage.
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Table 6. Streamgages used for Stochastic Empirical Loading and Dilution Model level-2 analysis of

hydrograph recession variables.

[MPV, most probable value; Or, Oregon]

Station number Station name

Ratio of hydrograph rising limb to falling limb

Minimum MPV Maximum

14353000 West Fork Ashland Creek near 1.13 2.13 441
Ashland, Or

14353500 East Fork Ashland Creek near 1.05 2.42 3.48
Ashland, Or

14362250 Star Gulch Near Ruch, Or 1.55 3.25 7.45

Mean 1.24 2.60 5.11

Median 1.13 242 441

Table 7.

Precipitation statistics used for Stochastic Empirical Loading and Dilution Model (SELDM) storm-event calculations.

[Note: Statistical term “mean” is used in this table, whereas “average” is used for SELDM inputs. COV, coefficient of variation; NA, not applicable]

Analysis level
Precipitation statistic L(.evel 1 Level 2 Level 3 Level 3
Rain zone Carter Creek Carter Creek Wall Creek
Mean cov Mean cov Mean cov Mean cov

Storm event volume, in inches 0.84 1.10 0.59 1.08 0.62 0.71 0.62 0.71
Storm event duration, in hours 12.0 0.92 10.7 0.91 14.0 0.83 14.0 0.83
Time between storm events, in hours 255 2.05 250 1.72 174 0.97 174 0.97
Minimum total storm volume, in inches 0.1 NA 0.1 NA 0.1 NA 0.1 NA
Minimum inter-event time, in hours 6.0 NA 6.0 NA 6.0 NA 6.0 NA
Number of storm events per year 35.0 0.340 35.98 0.280 49.74 0.44 49.74 0.44
Total volume of storm events per year, in 29.4 0.410 21.1 0.350 31.1 0.410 31.1 0.410

inches

Precipitation statistics were calculated for both the
NOAA Medford gage and USGS gage (420420122361500)
from November 7, 2017, to November 6, 2019. The same
statistics were calculated for the NOAA Medford gage for
the entire period of record (January 1, 1950—December 21,
2019). Then, for each Medford precipitation statistic, the ratio
between the entire period of record and the concurring record
was calculated (table 8), and the USGS gage precipitation was
adjusted according to the calculated ratio. For example, for
the period in which the USGS gages and Medford gage were
both active, the mean storm-event volume at the Medford
precipitation gage was 0.25 inches. For the period of record,
the mean storm event volume at Medford was 0.32 inches.
The ratio of period of record mean storm event volume
to concurring record storm event volume was 1.31 (mean

storm event values are rounded in table 8; ratio adjustment is
calculated using unrounded values). The mean storm event
volume at the USGS gage was 0.48 inches. Multiplying that
value by the ratio adjustment (1.31) results in a value of
0.62 inches (labeled as “USGS adjusted” in table 8), which
represents the estimated mean storm event volume at the
USGS gage for the period of record of the Medford gage
(1950-2019).

Estimation of Streamflow Statistics

SELDM was designed to calculate prestorm streamflow
volumes upstream from the highway-runoff mixing point as a
stochastic variable. Nine streamflow statistics are needed for
SELDM prestorm streamflow calculations (table 9).
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Table 8. Adjustments made to Stochastic Empirical Loading and Dilution Model precipitation statistics based on Medford, Oregon,

precipitation gage period of record statistics.

[CV, coefficient of variation; USGS, U.S. Geological Survey]

Mean CV storm Mean CV storm Mean time CV time Mean CV number
between between
s storm event event storm event event number of storm
Precipitation gage . . storm storm
volume volume duration duration of storm events
(inches) (inches) (hours) (hours) events events events (no units)
(hours) (hours)
Medford, 2017-19 0.25 1.54 5.35 1.69 347.29 0.73 25.75 2.86
Medford, period of 0.32 0.97 6.21 1.39 412.95 0.39 21.23 2.76
record
Percent (%) difference —24% 59% -14% 21% -16% 86% 21% 4%
Adjustment 1.31 0.63 1.16 0.82 1.19 0.54 0.82 0.97
USGS 0.48 1.12 12.07 1.01 146.43 1.79 60.34 0.45
USGS adjusted 0.62 0.71 14.02 0.83 174.11 0.97 49.74 0.44
Table 9. Streamflow statistics used for Stochastic Empirical Loading and Dilution Model prestorm calculations.
Analysis level
Streamflow statistic Statistic Level 1 Level 2 Level 3
Ecoregion Nearby Carter Creek
g streams tributary
Fraction of daily-mean streamflows recorded as zero flow Decimal fraction 0.007 0 0
Arithmetic statistics for all daily mean streamflow values (in cubic ~ Mean 2.270 0.506 0.416
feet per second per square mile) Standard deviation 4.107 2.603 0.490
Skew 8.188 0.336 4.812
Median 0.986 0.552 0.243
Retransformed log10 arithmetic statistics for nonzero daily mean Mean 0.994 1.200 0.287
streamflow values (retransfomed from cubic feet per second per  gtandard deviation 4.456 1.219 2218
square mile)
Skew 0.332 5.049 0.746
Median 0.994 0.552 0.243

Three approaches were used for estimating streamflow
statistics. A level-1 analysis was used to generate streamflow
statistics using the U.S. Environmental Protection Agency
(EPA) Level III ecoregion of the Siskiyou Pass (Ecoregion
78: Klamath Mountains [U.S. Environmental Protection
Agency, 2021b]). The approach used to estimate streamflow
statistics by ecoregion is detailed in Granato (2010). The
smallest drainage area of any watershed used in the Granato
(2010) analysis was 10 mi2, which is more than 1 order of
magnitude larger than the drainage areas of the Carter Creek
tributary (around 0.25 mi?) or Wall Creek (0.91 mi?). Only
about 3 percent of streamgages monitored by the USGS in the
past century have drainage areas less than 1 mi? (Granato and
others, 2017). Consequently, the streamflow statistics derived
from this level-1 analysis may not be hydrologically similar to
flows in these small, high-altitude headwater basins. In cases
such as these, where the assumption of hydrologic similarity
between available statistics and local conditions may be in

question, additional analyses may be required. In this case,
analysis of streamflow data from smaller drainage areas would
be needed to assess the representativeness of the level-1
analysis statistics.

The second approach used to estimate streamflow
statistics was considered a level-2 analysis for this study and
used nearby streamgages of similar drainage areas (table 10).
Five nearby streamgages that have upstream drainage areas
ranging from 8.14 to 168 mi2 were chosen from the SELDM
database for this analysis. Although these nearby streamgages
are probably more hydrologically similar than streamgages
within the larger ecoregion area, the similarity may be less
than typical because the smallest drainage areas used for
this analysis are about an order of magnitude higher than the
larger of the two sites for which streamflow statistics are being
estimated (Wall Creek).
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Table 10. Streamgages used for Stochastic Empirical Loading and Dilution Model level-2 analysis of streamflow statistics.

[Table 10 (in the form of Microsoft Excel and .csv files) is available for download at https://doi.org./10.3133/sir20225091.]

For each streamflow statistic estimated, the median of
all five streamgages was used in the analysis (table 10). Mean
values were also calculated for each streamflow statistic to
discern whether each distribution of values was skewed by
outliers. The streamgages with larger drainage areas tended to
have statistics that diverged from those with smaller drainage
areas, so it was surmised that median values would more
accurately represent conditions at Carter and Wall Creeks
than the means of site statistics, given that both watersheds
are small.

A third approach used to estimate streamflow statistics at
the tributary to the Carter Creek site was considered a level-3
analysis but is a hybrid between a level-3 and level-2 analysis.
In a level-3 analysis, streamflow data from a gaging station in
operation for 10 years or more would be used to calculate the
needed statistics. Because only 2 years of data were available
for the tributary to Carter Creek site, an index site was used to
augment the record at Carter Creek.

Five long-term streamgages were chosen as potential
index sites for Carter Creek (table 11). For each streamgage,
three regression models were created to estimate streamflow at
the Carter Creek streamgage: (1) a linear regression model, (2)
a linear-regression model in which all streamflow values were
log10 transformed, and (3) a polynomial regression model.
Each model was evaluated against measured streamflow at
Carter Creek using three metrics: Nash-Sutcliffe efficiency,
root mean squared error, and mean absolute error.

The Little River at Peel streamgage provided the best
fit using all three metrics for each of the three regression
models and was chosen for use in the analysis. Of the three
regression models using the Little River streamgage data,
the polynomial model resulted in the best goodness-of-fit
metrics. However, the equation derived from the polynomial
model resulted in decreases in estimated flow at Carter Creek
with increasing flow at Little River for very high streamflow
values. Consequently, the polynomial model was not used, and
the linear model was chosen. The linear model goodness-of-fit
metrics were generally second-best or close to second-best
(depending on the metric) and resulted in a simple regression
model with no possibility of negative streamflow values or
streamflow values that decreased with increasing index station
streamflow values.

The equation used to augment the Carter Creek
streamgage time series of daily mean streamflow was:

Oce = 0.050 +*0,,*0.000471, 1)

where
Qcc  1s the estimated daily mean streamflow in
cubic feet per second at the Carter Creek
tributary (Branch 6) at USGS station
14348430, and
is the daily mean streamflow in cubic feet per
second from USGS streamgage 14318000,

Little River at Peel, OR.

Qir

The augmented record was analyzed using the USGS
program QSTATS (Granato, 2009a, appendix 4), and the
resulting statistics were used for analysis. The drainage area
upstream from the I-5 crossing of the Carter Creek tributary
represents 43.1 percent of the total drainage area upstream
from USGS streamgage 14348430 (0.25 of 0.58 mi?).
Consequently, all calculated streamflow values at USGS
streamgage 14348430 were multiplied by 0.431, and the
resulting time series was again analyzed using QSTATS for
all analyses taking place at the I-5 intersection with the Carter
Creek Branch 1. Because no streamflow data were collected
at Wall Creek, all streamflow statistics used for Carter
Creek were also used to simulate streamflow at Wall Creek.
Streamflow statistics are automatically scaled for drainage
area because the statistics are entered as cubic feet per second
per square mile.

Estimation of Volumetric Runoff Coefficient
Statistics

Six volumetric runoff coefficient statistics are required
for SELDM computations, three for the highway site and
three for the upstream site (table 12). For the level-1 analysis,
the default highway and upstream basin values included in
SELDM were used. These values are taken from national
studies (Granato and Cazenas, 2009; Granato, 2010; and
Granato, 2013) and represent typical runoff characteristics
based on the fraction of impervious area in the highway and
upstream basin catchments. These national statistics were also
used for SELDM scenarios that were conducted primarily as a
level-2 analysis, as would be typical of such an analysis.
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A level-3 analysis was implemented by evaluating local
study precipitation and streamflow data. For the highway
site (420425122361700), individual storm events were
determined using EPA standards commonly used to distinguish
runoff-generating precipitation events: (1) a minimum
interevent period of 6 hours and (2) a minimum event volume
of 0.1 inch (U.S. Environmental Protection Agency, 1992).
Highway and streamflow events were determined using
the USGS Base-flow Estimation/Separation Tool (BEST;
Smith, 2017). BEST was developed to identify storm events,
to calculate EMCs for identified events, and to calculate
flow and constituent concurrent runoff loads for a given
watershed. Base-flow conditions are determined prior to an
event, and flow and concentrations contributed by storm event
runoff are then determined by increases and decreases in the
hydrograph. Users define the requirements needed to trigger
storm event computation based on the type of site (storm
drain, continuous, or intermittent stream) and the magnitude of
increase in the hydrograph. An additional seasonal adjustment
factor is used to avoid higher base flow in the winter from
being characterized as a single week-long event and to prevent
small event-based fluctuations during low summer flows
from being ignored. All parameters used for USGS stations
14348430 (Carter Creek Branch 6) and 420425122361700
(the intersection of Carter Creek Branch 1 and I-5) are shown
in table 13. For streamflow upstream from USGS station
420425122361700, a drainage area ratio was used to compute
streamflow inputs. In other words, each measurement of
streamflow was multiplied by the ratio of the drainage area of
USGS station 420425122361700 divided by the drainage area
of USGS station 14348430.

A runoff event that began within a 3-hour window after a
precipitation event was presumed to have originated from that
precipitation event. Precipitation events that occurred between
November and March were excluded from this analysis
because such events may include melting snow, which may
push volumetric runoff coefficients above one. Although this
results in a smaller sample size for calculating runoff statistics,
the censoring of winter precipitation events is not surmised to
have a substantial influence on the calculated runoff statistics.
To calculate volumetric runoff coefficients, for each series of
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linked events (precipitation-streamflow), the runoff volume
(in cubic feet) was divided by the product of the precipitation
(drainage area multiplied by total event precipitation, also in
cubic feet). Volumetric runoff coefficients for highway runoff
ranged from 0 to 0.79, with a mean, standard deviation, and
skew values of 0.19, 0.27, and 1.95, respectively (table 12).
These values are close to the level-one values of 0.26, 0.22,
and 1.12 derived from national data (table 12). The lower
mean volumetric runoff coefficient (relative to the national
data) is surmised to result from the configuration of the
highway site, in which runoff enters a ponded area and slows
considerably, giving it a chance to infiltrate before reaching
the tributary to Carter Creek.

A similar approach was taken with the upstream basin
volumetric runoff coefficient statistics. However, the window
between precipitation and streamflow events was widened to
24 hours to account for the time of travel between upstream
precipitation and the streamgage as evidenced by the rising
hydrograph. Volumetric runoff coefficients for the upstream
basin ranged from 0 to 0.44, with mean, standard deviation,
and skew values of 0.14, 0.14, and 1.48, respectively
(table 12). These values are comparable to level-one values of
0.08, 0.23 and 1.90 derived from national data (table 12). The
higher mean volumetric runoff coefficient in this study area
probably resulted from the steep terrain and the presence of
soils with low infiltration rates, allowing for less infiltration
than in other watersheds.

Estimation of Water-Quality Statistics

Three methods are available in SELDM for simulating
the water quality of runoff and receiving waters upstream from
the sites of interest (Granato, 2013), and two are available for
the highway catchment (site of interest). Upstream stormflow
quality can be simulated as a random variable, a dependent
variable, or a transport curve, which is a relation between
streamflow and concentration. Runoff quality from the site
of interest can be simulated as a random variable or as a
dependent variable.
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Table 13.
streams in the Siskiyou Pass, southern Oregon.

Parameters used for computations with the Base-flow Estimation/Separation Tool for

[USGS, U.S. Geological Survey; ft3/s, cubic feet per second; NA, not applicable]

Parameter (units)

USGS station number

14348430 420425122361700

Type of station

Type of data

Condition at start of record

Station drainage area (square miles)

Storm trigger (ft¥/s)

Storm trigger adjustment factor (dimensionless)
Peak trigger (ft3/s)

Peak trigger ratio

Allowable missing data gap (hours)

Proportion of initial streamflow that is base flow
Initial base-flow water-quality multiplier

Stormflow recession adjustment factor

Continuous flow Intermittent flow

Flow and water quality ~ Flow and water quality

Recession Recession
0.58 0.014

0.2 0.1

0.2 1

NA NA

0.5 1

2 2

1 1

1 1

1 1

A level-1 water-quality analysis for highway-runoff
concentrations would not be useful for the current study.

An analyst must take care in simulating deicing-chemical
concentrations because these constituents comprise two
distinct populations (Risley and Granato, 2014). The first
population, which is the result of atmospheric deposition,
weathering of roadway and roadside materials, and other
sources, may be simulated by using many of the datasets in
the Highway-Runoff Database (Granato, 2019). The second
population results from the application of massive amounts
of deicing chemicals, which in turn results in concentrations
in runoff that can be orders of magnitude higher than under
normal conditions, such as periods when chloride deicers are
not applied. Without deicing operations, sites may be selected
on the basis of proximity to the ocean or the Great Salt Lake
and local soil chemistry. However, many highway-runoff
studies result in few if any samples per site from the seasons
in which normal sampling is not confounded by the difficulties
of sampling during winter conditions. Risley and Granato
(2014) selected data from Massachusetts (Smith and Granato,
2010) to demonstrate the difficulty of simulating populations
that can produce extreme values. However, the Massachusetts
sites were close to the Atlantic Ocean, on a glacial terrain near
sea level, and had a different climate from the mountainous,
inland sites used in this study that have a warm-summer
Mediterranean climate.

For the level-2 analysis, highway-runoff chloride
concentrations were estimated from regional sites at a high
enough elevation that samples might contain elevated levels
of chloride from deicers. Site information and data were taken
from the Highway-Runoff Database version 1.0.0b (Granato
and others, 2018). Level-2 highway-runoff data were taken
from the south summit of Lake Tahoe, California, which
has similar geochemistry characteristics to the study area

of the Siskiyou Pass (Rainwater, 1962). Chloride EMCs at
Lake Tahoe ranged as high as 5,300 mg/L, suggesting the
application of chloride deicer. EMCs were not available for
magnesium or sodium and were not calculated as part of the
level-2 analysis for this study. A list of highway sites used to
estimate regional highway-runoff chloride concentrations and
their EMC statistics can be found in table 14.

Because specific conductance data from the highway
runoff were available (USGS station 420425122361700),
specific conductance was modeled as a random variable, and
chloride, sodium, and magnesium were modeled as variables
dependent on specific conductance for the level-3 analysis.
Because the values are simulated stochastically, the fit of the
regression line is not as important as it would be if the values
were simulated deterministically by using only values that
fall on the regression line; the SELDM simulations re-create
the variability in data above and below the regression line.
Specific conductance EMCs were calculated using the BEST
program, and the resulting concentration statistics for specific
conductance were entered into SELDM as a random variable.
Relations based on the observed values between specific
conductance and chloride, sodium, and magnesium at the
highway site were used for the highway dependent statistics
(table 15).

For the upstream basin, a process similar to that used
for the highway catchment was conducted. A typical level-1
analysis would have been inappropriate because base-flow
concentrations of chloride, magnesium, and sodium differ
greatly across regions of North America (Rainwater, 1962;
Hem, 1992, Granato and others, 2015). For example, a study
of magnesium levels in Canadian drinking water found that
magnesium levels in “raw water” (water prior to treatment)
ranged from 0.2 to 81.7 mg/L (Meranger and others, 1979).
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Table 14. Highway sites near Lake Tahoe, California, used to estimate regional highway chloride event mean concentrations.

[CA SR, California State Route; EMC, event mean concentration; StDev, standard deviation; mg/L, milligrams per liter]

Mean StDev Skew
Site name Dataset name Samoles Average Impervious  chloride  chloride  chloride
P daily traffic fraction EMC EMC EMC
(mg/L) (mg/L) (mg/L)
CA SR-267 Tahoe - 267N CALTRANS 2003 7 8,500 0.9 157 98.5 -0.16
Brockway Summit Highway Runoff Data
CA SR-50 Tahoe - SO0E CALTRANS 2003 27 11,600 0.8 460 1,095 3.72
Echo Summit South Highway Runoff Data
Lake Tahoe
CA SR-50 Tahoe - S0E CALTRANS 2003 38 14,100 1 435 710 2.11
Tahoe Airport South Highway Runoff Data
Lake Tahoe
CA SR-50 Tahoe - S0W CALTRANS 2003 17 37,000 1 630 928 2.59
Tahoe Meadows Highway Runoff Data
CA SR-89 Tahoe - 89N CALTRANS 2003 13 3,000 0.9 241 253 1.85
D.L. Bliss State Park Highway Runoff Data
Total samples 102

Table 15. Relation between specific conductance in microsiemens per centimeter and highway-runoff constituents at U.S.
Geological Survey (USGS) stations 420425122361700, Highway Runoff Site near Interstate Route 5 and Old Highway 99; and 14348430,
Unnamed Tributary to West Branch Carter Creek, near Ashland, Oregon.

[mg/L, milligrams per liter; USGS, U.S. Geological Survey]

. L Minimum Maximum Number of
. Median absolute deviation . .

Constituent Intercept Slope . concentration concentration concurrent

of residuals (mg/L)

(mg/L) (mg/L) samples
USGS station 420425122361700
Chloride -0.919 1.1097 1.02 34.7 9,090 131
Magnesium -1.784 1.0881 1.23 6.49 1,530 131
Sodium —1.7646 1.2043 1.20 16 3,990 126
USGS station 14348430

Chloride —1.1995 1.1812 1.07 94.3 1,190 22
Magnesium -0.7739 0.7331 8.30 12.5 130 22
Sodium —2.7943 1.5398 3.11 31.1 567 22
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A level-2 analysis was conducted only for chloride
because magnesium and sodium concentration data were not
readily available, and chloride was the main water-quality
constituent of concern for this study. Chloride concentration
statistics were calculated using regional data. The
surface-water quality data miner (Granato, 2009b) was used
to find the five nearest USGS stations where five or more
chloride samples have been collected (table 16). Chloride
concentrations at these five stations ranged from 0.4 to 37
mg/L, with mean, standard deviation, and skew values of 4.79,
5.95, and 2.95, respectively (not shown).

A second, more representative (more local, but still
regional in scope) level-2 analysis was constructed using the
background data collected in the Bear Creek watershed for this
study (see section, “Regional Background Concentrations of
Chloride, Magnesium, and Sodium”). Chloride concentrations
collected within the Bear Creek watershed ranged from 0.89
to 86 mg/L (fig. 6), with mean, standard deviation, and skew
values of 14.8, 19.4, and 2.45, respectively (not shown). The
mean and standard deviation statistics are substantially higher
than those in the regional data, suggesting in this instance that
use of regional data (largely from northern California) would
result in a low estimate of upstream chloride concentrations.

For the level-3 analysis of upstream constituent
concentrations, specific conductance was simulated using
the “upstream random” option, and concentrations of
chloride, magnesium, and sodium were simulated using
the “upstream dependent” option. Statistics used for each
of these simulations are shown in table 17. BEST was used
to determine EMCs of specific conductance for each storm
event, and the mean, standard deviation, and skew specific
conductance values were calculated based on those events.

Discharge and specific conductance data from USGS
stations 14348430 and 420425122361700 were used to
determine the EMCs of specific conductance for a 2-year
period beginning November 7, 2017. Data are not available for
USGS station 420425122361700 until November 30, 2017;
to fill in the missing period of the record, data values from
November 7 to 30, 2018, were duplicated and inserted at the
beginning of the record. BEST storm event output for each
site was compared to its respective hydrograph as well as to
precipitation data from USGS station 420420122361500 over
several iterations to calibrate the output.

Maximum event mean values of specific conductance
calculated by BEST for USGS stations 14348430 and
420425122361700 were 6,110 and 9,140 puS/cm, respectively.
For comparison, published specific conductance values range

from 50 to 1,500 uS/cm for potable water, are about 50,000
uS/em for seawater, and are as much as 225,000 pS/cm for
brines (Granato and Smith, 1999). Mean event-mean values of
specific conductance calculated by BEST for USGS stations
14348430 and 420425122361700 were 1,030 and 1,500

uS/ cm, respectively.

SELDM Results

SELDM scenarios were run for Carter Creek Branch 1,
Wall Creek, and Carter Creek Branch 6. The Carter Creek
Branch 1 location represents a large highway catchment
input into a small stream and can be thought of as a
worst-case scenario for water-quality constituent event mean
concentrations (EMCs), which are evaluated against the
criterion maximum concentrations (CMCs). Because most of
the hydrologic data were collected for Carter Creek Branch
1, level-3 estimates should be more representative of true
conditions than at other locations. Carter Creek Branch 6
represents conditions downstream from multiple confluences
of Carter Creek and assumes similar inputs per unit area for all
branches. Wall Creek is a neighboring watershed, which has
lower levels of chloride deicer application relative to Carter
Creek, and accordingly where fewer data were collected for
analysis.

Sensitivity analyses were performed for the Carter
Creek Branch 1 site to evaluate the leverage of selected input
variables. SELDM results were also compared with measured
values from the highway runoff at Carter Creek Branch 1
and with stream EMCs at Carter Creek Branch 6 and Wall
Creek. Finally, both simulated and measured results were
compared with annual highway loads of chloride deicers
as reported by ODOT. Note that SELDM simulates the
concurrent highway-runoff, upstream, and downstream loads.
The highway contributes to total annual loads only during
events when runoff from the highway is discharging to the
stream. The upstream basin, however, discharges during the
entire year if it is a perennial stream, during wet seasons if it
is an intermittent stream, and during runoff events if it is an
ephemeral stream. Simulated loads described in this section
are for concurrent runoff periods when highway runoff is
discharging to the stream. If total annual upstream loads are
required, a SELDM user could use the lake package to derive
upstream loads for the entire multiyear flow periods or other
tools, like LOADEST (Runkel and others (2004).
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SELDM Results
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Carter Creek, Branch 1

Because most of the hydrologic data were collected for
Branch 1 of Carter Creek, most of the SELDM scenarios
focused on this location. SELDM scenario 1, designated
“CarterLvll,” is a level-1 analysis of the intersection of Carter
Creek Branch | and I-5. This is a planning-level analysis, in
which default national or regional data were used to estimate
the statistical input parameters at the location.

Results from CarterLvll indicated that the mean of
the EMCs of chloride from highway runoff (696 mg/L) was
more than two orders of magnitude higher than the mean
of the upstream EMCs (4.74 mg/L, fig. 8). Mixing resulted
in a mean downstream EMC of 98.7 mg/L, which is a
substantial increase from upstream levels. Median EMCs were
substantially lower than mean EMCs for all three locations
(upstream, highway, and downstream) because of the high
level of skewness of the population of EMCs. Median values
were about an order of magnitude lower than mean values
for highway and downstream EMCs of chloride and about
one-half of mean EMCs of chloride upstream. The ratio of
mean to median values was smaller upstream relative to
downstream and from the highway because the high levels
of chloride application at high elevation sites during winter
storms resulted in substantially higher EMCs for the highway
and downstream locations. Conversely, upstream EMCs of
chloride were driven by natural processes, so the ratio of mean
to median EMCs was much lower.

SELDM scenario 2, designated “CarterLvI2” in figure 8,
is a level-2 analysis of the same highway-creek intersection
as CarterLvl1. This type of analysis uses regional data and
statistics and requires substantially more effort that a level-1

analysis because regional data must be compiled and analyzed.

Results from CarterLvl2 were similar to those in scenario
1 (CarterLvll), and, in general, resultant EMC differences
between CarterLvll and CarterLvI2 were less than the
uncertainty in the model inputs. The mean of the highway
EMCs (682 mg/L) was more than 2 orders of magnitude
higher than the mean of the upstream EMCs (4.96 mg/L,
fig. 8), and mean of the downstream EMCs (52.6 mg/L) was
more than 1 order of magnitude higher than the mean of the
upstream EMCs. Mean downstream chloride EMCs were
substantially higher because of the application of road deicers,
although the increase was less than the estimates derived from
the level-1 analysis (CarterLvll). Median downstream EMCs
of chloride were about an order of magnitude lower than mean
downstream EMCs because of the high level of skewness
in the population of EMCs, as in CarterLvll. The median
of upstream EMC:s of chloride was closer to the mean and
plot as a smaller boxplot, indicating less variability and less
skewness.

For ease of comprehension, the next scenario discussed
will be scenario 11. Scenarios 3—10 will be discussed in
subsequent sections. SELDM scenario 11, designated
“CarterLvI3” in figure 8, is a level-3 analysis of the same
intersection of Carter Creek Branch 1 with I-5. This type of
analysis is conducted using as much local data as possible

and is generally considered the best representation of current
conditions. Results from scenario 11 indicate much less
variability in EMCs of chloride than was observed in the
level-1 or level-2 analyses, especially for highway runoff. This
is a result of using local rather than regional data. Regional
data can be from a wide variety of hydrologic conditions,
chloride application rates, and background chloride levels
upstream. Such variability in conditions may result in
regional-data statistics with high or extreme outliers that result
in a large coefficient of skewness for the population. The high
or extreme outliers caused mean EMCs to be much higher
than median values, which is evident in the highway-runoff
EMC:s of chloride for CarterLvll and CarterLvl2. For both of
those scenarios, the mean values were more than 1 order of
magnitude greater than the median highway-runoff EMC of
chloride. CarterLvl3 primarily used local data from a single
location, which resulted in less variability and less skew of the
population of EMCs of chloride (fig. 8).

The CarterLvl3 mean of highway-runoff EMCs of
chloride (484 mg/L) was lower than the means in the previous
two scenarios (696 and 682 mg/L), but the median value
of CarterLvl3 (292 mg/L) was substantially higher than
those of CarterLvll and CarterLvI2 (67.3 and 54.3 mg/L,
respectively). The mean of the downstream chloride EMCs
in CarterLvI3 were lower than in CarterLvl] and similar to
that in CarterLvl2. The discrepancy between CarterLvll and
the other two scenarios (CarterLvI2 and CarterLvl3) is also
apparent in the ratio of downstream to upstream mean chloride
EMC:s (table 18). The results from this simulation show that
the application of road deicer increased downstream chloride
EMC:s for all scenarios, but both level-2 and level-3 analyses
indicate that a smaller proportion of the chloride is from
highway runoff than a level-1 analysis would suggest. Similar
results were found for sodium and magnesium.

The upstream, highway-runoff, and downstream
constituent EMCs of sodium had similar patterns to level-1,
level-2, and level-3 analyses of chloride (scenarios 1, 2, and
11, respectively). Mean highway EMCs of sodium were about
an order of magnitude higher than mean upstream EMCs and
mean downstream sodium EMCs were between upstream and
highway EMCs (fig. 9). Highway median EMCs of sodium
were generally about one-half the value of mean EMCs,
indicating substantial skew in the population of sodium EMCs
but less skew than was present with chloride. Variability in the
EMC:s of sodium for upstream and downstream flow was less
than for highway runoff for all three scenarios.

Downstream mean EMCs of sodium ranged from about
24 to 36 mg/L (fig. 9), with the level-1 analysis (CarterLvll)
producing the highest mean downstream EMC value. Median
downstream EMCs of sodium ranged from about 18 to 21
mg/L. Highway and upstream mean EMCs of sodium varied
little between the three levels of analysis. Consequently, the
difference between the downstream sodium EMCs for the
three levels of analysis were primarily driven by the variation
of upstream flow (fig. 10) and highway runoff (fig. 11).
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Figure 8. Highway-runoff, upstream, and downstream event mean concentrations of chloride for scenarios (A) 1 (CarterLvl1),
(B) 2 (CarterLvl2), and (C) 11 (CarterLvl3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.
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Table 18. Comparison of Stochastic Empirical Loading and Dilution Model (SELDM) chloride and magnesium outputs from scenarios 1
(CarterLvl1), 2 (CarterLvl2), and 11 (CarterLvl3) for the Siskiyou Pass, southern Oregon.

[mg/L, milligram per liter; ft?, cubic feet]

Mean of chloride event Ratio of Mean of magnesium event Ratio of
mean concentrations downstream/ mean concentrations downstream/
SELDM Scenario upstream upstream
scenario abbreviation Highway  Upstream Dtown chloride Highway Upstream Dtown- magnesium
(mg/L) (mg/L) real'_" concen- (mg/L) (mg/L) : real'_" concen-
(mg/L) tration (mg/L) tration

1 CarterLvl1 696 4.74 98.7 20.8 57 9.12 17.1 1.9
2 CarterLvI2 632 4.96 52.6 10.6 57 9.12 12.9 1.4
11 CarterLvl3 484 6.11 47.9 7.8 57.1 9.13 13.3 1.5

Similar patterns to those for chloride and sodium were
apparent in the level-1, level-2, and level-3 analyses for
EMCs of magnesium (fig. 12). Mean and median highway
and upstream EMCs of magnesium were consistent between
all three analyses. Mean and median downstream EMCs of
magnesium were more variable than upstream or highway
EMC:s. This increased variability was, once again, caused by
the differences between upstream and highway-runoff flows,
which resulted in a different proportion of highway runoff
downstream. For all three scenarios, highway median EMCs
of magnesium were about 60 percent of mean EMCs owing
to moderate levels of skewness in the population. Conversely,
mean upstream EMCs were nearly identical to median
upstream EMCs owing to low levels of skewness.

Results of the three scenarios indicate that a level-1
analysis (CarterLvl1, national data) tends to produce
larger mean downstream EMCs for all three water-quality
constituents compared to level-2 or level-3 analyses
(CarterLvl2 [regional data] and CarterLvl3 [local data],
respectively). These differences are in part owing to
differences in upstream flow (fig. 10), highway runoff
(fig. 11), and the ratio between the two flows (table 19).
With a smaller ratio of upstream flow to highway runoff, the
percentage of downstream flow derived from the highway
runoff is greater, and the mean highway-runoff EMCs of
chloride were consistently about two orders of magnitude
higher than upstream EMCs of chloride. Because scenario
CarterLvl1 has a smaller upstream streamflow to highway
runoff ratio than CarterLvI2 and CarterLvl3, the concentration
of highway-runoff chloride is diluted less than in the other two
scenarios, resulting in larger downstream EMCs of chloride.

Although level-3 simulations are presumed to
provide more accurate results and more certainty about the
applicability of SELDM for Carter Creek Branch 1, the
uncertainties inherent in the measurements used to calculate
the statistical inputs for SELDM are greater than the
differences observed between the three levels of simulations.
For example, Harmel and others (2006) found that, averaged

across all constituents, calculated cumulative probable
uncertainties for typical small watersheds ranged from 6 to 19
percent for streamflow measurements, from 4 to 48 percent for
sampling collection, and from 5 to 21 percent for laboratory
analysis. Although there is considerable uncertainty in
measured and simulated concentrations and flows to represent
long-term conditions, the differences in concurrent runoff
loads between the three scenarios considered in this study

are larger than the measurement uncertainty of individual
concentration and flow measurements quantified in Harmel
and others (2006).

This difference in downstream EMCs between the three
scenarios affects estimated annual concurrent runoff loads of
chloride downstream from the intersection (fig. 13). Compared
to scenarios CarterLvll and CarterLvl2, CarterLvl3 produced
the least amount of variability between individual years of
simulated chloride runoff, as is evidenced by the smaller
slope of points from CarterLvl13 in figure 13. CarterLvll
estimated the largest median annual concurrent runoff loading
of chloride (8,700 pounds), largely owing to having a larger
typical highway-runoff volume than scenarios CarterLvl2 and
CarterLvl3 (fig. 13). Conversely, CarterLvI2 estimated the
smallest median annual concurrent runoff loading of chloride
(5,100 pounds), largely owing to having the lowest highway
EMC:s of chloride (fig. 8).

The annual concurrent runoff loading of sodium for
scenarios CarterLvll, CarterLvl2, and CarterLv13 did not
have the same characteristics as that of chloride. CarterLvl1
(level-1 analysis) and CarterLvI3 (level-3 analysis) estimated
similar median annual concurrent runoff loads of sodium,
with CarterLvl1 being larger (fig. 14). CarterLvl2 resulted in
a median annual concurrent runoff load of sodium that was
29-35 percent lower than the other two scenarios. This lower
median annual concurrent runoff load of sodium was in part
owing to CarterLv]2 having the lowest median downstream
EMC:s of sodium, but also in part to having the second-lowest
median highway runoff (fig. 11). The slope in figure 14 is
similar for all three scenarios, indicating consistent variability.
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Figure 9. Highway-runoff, upstream, and downstream event mean concentrations of sodium for scenarios (A) 1 (CarterLvl1),
(B) 2 (CarterLvl2), and (C) 11 (CarterLvI3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.
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Figure 10. Exceedance probabilities of stormflow volumes under scenarios 1 (CarterLvl1),
2 (CarterLvl2), and 11 (CarterLvI3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Qregon.
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Table 19. Comparison of Stochastic Empirical Loading and Dilution Model (SELDM) sodium and ratio outputs from scenarios 1
(CarterLvl1), 2 (CarterLvl2), and 11 (CarterLvl3) for the Siskiyou Pass, southern Oregon.

[mg/L, milligram per liter; ft?, cubic feet]

Mean of sodium event mean Ratio of
concentrations Ratio of Median Median median
SELDM Scenario downstream/ upstream highway upstream/
scenario abbreviation Highway  Upstream Downstream  upstream sodium streamflow runoff median
(mg/L) (mg/L) (mg/L) concentration (f3) (ft3) highway
runoff
1 CarterLvl1l 150 13.8 36.4 2.6 36,000 4,500 8
2 CarterLvI2 149 13.7 24.2 1.8 41,000 2,300 14.6
11 CarterLvl3 149 13.7 25.5 1.9 35,000 2,200 15.9

The annual concurrent runoff loading of magnesium
shows a similar pattern to that of sodium, with CarterLvl1
having the largest median annual concurrent runoff load
of magnesium (2,700 pounds) and CarterLvl2 having the
smallest median (1,700 pounds; fig. 15). Median downstream
EMCs of magnesium were similar for all three scenarios, so
the annual difference was primarily driven by the difference
in highway runoff and upstream flow. The slopes in figure 15
are larger than those in figure 14, suggesting relatively greater
variability in annual concurrent runoff loading from low to
high exceedance probabilities than was observed for sodium.

Because load calculations are multiplicative, the
combination of higher flows and higher concentrations
results in storm loads that are much greater in size relative
to typical conditions (median values) than what is seen for
flows or concentrations individually. Consequently, for all
three water-quality constituents, the storm events with the
lowest probability of exceedance of concurrent runoff load
(in other words, the events with the highest loads) represent
a disproportionate amount of the total annual concurrent
runoff load from storm events. This disproportionality can be
observed in table 20, which shows the percentage of annual
concurrent runoff load from storm events that can be attributed
to the largest 1 and 10 percent of storm events by load for each
of the three water-quality constituents in CarterLvI3. In other
words, table 20 shows how much of the annual concurrent
runoff load of a given constituent travels downstream for the
largest 1 or 10 percent of events, divided by the same annual
concurrent runoff load of all events. This disproportionality is
another way of analyzing the effects of the skewness values
of the population on annual load. Populations with large
values of positive skew and (or) high variability (standard
deviation) typically have greater degrees of disproportionality.
Conversely, a population with zero standard deviation and
zero skewness would have no disproportionality, such that the
top 10 percent of events would account for exactly 10 percent
of the total annual concurrent runoff load.

Table 20 shows that the degree of disproportionality
among each of the three water-quality constituents is similar.
Chloride has the highest disproportionality of the three
constituents, which may be a result of being an ingredient in

both deicer solutions (NaCl and MgCl,). Because chloride
is applied to the road in any deicing effort, the constituent
will deviate from baseline conditions more frequently than
magnesium or sodium, which may be applied sparingly or
not at all for any given event. The difference in the degree of
disproportionality may affect any prescribed mitigation efforts.
For a constituent with a higher degree of disproportionality,
a large percentage of that constituent’s transport would occur
at large events, and remediation efforts could be made to
target only such events. Conversely, if a constituent had no
disproportionality, it would occur in equal loads for every
event, and a different approach might be needed for mitigation.
Another approach to evaluating SELDM scenarios is to
analyze the percentage of storm events that exceed a given
CMC. For chloride, CarterLvl1, CarterLvl2, and CarterLvI3,
the ODEQ acute water-quality criterion value of 860 mg/L
(fig. 16) was used as a CMC. The black, horizontal dotted
line on figure 16 represents that CMC. For SELDM scenarios
CarterLvl1, CarterLvl2, and CarterLvl3, downstream EMCs of
chloride exceeded this CMC 2.3, 1.0, and 0.06 percent of the
time, respectively'. The target exceedance (the dotted, vertical
line) in figure 16 shows the probability at which there is a 1 in
3 chance of the EMC from at least one storm exceeding this
CMC in a given year. Based on the mean number of storm
events per year, this equates to an exceedance probability of
1.19 percent (table 21). This metric was based on the National
Pollutant Discharge Elimination System (NPDES) definition
of biologically based flow (U.S. Environmental Protection
Agency, 2019). If the target exceedance line is to the right of
the intersection of the EMC data and the line representing the
constituent concentration criterion, the estimated frequency
is lower than a 3-year return interval, and the model results
indicate that the hypothetical water-quality criterion will be
met (water quality would be better than the given criterion).

1For all probability plots, exceedance probabilities range from 0.001 (0.1
percent) to 0.999 (99.9 percent). In scenario 11 (CarterLvl3), one of the 1606
simulated EMCs was above the CMC of 860 mg/L of chloride and does not
appear on figure 16 (a larger range of probability values would be needed to
view all results). Figure 16 was not replotted with a greater range of exceed-
ances to maintain consistency with other figures.
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Figure 13. Exceedance probabilities of annual concurrent runoff loads of chloride under scenarios
1 (CarterLvl1), 2 (CarterLvi2), and 11 (CarterLvI3) at Carter Creek Branch 1 in the Siskiyou Pass,
southern Oregon.
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Figure 14. Exceedance probabilities of annual concurrent runoff loads of sodium under scenarios
1 (CarterLvl1), 2 (CarterLvi2), and 11 (CarterLvI3) at Carter Creek Branch 1 in the Siskiyou Pass,
southern Oregon.
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Figure 15.

Exceedance probabilities of annual concurrent runoff loads of magnesium under

scenarios 1 (CarterLvl1), 2 (CarterLvl2), and 11 (CarterLvI3) at Carter Creek Branch 1 in the Siskiyou

Pass, southern Qregon.

Table 20. Percentage of annual concurrent runoff load
represented by the largest 1 and 10 percent of storm events by
load for simulation 11 (CarterLvl3), Carter Creek Branch 1 in the
Siskiyou Pass, southern Oregon.

Percentage of total annual load

Water-quality

constituent Largest 10 percent of

events (percent)

Largest 1 percent of
events (percent)

Chloride 58.0 23.9
Magnesium 42.8 12.2
Sodium 47.4 16.5

On the basis of the NPDES metric, the level-1 analysis
suggests that the target criterion would not be met (fig. 16).
For level-2 and level-3 analyses, only 1.0 and 0.06 percent,
respectively, of EMCs exceed the ODEQ acute water-quality
criterion for chloride, which is below the target criterion of
1.19 percent. Although few of the CarterLvl3 EMCs exceeded
the CMC for chloride, the downstream EMCs in this scenario
were higher than downstream EMCs in the other scenarios
in about 75 percent of events (the high-frequency low-flow

events). The CarterLvI3 concentrations were higher at these
exceedance probabilities because the background EMCs were
higher in this scenario.

An identical analysis was performed for sodium (fig. 17)
and magnesium (fig. 18). For sodium, a CMC of 30 mg/L
was chosen based on EPA recommendations for drinking
water (U.S. Environmental Protection Agency, 2003). Figure
17 shows that about 1 in 5 downstream EMCs exceeded this
CMC based on the level-3 analysis. The results also show little
difference for downstream sodium EMCs between simulations
for all three scenarios at high exceedance probabilities (at low
concentrations; right side of figure), but substantial difference
at low exceedance probabilities (at high concentrations;
left side of figure). CarterLvI2 had the lowest rate of CMC
exceedance and CarterLvll had the highest, but none of the
three scenarios meet the target rate of 1.19-percent.

Magnesium is generally associated with health benefits
(World Health Organization, 2020), although excess
magnesium will increase the hardness of water, which may
have negative effects on industrial infrastructure such as
boilers or cooling towers, or the formation of limescale
in water heaters. No drinking water standard or other
environmental criteria were found for magnesium as part
of this study. For the purposes of this study, an arbitrary
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Figure 16. Exceedance probabilities of downstream event mean concentrations of chloride under

scenarios 1 (CarterLvl1), 2 (CarterLvl2), and 11 (CarterLvI3) at Carter Creek Branch 1 in the Siskiyou

Pass, southern Oregon.

CMC of 100 mg/L was chosen for illustrative purposes. That
concentration is in the range defined as “moderately hard”
(U.S. Geological Survey, 2018b).

Figure 18 shows similar patterns in magnesium EMCs
to those of sodium. EMCs were consistent between all
three scenarios at high exceedance probabilities (at low
concentrations; right side of figure) and diverge substantially
at low exceedance probabilities (at high concentrations; left
side of figure). The results also show that a level-1 analysis
would lead to an overestimation of CMC exceedance rates
relative to the level-3 analysis, although all three scenarios
indicate the study magnesium criterion would be met.

Exceedance probabilities of the water-quality CMCs can
also be evaluated by comparing upstream and downstream
EMC:s. Figure 19 shows the exceedance probabilities for
upstream and downstream chloride EMCs for CarterLvl3,
the level-3 analysis. The results show an increase in chloride
EMC:s for all exceedance probabilities, with the largest
increases occurring at the lowest exceedance probabilities. The
results also show that the highest upstream chloride EMCs
were more than 1 order of magnitude lower than the study
water-quality CMC for chloride. For example, at the target

exceedance probability of 1.19-percent, upstream chloride
EMCs are about 21 mg/L, which is more than 2 orders of
magnitude below the chloride CMC of 860 mg/L.

The increase in EMCs between upstream and
downstream from the I-5 crossing for sodium has a similar
pattern to that of chloride (fig. 20). At high exceedance
probabilities, the EMCs are close and have nearly the same
slope. At lower exceedance probabilities the downstream
EMCs increase at a much faster rate than the upstream EMCs,
which could be the result of instances in which large volumes
of NaCl were applied to the road. The rate of exceedance of
the EPA 30-mg/L sodium CMC was substantially less for
upstream than downstream EMCs. CarterLv13 results suggest
exceedances of this CMC will still occur in about 1 percent of
upstream EMCs and about 25 percent of downstream EMCs.

The results of CarterLvl3 for magnesium show a similar
pattern to that for sodium (fig. 21). EMCs of magnesium
were similar at high exceedance probabilities, and the
highest divergences in EMCs occurred at low exceedance
probabilities.
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Table 21.
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Allowable exceedance probabilities for Stochastic Empirical Loading and Dilution Model

scenarios 1 (CarterLvl1), 2 (CarterLvl2), and 11 (CarterLvi3) for Carter Creek Branch 1 in the Siskiyou

Pass, southern Oregon.

. Scenario Number Number Storms Percentage
Scenario
name of storms of years per year allowable
1 CarterLvll 1,322 39 33.9 0.98
2 CarterLvI2 1,343 39 34.4 0.97
11 CarterLvl3 994 63 15.8 2.11
Mean 1,220 47 28 1.19
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Figure 17. Exceedance probabilities of downstream event-mean concentrations of sodium under

scenarios 1 (CarterLvl1), 2 (CarterLvl2), and 11 (CarterLvI3) at Carter Creek Branch 1 in the Siskiyou

Pass, southern Oregon.
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Figure 18. Exceedance probabilities of downstream event mean concentrations of magnesium under
scenarios 1 (CarterLvl1), 2 (CarterLvl2), and 11 (CarterLvI3) at Carter Creek Branch 1 in the Siskiyou

Pass, southern Qregon.

a“n



42 Assessing the Impact of Chloride Deicer Application in the Siskiyou Pass, Southern Oregon

CarterLvI3 chloride concentration

X0 ¢ m I I I I I I 3
C | ]
C i EXPLANATION ]
i I O Downstream EMC—Without T
i | best management practices | |
R DL =S ST O Upstream EMC =
[T} Kol ' . 7
= = i -—- Target exceedance—Targetis | -
5 - equal to 0.0119 1
o - |
@ i -+ Constituent criterion
o
2 1x10° E
E - ]
£ L ]
I3 ] i
B L
© .
5 0 : E
(&) - ' .
o - | -
5 C I ]
o - | -
(4] - H |
S i
5 ! °q
= I
© X100 i =
2 ! ofg
C ! ]
C i ]
- i -
- i |
X107 1! 1 1 1 1 1 1
0.001 0.010 0.100 0.250 0.500 0.750 0.900 0.990 0.999

Exceedance probability

Figure 19. Exceedance probabilities of event mean concentrations of chloride upstream and
downstream from the road crossing under scenario 11 (CarterLvl3) at Carter Creek Branch 1 in the
Siskiyou Pass, southern Oregon. [EMC, event mean concentration.]
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Figure 20. Exceedance probabilities of event mean concentrations of sodium upstream and
downstream from the road crossing under scenario 11 (CarterLvl3) at Carter Creek Branch 1in the
Siskiyou Pass, southern Oregon. [EMC, event mean concentration.]
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CarterLvI3 magnesium concentration
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Figure 21. Exceedance probabilities of event mean concentrations of magnesium upstream and

downstream from the road crossing under scenario 11 (CarterLvl3) at Carter Creek Branch 1in the
Siskiyou Pass, southern Oregon. [EMC, event mean concentration.]

Sensitivity Analyses

SELDM scenarios 3—10 (table 3) were developed
to evaluate the value of hydrologic and meteorological
data collected for the level-3 analysis. These eight
simulations were based on a level-2 analysis, but with
input changed to reflect the presence or absence of specific
hydrologic or meteorological data. For example, scenario
4 (CarterLvI2Pcpl) represents absence of regional or
local precipitation data. Other input parameters not related
to precipitation were based on the level-2 analysis data
(CarterLvl12), but precipitation inputs were calculated from
ecoregion data (default precipitation data in SELDM), which
would reflect a level-1 analysis. Conversely, scenario 5
(CarterLvI12Pcp3) was identical to scenarios 2 and 4, with the
exception of using local precipitation data instead of regional
or ecoregion precipitation data. The purpose of scenario 5 was
to evaluate the value of acquiring local precipitation data.
For all sensitivity analyses, most of the analysis was
focused on chloride, not on magnesium or sodium. Results
for magnesium and sodium typically were similar to those
for chloride. Sensitivity analyses of magnesium or sodium
are presented only when they deviate substantially from
chloride results.

Precipitation Sensitivity Analysis

SELDM scenarios 4 and 5 (designated “CarterLvI2Pcpl”
and “CarterLvI2Pcp3,” respectively) were developed
to evaluate model sensitivity to exclusion of regional
precipitation data or inclusion of local precipitation data.
SELDM precipitation inputs are directly related to the
quantities of stormflow and highway runoff generated. The
mean volume of precipitation in a storm event derived using
the regional precipitation data from Risley and Granato (2014)
(0.59 inches, scenario 2) is about 70 percent of the same
statistic derived using the rain zone (0.84 inches, scenario
4; table 7). There is a similar difference based on the mean
volume derived from local precipitation data collected for
a level-3 analysis (0.62 inches, table 7), indicating that the
mean precipitation volume for the watershed may be similar
to regional estimates. These variations are large but not
surprising because the study area is in a mountainous part of
Oregon where precipitation is highly variable from place to
place depending on the aspect and elevation of the drainage
basin (Daly and others, 1994). Differences in precipitation
estimates may not be as pronounced in areas with less
variability in aspect and elevation. Consequently, the mean
volume of event streamflow flowing into the intersection



of Carter Creek Branch 1 and [-5 differs among the three
scenarios (fig. 22), with CarterLvI2Pcp1 (level-1 [rain zone]
analysis of precipitation) estimating the largest median
upstream flow and CarterLvI2 (level-2 [regional] analysis
of precipitation) the smallest. Exceedance probabilities of
highway runoff for the three scenarios followed the same
pattern. The largest median highway runoff (not shown) was
observed in CarterLvI2Pcpl, and the smallest in CarterLvI2.

The upstream, highway-runoff, and downstream flow
EMC:s of chloride were similar (fig. 23). The median EMCs
of highway runoff for scenarios CarterLvI2Pcp1 (national
precipitation data), CarterLvl2, and CarterLvI2Pcp3
(local precipitation data) were 67.3, 54.3, and 76.2 mg/L,
respectively. The mean highway-runoff EMCs had similar
levels of variability between scenarios, but at values about
an order of magnitude higher than median highway-runoff
EMC:s because of the large value of skewness in the EMC
population. The chloride highway-runoff input statistics were
identical for all three scenarios, so the variability in EMCs
resulted from the varying number of storms per year, the
mean volume of precipitation per storm, and differences in
random seed numbers in the Monte Carlo simulations of the
SELDM model.

Despite the differences in highway-runoff EMCs of
chloride, the downstream exceedance levels were similar, with
the risk of exceeding the 860 mg/L water-quality CMC for
chloride ranging between about 1.0 and 1.3 percent (fig. 24).
Because these differences are within the range of water-quality
variation expected if all events during the 39- year simulation
period had been measured (Harmel and others, 2006), the
results for this geographic area suggest that the absence
of local precipitation data and the absence of a regional
precipitation analysis would not result in large differences
in rates or exceedance of the chloride criterion used for this
study. However, because the exceedance rates of all three
scenarios are close to the target exceedance probability of
1.19 percent, use of only the rain zone precipitation data
(CarterLvI2Pcpl scenario) would result in the conclusion
that EMC targets are not being met (EMC values exceed
the 860 mg/L CMC), whereas the use of the regional or
local precipitation data would show that the rate of chloride
exceedances (1.0 and 1.1 percent, respectively) meet the target
exceedance probability.

Annual concurrent runoff loads of chloride simulated
downstream from the road crossing were more variable
between scenarios than were EMCs (fig. 25). Median annual
concurrent runoff loads of chloride were highest using local
precipitation data (CarterLvI3: 9,100 pounds) and lowest using
regional precipitation data (CarterLvI2: 5,100 pounds). The
higher median values from using local precipitation data in
CarterLvl3 resulted in part from the dataset’s containing the
most storms per year. These results show that, assuming the
derived precipitation estimates using local data are accurate,
SELDM estimates simulated using regional precipitation data
at this location would result in substantially underestimated
values of annual concurrent runoff loading of chloride.
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Similarly, annual concurrent runoff loads simulated using rain
zone data would also underestimate annual concurrent runoff
loading of chloride relative to CarterLvl3, but not to the same
extent as the use of regional data.

The source of these differences can be seen in table 7.
Assuming the precipitation statistic estimates from local data
are accurate, the rain zone data include too few events per year
(35 compared to 50 events), but this negative bias (relative to
CarterLvl3) is somewhat offset by overestimating the mean
storm-event volume (0.84 compared to 0.62 inches). The
offsetting biases result in a similar total precipitation volume
from events (29.4 compared to 31.1 inches). Conversely, the
regional data have a similar mean annual event volume but
have a similar low bias in the number of events per year. This
combination of statistics results in a total annual storm- event
volume that is also biased low (21.1 inches, table 7).

Streamflow Sensitivity Analysis

SELDM scenarios 6 and 7 (designated “CarterLvl2Q1”
and “CarterLv12Q3,” respectively) were designed to analyze
the utility of streamflow data collected for this study.
CarterLvI2Q1 and CarterLvI2Q3 were identical to scenario
2 (CarterLvI2) with the exception of the inputs for the
streamflow statistics. For CarterLvI2Q1, streamflow statistical
inputs from the default SELDM ecoregions were used, as
would be used in a level-1 analysis. For CarterL.vl2Q3, local
data were used in a manner similar to a level-3 analysis.

CarterLvI2Q3 (using local streamflow data) estimated a
smaller median streamflow volume than scenarios CarterLv12
and CarterLvI2Q1 (default ecoregion streamflow data)

(fig. 26). The flow-volume pattern (shape of the graph)
differed between the three scenarios. At low exceedance
probabilities (high flows), CarterLvl2Q3 estimated much

less streamflow than CarterLvI12Q1, but a similar amount

to CarterLvl2. Conversely, at low streamflows more
representative of summer conditions, CarterLvI2Q3 estimated
much less streamflow than scenario CarterLLvl2, but a similar
amount to CarterLvl2Q1. These results suggest that relative to
CarterLvI2Q3, use of the regional streamflow data taken from
the Bear Creek watershed would result in a high bias of low
flows, whereas the use of ecoregion data would result in a high
bias of high flows. Both regional and ecoregion data resulted
in more streamflow variability than streamflow volumes
estimated using local data, although some or all of this
difference in variability could be partly owing to the methods
used for extension of the streamflow time series.

Highway-runoff and upstream EMCs of chloride were
identical for all three scenarios (fig. 27). This was because
the precipitation inputs were identical, and each scenario
had the same number of events. Combined with the identical
seed number for stochastic number generation and identical
water-quality constituent inputs, there was no possibility of
differences through random number generation, similar to the
sensitivity analysis for precipitation.
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Figure 22. Exceedance probabilities of stormflow volumes under scenarios 4 (CarterLvl2Pcp1),
2 (CarterLvl2), and 5 (CarterLvI2Pcp3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.
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Figure 23. Highway-runoff, upstream, and downstream event mean concentrations of chloride for scenarios (A) 4 (CarterLvi2Pcp1),

(B) 2 (CarterLvl2), and (C) 5 (CarterLvI2Pcp3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.
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Figure 24. Exceedance probabilities of downstream event mean concentrations of chloride under

scenarios 4 (CarterLvl2Pcp1), 2 (CarterLvl2), and 5 (CarterLvi2Pcp3) implemented at Carter Creek

Branch 1in the Siskiyou Pass, southern Oregon.
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Figure 25. Exceedance probabilities of annual concurrent runoff loads of chloride under scenarios
4 (CarterLvI2Pcp1), 2 (CarterLvl2), and 5 (CarterLvi2Pcp3) at Carter Creek Branch 1 in the Siskiyou

Pass, southern Qregon.
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Figure 26. Exceedance probabilities of stormflow volumes under scenarios 6 (CarterLvi2Q1),
2 (CarterLvl2), and 7 (CarterLvI2Q3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.
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Highway-runoff, upstream, and downstream event mean concentrations of chloride for scenarios (4) 6 (CarterLvi2Q1),

(B) 2 (CarterLvl2), and (C) 7 (CarterLvl2Q3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.
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Downstream EMCs of chloride, however, varied slightly
between scenarios. More upstream streamflow results in
a greater dilution of highway runoff, which has higher
concentrations of chloride than streamflow. Consequently, the
scenario with the least streamflow (CarterLvI2Q3) resulted in
the highest downstream EMCs of chloride.

Because upstream, highway-runoff, and downstream
EMC:s of chloride were similar for all three scenarios,
exceedance probabilities are also similar (fig. 28). The range
of chances of exceeding the study chloride CMC for all
three scenarios is within 0.4 percent (ranging from 1 to 1.4
percent), which is well within the uncertainty of water-quality
measurements. All three scenarios resulted in exceedance
rates near the target exceedance probability of 1.19 percent. At
higher exceedance probabilities, the three scenarios estimated
nearly identical EMCs.

The median annual concurrent runoff loads of
chloride were similar for all three scenarios (fig. 29),
with CarterLvI2Q3 estimating the largest median annual
load. Annual chloride concurrent runoff loads for all three

scenarios were also similar at both high and low exceedance
probabilities. However, annual concurrent runoff loads varied
differently for sodium (fig. 30) and magnesium (fig. 31)
scenarios. For those two constituents, CarterLvl2Q1 estimated
the largest mean annual concurrent runoff load. The difference
is related to the percentage of the water-quality constituent
annual concurrent runoff load that was derived from highway
runoff compared to upstream. Because highway runoff and
EMCs were held constant for all three scenarios, all disparities
were derived from the different volumes of streamflow above
the road crossing. For chloride, highway runoff represents
about 90-94 percent of annual concurrent runoff loading
(table 22). Consequently, small changes in upstream flow
produce little change in downstream loading. Conversely,
highway runoff represents about 26 to 36 percent of
downstream annual concurrent runoff loading of magnesium
from storm events. Consequently, changes in streamflow result
in much larger differences in annual concurrent runoff load of
magnesium relative to chloride.
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Figure 28. Exceedance probabilities of downstream event mean concentrations of chloride under

scenarios 6 (CarterLvl2Q1), 2 (CarterLvl2), and 7 (CarterLvi2Q3) at Carter Creek Branch 1 in the Siskiyou

Pass, southern Qregon.
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Figure 29. Exceedance probabilities of annual concurrent runoff loads of chloride under scenarios
6 (CarterLvl2Q1), 2 (CarterLvl2), and 7 (CarterLvl2Q3) at Carter Creek Branch 1 in the Siskiyou Pass,
southern Oregon.
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Figure 30. Exceedance probabilities of annual concurrent runoff loads of sodium under scenarios
6 (CarterLvl2Q1), 2 (CarterLvl2), and 7 (CarterLvl2Q3) at Carter Creek Branch 1 in the Siskiyou Pass,
southern Oregon.
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Figure 31. Exceedance probabilities of annual concurrent runoff loads of magnesium under

scenarios 6 (CarterLvl2Q1), 2 (CarterLvl2), and 7 (CarterLvl2Q3) at Carter Creek Branch 1 in the Siskiyou

Pass, southern Oregon.

Table 22. Percentage of annual concurrent runoff load of chloride, magnesium, and sodium from
storm events represented by highway runoff for Stochastic Empirical Loading and Dilution Model
scenarios 6 (CarterLvl2Q1), 2 (CarterLvl2), and 7 (CarterLvI2Q3) at Carter Creek Branch 1in the

Siskiyou Pass, southern Oregon.

Scenario . . . Chloride Magnesium Sodium
Scenario name  Scenario description
number (percent) (percent) (percent)
6 CarterLv12Q1 Ecoregion flow 90.1 26.5 38.5
2 CarterLv]2 Regional flow 91.9 34.1 46.5
7 CarterLvI12Q3 Local flow 93.7 36.5 49.4

Upstream Chloride Concentration Sensitivity
Analysis

SELDM scenarios 8 and 9 (designated
“CarterLvI2UpstrConcLoc” and “CarterLvI2UpstrConcLoc3,”
respectively) were designed to analyze the value
of local and regional data acquisition of upstream
concentrations of chloride. CarterLvl2UpstrConcLoc2 and
CarterLvI2UpstrConcLoc3 are identical to CarterLvI2 with
the exception of upstream chloride concentrations. For
CarterLvI2UpstrConcLoc2, the statistics used to derive the

population of random upstream chloride concentrations were
calculated from the regional data collected in the greater Bear
Creek watershed as part of this study. This is considered a
more realistic estimate of background chloride concentrations
compared to the regional data used in CarterLvl2 in which
chloride concentrations were taken from a larger geographic
area (the Pacific Northwest). CarterLvI2UpstrConcLoc3 uses
local data and is based on specific conductance data collected
just upstream from the highway-creek intersection and the
specific conductance-chloride relation derived from regional
data to estimate upstream chloride concentration population
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parameters. The use of local data in CarterLvI2UpstrConcLoc3
probably results in a more representative estimate of upstream
concentrations of chloride.

Highway-runoff EMCs of chloride were identical for
all three scenarios (fig. 32) because the highway-runoff
and precipitation parameters were consistent between the
scenarios. Mean and median upstream EMCs of chloride were
small and roughly consistent between all three scenarios,
although EMC:s for scenario CarterLvI2UpstrConcLoc?2
(regional constituent-concentration data from Bear Creek
watershed) were slightly higher than in the other two
scenarios. The smallest upstream EMCs of chloride occurred
with scenario CarterLvI2.

The downstream EMCs of chloride varied moderately
between the three scenarios, with mean values ranging
from about 53 to 73 mg/L and median values ranging from
about 8 to 17 mg/L. The lowest mean values occurred
in CarterLvI2, suggesting that reliance on only national
data would result in an underestimation of downstream
EMC:s of chloride relative to CarterLvl2UpstrConcLoc3.
Conversely, the highest downstream EMCs of chloride from
CarterLvI2UpstrConcLoc2 suggest that a reliance on regional
data from the Bear Creek watershed would result in a modest
overestimation of downstream EMCs of chloride relative to
CarterLvI12UpstrConcLoc3.

The downstream EMCs of chloride outliers in figure
32 are relatively consistent for the three scenarios, and,
consequently, the EMCs for low exceedance probability
events are consistent for all three scenarios (fig. 33). In all
three scenarios the risk for chloride-CMC exceedances (860
mg/L) were between 1 and 1.2 percent, which are close to the
one event in 3-year risk prescribed by the EPA. There were
some larger divergences at higher exceedance probabilities,
but, in general, all three simulations followed the same
pattern. CarterLvI2UpstrConcLoc3 generally estimated the
least variation in downstream EMCs across the full range
of exceedance probabilities, with the exception of extreme
exceedance probability values (above 0.99 and below 0.01).

Annual concurrent runoff loads of chloride from storm
events were moderately variable between the three scenarios
(fig. 34). Annual loads from CarterLvI2UpstrConcLoc2 were
generally higher than loads from scenarios CarterLvI2 and
CarterLvI2UpstrConcLoc3. With the exception of the very
high and very low exceedance probabilities, EMCs tended
to be consistent for all three scenarios. These results show
that the acquisition of local upstream chloride and specific
conductance data did not have a substantial effect on final
concurrent runoff load results. Part of the reason for the lack
of variability in load results is the relative consistency in
upstream EMC:s for all three scenarios. The other important
factor is that a large percentage of the annual load downstream
from the site was derived from highway runoff rather than
streamflow upstream from the intersection. Highway runoff
accounted for between 80 and 92 percent of the annual
concurrent runoff load (table 23). As such, small to moderate
differences in upstream concentrations had relatively little
effect on annual concurrent storm loads.

Highway-Runoff Chloride Concentration
Sensitivity Analysis

SELDM scenario 10 (designated
“CarterLvI2HwyConcLv13”’) was designed to analyze the
value of local-data acquisition of highway-runoff EMCs of
chloride. CarterLvI2HwyConcLvl3 is identical to scenario
2 (CarterLvl2) with the exception of highway-runoff
chloride EMCs. CarterLvI2HwyConcLvl3 uses specific
conductance data collected from I-5 highway runoff
(USGS station 420425122361700) and the specific
conductance-chloride relation derived from the samples
collected from the autosampler on site. The use of local
data in CarterLvI2HwyConcLvl3 should result in a more
representative estimate of highway-runoff EMCs of chloride
than the calculations from CarterLvI2.

Upstream EMCs of chloride were identical for scenarios
CarterLvI2 and CarterLvI2ZHwyConcLvl13 (fig. 35), because
the upstream EMC and precipitation parameters were
consistent between the two scenarios. The highway-runoff
EMC:s of chloride from CarterLvI2HwyConcLvl3 had
substantially less variability and less skew than from
CarterLvI2. This is evident in the ratio of mean to median
values. Whereas the mean highway-runoff EMC of chloride
is more than 1 order of magnitude greater than the median
in CarterLvl2, the mean is less than twice the median in
CarterLvI2HwyConcLvl3. The greater variability and skew in
CarterLvI2 also resulted in a mean highway-runoff EMC of
chloride that was greater than in CarterLvI2HwyConcLvI3, but
a median value that was substantially less (about 54 and 297
mg/L, respectively).

The downstream EMCs of chloride in the two scenarios
resemble the results for the highway-runoff EMCs, but
to a lesser degree (fig. 35). The median value of EMCs
increased from about 8 to 21 mg/L between CarterLv]2 and
CarterLvI2HwyConcLvl3, and the mean decreased from about
53 to 41 mg/L. These results show that without the acquisition
of local highway-runoff chloride data, SELDM estimates of
downstream and especially highway-runoff EMCs would have
greater variability than was observed.

The smaller variability in the downstream EMCs of
chloride for CarterLvI2HwyConcLvI3 is evident in the
chloride EMC exceedance probability plot (fig. 36), in
which the points for CarterLvI2HwyConcLvl3 produce a
much more gradual slope than the results from CarterLvI2.
For CarterLvI2HwyConcLvl3, this results in an exceedance
probability of the chloride CMC used for this study of less
than one-tenth of 1 percent, which easily meets the target
probability of 1.19 percent. These results show not only that
the use of regional rather than local highway-runoff chloride
data would result in a higher probability of exceeding the
study chloride CMC but would also result in a bias of low
chloride EMCs for mid- and high exceedance probabilities
relative to CarterLvI2HwyConcLvI3.
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Figure 32. Highway-runoff, upstream, and downstream event mean concentrations of chloride for scenarios (A) 2 (CarterLvl2),
(B) 8 (CarterLvl2UpstrConcLoc2), and (C) 9 (CarterLvl2UpstrConcLoc3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.
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Figure 33. Exceedance probabilities of downstream event mean concentrations of chloride under
scenarios (A) 2 (CarterLvl2), (B) 8 (CarterLvi2UpstrConcLoc2), and (C) 9 (CarterLvi2UpstrConcLoc3) at
Carter Creek Branch 1 in the Siskiyou Pass, southern Qregon.



Chloride load, in pounds

SELDM Results

1x10° I I I

1x10¢ O

Chloride load, in pounds

| | | |
EXPLANATION i

Scenario and median annual b
concurrent runoff load E

O CarterLvi2—Median is equal to -
5,100 pounds

[ CarterLvi2UpstrConcLoc2—Medi-
an is equal to 6,600 pounds

CarterLvi2UpstrConcLoc3—Medi-
an is equal to 5,200 pounds

1x103 | | |
0.001 0.010 0.100 0.250

0.500 0.750 0.900 0.990 0.999

Exceedance probability

Figure 34. Exceedance probabilities of annual concurrent runoff loads of chloride under scenarios

2 (CarterLvl2), 8 (CarterLvl2UpstrConcLoc2), and 9 (CarterLvI2UpstrConcLoc3) at Carter Creek Branch 1

in the Siskiyou Pass, southern Oregon.

Table 23. Percentage of annual concurrent storm load of chloride represented by highway runoff
for SELDM scenarios 2 (CarterLvl2), 8 (CarterLvl2UpstrConcLoc2), and 9 (CarterLvl2UpstrConcLoc3) in
Carter Creek Branch 1in the Siskiyou Pass, southern Oregon.

Scenario . Input data source of upstream Chloride
Scenario name . -
number chloride concentrations (percent)
2 CarterLv]2 Regional 91.9
8 CarterLv12UpstrConcLoc2 Greater Bear Creek watershed 80.3
9 CarterLv12UpstrConcLoc3 Carter Creek 90.9

59
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SELDM Results 61

Chloride concentration without best management practices

0.999

X0 ¢ N I I I I I I 3
E | ]
C i EXPLANATION ]
b 0o I Scenario and percent exceedance T
I of 860 milligrams per liter b
L M0 e T SRR O CarterLvi2—Percent exceedance | —
2 E ' is equal to 1 E
E © oong o CarterLvi2HwyConcLvl3—Percent | -
3 r “1%n exceedance is equal to 0 b
% i ! -—- Target exceedance—Target is i
2 X0 = : equal to 0.0119 .
E E i -+ Constituent criterion ]
§= u i ]
5 I i ]
g !
5 W | E
(&) - . .
c - | A
S C I ]
o - | -
() - H -
=} ! ’n)'
‘_5 ~ I %00 o
= I %
S e i 000 o
- i ]
C i ]
- i -
- i -
1x10° 1! l 1 1 1 1 1
0.001 0.010 0.100 0.250 0.500 0.750 0.900 0.990
Exceedance probability
Figure 36. Exceedance probabilities of downstream event mean concentrations of chloride under

scenarios 2 (CarterLvl2) and 10 (CarterLvi2HwyConcLvi3) at Carter Creek Branch 1 in the Siskiyou

Pass, southern Oregon.

Annual concurrent runoff loads of chloride from
storm-event probability plots for both scenarios have a similar
pattern to those in the EMC probability plots (fig. 37). Annual
concurrent runoff loads from CarterLvI2HwyConcLvl3
were lower than loads from CarterLvI2 at low exceedance
probabilities, and higher than CarterLvI2 at high exceedance
probabilities. The percentage of annual concurrent runoff
chloride loading was lower for CarterLvI2HwyConcLvl3
(about 90 percent for CarterLvI2HwyConcLvl3 and 92 percent
for CarterLvI12; table 24). For both scenarios, most of the
annual concurrent runoff loading is derived from highway
runoff.

Although local-concentration data provide the most
representative estimates for the Carter Creek sites, data are
not available for most highway sites across Oregon and, even
if data are available at a particular site, these data may not
characterize conditions that occur before a change in highway
management is made. For example, if water-quality data were
collected before the use of NaCl, then the relation of specific
conductance to magnesium, chloride, and sodium would be
different, and the range of specific conductance would be
different. In any simulation, data from a short period must be
used to simulate conditions that may occur over a long period
of time. Total loads can vary substantially from year to year.

For example, Granato (1996) found that deicing applications
varied by a factor of 3.5 over a 4-year period, as did the
number and severity of monitored events, and, therefore,

the sample statistics are likely to vary substantially from
year to year.

Volumetric Runoff Coefficient Sensitivity Analysis

SELDM scenario 3 (designated “CarterLvI2VR3”)
was designed to analyze the value of calculating volumetric
runoff coefficient statistics for highway and upstream runoff.
CarterLvI2VR3 (values based on local volumetric runoff
data) is identical to CarterLvI2 with the exception of the
volumetric runoff coefficient statistics. In SELDM, the default
statistical values for volumetric runoff coefficients are derived
using relations between imperviousness and the volumetric
runoff coefficient statistics. These relations were developed
using national statistics (Granato, 2012). The use the national
statistics assumes a similar set of relations at the site of study
to average national conditions. For instances where the study
site is fairly typical, such an assumption should produce
acceptable volumetric runoff coefficient statistics and preclude
the need to collect local data (highway runoff, upstream flow,
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Figure 37. Exceedance probabilities of annual concurrent runoff loads of chloride under scenarios

2 (CarterLvl2) and 10 (CarterLvi2HwyConcLvl3) at Carter Creek Branch 1 in the Siskiyou Pass, southern

Oregon.

Table 24. Percentage of annual concurrent storm load of
chloride represented by highway runoff for SELDM scenarios
2 (CarterLvl2) and 10 (CarterLvI2HwyConcLvl3) at Carter Creek
Branch 1in the Siskiyou Pass, southern Oregon.

Input data source

Scenario . of highway Chloride load
Scenario name B
number runoff chloride (percent)
concentrations
2 CarterLv]2 Regional 91.9
CarterLvI2Hwy-
10 ConcLv3 Local values 90.0

and precipitation) to calculate local statistics. For instances
where the true volumetric runoff coefficient statistics are
atypical (for example, if pervious pavement were used to
create the roadway), the absence of such data may result in
biased results.

Note that although this scenario evaluates only
volumetric runoff coefficient values, in practice, the collection
of the other, local data needed to calculate volumetric runoff
coefficients would also produce local statistics for upstream
flow, highway runoff, and precipitation. Note also that [-5 in
the study area was surmised to be typical of interstate highway
conditions and likely to produce volumetric runoff coefficients

relatively in line with those derived from national data, with
the minor exception of steeper-than-average slopes having the
potential to result in increased volumetric runoff coefficients.

The volumetric runoff coefficient statistics varied little
between scenarios CarterLvI2 and CarterLvI2VR3 (table 12).
The highway-runoff coefficient statistics for CarterLvI2VR3
had a lower mean and greater standard deviation and skew
compared to CarterLvI2. The relation between CarterLvI2 and
CarterLvI2VR3 was similar for the upstream-runoff coefficient
statistics in which CarterLvI2VR3 had the same mean and a
greater standard deviation and skew compared to CarterLvI2.
These statistics suggest that simulated runoff at both locations
will average lower but contain more variability and more high
outliers (because of greater values of skewness).

The volume of upstream-runoff events was similar at
most exceedance probabilities for both scenarios (fig. 38). At
higher exceedance probabilities (> 0.5), the volume of flow
in CarterLv12 was greater than for CarterLv12VR3. For all
other exceedance probabilities, volumes were similar. These
results suggest that the statistics used to define the population
of upstream volumetric runoff coefficients were similar to the
national distribution. Highway-runoff volumes had a similar
pattern and were consistent between the two scenarios at lower
exceedance probabilities (< about 0.25) but diverged at higher
exceedance probabilities (fig. 39).
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Figure 38. Exceedance probabilities of upstream stormflow volumes under scenarios 2 (CarterLvi2)
and 3 (CarterLvI2VR3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.



64 Assessing the Impact of Chloride Deicer Application in the Siskiyou Pass, Southern Oregon

Highway-runoff flow velume

X0 ¢ I I I I I I I 3
o ]
x10* E
©
2
© 1X10° = —
o E ]
> - -
o - -
§= r 1
> L i
£
3
S 1x10% = —
= E ]
K] C > ]
- C EXPLANATION o ]
Scenario and median event highway- ;
runoff flow volume QQE(;b
1x10' E O CarterLvi2—Median flow is equal to o 1
r 2,8000 cubic feet 8 B
[ | © CarterLvi2VR3—Median flow is 8 o
L equal to 2,000 cubic feet i
1x10° | | | | | | | 9
0.001 0.010 0.100 0.250 0.500 0.750 0.900 0.990 0.999
Exceedance probability
Figure 39. Exceedance probabilities of highway-runoff volumes under scenarios 2 (CarterLvI2) and

3 (CarterLvI2VR3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.

Mean and median upstream and highway-runoff
EMC:s of chloride were identical for scenarios CarterLv12
and CarterLvI2VR3 (fig. 40) because the upstream and
highway-runoff concentration statistics were identical between
the two scenarios. Median downstream EMCs of chloride were
slightly lower for CarterLvI2VR3 than CarterLv12. This small
difference is the result of there being slightly more highway
runoff for CarterLvI2 at lower exceedance probabilities
(fig. 39), resulting in less dilution of highway runoff than was
observed for CarterLvI2VR3. The difference in mean EMCs of
chloride between CarterLv12 and CarterLvI2VR3 was greater
than the difference in median, with CarterLvl2VR3 once again
having a lower value than CarterLvI2.

EMC:s of chloride were consistent between the two
scenarios at most exceedance probabilities (fig. 41). Both
scenarios achieved the study criterion for chloride (1 percent

of event EMCs exceeded 860 mg/L). These results show
that at the Carter Creek Branch 1 study site, the use of
local (level-3) volumetric runoff coefficients results in little
difference in event EMCs for most exceedance probabilities.
The probability plots of annual concurrent runoff loads
of chloride for scenarios CarterLvl2 and CarterLvI2VR3 have
similar slopes (fig. 42) and are relatively consistent at most
exceedance probabilities. The median annual concurrent runoff
loads were equal for both simulations (5,100 pounds). These
results suggest that because the calculated local volumetric
runoff coefficients are close to those provided by the national
equations, the use of local volumetric runoff coefficients
does not result in substantial changes to downstream EMCs,
exceedance probabilities, or annual concurrent runoff loading
estimates.



SELDM Results 65

Chloride concentration

X105 =
= A B E
-8 8 .
o o
- (o) o -
o
1x10* = -
E o 3
C o ]
B ° Q _
— ‘|X103 — —
2 E 3
= — 1 1 =
5 c | o | o ]
g C ]
o L i
& e 8 8 -
= E E
= C 54.3 \ 54.3 .
1S - 1 a
o L -
S Mo = =
© = I ! I ! E
= C ! ; ! ] . ]
g I 280 | ! ! 2.80 ! _
S oL | L | I
S g : : 3
S N ! 1 .
= B ! | a
=) - 1 1 —
e = : _
= ] ] =
- ! ! 3
C , , ]
C , , ]
— 1 1 -
1 1

1x10°? = ! ! =

1x10° | | I |
Highway Upstream Downstream Highway Upstream  Downstream

CarterLvl2 (Scenario 2) CarterLvl2VR3 (Scenario 3)
[Means are equal to 682 / 4.96 / 52.6] [Means are equal to 682/ 4.96 / 63.8]
EXPLANATION

o Upper outlier—Greater than three
times interquartile range

- Three times interquartile range
I 75th percentile
I Median
— 25th percentile
- Three times interquartile range

Figure 40. Highway-runoff, upstream, and downstream event mean concentrations of
chloride for scenarios (A) 2 (CarterLvl2) and (B) 3 (CarterLvI2VR3) at Carter Creek Branch 1in
the Siskiyou Pass, southern Oregon.
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Figure 41. Exceedance probabilities of downstream event mean concentrations of chloride under
scenarios 2 (CarterLvl2) and 3 (CarterLvI2VR3) at Carter Creek Branch 1 in the Siskiyou Pass, southern
Oregon.
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Figure 42. Exceedance probabilities of annual concurrent runoff loads of chloride under scenarios
2 (CarterLvl2) and 3 (CarterLvI2VR3) at Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.
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Best Management Practices Scenario

In addition to the SELDM scenarios developed for
sensitivity analyses, scenario 12 (“CarterLvI3BMP”) was
developed to evaluate the use of best management practices
(BMP) on the distribution of chloride in the Carter Creek
watershed. A BMP that removes chloride from highway runoff
would be cost-prohibitive and unrealistic for application
to highway runoff. Consequently, the BMP modeled in
CarterLvI3BMP used only a hydrograph extension (an
increase in the duration of highway runoff into the intersecting
stream) to alter the chloride distribution. With the exception
of the use of the BMP, CarterLvI3BMP was identical to
CarterLvl3 (the level-3 analysis). By using the level-3 analysis
as a baseline for comparison, the results from CarterLvI3BMP
demonstrated the best estimate of what effect the hydrograph
extension BMP would have on chloride distribution.

The BMP statistics used in SELDM were the median

, Carter Creek level three

hydrograph extension statistics from Granato (2014; table 3).
For the SELDM hydrograph-extension inputs, the medians for
the lower bound of the most probable value, upper bound of
the most probable value, and minimum value were zero; the
median maximum value was 18; and the median Spearman’s
correlation coefficient was 0.45 (see Granato, 2013, for a full
explanation of these terms).

The hydrograph extension resulted in a decrease in the
average dilution factor (more dilution of the highway runoff)
compared to CarterLvI3 (fig. 43). However, the decrease in
the dilution factor did not result in a substantial change in
downstream EMCs of chloride (fig. 44) nor in the annual
concurrent runoff loading of chloride (not shown). The results
suggest that the use of a hydrograph-extension BMP may
result in a slight (less than 1-percent) decrease in peak chloride
concentrations downstream, but that overall EMCs and annual
concurrent runoff loading are unaffected in these simulations.
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Wall Creek

Fewer simulations were run for Wall Creek because few
data were collected at that location compared to Carter Creek.
Consequently, many of the statistics derived for Carter Creek
were directly transferred for use in the Wall Creek simulations.
Although these data are not local (the data are from different
watersheds), the Carter and Wall Creek watersheds were
surmised to be geographically and characteristically similar
enough that these data represent conditions closer to local than
could be expected from most regional data analyses and were
considered local for purposes of this study.

Scenario 13 (designated “WallLvl1”’) assumed no local or
regional data were available for Wall Creek with the exception
of the regional highway-runoff and upstream chloride
concentrations (see section, “Estimation of Water-Quality
Statistics”). Regional chloride data were included because
use of national statistics without such data would have
resulted in an extreme underestimation of chloride EMCs;
many of the highway-runoff statistics are generated from
low- locations without the regular application of deicers.
Because deicing operations have a unique water-quality
signature resulting from application of large masses of
water-quality constituents directly onto the pavement, it is
important to select datasets that represent conditions for
many storm events over the entire year, including wide
variations in normal and deicing conditions. The effects of
deicing may persist in runoff because deicing chemicals leach
from the pavement after seasonal use of deicers has ceased
(Granato and Smith, 1999; Smith and Granato, 2010). Many
highway-runoff monitoring studies in the Highway-Runoff
Database (Granato, 2019) have few storms and, because of the
difficulties involved in the collection of runoff water-quality
data under freezing conditions, do not represent the full range
of seasonal conditions. These limitations may not be critical
for many highway-runoff water-quality constituents but are
an important consideration for selecting datasets to represent
deicing-chemical concentrations.

Scenario 14 (labeled as “WallLv13”) used all available
local data, and regional data when local data were not
available (table 3). WallLvI3 should provide the most
representative estimates of chloride distribution in the Wall
Creek watershed.

Highway EMCs of chloride differed substantially
between scenarios WallLvl1 and WallLvI3 (figs. 45 and
46). WallLv13 estimated a substantially larger median
highway-runoff EMC of chloride than WallLvl1, but a smaller
mean and less variability. Mean and median upstream EMCs
of chloride were similarly small for both scenarios, with
EMCs from WallLvl13 being the larger of the two. Relative to
WallLvl1, mean and median downstream EMCs of chloride
were higher for WallLv13. WallLvll had more variability
and higher levels of skewness in the population of upstream
EMC:s because national and regional data were used. This
higher level of skewness is also evident in the ratio of mean
to median downstream EMCs of chloride. For WallLvl1,
the mean EMC was about six times higher than the median,
whereas for WallLvI3 the same ratio was close to two.

The difference in downstream chloride EMC
variability between the two scenarios is evident in the
plot of exceedance probabilities (fig. 46). WallLvl1 had
substantially more variability than WallLvl13, with higher
EMC:s at low exceedance probabilities and lower EMCs at
higher exceedance probabilities. Both scenarios met the study
chloride criterion of having fewer than 1.19 percent of EMCs
above the 860 mg/L CMC.

Use of only level-1 analyses in WallLvl1 resulted in a
substantial overestimation of upstream flow for all exceedance
probabilities (fig. 47) and overestimation of highway runoff at
low exceedance probabilities (high flows; fig. 48) compared
to WallLvI3. Consequently, annual concurrent runoff loads
of chloride were substantially higher for WallLvl1 than
for WallLvI3 at low exceedance probabilities (fig. 49).
Conversely, the extra streamflow had less effect at high
exceedance probabilities (low flows), resulting in annual
concurrent runoff loads that were higher for WallLvI3 than for
WallLvll. These results suggest that the use of only default
and level-1 SELDM analyses at Wall Creek would result
in a substantial overestimation (relative to WallLv13) in the
variability of annual concurrent runoff loads of chloride,
driven primarily by overestimation of upstream flow and
highway runoff at low exceedance probabilities.
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Figure 46. Exceedance probabilities of downstream event mean concentrations of chloride under
scenarios 13 (WallLvI1) and 14 (WallLvI3) at Wall Creek in the Siskiyou Pass, southern Oregon.
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Figure 47. Exceedance probabilities of stormflow volumes under scenarios 13 (WallLvI1) and
14 (WallLvI3) at Wall Creek in the Siskiyou Pass, southern Oregon.
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Figure 48. Exceedance probabilities of highway-runoff volumes under scenarios 13 (WallLvI1) and
14 (WallLvI3) at Wall Creek in the Siskiyou Pass, southern Oregon.
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Figure 49. Exceedance probabilities of annual concurrent runoff loads of chloride under scenarios

13 (WallLvI1) and 14 (WallLvI3) at Wall Creek in the Siskiyou Pass, southern Oregon.

Carter Creek, Branch 6

One level-3 simulation at Carter Creek Branch 6 was
developed to study the effects of the -5 crossing with Carter
Creek downstream from Branch 1 (scenario 15, designated
“GrCarterLv13” [The “Gr” is an abbreviation for “greater”
Carter Creek]). Inputs to this scenario were identical to those
for scenario 11 (Carter Creek Branch 1 level-3 analysis
CarterLvl13) except for highway hydraulic variables and
upstream basin characteristics.

For this scenario, Oregon State Route 273 was not
considered because it does not receive as much deicer chloride
application as -5, and no runoff chloride-concentration data
were available from the highway. The highway catchment size
was increased to reflect the longer length of [-5 that passes
through the larger drainage area of Branch 6 (fig. 1). For
reference, the percentage increase in highway catchment size
between Branch 1 and Branch 6 was smaller (increase of about
51 percent) than the percentage increase in upstream drainage
area (about 136 percent). Consequently, the proportion
of drainage from highway runoff was less for Branch 6
simulations than for the simulations at Branch 1. Travel time
between [-5 and the analysis point at USGS station 14348430
near Oregon State Route 273 was not considered because

slopes for this watershed are high and distances are short,
suggesting that time of travel between [-5 and USGS station
14348430 is negligible.

Upstream basin characteristics were updated from
CarterLvl3 to reflect the larger watershed. Streamflow
statistics were not updated because all variables are entered
in cubic feet per second per square mile, so the streamflow
parameters scale with the larger drainage area. The percentage
of upstream impervious area was consistent between the two
scenarios (within 1.3 percent), suggesting volumetric runoff
coefficients should be similar, so these values also were
not changed.

The increase in highway catchment area resulted in an
increase in estimated highway runoff from CarterLvl3 to
GrCarterLvl3 (median runoff volume increase of about 180
percent; fig. 50). A smaller increase occurred for upstream
streamflow (median upstream streamflow volume almost
doubled; fig. 51). Upstream and highway-runoff EMCs were
identical between the two scenarios because input variables
were identical (fig. 52). Downstream EMCs were slightly
larger for GrCarterLvl3, which is a result of GrCarterLvl3
having a larger dilution factor (not pictured).



76 Assessing the Impact of Chloride Deicer Application in the Siskiyou Pass, Southern Oregon

The resulting rates of exceedance of the chloride CMC
were similar for GrCarterLvl3 and CarterLvl3, with few of
the simulations exceeding the 860 mg/L CMC (fig. 53)2.
Similar, small increases in CMC exceedances from CarterLv13
to GrCarterLvl3 were seen with magnesium and sodium,
with exceedance probabilities increasing from 0.062 percent
to 0.37 percent, and 20 percent to 25 percent, respectively
(not shown).

The exceedance rate of the chloride CMC was one of
the few simulation statistics that can be compared against
collected data. At USGS station 14348430, the chloride CMC
was exceeded 4 times in 112 events, an exceedance rate of
3.6 percent. In absolute terms (as opposed to relative terms),
this rate of exceedance is within reasonable limits of the
modeled exceedance rate (0.062 percent). However, the odds
of having 4 CMC exceedances in 112 events with a probability
of exceedance of 0.062 percent is below 1 percent. In other
words, it is statistically likely that the modeled rate of CMC
exceedance is lower than the actual rate (>99 percent). This
level of uncertainty in the simulated results for GrCarterLvI3

2For all probability plots, exceedance probabilities range from 0.001 (0.1
percent) to 0.999 (99.9 percent). The three instances for scenario GrCart-
erLvl3 in which the EMCs were simulated above the CMC of 860 mg/L of
chloride do not appear on figure 53 (a larger range of probability values would
be needed to view all results). Figure 53 was not replotted with a greater range
of exceedances to maintain consistency with previous figures.

Upstream flow volume

is expected given the need to extrapolate much of the SELDM
input data from Branch 1 to Branch 6. Limitations of the
modeling are further discussed in section, “Limitations of the
Analyses.”

The median increase in annual concurrent runoff load
of chloride between scenarios CarterLvl3 and GrCarterLvl3
was about 13,500 pounds per year, representing an increase
of about triple the annual load (factor of 2; fig. 54). Median
annual concurrent runoff loads increased by a factor of about
2.3 for magnesium (fig. 55) and 2.4 for sodium (not shown).
Given the uncertainty of the Branch 6 model (fewer local data
available than for Branch 1), the difference between factors
of 2.3 and 2.8 is not substantial. Therefore, the increases in
the three constituents between scenarios can be considered
essentially consistent.

Findings from GrCarterLvl3 demonstrate that the relative
increase in percentage contribution from highway runoff
(table 25) results in higher levels of dilution in downstream
flows, further resulting in slightly larger EMCs and a slightly
larger frequency of CMC exceedances. Downstream annual
concurrent runoff loads are larger, the amount of increase
also being a function of the ratio of water-quality constituent
loading being sourced from highway deicer application to the
constituent being sourced from upstream.
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Figure 51. Exceedance probabilities of stormflow volumes under scenarios 11 (CarterLvl3) at Carter
Creek Branch 1 and 15 (GrCarterLvl3) at Carter Creek Branch 6 in the Siskiyou Pass, southern Oregon.
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Figure 53. Exceedance probabilities of downstream event mean concentrations of chloride under
scenarios 11 (CarterLvI3) at Carter Creek Branch 1 and 15 (GrCarterLvi3) at Carter Creek Branch 6 in
the Siskiyou Pass, southern Qregon.
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Figure 54. Exceedance probabilities of annual concurrent runoff loads of chloride under scenarios
11 (CarterLvl3) at Carter Creek Branch 1 and 15 (GrCarterLvl3) at Carter Creek Branch 6 in the Siskiyou
Pass, southern Qregon.
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Figure 55. Exceedance probabilities of annual concurrent runoff loads of magnesium under

scenarios 11 (CarterLvI3) at Carter Creek Branch 1 and 15 (GrCarterLvl3) at Carter Creek Branch 6 in

the Siskiyou Pass, southern Qregon.

Table 25. Percentage of annual concurrent runoff chloride
load represented by highway runoff for SELDM scenarios 11
(CarterLvl3) and 15 (GrCarterLvl3) in the Siskiyou Pass, southern
Oregon.

Highway-runoff

Scenario Scenario . Chloride load
chloride
number name . (percent)
concentrations
11 CarterLvl3 Local 87.4
15 GrCarterLv13 Local 79.1

Sensitivity Analysis Findings

To compare the relative value of local data collection
to define individual parameter inputs against the value
of using regional data to define inputs, the values from
scenario 2 (CarterLvl2) and 11 (CarterLvI3) were compared
against each sensitivity analysis (table 26). Scenario
results for highway-runoff, upstream, and downstream
EMCs were compared between model simulations, as were
simulated exceedance rates of CMCs and annual concurrent
highway-runoff and downstream constituent loading. In this
manner, the effects of adding local data from any one source

(flow, precipitation, highway-runoff EMCs, upstream EMCs,
or volumetric runoff coefficients) or removing regional data
can be compared.

Results were evaluated against CarterLvl3 (scenario
11), which was developed using the maximum amount of
local data and is considered the scenario most likely to have
produced the best estimates, by calculating the percentage
difference between the scenario of interest and the results
from CarterLvl3 (that is, percentage differences shown
in table 26 were calculated relative to the results from
CarterLvl3). In some instances, scenarios with the inclusion
of local data produced results that were more divergent
from CarterLvl3 than the results from CarterLv12 (scenario
2,which was simulated using all regional data). For example,
results from CarterLv12 show an estimated upstream chloride
EMC of 4.96 mg/L, which is about 19— percent less than
the CarterLvl13 estimate of 6.11 mg/L. The addition of local
precipitation data to CarterLvI2 (scenario 5, CarterLvI2Pcp3)
resulted in an upstream chloride EMC of 4.75 mg/L, which
is about 22 percent less than the CarterLvl3 estimate. This
does not imply that the addition of a particular form of local
data, such as local precipitation in this case, would provide
less-representative results. Although the addition of any one
local dataset may result in values that are less similar to those
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Table 26.
Branch 1in the Siskiyou Pass, southern Oregon.

Results from Stochastic Empirical Loading and Dilution Model (SELDM) sensitivity analyses, scenarios 2-11, Carter Creek

[Table 26 (in the form of Microsoft Excel and .csv files) is available for download at https://doi.org./10.3133/sir20225091.]

from CarterLvl3, the addition of all local datasets should result
in the most representative input. As such, the addition of a

set of local data is more likely to result in improved estimates
than not.

Mean highway-runoff and upstream EMC outputs
were sensitive only to local highway-runoff and upstream
water-quality constituent concentration data. The addition of
precipitation, streamflow, and runoff-coefficient local data
resulted in no or minimal effect on final EMC values. This was
because the population of EMCs are directly simulated from
the population-statistic inputs used in SELDM.

Mean downstream EMC values were affected by all
local data but were most sensitive to the addition of local
streamflow data. For CarterLv12, the mean downstream EMCs
of chloride were 10 percent higher than those from CarterLvI3.
The addition of local streamflow data in CarterLvI2Q3
(scenario 7) resulted in downstream EMCs that were 42
percent larger than in CarterLvl3, a net increase of 32 percent
relative to the CarterLv12 results. The use of local streamflow
data in the study basins resulted in substantially lower flows
than regional estimates of streamflow. This decrease in
streamflow resulted in a higher proportion of highway runoff
in the channel downstream of the confluence with I-5, and
consequently high receiving-water EMCs of chloride, because
highway-runoff EMCs of chloride were much larger than
upstream EMCs of chloride.

Local streamflow data had less effect on downstream
EMCs of magnesium and sodium than on EMCs of chloride.
This relative lack of effect was in large part owing to the
ratio of mean upstream EMCs to highway-runoff EMCs.
Whereas mean highway-runoff chloride EMCs were typically
about two orders of magnitude higher than upstream chloride
EMC:s, the ratios of upstream to highway-runoff EMCs were
much smaller for magnesium and sodium. Consequently, the
proportion of downstream flow represented by highway runoff
had a lesser effect on downstream EMCs. In other words,
because the difference between upstream and highway-runoff
EMCs was greater for chloride than for magnesium and
sodium, the decrease in contribution from upstream (rather
than highway) sources resulted in a smaller increase in
downstream concentrations for magnesium and sodium. The
net effects of local streamflow data on downstream EMCs of
magnesium and sodium were within 1 percent.

Exceedance rates of the CMCs were generally small,
which made analyzing the sensitivity of the exceedance
rates to the introduction of local inputs difficult. For the
study chloride CMC (860 mg/L), exceedance rates were
most sensitive to the introduction of local highway EMCs
of chloride. The CMC exceedance rates from the level-2
and level-3 analyses (scenarios CarterLvl2 and CarterLvl3,

respectively) were about 1 percent and 0.06 percent,
respectively. The introduction of local highway-runoff

EMC:s of chloride resulted in a CMC exceedance rate of zero
(CarterLvI2HwyConcLvl3, scenario 10), which is a net change
of 1 percent. For all other scenarios in which the addition of
local data was simulated, net changes from CarterLv12 were
less than 0.5 percent. The same general findings were true for
magnesium, which also had small CMC exceedance rates. The
exceedance rate of the sodium CMC was most sensitive to the
introduction of local streamflow data (CarterLvI2Q3, scenario
7), which changed the water-quality CMC exceedance rate
from 18 percent (CarterLvI2) to 23 percent.

Annual loading of concurrent highway runoff of chloride
was most sensitive to the addition of local precipitation
data (CarterLvI2Pcp3, scenario 5). The addition of local
precipitation data increased the mean annual loading of
concurrent highway runoff from 4,700 (CarterLvI2) to
8,000 pounds of chloride. In relation to the level-3 analysis
(CarterLvl3), loading calculated in CarterLv12 was 25 percent
less, whereas the loading of chloride in CarterLvI2Pcp3 was
27 percent more, a net change of 52 percent. CarterLvI2Pcp3
also estimated the largest change in annual concurrent
highway-runoff loading relative to CarterLvI3 for magnesium
(from —24 percent to +17 percent for a net change of
41 percent) and sodium (from —29 percent to +13 percent for a
net change of 42 percent).

The introduction of local precipitation in CarterLvI2Pcp3
also produced the largest net percentage changes in
annual concurrent runoff loading of chloride, magnesium,
and sodium. This was expected given the proportion of
downstream annual concurrent runoff loading that is sourced
from the highway, especially for chloride. Net percentage
changes from CarterLv12 to CarterLvI2Pcp3 in relation to
CarterLv13 were 53 percent for chloride, 48 percent for
magnesium, and 42 percent for sodium.

In summary, for Carter Creek Branch 1 EMCs were not
only sensitive to the addition of local highway or upstream
EMC data but also to the addition of local streamflow data.
The exceedance rates for CMCs were most sensitive to local
highway-runoff EMCs. Finally, mean annual concurrent
highway-runoff and downstream loading were most sensitive
to the addition of local precipitation data. The relative
sensitivity of each input can be predicted based on (1) the
magnitude of difference between local data and regional data
used to derive inputs and (2) the dilution factor (proportion
of downstream flow resulting from highway runoff) at the
highway crossing. Table 27 summarizes the qualitative effects
(specific to this study) of each local data source on three
SELDM outputs.
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Table 27.
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Qualitative ratings of effects of the inclusion of local data on various Stochastic Empirical

Loading and Dilution Model outputs for Carter Creek Branch 1 in the Siskiyou Pass, southern Oregon.

[EMC, event mean concentration; CMC, criterion maximum concentration]

Qualitative effect

Local data included Downstream cMC Mean annual
concurrent
EMC exceedance
runoff load
Precipitation Low Low High
Upstream streamflow High Moderate—high Low
Upstream concentrations Moderate Moderate Low
Highway concentrations Moderate—high High Low
Volumetric runoff Moderate Low Low

Annual Constituent Loading

EMC:s of chloride in runoff and meltwater from
impervious areas that have been treated with chloride
deicers and nearby pervious areas receiving plowed snow,
highway runoff, splash, spray, or aerosols from paved areas
are expected to be much greater than local background
concentrations (for example, Howard and Haynes, 1993;
Granato and Smith, 1999; Kunze and Sroka, 2004; Lundmark
and Olofsson, 2007; Corsi and others, 2010a, 2010b; Smith
and Granato, 2010). These greater concentrations were
observed in the measured data from USGS stations 14348430,
420628122360400, and 420423122363100. Some deicer may
be plowed or splashed off the highway and deposited onto
roadside vegetation, infiltrate roadside soils, or be entrained
in the atmosphere. Deicers that run off can enter soil water to
be discharged as groundwater or stormwater at a later date.
Deicers that dry on the road can later be mobilized by traffic
and entrained in the atmosphere. As a result of these potential
pathways, some applied road deicer will reach the stream, but
other deicer will be “lost” from the watershed.

As part of this study, ODOT compiled chloride-deicer
application information along I-5 during the winters of
2016-17 and 2017-18 (hereinafter referred to as 2017 and
2018, respectively; Jon Lazarus, Oregon Department of
Transportation, written commun., 2019). For each application
of NaCl or MgCl,, ODOT drivers recorded the date and time
of application, the pounds of NaCl or gallons of MgCl, applied
per lane mile, the lanes on which the deicer was applied, the
direction of travel (north or south), the total pounds or gallons
used during a given application, the beginning and ending mile
posts for where deicer was applied, and other information that
could be used to ascertain the total amount of chloride deicer
applied within the Carter and Wall Creek highway catchments.
By comparing the amount of chloride, magnesium, and
sodium applied within these watersheds, it is possible to
estimate what percentages of those constituents are migrating
to monitoring sites downstream from the highway.

Annual loads of chloride, magnesium, and sodium
were calculated using the ODOT deicer application logs. For
instances in which data entry was incomplete, a value was
assigned based on the mean value of completed entries. For
example, NaCl deicer application logs without the number of
lanes documented were assigned a lane value of 1.62 based on
the mean number of lanes for completed entries (1,301 entries
of 2 lanes and 794 entries of 1 lane?).

Winter snowfall from 2018 was low compared to
median values from 1991 to 2020 and compared to winter
snowfall from 2017 and 2019 (fig. 56). Data from the Natural
Resources Conservation Service show that peak SWE values
for 2018 (11.9 inch the Big Red Mountain SNOTEL site;
fig. 5), which is about 12 miles west of the Siskiyou Pass,
were less than one-half of values recorded in the winters of
2017 (40.7 inches) and 2019 (31.0 inches), and that SWE
values were low (less than 5 inches) in the winter of 2018 until
late February (fig. 56).

Deicer application data were compared with highway
runoff into Carter Creek Branch 1, streamflow data for
Carter Creek Branch 6, and streamflow data for Wall Creek
for the winter of 2018, which was a year of low snowpack
relative to temporally adjacent winters (table 28). The Carter
Creek Branch 6 highway-runoff water-quality constituent
loading was computed by using the streamflow and specific
conductance values from USGS station 420425122361700
and the specific conductance-chloride, specific
conductance-magnesium, and specific conductance-sodium
relations derived from the water-quality sampling completed at
that site (table 15). The same approach was taken downstream
at the Carter Creek Branch 6 site, using data from USGS
station 14348430. For Wall Creek, specific conductance data
from USGS station 420628122360400 were used. Because
no streamflow data were available for this site, streamflow
data from USGS station 14348430 were estimated using the
drainage area ratio between the two sites. Relations between
specific conductance and chloride, magnesium, and sodium
from USGS station 14348430 were also used.

3(1,301 x 2+ 794 x1) / (1,301+794) = 1.62
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Figure 56. Snow water equivalent values from the Middle Rogue Valley SNOTEL site for water years 2017-19
compared to median value for water years 1991-2020. [Data from the Natural Resources Conservation Service

(2022)]

Because the highway runoff was not measured directly at
either the Carter Creek Branch 6 or Wall Creek sites, annual
highway-runoff loads were calculated by subtracting the
simulated annual loads upstream from the highway from the
annual loads downstream from the highway (eq. 2). Annual
loads upstream from the highway were simulated using
relations between water-quality constituents and specific
conductance, as calculated from regional water-quality
samples (fig. 7). The annual loads calculated from ODOT
deicer application logs can then be directly compared with
annual loads of the water-quality constituents downstream to
calculate the percentage of each constituent that is reaching
the streamgage of interest. Note that the highway of interest
for Carter Creek Branch 6 is -5, not Oregon State Route 273,
so the highway input is that from the crossings of [-5 with
all branches of Carter Creek upstream from USGS station
14348430.

HLype;

=D LWQCi - ULWQCi (2)

where
HLyo;  is the annual load of water-quality constituent
i from the highway,
DLy is the annual load of water-quality constituent
i downstream from the highway, and
ULyoc;  is the annual load of water-quality constituent

i upstream from the highway.

The annual loading results in table 29 are listed left
to right in order of confidence. Results from Carter Creek
Branch 1 are considered the most representative because
data were available for (1) upstream and highway-runoff
specific conductance and (2) highway runoff at this location.
Additionally, water-quality sampling from highway runoff at
Carter Creek Branch 1 allowed for relations to be developed
between specific conductance and all three water-quality
constituents of interest. Conversely, results from Wall
Creek are considered least representative and having the
most uncertainty because only specific conductance data



Table 28.

the Siskiyou Pass, southern Oregon, water years 2017-18.

SELDM Results

Deicer application rates within the highway catchments of Carter Creek Branch 1, Carter Creek Branch 6, and Wall Creek in

[All values are in pounds avoirdupois. Data source: Jon Lazarus, Oregon Department of Transportation, written commun., 2019. Cl, chloride; MgCl,, magne-
sium chloride; NaCl, sodium chloride; Mg, magnesium; Na, sodium; NA, not applicable]

Cl from Mg from Na from
Water year Total CI Total Mg Total Na
MgCl, NaCl MgCl, NaCl MgCl, NaCl
Carter Creek Branch 1
2017 44,400 129,000 173,400 15,300 NA 15,300 NA 112,000 112,000
2018 51,100 32,100 83,200 17,600 NA 17,600 NA 28,000 28,000
Mean values 47,750 80,550 128,300 16,450 NA 16,450 NA 70,000 70,000
Carter Creek Branch 6
2017 11,500 32,700 44,200 3,960 NA 3,960 NA 28,500 28,500
2018 14,100 8,500 22,600 4,870 NA 4,870 NA 7,400 7,400
Mean values 12,800 20,600 33,400 4,415 NA 4,415 NA 17,950 17,950
Wall Creek
2017 27,700 64,100 91,800 9,550 NA 9,550 NA 55,800 55,800
2018 37,000 14,900 51,900 12,700 NA 12,700 NA 13,100 13,100
Mean values 32,350 39,500 71,850 11,125 NA 11,125 NA 34,450 34,450

were available at this location, and all other data were
estimated using relations with the Carter Creek watershed or
regional inputs.

Results from ODOT deicer application logs show that
of the three highway catchments of interest, the most deicer
application occurred in the greater Carter Creek watershed
(Branch 6), which flows downstream to USGS station
14348430. Carter Creek Branch 1 represents a smaller part
of that watershed. About one-quarter of deicer application in
the greater Carter Creek watershed (Branch 6) was sourced
from the section of [-5 that drains into the smaller tributary.
Deicer application loading on the stretch of -5 that drains
into Wall Creek was less than for Carter Creek Branch 6, with
2018 application loading values of chloride, magnesium, and
sodium ranging from about one-half to about 70 percent of the
values recorded in Carter Creek Branch 6.

Lundmark and Olofsson (2007) used a mathematical
model to estimate that approximately 45 percent of deicer
applied to roads was transported through splash and spray
(airborne deposition) on the ground 0—100 meters from the
road (and would likely infiltrate into the ground and not
appear as highway runoff). By comparison, of the chloride
deicer applied to I-5, an estimated 63—65 percent appears in
highway runoff (table 29). The small difference in percentage
between the three highway catchments was likely due in part

to the magnitude of chloride loading, which accounts for more
pounds of constituent than magnesium and sodium combined.
With small annual loads, discrete measurement or model
errors typically result in large percentage errors. For example,
an annual measurement bias of 1,000 pounds of constituent
would represent about a 4 percent measurement error in
chloride application from highway runoff at Carter Creek
Branch 1, but the same 1,000-pound bias would result in about
a 21 percent error in magnesium annual loading from the same
highway catchment.

The 2018 percentage of deicer loading observed in
highway runoff varied much more for magnesium (31 to
69 percent) and sodium (0 to 28 percent). The variation
in magnesium was likely due in part to accounting for the
smallest load in 2018, which is the opposite effect of large
chloride loads as discussed in the previous paragraph.
Additionally, because magnesium is applied in liquid form
as part of MgCl, it may be more likely than NaCl to be
transported either out of the watershed or to a state that
is not readily available for riverine transport (such as soil
infiltration). Consequently, MgCl, may not reach highway
runoff or downstream detection points in some instances,
whereas in other instances it may be applied during storm
events and reach those same detection points in greater
concentrations.
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Within Carter Creek Branches 1 and 6, the 2018
percentage of sodium deicer loading from highway runoff was
relatively consistent (24 to 28 percent). In Wall Creek, about
the same amount of sodium was recorded downstream as was
estimated to have occurred without highway runoff upstream.
This result suggests measurement error at Wall Creek
because it would be unlikely that none of the sodium applied
along [-5 within the Wall Creek watershed would reach
the measurement site downstream. A likely source of this
measurement error is upstream streamflow. An overestimation
of streamflow would result in an increase in the “natural”
loading at the site (‘“natural” in this case meaning loading
without deicer runoff from the highway), which would in turn
result in an underestimation of the highway-runoff loading
because the highway-runoff loading at this site is calculated as
the measured loading minus the natural loading. For reference,
if a similar sodium load per acre of pavement were to run off
in Wall Creek as in the Carter Creek Branch 1 catchment, the
highway loading of sodium from Wall Creek would have been
about 1,600 pounds in 2018, which would represent about 12
percent of the estimated sodium applied as NaCl.

SELDM estimates of mean annual concurrent runoff
loading from highway runoff and mean annual loading
downstream were substantially lower than 2018 loading values
calculated from ODOT deicer application logs or recorded at
USGS streamgages. This difference was because for this study,
SELDM was used to account for concurrent runoff rather than
annual loading*. SELDM calculates loading in this manner in
order to evaluate the influence of highways from storm events
rather than tabulate annual loads that are largely sourced from
background conditions (streamflow upstream from [-5).

The larger annual loading from 2018 compared to
SELDM concurrent runoff at Carter Creek Branch 6 and
Wall Creek was largely a result of loading from upstream
during periods without concurrent flow (no highway runoff).
The differences between loading from the highway site on

4Annual loads can be calculated in SELDM if the “Lake Package” is used.
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Carter Creek Branch 1 (USGS station 420425122361700)
and SELDM results are less obvious because this site
directly measured highway runoff. Several factors may be
relevant here:

1. Specific conductance values tend to be highest at USGS
station 420425122361700 during periods of low flow
(see example in fig. 57). Consequently, some of the high-
est concentrations of chloride, magnesium, and sodium
likely occurred during periods of small highway runoff
that did not qualify as precipitation events (events with
at least 0.1 inches of precipitation) and would thus not
have been categorized as concurrent runoff.

2. USGS station 420425122361700 is located within a
“cloverleaf” surrounded by -5 and its exits and receives
runoff and snowmelt from non-pavement surfaces within
the cloverleaf, which could add to observed loads. Large
amounts of snow, some of which may be compacted
by plowing, also can alter runoff pathways, resulting in
variable contributing areas to the measurement site com-
pared to temperate conditions when snow is not present.

3. As a statistical model, SELDM is designed to estimate
long-term average conditions, not replicate individual
years. Annual streamflow and water-quality character-
istics often vary considerably. With longer monitoring
periods, results could be compared to SELDM outputs in
a more meaningful way, and the results used to ascertain
which input variables might be improved with further
refinement.
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Figure 57. Example of specific conductance and highway-runoff values at U.S. Geological Survey station 420425122361700, Carter

Creek Branch 1in the Siskiyou Pass, southern Oregon, March 7-16, 2018.

Limitations of the Analyses

The analyses described in this report were designed to
produce level-1, level-2, and level-3 estimates of stormwater
flows, concentrations, and concurrent runoff loads from the
Carter and Wall Creek watersheds as well as the road crossings
therein to assess relative contributions of applied highway
deicer for meeting hypothetical water-quality CMCs. When
possible, locally collected data were used. However, when
local data were not available, model inputs were estimated
using regional data. For example, because no streamflow
data were available for the Wall Creek watershed, streamflow
input statistics were estimated using neighboring Carter Creek
data. For a true level-3 analysis, local data would be used for
all inputs.

Additionally, local hydrologic and metrological data
were collected for only a 2-year period as part of this study.
Therefore, inputs such as streamflow and precipitation
variables had a high degree of uncertainty relative to such
data from long-term gaging stations. Although long-term,
local-data collection prior to a study is likely unrealistic,
further studies could provide insight into the level of accuracy
of inputs expected using regional data.

Highway-runoff variables were calculated using
data collected from USGS station 420425122361700 on
Carter Creek Branch 1. For this study, it was assumed that
quantities of highway-runoff and water-quality constituent
concentrations in the runoff from this site were representative
of all sections of I-5. However, highway catchments
may have varying rates of runoff conveyance, water or
deicer application and accumulation, and vehicular-travel
characteristics. Additionally, the drainage area of individual
highway catchment areas may not be consistent from storm to
storm. Clogged stormwater intakes can route highway runoff
into neighboring catchments or away from storm drains and
into pervious areas along the highway. The accumulation of
snow itself can also impede highway runoff. Areas exposed
to more solar input may melt before shaded areas, resulting
in asynchronous rates of highway runoff and the potential
of highway runoff to flow from one highway catchment
to another.

Using the EMC results to evaluate against a hypothetical
CMC may add uncertainty to the analysis. Area precipitation
events typically last about 10—14 hours (table 6), whereas
a CMC is defined for 1 hour. Results in this study were
presented in EMCs because (1) SELDM outputs EMC values
and (2) there is a paucity of hourly water-quality data from
highway runoff, making hourly results less comparable to



those of other study areas. Further research would be needed
to determine the best approach for evaluating a CMC using
EMC results.

Results from the sensitivity analyses are specific to
the locations of each simulation and may not apply to other
locations. More study would be needed to determine how
consistent these sensitivity test results are with what would
be observed in other watersheds, especially watersheds that
have lower elevations and (or) slopes that are less steep;
annual precipitation variables are more consistent along
valley floors or other areas with little topographic variation.
Also, chloride-deicer application rates are likely to vary
considerably in other parts of Oregon. Results should,
therefore, be applied carefully to other areas of the State, and
each setting should be evaluated thoroughly for differences in
hydrological settings and infrastructure conditions.

Summary

The Oregon Department of Transportation (ODOT) relies
on the liquid deicer magnesium chloride and solid deicer
sodium chloride (NaCl) to keep highways snow free to enable
safe and efficient passage for motorists. The use of NaCl is
recent for ODOT and was part of a 5-year pilot study designed
to evaluate the effectiveness of NaCl for improving roadway
conditions and for minimizing adverse environmental impacts
resulting from its application on roadways. Preliminary
findings from the pilot study suggested that the application of
NaCl did not produce observable effects on local vegetation
but resulted in elevated levels of chloride in Carter and Wall

Creeks in the Siskiyou Pass near the Oregon-California border.

The Stochastic Empirical Loading and Dilution Model
(SELDM) estimates combinations of contaminant loads
and concentrations from upstream basins and stormwater
runoff affecting the water quality of receiving streams.
SELDM was used by the U.S. Geological Survey to evaluate
highway-runoff, upstream and downstream event mean
concentrations (EMCs), exceedance rates of hypothetical
criterion mean concentrations (CMCs), and annual concurrent
runoff loading from highway runoff and downstream from the
intersections with Interstate Route 5 for both Carter and Wall
Creeks. (An EMC is a flow-weighted mean concentration for
a rainfall-runoff event. A CMC is an estimate of the highest
concentration of a water-quality constituent to which an
aquatic community can be exposed briefly without resulting in
an unacceptable effect. For this study, non-chloride CMCs are
hypothetical, and not based on known studies.) Additionally,
SELDM was used to evaluate the use of best management
practices (BMPs) to mitigate the effects of using chloride
deicers. SELDM also was used to evaluate the sensitivity
of model results to specific inputs of local data in place of
national default data or regional data.

Local and regional data were collected to improve
model input estimates. Streamflow data were collected on
Carter Creek downstream from the I-5 intersection. Specific
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conductance data were collected in highway runoff from I-5
into Carter Creek Branch 1, upstream from -5 on Carter
Creek Branch 1, downstream at Carter Creek Branch 6, and
downstream from I-5 at Wall Creek. Precipitation data were
collected within the Carter Creek watershed. Autosamplers
were used to collect water samples from highway runoff
within the Carter Creek Branch 1 watershed and also within
the watershed and downstream at Carter Creek Branch 6.
Water samples were evaluated for specific conductance,
chloride, magnesium, and sodium. Additionally, water-quality
samples of specific conductance, chloride, magnesium, and
sodium were collected from 20 random sites in the greater
Bear Creek watershed (in which Carter and Wall Creeks are
tributaries) to provide regional (background) inputs for use in
the model.

When possible, separate sets of SELDM variables were
developed using default national, regional, and local data
(level-1, level-2, and level-3 analyses, respectively). SELDM
inputs were developed for highway site characteristics,
upstream basin characteristics, precipitation statistics,
streamflow statistics, volumetric runoff coefficient statistics,
and water-quality statistics.

Results showed that downstream EMCs of chloride
and magnesium rarely exceeded the hypothetical CMCs
established for this study. Conversely, EMCs of sodium
routinely exceeded the hypothetical sodium CMC established
for this study. Downstream EMCs for all three water-quality
constituents were substantially larger than upstream EMCs,
indicating that highway runoff is a dominant driver in
downstream EMCs. Additionally, mean EMCs were typically
much higher than median EMCs, especially for chloride. This
shows the highly skewed nature of the EMC populations, with
a few relatively high-valued EMCs able to skew mean values
to as much as an order of magnitude higher than median
values for downstream EMCs, and above two orders of
magnitude higher for highway-runoff EMCs.

In general, level-3 analyses tended to produce much less
variability in estimated EMCs than level-1 or level-2 analyses.
This is because model inputs from level-1 and two analyses
are typically from a wider range of conditions than the model
inputs developed from the local data acquired for a level-3
analysis.

Eight SELDM scenarios (scenarios 3—10) were developed
to evaluate the sensitivity to the presence or absence of
local or regional data inputs. In general, local water-quality
statistics and streamflow were more influential to estimated
EMCs than were other SELDM input statistics. The inclusion
of local precipitation data was influential on highway-runoff
and downstream mean annual concurrent runoff load SELDM
estimates. (Concurrent runoff is the runoff that occurs when
there is measurable runoff in both the stream and from the
highway, as measured downstream from the highway.) The
inclusion of local data had the least influence on exceedance
rates of CMCs, but CMCs were most sensitive to the inclusion
of local highway-runoff EMC data relative to other model
parameters.
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The inclusion of a hydrograph extension BMPs resulted
in more dilution of highway runoff (a smaller dilution factor)
but had no effect on annual concurrent runoff loading of
water-quality constituents. The BMP simulations show that
a hydrograph extension BMP may result in a slight decrease
in peak water-quality constituent concentrations but provide
no other benefit to downstream water-quality conditions.
Water-quality treatment by structural BMPs (facilities
that help to prevent pollutants in stormwater runoff from
leaving an area and impacting local waterways) was not
simulated because deicing-constituent concentrations are not

substantially changed by processes achievable with commonly

used BMP designs.

All SELDM results, including sensitivity analyses, are
site-specific. For example, at a hypothetical location where
regional streamflow data could be used to accurately predict
upstream streamflow, the inclusion of local streamflow
data would have less influence on model results than was
observed in this analysis of Carter Creek. The inclusion of

local precipitation data was predicted to improve model output

based on the typically high variability of precipitation data
at high elevations in mountainous terrain. SELDM results
demonstrated that in future studies, preliminary local-data
acquisition may be used to ascertain which model inputs
are likely to have a high level of variability compared to
regional data. In such a manner, the acquisition of local
data could be tailored to those inputs most likely to affect
results. The identification of which local data to collect can
also be informed by the amount of dilution expected. Thus,
SELDM can be used to save time and resources that would
have otherwise been spent on long-term data collection and
analysis.
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