
Risk Analysis, Vol. 42, No. 2, 2022 DOI: 10.1111/risa.13762

System Analysis of Wildfire-Water Supply Risk in Colorado,
USA with Monte Carlo Wildfire and Rainfall Simulation

Benjamin M. Gannon,1,∗ Yu Wei,1 Matthew P. Thompson,2 Joe H. Scott,3

and Karen C. Short4

Water supply impairment from increased contaminant mobilization and transport after wild-
fire is a major concern for communities that rely on surface water from fire-prone watersheds.
In this article we present a Monte Carlo simulation method to quantify the likelihood of wild-
fire impairing water supplies by combining stochastic representations of annual wildfire and
rainfall activity. Water quality impairment was evaluated in terms of turbidity limits for treat-
ment by modeling wildfire burn severity, postfire erosion, sediment transport, and suspended
sediment dilution in receiving waterbodies. Water supply disruption was analyzed at the sys-
tem level based on the impairment status of water supply components and their contributions
to system performance. We used this approach to assess wildfire-water supply impairment
and disruption risks for a system of water supply reservoirs and diversions in the Front Range
Mountains of Colorado, USA. Our results indicate that wildfire may impair water quality
in a concerning 15.7–19.4% of years for diversions from large watersheds. Reservoir impair-
ment should be rare for off-network reservoirs—ranging from at most 0.01% of years for
large reservoirs to nearly 2% of years for small reservoirs. System redundancy meaningfully
reduced disruption risk for alternative conveyance routes (4.3–25.0% reduction) and almost
eliminated disruption risk for a pair of substitutable terminal sources (99.9% reduction). In
contrast, dependency among reservoirs on a conveyance route nearly doubled risk of disrup-
tion. Our results highlight the importance of considering water system characteristics when
evaluating wildfire-water supply risks.
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1. INTRODUCTION

Wildfire is a growing concern in source water
management due to recent high-profile incidents
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of infrastructure and water quality impairment and
predictions that similar events will become more fre-
quent and severe in regions with projected increases
in wildfire activity (Hallema et al., 2019; Martin,
2016; Sankey et al., 2017; Smith, Sheridan, Lane, Ny-
man, & Haydon, 2011). This concern has motivated
diverse efforts to characterize wildfire-water supply
risks. Global and regional assessments have built
awareness of where wildfire poses the greatest threat
to water supplies by combining measures of fire
activity, watershed response, and water utilization
to map relative indices of risk (Robinne et al., 2018,
2019; Thompson , Scott, Langowski et al., 2013).
Local assessments have gravitated toward coupled

406 0272-4332/22/0100-0406$22.00/1 © 2021 Society for Risk Analysis. This
article has been contributed to by US Government employees and their
work is in the public domain in the USA.

http://crossmark.crossref.org/dialog/?doi=10.1111%2Frisa.13762&domain=pdf&date_stamp=2021-06-08


System analysis of wildfire-water supply risk… 407

wildfire-watershed models to help communities
quantify risk and mitigation effectiveness in terms
of reservoir sedimentation and associated costs
(Buckley et al., 2014; Elliot, Miller, & Enstice, 2016;
Gannon et al., 2019; Jones et al., 2017). In contrast,
risk of water quality impairment (hereafter “impair-
ment risk”) remains poorly quantified despite recog-
nition that source impairment is usually the most
significant short-term water management challenge
after wildfire (Sham, Tuccillo, & Rooke, 2013). Most
worrisome is the potential for wildfire to disrupt mu-
nicipal water supply (hereafter “disruption risk”) by
severely impairing one or more critical sources.
Analyzing disruption risk would benefit from
improvements to physical modeling of contaminant
mobilization, transport, and dilution to assess water
supply impairment (Nunes et al., 2018; Rhoades,
Nunes, Silins, & Doerr, 2019) and a systems per-
spective to evaluate impairment consequences for
communities with multiple sources (Haimes, 2012).

Wildfire-related increases in sediment, carbon,
nutrients, metals, and other contaminants can render
water expensive or unfit to treat at high concentra-
tions (Abraham, Dowling, & Florentine, 2017; Nunes
et al., 2018; Rust, Saxe, McCray, Rhoades, & Hogue,
2019; Smith et al., 2011). Water erosion is the domi-
nant process mobilizing postfire contaminants, espe-
cially in montane watersheds (Abraham et al., 2017;
Nunes et al., 2018; Smith et al., 2011). In our study
region, surface water collection and treatment sys-
tems are poorly adapted to high concentrations of
suspended sediment, which can interfere with con-
veyance, filtration, and treatment (Sham et al., 2013;
Smith et al., 2011). Suspended sediment is also a rea-
sonable proxy for other contaminants because car-
bon and nitrogen tend to mobilize in response to
the same intense rainfall that triggers erosion (Mur-
phy, Writer, McCleskey, & Martin, 2015) and be-
cause some contaminants, such as phosphorus, are
adsorbed to the transported sediments (Smith et al.,
2011). Evaluating impairment in terms of contami-
nant concentration limits for treatment provides a
clear means to account for varying water supply sus-
ceptibility owing to the effect of water body size
on concentration (Nunes et al., 2018; Smith et al.,
2011). Recently, Robinne et al. (2019) addressed im-
pairment susceptibility using a distance-based decay
function that approximates the trend of increasing
dilution with watershed size. Alternatively, quanti-
tative predictions of postfire contaminant loads can
be used to evaluate water quality impairment by cal-
culating contaminant concentrations in the receiv-

ing waterbody and comparing them to common wa-
ter quality standards (Murphy et al., 2015; Smith
et al., 2011) as has been demonstrated for debris flow-
generated sediments in Australia (Langhans et al.,
2016).

The threshold dependent nature of water qual-
ity impairment implies that it is important for risk
assessment to account for the spatial and temporal
intersections of wildfire and rainfall activity with suf-
ficient magnitudes to mobilize problematic quantities
of contaminants into source water bodies. Jones, Ny-
man, and Sheridan (2014) estimated the frequency
of wildfire intersections with rainstorms above a typ-
ical threshold for debris flow occurrence in Aus-
tralia using a germ-grain model, but did not con-
sider the spatial variability in erosion and sediment
transport potential to water supplies that other stud-
ies suggest is considerable in heterogenous water-
sheds (e.g., Elliot et al., 2016; Gannon et al., 2019).
Monte Carlo simulation of discrete wildfire events
provides an alternative means to describe the spatial
and temporal variability in watershed area burned
and effects (Haas, Thompson, Tillery, & Scott, 2017;
Thompson, Gilbertson-Day, & Scott, 2016; Thomp-
son, Scott, Kaiden, & Gilbertson-Day, 2013) includ-
ing water quality outcomes (Langhans et al., 2016). In
our study region, the intense summer thunderstorms
that are responsible for most erosion (Benavides-
Solorio & MacDonald, 2005; Moody & Martin, 2009)
are also highly variable in space and time (Kampf,
Brogan, Schmeer, MacDonald, & Nelson, 2016; Mur-
phy et al., 2015). Previous risk assessments have ad-
dressed rainfall variability by reporting watershed re-
sponse predictions for several rainfall return inter-
vals (Gannon et al., 2019; Haas et al., 2017; Jones
et al., 2017), but accounting for spatial and tempo-
ral wildfire and rainfall activity in a combined Monte
Carlo analysis would more accurately convey how
variability in the major stochastic drivers combine
to influence erosion and contaminant concentrations.
Event-based Monte Carlo methods are particularly
attractive for their ability to simulate frequency dis-
tributions of disturbance magnitudes that can be used
for traditional engineering risk and reliability analy-
ses (Singh, Jain, & Tyagi, 2007).

Wildfire-water supply risk assessment has so far
lacked a systems perspective for evaluating the con-
sequences of water quality impairment despite the
demonstrated utility of alternative sources for mod-
erating wildfire impacts (Writer et al., 2014) and rec-
ommendations for this as an approach to engineer
water system reliability (Martin, 2016; Murphy et al.,
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2015; Sham et al., 2013). Event-based Monte Carlo
simulation of wildfire and rainfall is well suited for
systems risk analysis because wildfire activity and re-
sulting postfire water quality can be tracked across
component water supplies to determine their impair-
ment states, and the resulting consequence for system
performance can be evaluated in light of the compo-
nent states and functions (Haimes, 2012). The criti-
cal contribution of event-based simulation is to de-
fine the joint probabilities of impairment across sys-
tem components, which would take centuries to ac-
curately define from observational data. The systems
framework can represent both redundancies, such as
alternative water sources, and dependencies, such as
conveyance paths with multiple impact points. Ac-
counting for these functional relationships should im-
prove risk assessment for complex water systems and
provide a means to evaluate the effects of opera-
tional or infrastructure changes on system reliability.

Here we demonstrate an event-based Monte
Carlo risk analysis to estimate the probability of wa-
ter impairment and system supply disruption for a
multisource water system in Colorado. To account
for key uncertainties, we combined 10,000 years of
stochastically simulated wildfire and rainfall activ-
ity to model poststorm turbidity for water supply
streams and reservoirs with coupled burn severity,
erosion, and sediment transport models. We then as-
sessed impairment risk for individual water supplies
as the annual probability of exceeding suspended
sediment standards for water treatment. System sup-
ply disruption was assessed by evaluating whether
water demands can be met based on water supply
impairment states and contributions to system per-
formance. We applied this framework to assess dis-
ruption risk for subsystems with redundancy and de-
pendency to illustrate how wildfire risk may either
be mitigated or magnified by the functional relation-
ships between water system components.

2. METHODS

2.1. Water System

The study water system is in the Front Range
Mountains of Colorado, United States. The names
of the communities, infrastructure, and other geo-
graphic features within the analysis area are withheld
for security reasons. The water system consists of
the primary diversion for a community and the con-
veyance system and terminal reservoirs for a regional

water project that supplements the community’s pri-
mary source (Fig. 1; Table I). The total upland con-
tributing area to the system is 2,127 km2. Elevation
ranges from 1,616 to 4,343 m above sea level. The
watersheds are steep; 68.5% of the area is greater
than 20% slope and 29.2% is greater than 40% slope.
The climate is continental with warm dry summers
and cold winters. Total annual precipitation, which
increases with elevation, ranges from 351 to 1325
mm (PRISM, 2014). Snow amount and seasonality
varies widely across the study area; average snow
persistence between January 1st and July 3rd ranges
from 10.7% in the low foothills to 93.6% in the high
mountains (Moore, Kampf, Stone, & Richer, 2015).
Thunderstorms between June and October provide
the majority of erosive power (Benavides-Solorio &
MacDonald, 2005). Forest is the dominant land cover
(73.1%) followed by barren alpine (9.6%), grassland
(7.8%), and shrubland (7.0%) (LANDFIRE, 2016).
The Colorado Front Range has a history of wind-
driven fires that have burned large areas at moderate
and high severity resulting in problematic erosion,
reservoir sedimentation, and degraded water qual-
ity (Graham, 2003; Moody & Martin, 2001; Murphy
et al., 2015; Oropeza & Heath, 2013; Wagenbrenner,
MacDonald, & Rough, 2006).

2.2. Monte Carlo Simulation

Probability of exceeding water quality thresh-
olds for treatment and conveyance was assessed
with Monte Carlo simulation of poststorm suspended
sediment concentration (SSC) over 10,000 years of
stochastic wildfire and rainfall (Fig. 2). Wildfire ac-
tivity was modeled using a combination of stochas-
tic wildfire perimeters from the Large Fire Simula-
tor (FSim; Finney, McHugh, Grenfell, Riley, & Short,
2011) to describe wildfire occurrence in space and
time, and static predictions of crown fire activity
from FlamMap 5 (Finney, Brittain, Seli, McHugh,
& Gangi, 2015) to characterize the spatial variabil-
ity in burn severity within fire perimeters. Interan-
nual variability in rainfall was represented by ran-
domly resampling historical records (Perica et al.,
2013). Postfire hillslope erosion was modeled at an
annual time step with a geographic information sys-
tem (GIS) implementation (Theobald, Merritt, &
Norman, 2010) of the Revised Universal Soil Loss
Equation (RUSLE; Renard, Foster, Weesies, Mc-
Cool, & Yoder, 1997) adjusted for postfire prediction
in mountainous terrain (Gannon et al., 2019). Sedi-
ment transport to infrastructure was estimated with
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Fig 1. The study water system con-
sists of six conveyance reservoirs (CR),
two terminal reservoirs (TR), one con-
veyance diversion (CD), and one ter-
minal diversion (TD). The major con-
veyance paths and reservoirs are cyan.
Burn probability (BP) depicts the ex-
pected annual likelihood of wildfire ac-
tivity across the water system.

Fig 2. Stochastic components are bold
with light grey fill. Annual average
poststorm SSC was simulated based on
spatially and temporally varying wild-
fire activity with FSim, static estimates
of crown fire activity to approximate
burn severity with FlamMap, and tem-
porally varying rainfall from resampled
historical records. Annual postfire sed-
iment load was estimated by linking
RUSLE with hillslope and channel sed-
iment delivery ratio models. Average
annual poststorm SSC was calculated
by dividing the annual sediment load
by the number of sediment-generating
storms and evenly mixing the average
storm sediment load in the receiving
water body volume.

hillslope and channel sediment delivery ratio mod-
els (Frickel, Shown, & Patton, 1975; Wagenbrenner
& Robichaud, 2014) adapted to the study site. Av-
erage annual poststorm SSC was calculated by di-
viding the annual sediment load by the number of
sediment-generating storms and evenly mixing the

average storm sediment load in the receiving water
body volume.

2.2.1. Fire Perimeters

Fire occurrence was simulated with FSim
(Finney et al., 2011), which models large fire occur-
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rence, growth, and containment over many hypothet-
ical fire seasons. Daily large fire occurrence is deter-
mined in FSim as a function of an artificial time series
of the National Fire Danger Rating System Energy
Release Component (ERC) calibrated with time
series analysis of historical weather data. Fire growth
is modeled using the minimum travel time algorithm
(Finney, 2002) based on current fuels and topogra-
phy (LANDFIRE, 2016), and daily fuel moisture,
wind speed, and wind direction. Daily wind speed
and direction are drawn randomly from their his-
torical joint probability distribution by month. Fire
containment is modeled based on primary fuel type
and daily fire growth metrics (Finney, Grenfell, &
McHugh, 2009). We used fire perimeters simulated
with FSim over 10,000 hypothetical fire seasons from
a separate effort to update the U.S. national proba-
bilistic wildfire risk components (Short, Finney, Scott,
Gilbertson-Day, & Grenfell, 2016). For this applica-
tion, FSim was calibrated to approximate the his-
torical fire size distribution and rate of burning by
biophysical region. FSim treats fuels as stationary,
so modeled wildfire activity should be interpreted as
representing 10,000 possible realizations of the next
fire season. The simulation year was used here only
as a reference for tracking postfire erosion over mul-
tiple years of watershed recovery.

2.2.2. Rainfall

Two annual rainfall metrics were employed to
model average storm sediment yields: rainfall erosiv-
ity was used to predict annual sediment yield from
hillslope erosion (Renard et al., 1997), and the num-
ber of storms exceeding intensity thresholds for ero-
sion (Wilson, Kampf, Wagenbrenner, & MacDonald,
2018) was used to estimate the average storm sed-
iment yield. Both metrics were represented in the
analysis by randomly sampling historical records by
station to generate 10,000 years of representative
rainfall activity. The historical data are from 11 rain-
fall gages located in the Colorado Front Range (Per-
ica et al., 2013) that were assembled for a separate
study of storm-level thresholds for erosion (Wilson
et al., 2018). The individual station records are from
the period 1971–2010 and the combined records ac-
count for 403 station-years of observations. We fo-
cused on rainfall during May through October be-
cause greater than 90% of hillslope erosion in the
region is associated with intense summer rainfall
(Benavides-Solorio & MacDonald, 2005). Rainfall
erosivity, also called “rainfall-runoff erosivity,” is cal-
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culated as the product of storm maximum rainfall
intensity and kinetic energy per unit area (Renard
et al., 1997), which represent the dual triggers of hills-
lope erosion: sediment detachment and transport via
surface runoff. For the historical data used in this
analysis, annual May through October rainfall ero-
sivity varies between 25 and 58,468 MJ mm ha−1 h−1

with a mean of 684 MJ mm ha−1 h−1. This extreme
variability is consistent with previous reports that lo-
cally powerful convective thunderstorms are respon-
sible for the majority of erosion in the region (Kampf
et al., 2016; Murphy et al., 2015; Robichaud, Lewis,
Wagenbrenner, Ashmun, & Brown, 2013; Wagen-
brenner et al., 2006). The 2, 10, and 100-year return
interval rainfall intensities (60-min duration) calcu-
lated from the pooled station-year records are 15.6,
33.1, 91.4 mm/h, respectively. The associated num-
ber of sediment-generating storms was determined
as the count of rainfall events that meet or exceed
the 7 mm/h rainfall intensity threshold identified for
postfire erosion in the study region by Wilson et al.
(2018). The mean and maximum of the pooled obser-
vations are 4 and 18 sediment-generating storms per
year during May through October.

2.2.3. Burn Severity

Crown fire activity (CFA) (Scott & Reinhardt,
2001) was modeled using FlamMap 5.0 (Finney et al.,
2015) as a proxy for soil burn severity like previous
studies (Gannon et al., 2019; Haas et al., 2017; Tillery,
Haas, Miller, Scott, & Thompson, 2014) by mapping
surface fire, passive crown fire, and active crown fire
behavior to low, moderate, and high burn severity,
respectively. Most area burns in the Colorado Front
Range during dry and windy conditions (Graham,
2003), so CFA was modeled for 3rd percentile (low)
fuel moisture (1-h 2%, 10-h 3%, 100-h 6%, herba-
ceous 30%, woody 63%) and 97th percentile (high)
mean 1-min wind speed (39 km/h at 6 m) for the
core fire season (April 1st–October 31st) from three
Remote Automated Weather Stations located in the
study area. Fuel moisture and wind speed percentiles
were calculated with FireFamilyPlus 4.1 (Bradshaw
& McCormick, 2000) and wind speed was converted
from a 10-min to 1-min average based on Crosby and
Chandler (1966). The wind blowing uphill option was
used in FlamMap to represent a consistent worst-case
scenario across aspects.

2.2.4. Watershed Modeling

The mass of postfire sediment delivered to wa-
ter supplies was estimated at an annual time step
by linking models of hillslope erosion, hillslope sed-
iment transport, and channel sediment transport as
described in Gannon et al. (2019) with minor mod-
ifications (Figs. 2 and 3). A summary is presented
here with details reserved for the Appendix. The
NHDPlus watershed network and digital elevation
model were used to represent the spatial topology
between sediment-producing uplands and water sup-
plies (USEPA and USGS, 2012). Gross hillslope ero-
sion was modeled for each burned pixel for the first
three years following fire with a GIS-implementation
of RUSLE (Theobald et al., 2010) by adjusting the
cover and soil erodibility factors to reflect postfire
conditions by burn severity and vegetation recov-
ery over time (Gannon et al., 2019; Larsen & Mac-
Donald, 2007). The proportion of sediment deliv-
ered from each pixel to the stream network was es-
timated with an empirical model of postfire hills-
lope sediment delivery ratio (SDR) from the western
United States (annual length ratio model; Wagen-
brenner & Robichaud, 2014), which accounts for de-
clining transport efficiency with increasing distance
from streams. To roughly calibrate this component of
the model to local sediment yields from small catch-
ments (Wagenbrenner & Robichaud, 2014), we dou-
bled the predicted SDR. Sediment was then summed
for each catchment and routed down the flowline net-
work to water supply nodes based on a simple chan-
nel SDR model (Frickel et al., 1975) adapted to the
channel types in the study area to reflect increasing
transport efficiency with stream order due to increas-
ing flows and declining roughness. Model evaluation
is presented in the Appendix.

Annual sediment load from wildfire was con-
verted to average poststorm SSC in three steps. First,
we adjusted our sediment predictions to reflect that
approximately 35% of the mass should contribute
to the suspended load based on postfire erosion and
streamflow monitoring in or near the study region
(Ryan, Dwire, & Dixon, 2011; Schmeer, 2014). The
average storm suspended sediment load was then cal-
culated by dividing the annual suspended load by the
number of sediment-generating storms from the re-
sampled rainfall records. Third, we calculate SSC for
the average storm using standard daily load calcu-
lations for either the reservoir or stream daily flow
volume (Table I) to reflect that, in this region, post-
fire SSC rises to concerning levels for short peri-
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Fig 3. The watershed modeling workflow is demonstrated for a 5,234 ha fire from year 1,610 of the Monte Carlo simulation. Panel A shows
the modeled burn severity. Panel B maps the first-year postfire erosion of fine sediments for a rainfall erosivity of 735 MJ mm ha−1 h−1 from
the resampled historical records. Panel C shows the combined hillslope and channel sediment delivery ratio (SDR). Panel D depicts the
annual sediment contributed from each pixel to the conveyance diversion. The total postfire sediment load to the diversion in the first-year
postfire is 34,689 Mg, which is distributed over six sediment producing storms in the season for an average storm load of 5,781 Mg. For a
mean daily flow volume of 4.73×108 lpd, the average poststorm SSC is estimated at 12,218 mg/L with an associated turbidity of 10,476 NTU.

ods (hours to days) following rainstorms (Oropeza &
Heath, 2013; Sham et al., 2013). Lastly, we convert
from SSC (mg/L) to turbidity in nephelometric tur-
bidity units (NTUs) for ease of comparison with
water treatment limits using an empirical equation
developed from postfire monitoring of a nearby wa-
tershed (Equation 1; Murphy et al., 2015).

Turbidity = SSC − 2.84
1.166

(1)

2.3. Risk Analysis

For individual infrastructure components, proba-
bility of impairment was calculated as the frequency
of annual turbidity exceedances over the total num-
ber of simulation years. We considered water quality
impaired when turbidity exceeded 100 NTU based on
recent postfire water operations in the study region
(Writer et al., 2014). The wildfire and watershed com-

ponents of the Monte Carlo simulation (Fig. 2) make
reasonable predictions of postfire sediment yields in
this region (see Appendix for model evaluation),
but the assumptions required to estimate SSC add
additional levels of uncertainty. To assess risk met-
ric sensitivity to data and model uncertainties, we
also calculate impairment probabilities for 10 NTU
and 1,000 NTU impact thresholds assuming the sus-
pended sediment predictions are unlikely to be more
than an order of magnitude off in either direction.

To examine system level risks from water quality
impairment, we focused on four subsystems that rep-
resent examples of redundancy and dependency. For
each subsystem, the number of impaired components
was tracked on an annual basis and the consequences
of impairment were interpreted in light of the subsys-
tem function as follows:

(1) Redundant sources (TD and TR2) can meet
the dependent community’s water demand if
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Table II. Frequency of fire by Watershed Area Burned and Conditional Statistics on Annual Area Burned. * Of the Burnable
Contributing Area Conditional on Fire Occurrence

Code Frequency by Watershed Area Burned (% of Years) Conditional Watershed Area Burned (ha)

> 0 ha > 100 ha > 1,000 ha > 10,000 ha > 20%* > 50%* Median Mean Max SD Skew

CR1 0.82 0.24 0.00 0.00 13.41 7.32 27 120 918 202 2.4
CR2 0.33 0.06 0.00 0.00 60.61 54.55 57 48 101 39 0.1
CR3 8.38 2.85 0.89 0.01 1.07 0.00 31 397 12,100 1,124 5.4
CR4 0.94 0.00 0.00 0.00 100.00 100.00 1 1 1 0 NA
CR5 1.92 1.22 0.00 0.00 58.85 39.06 214 327 795 303 0.5
CR6 1.62 1.01 0.00 0.00 59.26 40.74 218 255 615 229 0.4
CD 19.36 8.99 3.96 0.49 1.70 0.05 78 1,147 33,445 3,130 4.9
TD 27.14 10.75 3.89 0.37 0.22 0.00 46 730 31,177 2,313 6.4
TR1 1.21 0.67 0.00 0.00 55.37 30.58 154 227 979 262 1.8
TR2 2.41 1.20 0.48 0.00 24.90 9.54 95 502 3,447 778 1.9

at least one source is operating at full capacity.
Therefore, water shortage only occurs if both
sources are impaired in the same year.

(2) Conveyance path 1 (CR1 → CR2 → CR3
→ CR4 → CR5 → CR6) is the primary
conveyance path for a regional water project
that distributes water to several terminal reser-
voirs including TR1 and TR2. The conveyance
reservoirs were considered nodes at which im-
paired water may disrupt conveyance.

(3) Conveyance path 2 (CR1 → CR2 → CR3 →
CD) is an alternative conveyance path that by-
passes CR4, CR5, and CR6.

(4) Redundant conveyance (paths 1 and 2) pro-
vides operational flexibility to deliver water to
TR2. System performance was assessed on an
annual basis using the least impaired path.

3. RESULTS

3.1. Wildfire Occurrence

A total of 5,741 FSim fires intersected the study
watersheds. Including area burned outside the water-
sheds, their sizes ranged from 2 to 131,922 ha with
a median of 59 ha and mean of 1,758 ha. The low
to mid elevations are predicted to burn more fre-
quently than the high elevations owing to variation
in fuels and climate (Fig. 1). The area just upstream
of TD has low predicted burn probability because fu-
els were recently reduced by wildfire. Wildfire is pre-
dicted to occur most frequently and to impact the
greatest area in the large watersheds associated with
the on-network diversions—CD and TD (Fig. 1; Ta-
ble II). Wildfires occurred in 19.4% of years in the

CD watershed and 27.1% of years in the TD wa-
tershed. The other on-network water supply, CR3,
was exposed to much less wildfire activity because
of its smaller watershed and the lower frequency of
burning at higher elevations (Fig. 1; Table II). Pre-
dicted wildfire activity is low in the local contributing
areas to the off-network reservoirs (Table II). TR2
was the most-frequently exposed off-network water
supply (2.4% of years), because of its moderate con-
tributing area and low elevation. Only four water
supplies—CR3, CD, TD, and TR2—were exposed to
more than 1,000 ha fire in single year. Greater than
10,000 ha of annual fire activity was only observed
for the three on-network water supplies—CR3, CD,
and TD—and this level of burning was very rare (Ta-
ble II). Only CD and TD experienced greater than
30,000 ha burned in a year. Although off-network
water supplies were rarely exposed to fire, propor-
tionally more of their watersheds were affected when
they did burn (Table II).

3.2. Burn Severity and Suspended Sediment

Fire effects on water supplies are predicted to
differ considerably across the study area due to vari-
ability in fuels and topography that influence burn
severity, soils, and topography that affect hillslope
erosion, and proximity to water supplies that controls
sediment transport efficiency (Fig. 4). Low, moder-
ate, and high severity burning is predicted to occur on
24.4%, 16.5%, and 44.4% of the study area, respec-
tively. The remaining 14.7% of the study area is non-
burnable cover (barren alpine, water, urban, etc.).
Watershed area burned at moderate and high sever-
ity ranged between 38.6% to 78.6% by water supply.
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Fig 4. Predicted contribution of sus-
pended sediment to water supplies dur-
ing the first-year postfire under median
annual rainfall erosivity (403 MJ mm
ha−1 h−1). The major conveyance paths
and reservoirs are cyan.

For median May through October rainfall erosivity
(403 MJ mm ha−1 h−1), fire is predicted to increase
erosion between 0 and 100 Mg/ha with a mean of
23.0 Mg/ha and a standard deviation of 32.0 Mg/ha.
The associated mean production of fine sediments
contributing to the suspended load is 8.1 Mg/ha. A
substantial portion of the eroded sediment is retained
on hillslopes, so the mean fine sediment delivery to
streams is only 4.0 Mg/ha with a standard deviation
of 5.8 Mg/ha. Retention in channels further reduces
the average contribution to water supplies to a mean
of 2.6 Mg/ha with a standard deviation of 4.1 Mg/ha.
Much of the channel transport losses are from reser-
voirs and lakes that reduce downstream connectivity
(Fig. 4).

3.3. Water Supply Exposure to Suspended
Sediment

The Monte Carlo simulation linked time and lo-
cation varying wildfire occurrence and time varying
rainfall to predict the annual average poststorm SSC
from all wildfire activity accounting for recovery for
the first three postfire years (Fig. 2). Fig. 5 illustrates
a 500-year subset of the simulation for TD. Wildfire
was frequent in the watershed due to its large size,
but not all wildfire resulted in problematic SSC, ei-

ther because it did not affect enough area or because
it did not align with high rainfall erosivity. Within this
subset of the simulation, 50 years had greater than
100 ha of wildfire activity resulting in 79 years that
turbidity exceeded the 100 NTU impairment thresh-
old. Impairment was more frequent than large fire
occurrence because burned areas are susceptible to
erosion for multiple years.

Cumulative frequency distributions of annual av-
erage poststorm turbidity for the full 10,000 year sim-
ulation period are shown for each of the water sup-
plies in Fig. 6. Mean poststorm turbidity, conditional
on fire occurrence, varied from 2 to 2,129 NTU for
reservoirs and from 381 to 2,943 NTU for diversions.
Turbidity only exceeded 1,000 NTU in 5% or more of
the fire-affected years at CR1, CD, and TD. The on-
network diversions were most frequently impaired;
poststorm turbidity at CD and TD exceeded 100
NTU in 19.35% and 15.74% of years, respectively.
The one on-network reservoir—CR3—was impaired
in 2.76% of years. Off-network reservoirs were rarely
impaired (Fig. 6); the most frequently impaired reser-
voir only exceeded 100 NTU in 1.67% of simulation
years. Two reservoirs—CR4 and TR1—were never
impaired and TR2 was only impaired once in 10,000
years.
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Fig 5. An example 500-year subset of the Monte Carlo simulation for the terminal diversion (TD) showing annual watershed area burned,
rainfall erosivity, number of sediment-generating storms, and average post storm turbidity. The dashed horizontal line marks the 100 NTU
impairment threshold. The 100 NTU exceedance probability for this subset of the simulation is 0.158.

Table III. Frequency of Impaired Components by Subsystem and NTU Impact Threshold

Scenario NTU Impaired Components (% of Years)

0 1 2 3 4 5 6 ≥ 1 ≥ 2

Redundant
sources

10 68.50 31.44 0.06 NA NA NA NA 31.50 0.06
100 84.26 15.73 0.01 NA NA NA NA 15.74 0.01
1000 95.77 4.23 0.00 NA NA NA NA 4.23 0.00

Conveyance path
1

10 88.15 8.38 2.57 0.71 0.15 0.04 0.00 11.85 3.47
100 94.83 4.21 0.86 0.09 0.01 0.00 0.00 5.17 0.96
1000 99.05 0.84 0.11 0.00 0.00 0.00 0.00 0.95 0.11

Conveyance path
2

10 67.86 25.67 5.27 0.98 0.22 NA NA 32.14 6.47
100 79.03 18.56 1.96 0.42 0.03 NA NA 20.97 2.41
1000 89.17 10.52 0.22 0.09 0.00 NA NA 10.83 0.31

Redundant
conveyance

10 88.84 9.23 1.52 0.37 0.04 0.00 0.00 11.16 1.93
100 95.05 4.23 0.65 0.07 0.00 0.00 0.00 4.95 0.72
1000 99.05 0.84 0.11 0.00 0.00 0.00 0.00 0.95 0.11
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Fig 6. Cumulative frequency distributions of annual average poststorm turbidity by water supply with 10, 100, and 1,000 NTU exceedance
probabilities (EP).

3.4. System-level Consequences

The frequency of component impairment is
presented by subsystem and turbidity impairment
threshold in Table III. The redundant sources

subsystem experienced at least one component im-
pairment in 15.74% of years, but coimpairment
of the dual sources only occurred once in 10,000
years. Accounting for this redundancy decreased the
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risk of water supply disruption by 99.9% compared
to the naïve assumption of disruption whenever a
single component is impaired. In contrast, depen-
dency magnified risk. CR3 was the most frequently
impaired component on conveyance path 1 at 2.76%
of years, but at least one component was impaired
along the path in 5.17% of years. The multiple
nodes of impact increased exposure to wildfire risk.
If two or more impaired components are required
to substantially reduce annual water conveyance,
conveyance route 1 only experienced disruption in
0.96% of years. Conveyance path 2 was much risker
due to the frequent impairment of CD (Fig. 6). One
or more components of conveyance path 2 were im-
paired in 20.97% of years and two or more compo-
nents were impaired in 2.41% of years. Despite the
low reliability of conveyance path 2, it provided some
level of redundancy for path 1. The redundant con-
veyance scenario reduced the frequency of at least
one impairment from 5.17% to 4.95% of years (a
4.3% reduction) and it reduced the frequency of at
least two impairments from 0.96% to 0.72% of years
(a 25.0% reduction).

4. DISCUSSION

This work demonstrates the importance of con-
sidering water system characteristics when assessing
wildfire risk to water supplies. The Monte Carlo sim-
ulation included realistic representations of wildfire
and rainfall activity, postfire watershed response, and
water supply sensitivity to sediment to estimate the
probability of water impairment. Our results suggest
that water supplies with large contributing areas are
most at risk of impairment due to their frequent ex-
posure to wildfires large enough to mobilize prob-
lematic sediment quantities. Off-network water sup-
plies are at lower risk because wildfire is less likely to
encounter small watersheds. Larger waterbodies are
also more resistant to impairment due their greater
capacity to dilute contaminants. Hence, large off-
network reservoirs are at very low risk of impair-
ment. The results also demonstrate that risk of sys-
tem disruption is reduced by redundancy and mag-
nified by dependency. Our test scenarios show how
disruption risk can be lowered with both highly reli-
able large off-network reservoirs and alternative con-
veyance routes. In contrast, conveyance systems with
multiple nodes of impact may magnify risk because it
is more likely that fire will encounter their collective
watershed areas.

This study builds upon previous applications of
Monte Carlo wildfire simulation to assess water sup-
ply risk by linking stochastic wildfire and rainfall ac-
tivity with realistic models of watershed response
and water supply sensitivity to impairment. The wide
range of wildfire and rainfall magnitudes (Fig. 5)
combine to produce substantial variation in water-
shed effects (Fig. 6) similar to the results of ear-
lier studies in California, Colorado, and New Mex-
ico (Buckley et al., 2014; Haas et al., 2017; Thompson
et al., 2016). Watershed response is also considerably
influenced by the location and pattern of wildfire ac-
tivity relative to spatial variation in the biophysical
drivers of fire behavior, postfire erosion, and sedi-
ment transport (Fig. 4). Our predictions of postfire
suspended sediment yields are within the 0 to 50 Mg
ha−1 yr−1 reported by previous studies (Smith et al.,
2011) and most of our poststorm turbidities are in
the common range of 100–1,000 NTU reported after
wildfires in the study region (Fig. 6; Murphy et al.,
2015; Oropeza & Heath, 2013; Rhoades, Entwistle,
& Butler, 2011). Postfire sediment production from
montane watersheds in southwest and pacific north-
west regions of the United States should be similar or
slightly higher than predicted here (Moody & Mar-
tin, 2009). Characterizing impairment in terms of op-
erational turbidity limits provides an objective means
to define what combination of wildfire and rainfall
magnitudes are problematic. A key result of our anal-
ysis is that much of the wildfire and rainfall activity,
especially in the larger watersheds, did not result in
impairment (Fig. 6); for example, TD only exceeded
100 NTU in 35.0% of the years that it was exposed to
wildfire sediment. Further analysis of fire and rainfall
characteristics associated with impairment may help
managers better understand and mitigate risk.

The limitations of linked fire and watershed
models have been discussed extensively in prior pub-
lications (e.g., Elliot et al., 2016; Gannon et al., 2019;
Jones et al., 2017), but it is worth reiterating that cou-
pling diverse data sources and models has potential
for prediction error due to data, model, and model
linkage uncertainties. A limitation of the fire model-
ing in this study is the use of current fuel conditions
and historical climate to model both wildfire occur-
rence and severity, which does not account for the
impacts of climate change and vegetation dynamics
on future fire activity. The watershed modeling in this
study also has several limitations. We used the aver-
age annual storm sediment load to gage water sup-
ply impacts instead of modeling sediment load from
individual storms. We also did not account for the
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potential cumulative impact of closely timed storms
on SSC. The assumption that the sediment load is
equally mixed in the average annual reservoir or
daily flow volume is also an approximation. Rainfall
was treated as a spatially uniform process, but highly
localized and intense rainstorms are the norm in this
region (Kampf et al., 2016; Moody & Martin, 2009;
Murphy et al., 2015). Incorporating spatial variabil-
ity in rainfall might further reduce risk to water sup-
plies with small watersheds because the probability
of encountering intense rainfall should be lower than
for large watersheds. The use of turbidity as a sin-
gle metric of water quality is a reasonable simplifi-
cation in our study region based on the documented
impacts of past wildfires (Sham et al., 2013), but el-
evated carbon, nutrients, and heavy metals also have
the potential to impair water quality (Abraham et al.,
2017; Emelko, Silins, Bladon, & Stone, 2011; Smith
et al., 2011). Assessing impairment risk from other
contaminants may require different watershed mod-
eling because the factors that influence the magni-
tude and timing of their postfire concentrations vary
(Rust et al., 2019) due to differences in contaminant
sources, mobilization, and transport. The sediment-
centric approach used here should be relevant to
other steep montane watersheds, but it is less applica-
ble to low-relief landscapes with minor postfire ero-
sion (e.g., boreal forest).

The annual impairment probabilities modeled
in this study for individual water supplies span the
range of 0–0.1935 at a 100 NTU standard. The on-
network diversions—CD and TD—had the highest
probability of impairment at 0.1574 and 0.1935,
respectively. Given that fire often impairs water for
two years, this corresponds to an impactful wildfire
on average once every 10–13 years. Our estimated
impairment probability of 0.0276 for the one on-
network reservoir—CR3—is close to the prediction
that SSC will exceed problematic levels every 18–124
years in a reservoir with a similar sized watershed
in Australia (Langhans et al., 2016). Previous work
suggests water supplies from small watersheds may
be more prone to impairment due to the greater con-
ditional probability of burning a high proportion of
the area (Thompson, Scott, Kaiden et al., 2013) and
the smaller flows to dilute contaminants (Robinne
et al., 2019). In contrast, the water supplies with the
smallest watersheds in this study—the off-network
reservoirs—had the lowest probability of impairment
because their watersheds rarely burned (Table II)
and their large volumes lowered their sensitivity to
sediment. Large reservoirs with small contributing

areas, similar to TR1 and TR2 in this study, should
be at very low risk of impairment, but we suspect
that large reservoirs with large watersheds, such
as those in California (Buckley et al., 2014), have
impairment probabilities closer to CD and TD in this
study due to their similar watershed sizes and erosion
potential.

Increasing source water redundancy is often ad-
vocated for as a means to mitigate wildfire-water sup-
ply risks (Martin, 2016; Murphy et al., 2015; Sham
et al., 2013), but without quantitative estimates of the
mitigation benefit. Covariance in fire exposure across
a multisource water system has been proposed as a
means to optimize mitigation decisions using a port-
folio investment framework (Warziniack & Thomp-
son, 2013). The Monte Carlo simulation methods
used here allowed for meaningful characterization
of the likelihood that multiple system components
will be impaired at the same time (Table III). Our
results illustrate two forms of redundancy that are
common in many water systems. The first is mitigat-
ing uncertainty with a high reliability water source, in
this case, a large off-network terminal reservoir. As-
suming 100% substitutability, TR2 reduced the risk
of water supply disruption to practically zero despite
frequent impairment to TD (Table III). The second
form of redundancy reduces risk of water shortage
through alternative conveyance paths. The alterna-
tive conveyance paths in this study provided some
disruption protection despite their close proximity
and the low reliability of path 2. The gain in system
reliability from alternative sources and conveyance
pathways should increase with geographic separa-
tion.

Wildfire risk magnification from dependencies
has not been widely discussed. For conveyance path
1, we found modest risk magnification from the de-
pendent nature of conveyance infrastructure; the
most frequently impacted component was impaired
2.76% of simulation years but at least one compo-
nent on the conveyance path was impaired in 5.17%
of years. This increase is a result of the larger water-
shed area exposed to wildfire. For this assessment,
it was assumed the 100 NTU impairment threshold
for water treatment also applies to conveyance due
to the undesirable effects of sedimentation to intake
structures, pipelines, and canals, but it is possible that
these components are less sensitive to suspended sed-
iment and therefore the absolute risk is lower. Future
assessments of conveyance disruption would bene-
fit from incorporating more information on the op-
erational constraints. Still, the magnification we ob-
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served approximately doubled the likelihood of a
conveyance disruption, which highlights the impor-
tance of considering cumulative exposure for depen-
dent systems.

The results of this study have several implica-
tions for management. The most obvious are that
water supply reliability should improve by reducing
wildfire exposure and adding redundancies. When-
ever possible, reservoirs should be situated in off-
network locations with small contributing areas and
nodes of impact along conveyance routes should be
avoided to reduce exposure. This study demonstrates
that some water systems may already have low dis-
ruption risk due to existing source water redundan-
cies, but communities that rely heavily on a single
reservoir or diversion from a fire prone watershed
should consider developing alternative sources in wa-
tersheds that are unlikely to burn at the same time
as their primary source. Given the difficulty of mod-
ifying infrastructure systems and acquiring new wa-
ter sources, there has been considerable interest in
alternative mitigation options such as improved fire
containment (Haas et al., 2017), reducing fuels in
source watersheds (Elliot et al., 2016; Gannon et al.,
2019), postfire erosion control (Robichaud, Lewis,
et al., 2013; Schmeer, Kampf, MacDonald, Hewitt,
& Wilson, 2018; Wagenbrenner et al., 2006), im-
proved monitoring to utilize water between impair-
ment events (Martin, 2016), and constructing basins
to remove sediment before sensitive conveyance or
treatment infrastructure (Writer et al., 2014). The ef-
fectiveness and feasibility of these solutions are likely
to vary by community based on watershed and in-
frastructure characteristics. The risk analysis meth-
ods presented this study could be adapted to evaluate
the effectiveness of alternative mitigation strategies
at reducing impairment and system disruption risks.

5. CONCLUSION

Monte Carlo simulation of water quality in re-
sponse to stochastic wildfire and rainfall forcings pro-
vides a means to account for scale-dependent effects
in wildfire-water supply risk assessment. Our results
suggest that the off-network reservoirs in our study
system are at low risk of impairment because wild-
fire will rarely encounter their small watersheds and
their large volumes can dilute many postfire sediment
loads below the concentration threshold for impair-
ment. In contrast, diversions from the largest water-
sheds were found to be at high risk of impairment
due to their greater exposure to large wildfires. At

the system level, disruption risk was dramatically re-
duced by redundancy and nearly doubled by depen-
dency. These results highlight the importance of ac-
counting for operational constraints and functional
relationships between infrastructure when assessing
risk of disrupting multisource water systems. Our re-
sults also validate that previous recommendations
to develop alternative water sources should mean-
ingfully increase water supply reliability, especially
when one of them is at low risk of impairment. De-
pendencies among system components should also
be avoided so as not to magnify wildfire risk by in-
creasing exposure.
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Table A.1. For Forests (≥ 10% LANDFIRE canopy cover), the C factor was Changed to the Mean Postfire Values by Burn Severity from
Larsen and MacDonald (2007). Proportional Adjustment Factors were Used to Estimate the Postfire C Factor for Nonforest (< 10%

LANDFIRE Canopy Cover) and the Postfire K Factor for all Vegetation Types

Severity Forest C Nonforest C Adjustment Factor K Adjustment Factor

Low 0.01 1.20 1.50
Moderate 0.05 1.50 1.75
High 0.20 2.00 2.00

APPENDIX A

A1. Hillslope Erosion

Postfire increase in hillslope erosion was mod-
eled with a GIS implementation (Theobald et al.,
2010) of the Revised Universal Soil Loss Equa-
tion (RUSLE; Renard et al., 1997). RUSLE predicts
gross erosion (Mg/ha/yr) as the product of factors for
rainfall erosivity (R), soil erodibility (K), length and
slope (LS), cover (C), and support practices (P).
Undisturbed erosion rates are generally not prob-
lematic in the study water system, so our assess-
ment focused on the fire-related increase in erosion.
R comes from the stochastic series of rainfall ero-
sivity described previously. LS for both conditions
was calculated using terrain analysis of a 30-m res-
olution digital elevation model (USEPA and USGS,
2012) per Winchell, Jackson, Wadley, and Srinivasan
(2008) with modifications to limit the maximum hill-
slope length to 300 m and the resulting LS factor to
72.15 based on the range of values suggested in Re-
nard et al. (1997). Prefire K was mapped using at-
tributes for the top 15-cm of soils from the soil sur-
vey geographic database (SSURGO) where available
and the state soil geographic database (STATSGO)
to fill missing data (NRCS Soil Survey Staff, 2016).
Prefire C was assigned by existing vegetation type
from LANDFIRE (2016) using previously reported
values from the literature as described in Gannon
et al. (2019). K and C factors were varied based on
wildfire extent and burn severity (Table A.1; Gannon
et al., 2019; Larsen & MacDonald, 2007) to repre-
sent the primary effects of fire on soils and surface
cover (Larsen et al., 2009; Shakesby & Doerr, 2006).
No support practices were considered to model the
unmitigated erosion hazard.

For each fire, the increase in erosion was tracked
over the first three postfire years. We estimate that
with constant rainfall, erosion in year two should
be 15% lower than in year one and erosion in year
three should be 75% less than year one, based on
the rate of surface cover recovery and its influence

on erosion (Benavides-Solorio & MacDonald, 2005;
Larsen et al., 2009; Pietraszek, 2006). Therefore, an-
nual fire-related erosion (Ay) was calculated with
a recovery adjustment factor, RAF, of 1, 0.85, and
0.25 for postfire years one through three respectively
(Equation A.1)

Ay = Ry × LS × [(Kb × Cb) − (K × C)] × RAFpfy

(A.1)

The subscript y is the index for the common fire
and rainfall simulation year, the subscript b indicates
the burned condition for K and C factors, and pfy is
the index for time since fire starting at one for the fire
year. RUSLE can predict unrealistic erosion rates on
very steep, long slopes, so we limited annual erosion
to 100 Mg/ha/yr based on previous hillslope erosion
observations from the study region (Moody & Mar-
tin, 2009).

A2. Hillslope Sediment Transport

The proportion of eroded hillslope sediment de-
livered to streams was estimated with an empirical
model of postwildfire hillslope sediment delivery ra-
tio (hSDR) from the western United States (Wagen-
brenner & Robichaud, 2014). First, the NHDPlus
stream channel network was extended to include all
pixels with a contributing area greater than 10.8 ha
(Henkle, Wohl, & Beckman, 2011) because the flow-
line network does not consistently include many of
the lowest order channels. The annual length ratio
model from Wagenbrenner and Robichaud (2014)
(Equation A.2) was then applied to estimate post-
fire hSDR based on the flow path length from each
pixel to the nearest stream channel as the “catch-
ment length” and the flow path length across the
pixel as the “plot length” from terrain analysis of
the NHDPlus 30-m resolution DEM in ArcGIS 10.3
(ESRI, 2015). To better align our net sediment yields
with observations from small catchments in Colorado
(Wagenbrenner & Robichaud, 2014), we doubled
the resulting hSDR, which increased the maximum
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hSDR from 0.27 to 0.54 for areas near streams and
increased the minimum hSDR from 0.05 to 0.10 for
locations furthest from streams. Channel pixels were
assigned hSDR of 1

log (hSDR) = −0.56 − 0.0094

×
(

Flow path length to nearest channel
Flow path length across pixel

)
. (A.2)

The annual mass of fire-related sediment (Mg
delivered from a catchment to the stream network
(TSy) was calculated as the sum product of the an-
nual hillslope erosion rate (Ay), the pixel area, and
hSDR for all burned pixels (N) in the catchment
(Equation A.3).

TSy =
N∑

i=1

Ay,i × 0.09
ha

pixel
× hSDRi (A.3)

A3. Channel Sediment Transport

A channel sediment delivery ratio (cSDR) model
adapted from Frickel et al. (1975) was used to pre-
dict the proportional throughput of sediment for
flowlines (channels) based on stream order (Gannon
et al., 2019). Transport of sand and smaller sediments
should be efficient based on postfire observations of
sediment transport in the study region (Miller et al.,
2017; Moody & Martin, 2001; Ryan et al., 2011). Low
order channels in the study area are characterized by
ephemeral or intermittent flow and high roughness
from coarse bed material and streamside vegetation.
The highest order channels are still steep mountain
streams with considerably greater transport capacity
due to higher magnitude perennial flows. To approx-
imate these trends, cSDRs of 0.75, 0.80, 0.85 and 0.95
per 10 km of stream length were assigned to first,
second, third, and fourth or higher-order streams, re-
spectively. The terminal flowlines in lakes and reser-
voirs were assigned cSDR of 0.05 to reflect that most
sediment will be trapped. The annual mass of fire-
related sediment (Mg) delivered to a water supply
(TWSy) was calculated as the sum of sediment de-
livered to streams for all upstream catchments mul-
tiplied by the product of cSDRs for the intervening
flowlines (Equation A.4).

TWSy =
O∑

j = 1

(TSy, j ×
P∏

k = 1

cSDRk), (A.4)

The subscript j is the index for the O upstream
catchments and the subscript k is the index for the
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P intervening flowlines between catchment j and the
water supply.

A4. Model Evaluation

Our fire-level predictions of first-year postfire
erosion and net sediment delivery to streams are
close to the ranges reported for previous fires
in the Colorado Front Range. At lower rainfall
erosivity, our simulated erosion rates (Table A.2) are
near the study-wide means of 9.5–22.2 Mg/ha/yr and
the range of individual hillslope observations of 0.1–
38.2 Mg/ha/yr reported for most fires in the region
(Larsen et al., 2009; Robichaud, Lewis et al., 2013;
Schmeer et al., 2018; Wagenbrenner et al., 2006). Ap-
proximately 25% of fires exposed to higher rainfall

erosivity (Table A.1) meet or exceed the 72 Mg/ha/yr
of rill and interrill erosion observed in response to ex-
treme rainfall following the Buffalo Creek Fire (Mar-
tin & Moody, 2001; volume estimates converted with
bulk density of 1.6 Mg/m). Few fires are predicted to
deliver sediment to streams at the maximum rates of
22.0–38.6 Mg/ha/yr observed from small catchments
in the first two years after the Hayman Fire (Ro-
bichaud, Wagenbrenner et al., 2013; Robichaud, Wa-
genbrenner, Brown, Wohlgemuth, & Beyers, 2008)
unless exposed to high rainfall erosivity (Table A.1).
The channel transport losses further lower sediment
yields, so none of the simulated fires at any rainfall
level are expected to reach the normalized reservoir
input of 52.5 Mg/ha/yr from the Buffalo Creek Fire
(Moody & Martin, 2001).
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