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Early warning of post-fire debris-flow occurrence during intense rainfall has traditionally relied upon a library of
regionally specific empirical rainfall intensity–duration thresholds. Development of this library and the
calculation of rainfall intensity-duration thresholds often require several years of monitoring local rainfall and
hydrologic response to rainstorms, a time-consuming approach where results are often only applicable to the
specific region where data were collected. Here, we present a new, fully predictive approach that utilizes rainfall,
hydrologic response, and readily available geospatial data to predict rainfall intensity–duration thresholds for
debris-flow generation in recently burned locations in thewestern United States. Unlike the traditional approach
to defining regional thresholds from historical data, the proposed methodology permits the direct calculation of
rainfall intensity–duration thresholds for areas where no such data exist. The thresholds calculated by this
method are demonstrated to provide predictions that are of similar accuracy, and in some cases outperform, pre-
viously published regional intensity–duration thresholds. The method also provides improved predictions of
debris-flow likelihood, which can be incorporated into existing approaches for post-fire debris-flow hazard as-
sessment. Our results also provide guidance for the operational expansion of post-fire debris-flow early warning
systems in areas where empirically defined regional rainfall intensity–duration thresholds do not currently exist.
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1. Introduction

Over the past several decades, the frequency of large wildfires,
length of fire season, and duration of individual wildfires have steadily
increased in the western United States as a result of a combination of
human activities, evolving land-use patterns, weather, and climate
(Westerling et al., 2006). An increase in the susceptibility to debris
flow is a secondary effect of wildfire in recently burned steeplands, a
hazard which may persist for several years following fire containment
(Cannon and DeGraff, 2009; Cannon et al., 2010; DeGraff et al., 2015).
Risk associated with debris-flow hazards increases as populations
expand into foothill and mountainous areas susceptible to wildfire. In
addition, a greater incidence of fire activity in mountainous areas with
relatively infrequentfire recurrencemay increase the potential of debris
flows in environments or communities where debris-flow hazard has
been historically absent (Cannon and DeGraff, 2009). The geographic
expansion of areas exposed to post-fire debris-flow hazard hasmotivat-
ed efforts to reduce exposure of people, infrastructure, and important
natural, cultural, and economic resources to these hazards. Hazard
ver, CO 80225, USA.
assessment provides the first step in reducing public exposure to
these events, as this process identifies areas vulnerable to post-fire
debris-flow generation, and provides estimates of the magnitude of an
event, should one occur (Cannon et al., 2008, 2010, 2011; Staley et al.,
2013a, 2013b, 2013c).

In the western United States, the most common methods for post-
fire debris-flow hazard assessment are based upon statistical models
that predict the likelihood and magnitude of debris flow for a specific
location using historical data (Gartner et al., 2008, 2014; Cannon et al.,
2010). These hazard assessments (e.g. Cannon et al., 2009; Parise and
Cannon, 2012; USGS, 2016) are useful for identifying and prioritizing
areas of potential debris-flow hazard for planning purposes, but are
not intended for direct predictive use in early warning systems
(Cannon et al., 2010). Instead, post-fire debris-flow early warning in
the western United States relies upon regionally specific rainfall
intensity–duration thresholds (Cannon et al., 2008, 2011; Staley et al.,
2013b, 2015). Regional thresholds are determined from historical data
that characterize the rainfall intensities that produced, or did not
produce, debris flows for specific locations. The empirical approach for
establishing regional rainfall intensity–duration thresholds requires an
extensive library of rainfall and basin response information from
which the thresholds can be calculated by either subjective (e.g.
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Cannon et al., 2008, 2011) or objective methods (Staley et al., 2013b,
2015).

Empirically derived rainfall intensity–duration thresholds for the
generation of runoff-induced post-fire debris-flows in southern
California (Cannon et al., 2008, 2011; Staley et al., 2013b) compose a
major component of the U.S. Geological Survey (USGS) and theNational
Oceanic and Atmospheric Administration (NOAA) post-fire debris-flow
early warning system, currently operating in the National Weather
Service (NWS) Los Angeles–Oxnard and San Diego weather forecasting
offices (NOAA, 2005). Intensive research and monitoring over a span of
N10 years was needed to define regional thresholds sufficiently robust
for inclusion in a warning system. This system involved the comparison
of forecasted and real-time estimates of rainfall intensity to preexisting
intensity–duration thresholds. How closely the forecasted or observed
rainfall rates compare to the threshold values are a major factor in the
decision-making process for issuing debris-flow outlooks, watches,
and warnings (USGS, 2005). The success of the early warning system
in southern California has resulted in significant interest in the
expansion of the program to other fire-prone regions of the United
States; however, expansion using the current framework is hampered
by time-consuming development of regional rainfall thresholds.

In an effort to expand operational capabilities to areas with no
established regional intensity–duration thresholds, we develop and
test a new framework that integrates statistical methods of characteriz-
ing debris-flow susceptibility with empirical methods for determining
rainfall intensity–duration thresholds. Specifically, our new framework
combines approaches for calculating the statistical likelihood of post-
fire debris flows using logistic regression with objective techniques for
defining rainfall intensity–duration thresholds. The combination
provides a singlemethod that can (1) predict the likelihood that a debris
flow will occur at a given rainfall intensity, and (2) define accurate,
spatially explicit rainfall thresholds, which correspond to the rainfall
intensity that results in a 50% likelihood of debris flow.

2. Post-fire debris-flow hazard prediction

The prediction of runoff-induced post-fire debris-flow occurrence
has traditionally relied upon statistical methods that calculate a
likelihood of debris-flow generation in response to rainfall of a given in-
tensity using logistic regression (Rupert et al., 2008; Cannon et al., 2010)
and the identification of rainfall rates that correspond to increased
probability of debris-flow occurrence during a rainstorm using empiri-
cal rainfall intensity-duration thresholds (Cannon et al., 2008, 2011;
Staley et al., 2013b, 2015). To date (September 2016), these methods
have remained independent. Here, we review existing methods for
the prediction of debris-flow likelihood and the calculation of rainfall
intensity–duration thresholds for debris-flow generation in recently
burned watersheds; then we describe methods for the integration of
these two approaches.

2.1. Debris-flow likelihood

Logistic regression models are frequently used to predict the likeli-
hood of post-fire debris flows (e.g. Cannon et al., 2009, 2010; Staley
et al., 2013a, 2013c, 2016; Staley, 2014, Nyman et al., 2015; USGS,
2016). This approach utilizes the logistic curve to define the statistical
likelihood of a binary response (i.e. debris-flow generation) as:

P ¼ ex

1þ ex
ð1Þ

where P is a number ranging from 0 to 1 and represents the statistical
likelihood of debris-flow occurrence (where values approaching 1 indi-
cate an increasing likelihood) and χ is determined by the link function:

χ ¼ β þ C1X1 þ C2X2 þ…þ CnXn ð2Þ
where β and C1, C2, …,Cn are empirically derived parameters and X1,
X2, …,Xn represent independent variables that influence the occur-
rence of the event.

Cannon et al. (2010) detailed the methods used to calculate the
statistical likelihood of post-fire debris-flow occurrence in the inter-
mountain western United States using logistic regression (Table 1).
This technique incorporated data of past debris-flow occurrence
combined with rainfall intensity data, and geospatial data
characterizing basin morphometry, burn severity, and soil properties
to calculate the likelihood that a post-fire debris flow will occur
given a rainfall intensity associated with a rainstorm of a known re-
currence interval. Staley et al. (2013a), using the methods and data
from Rupert et al. (2008) and Cannon et al. (2010), developed the
most recent model of statistical likelihood used for debris-flow haz-
ard assessment in southern California (USGS, 2016).

The logistic regression approach to predicting post-fire debris-flow
likelihood is advantageous as it is computationally simple, utilizes free,
readily available geospatial data, and provides a statistical likelihood
of the occurrence of debris flows for storms of different magnitudes in
geospatial format at the scale of a stream segment or drainage basin
(e.g. Tillery et al., 2012; Verdin et al., 2012; USGS, 2016). The link
function parameter values (Eq. (2)) for the predictive models of post-
fire debris-flow generation in the western United States are displayed
in Table 1.
2.2. Rainfall intensity–duration thresholds

Rainfall intensity–duration thresholds are empirical models that
represent the nonlinear increase in the likelihood of a post-fire debris
flow at or above a given rainfall intensity, and are typically portrayed
in the form of a power-law equation (Caine, 1980; Schumm, 1980).
The actual value of the threshold represents the rainfall intensity (as
measured over a given duration), below which there is a lower
probability of debris-flow initiation, and above which there is a rapid
increase in the likelihood of initiation. Rainfall thresholds are commonly
used for the prediction of landslides and debris flows throughout the
world (Godt et al., 2006; Guzzetti et al., 2007, 2008; Godt and
McKenna, 2008; Brunetti et al., 2010).

Cannon et al. (2008) developed the first post-fire debris-flow
threshold equations for the western United States. These thresholds
were defined by visually placing single intensity–duration thresh-
olds at the lower limit of the peak rainstorm intensities that had pro-
duced post-fire debris flows, and at the upper limit of peak rainstorm
intensities that do not produce post-fire debris flows. Staley et al.
(2013b) refined the method developed by Cannon et al. (2008) for
recently burned watersheds in the San Gabriel and Santa Ana Moun-
tains by proposing a method that more objectively defined the
intensity–duration threshold by minimizing incorrect predictions
through the numerical balancing of false alarms (above threshold,
no debris-flow occurrence) and failed alarms (below threshold,
debris-flow occurrence). The approach of Staley et al. (2013b) also
differed from previous studies in that it incorporated triggering
rainfall intensities, which the authors defined as the highest rainfall
intensity recorded immediately prior to the passage of a post-fire
debris flow at a monitoring location.

Rainfall thresholds have been identified for several
physiographic regions in the western United States using both sub-
jective methods based on the peak rainfall intensities for an ob-
served rainstorm (Cannon et al., 2008, 2011), and objective
methods based on measured triggering rainfall intensity (Staley
et al., 2013b, 2015; Youberg, 2014). Since triggering intensities
are difficult to precisely define because debris-flow timing is
often unknown, only thresholds defined from peak rainstorm in-
tensities are currently available for most of the western United
States (Table 2).



Table 1
Previously published logistic regression link functions for predicting the statistical likelihood of post-fire debris-flow generation in the western United States.

Model
region

Intermountain Western United States
(A)

Intermountain Western United States
(B)

Southern California (1) Southern California

Source Cannon et al. (2010) Cannon et al. (2010) Rupert et al. (2008) USGS (2016)
β −0.7 −7.6 −20.807 −5.22
C1 0.03 −1.1 1.65 0.003
X1 Percentage of basin area with

gradients ≥30%
Ruggedness ln(Relief), in m Relief, in m

C2 −1.6 0.06 −0.694 0.008
X2 Ruggedness Percentage of basin area burned

at high or moderate severity
ln(Average channel length), in km Percentage of basin area burned at high or

moderate severity and gradients ≥50%
C3 0.06 0.09 2.463 0.024
X3 Percentage of basin area burned at

high or moderate severity
Soil clay content, in % Peak 3-h storm intensity, in mm h−1 Average gradient of burned terrain, in %

C4 0.2 −1.4 0.128 −0.007
X4 Soil clay content, in % Soil organic matter, in % Soil slope, in % Soil clay content, in %
C5 −0.4 0.06 7.229 0.105
X5 Soil liquid Limit Average storm intensity, in mm h−1 Soil organic matter, in % Peak 30-min storm intensity, in mm h−1

C6 0.07 - −0.245 -
X6 Average storm intensity, in mm h−1 - Soil clay content, in % -
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2.3. Relation between debris-flow likelihood and rainfall thresholds

To date, the predictions based on regional intensity–duration
thresholds and predictive models of post-fire debris-flow likelihood
remain independent, and are often inconsistent. Regional thresholds
provide a single threshold value per measured duration, and do not
characterize the spatial variability identified during hazard assessment.
For example, the regional 15-min rainfall intensity–duration threshold
for the San Gabriel Mountains has been determined to be
18.6 mm h−1 (Staley et al., 2013b). However, this single value fails to
account for variations in topography, burn severity, and soil properties
that may influence the actual rainfall rates needed to generate debris
flows in a specific watershed. Therefore, a need exists to develop a
method that can be used to determine a spatially explicit (i.e. site-
specific) rainfall intensity–duration threshold that characterizes the
variability of debris-flow hazard in different locations.

Hazard assessments based on logistic regression were originally
designed solely to identify areas susceptible to debris flows. The ap-
proach can also, in principle, be inverted to define rainfall thresholds.
For example, a rainfall intensity–duration threshold for a recently
burned basin could be defined as the rainfall rate at which the statistical
likelihood of debris flow exceeds p = 0.5. Despite the link between
debris-flow probability and rainfall thresholds, the structure of the
current probability equations is not suitable for defining realistic rainfall
thresholds. In the current predictive models, rainfall variables influence
the link function independently of the variables associated with topog-
raphy, burn severity or soil properties. As such, values of P N 0 occur in
Table 2
Regional rainfall intensity–duration thresholds for post-fire debris-flow occurrence in the west
eters, while the test dataset was used to evaluate the predictive success of the calibrated mode

Threshold region State Dataset So

Ventura and Santa Barbara Counties, California (VEN) California Training Ca
San Gabriel, San Bernardino and San Jacinto,
Santa Ana Mountains, California (SGSBSJ)

California Training Sta

Orange and San Diego Counties, California (OSD) California Training Th
Central New Mexico (CNM) New Mexico Test Th
Northern Arizona (NAZ) Arizona Test Yo
Southern Arizona (SAZ) Arizona Test Yo
Western Colorado (WCO) Colorado Test Ca
Southwestern Colorado (SWCO) Colorado Test Ca
Colorado Front Range (FRCO) Colorado Test Sta
Southwestern Montana (SWMT) Montana Test Th
the existing likelihood equations (Cannon et al., 2010; USGS, 2016)
even when it is not raining. For example, using the Cannon et al.
(2010) Intermountain West model A (Table 1) for a recently burned
basin with the variable values equal to the following: percent slope
≥30%= 91.2%; ruggedness= 0.55, percent burned at high ormoderate
severity= 100%, clay content= 30.7% and liquid limit= 32.5, it would
require rainfall intensity=−0.43mmh−1 for P=0.5. Since thismodel
predicts a negative rainfall intensity in order to achieve P=0.5, it is im-
practical to use the logistic regression models in their current form to
predict spatially explicit rainfall intensity–duration thresholds. For this
reason, the NOAA/USGS early warning system still relies upon the re-
gional rainfall intensity–duration thresholds based upon a library of his-
torical data rather than the current probabilistic models of post-fire
debris-flow generation, which precludes the expansion of this system
into areas where no such data exist. In the remainder of this paper, we
will show how the approaches for estimating debris-flow probability
and defining rainfall intensity thresholds can be merged. The approach
is demonstrated to define accurate, basin-specific rainfall intensity
thresholds across the western U.S., even in areas not included in the
dataset used to calibrate the model.

3. Conceptual model of post-fire debris-flow generation
and likelihood

Previously, logistic regression models of post-fire debris-flow
generation (e.g. Rupert et al., 2008; Cannon et al., 2010) relied upon a
stepwise statistical approach for variable selection. Model success was
ern United States. The training dataset was used to calibrate the logistic regression param-
ls.

urce 15-min Threshold
(mm h−1)

30-min Threshold
(mm h−1)

60-min Threshold
(mm h−1)

nnon et al. (2008) 21.8 16.3 12.4
ley et al. (2013b) 18.6 12.7 11.7

is Study 30.5 20.3 12.7
is Study 27.4 17.8 12.8
uberg (2014) 62.0 52.0 33.0
uberg (2014) 43.0 24.0 14.0
nnon et al. (2008) 17.2 10.6 6.5
nnon et al. (2008) 25.1 15.4 9.5
ley et al. (2015) 30.6 18.8 11.6
is Study 39.6 25.3 12.9
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measured solely upon statistical performance.While this approach pro-
vided an objective, non-biasedmethod for variable selection and evalu-
ation of model performance, the physical relevance of the variables and
their effects on model predictions of likelihood were sometimes coun-
terintuitive or in conflict with more recent field observations and mea-
surements of post-fire debris-flow generation.

A number offield and laboratory studies concerningpost-fire debris-
flowgeneration have been conducted (e.g. Kean et al., 2011, 2012; Lamb
et al., 2011; Schmidt et al., 2011; Smith et al., 2012; Staley et al., 2013b,
2014) since the original logistic regression models were published by
Rupert et al. (2008) and Cannon et al. (2010). The insights gained
from these field studies provide useful data for the development of a
simple conceptual model of the factors that influence the likelihood of
debris-flow initiation by runoff-induced progressive sediment bulking
processes in a recently burned watershed (Cannon, 2001; Cannon
et al., 2003). Here, we propose the following conceptual model of
post-fire debris-flow likelihood used to develop the logistic link
function χ:

χ ¼ f T; F; S;Rð Þ ð3Þ

where T is a metric characterizing terrain steepness, F is a metric
characterizing the intensity of wildfire, S is ameasure of surface proper-
ties that influence sediment availability or erodibility, and R is a metric
characterizing the intensity of rainfall.

Terrain steepness has been found to directly influence the rates of
hillslope and channel erosion, and the stability of hillslope and channel
sediment, which— individually or collectively— contributes to the tran-
sition of surface runoff to debris flow in recently burned areas (Gabet,
2003a, 2003b, 2003c; Kean et al., 2011, 2013; Lamb et al., 2011, 2013;
Nyman et al., 2011; Schmidt et al., 2011; Smith et al., 2012; Prancevic
et al., 2014; Staley et al., 2014). Terrain steepness also influences the
efficacy of gravitational and runoff-related erosion and sediment
transport processes on hillslopes and in stream channels, all of which
contribute to an increase in the availability of sediment for post-fire
debris-flow initiation. Sediment transport rates from gravitational
processes, such as rockfall and dry ravel, tend to be significantly higher
following wildfire, with the highest rates found on steep slopes
(Florsheim et al., 1991, 2016; Gabet, 2003c; Lamb et al., 2011, 2013).
Slope gradient also directly influences the shear stress of overland, rill,
and channelized flow processes, and the erosion of hillslope and chan-
nel materials by runoff has been recognized as a significant source of
material in post-fire debris flows (Cannon, 2001; Cannon et al., 2003;
Santi et al., 2008; Schmidt et al., 2011; Parise and Cannon, 2012;
Smith et al., 2012; Staley et al., 2014).

The intensity and duration of wildfire directly relate to reductions in
protective cover and changes in the physical and chemical properties of
soils, thereby elevating the runoff response during rainfall and increas-
ing the susceptibility of the surface to erosion processes. Increased
runoff, when combined with steep slopes and readily available
sediment, has long been recognized as the primary ingredient for
post-fire debris flow initiation (Chawner, 1935; Eaton, 1935; Rowe
et al., 1949; Hamilton et al., 1954; Parrett, 1987; Wells, 1987; Meyer
and Wells, 1997; Cannon, 2001). Combustion of the vegetation canopy
and litter decreases interception, resulting in an increased amount of
rainfall directly impacting the ground surface, and an enhanced vulner-
ability to raindrop-impact-induced erosion processes (Moody and
Martin, 2001; Kinnell, 2005; Shakesby and Doerr, 2006; Larsen et al.,
2009). The combustion of vegetation during fire may also result in the
development of an ash crust and the infiltration of ash into the soil col-
umn, effectively blocking pore space and reducing infiltration capacity
(Balfour et al., 2014; Bodí et al., 2014), although the effects of ash may
be spatially variable and short lived (Larsen et al., 2009). Of particular
concern is the creation or enhancement of hydrophobicity in the top
few centimeters of soil (DeBano, 2000). Volatilization of water-
repellent organic compounds in soils and near-surface vegetation may
bondwithmineral soil particles, reducing the ability of the soil to absorb
moisture (DeBano, 2000; Letey, 2001). Other physical changes to the
soil have been associated with wildfire, including hyper-dry conditions
(Moody and Ebel, 2012), a decrease in saturated hydraulic conductivity
(Ebel and Moody, 2013), surface sealing by detached soil particles
(Larsen et al., 2009), and a decrease in structural and particle cohesion
and corresponding decrease in critical shear stress (Giovannini and
Lucchesi, 1983; Giovannini et al., 1987; Moody et al., 2005;
Wagenbrenner et al., 2010; Al-Hamdan et al., 2012; Nyman et al.,
2013). All these serve to decrease infiltration rates and increase the
erodibility of fire-affected soils. Positive interaction between these
physical and chemical changes in soil properties and the enhanced
post-fire hydrologic response results in an increase in sediment avail-
ability and transport rates in recently burned areas (Moody et al., 2013).

Surface properties relate to debris-flow susceptibility by influencing
infiltration capacity, erodibility (shear strength), and sediment
availability. Soils with lower infiltration capacities are inherently more
susceptible to runoff and debris-flow generation during intense rainfall
(Noske et al., 2016). However, the influence of fire on post-fire infiltra-
tion rates often varies with soil type, vegetation, and the severity of
wildfire (Martin and Moody, 2001). Soil erodibility is a function of
shear strength, where soils with less shear strength are likely to have
higher rates of sediment transport (Moody et al., 2005; Nyman et al.,
2013). Finally, debris-flow generation is dependent upon availability
of sediment, where transport limitedwatersheds aremore likely to gen-
erate debris flows than supply-limited basins (Bovis and Jakob, 1999).

The occurrence of post-fire debris flows has also been found to be
linkedwith pulses of high-intensity rainfall and the generation of runoff
from infiltration-excess (Hortonian) overland flow (Wells, 1987; Gabet,
2003a; Cannon et al., 2008; Kean et al., 2011; Staley et al., 2013b),which
occurs when rainfall rates exceed the infiltration capacity of the soil
(Ebel and Moody, 2013; Moody and Ebel, 2014). Antecedent moisture
conditions (e.g. after wildfire, within storm or seasonal) have been
found to have very little, if any, influence on the likelihood of post-fire
debris-flow initiation (Cannon et al., 2008). In a plot-scale field experi-
ment, Wells (1987) was able to initiate small debris flows after only
3 min of rainfall at intensities between 12 and 55 mm h−1. Several pa-
pers documented the occurrence of post-fire debris flow after 16 min
of moderate intensity rainfall during the very first rainstorm (when
soilmoisture contentwas extremely low) followingwildfire in a recent-
ly burned watershed in the San Gabriel Mountains (Kean and Staley,
2011; Kean et al., 2011; Schmidt et al., 2011; Staley et al., 2013b).
From precise monitoring of debris-flow timing, Kean et al. (2011)
identified a near-zero lag time between the occurrence of short bursts
of high-intensity rainfall and thepassage of a debrisflowat themonitor-
ing site. The best temporal correlation and shortest lag between rainfall
intensity and debris-flow initiation was identified for rainfall intensity
measured between 5 and 30 min durations (Kean et al., 2011, 2012;
Staley et al., 2013b). In addition, the first flow in a stream channel
below a burn area (asmeasured by flow stage) is frequently the passage
of a debris flow (Kean and Staley, 2011; Kean et al., 2011, 2012).

4. Methodology

This study relied upon the establishedmethods of logistic regression
(Eqs. (1) and (2)) and receiver operating characteristics (ROC) analysis
(Swets, 1988; Fawcett, 2006) to develop a newmethod for the spatially
explicit prediction of rainfall intensity-duration thresholds. Logistic re-
gression models were based upon empirical data collected within the
first two years of wildfire in recently burned areas in the western
United States (Fig. 1 and Table 3). In total, the database used for this
study consisted of 1550 records, and included information pertaining
to location, hydrologic response (debris flow or no debris flow), rainfall
rates, surface properties, and the morphological properties of the
contributing area (Staley et al., 2016). The area of drainage basins
included in the database ranged between 0.02 and 8 km2.
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4.1. Debris-flow database

Rainfall data were collected at nearby (maximum distance= 4 km)
rain gages from a variety of sources, including USGS, NOAA, and other
Fig. 1. Overview map displaying burn areas included in training dataset (triangles) and test
information).
state, county, and local agencies. Selected rain gages were situated at
similar elevation and slope aspect as the monitoring locations. A maxi-
mumdistance of 4 kmwas selected as it represented a balance between
number of database records and the representativeness of the recorded
database (circles) and threshold regions (see Table 2 for additional regional threshold



Table 3
Fires, number of records, and number of debris flows for data included in training and test
datasets. State column represents U.S. State abbreviations [AZ=Arizona, CA= California,
CO= Colorado, MT=Montana, NM=NewMexico, UT=Utah]. Threshold region repre-
sents the abbreviation for regional thresholds defined in Table 2.

Training data

Fire name Abbreviation State Year N
records

N debris
flows

Threshold
region

Buckweed bck CA 2007 16 0 VEN
Blaisdell bla CA 2005 10 0 SGSBSJ
Canyon can CA 2007 14 0 VEN
Day day CA 2006 8 0 VEN
Freeway fwy CA 2008 8 0 OSD
Gap gap CA 2008 10 0 VEN
Grand Prix - Old gpo CA 2003 78 60 SGSBSJ
Harris har CA 2007 10 0 OSD
Horse hrs CA 2006 9 0 OSD
Harvard hrv CA 2005 28 6 SGSBSJ
Jesusita jes CA 2009 6 0 VEN
Poomacha poo CA 2007 21 19 OSD
Santiago san CA 2007 12 5 OSD
Sayer say CA 2008 14 2 SGSBSJ
School sch CA 2005 12 0 VEN
Sesnon ses CA 2008 4 0 VEN
Station stn CA 2009 600 108 SGSBSJ
Topanga top CA 2005 33 0 VEN
Witch wit CA 2007 46 1 OSD

Test data

Fire name Abbreviation State Year N
records

N debris
flows

Threshold
region

Bear br MT 2000 14 11 -
Cerro Grande cg NM 2000 11 5 CNM
Coal Seam cs CO 2002 253 17 WCO
Fridley Peak fri MT 2001 11 5 -
Gladiator gld AZ 2012 35 3 NAZ
Horseshoe
2⁎⁎⁎

h2f AZ 2011 30 4 SAZ

Little Bear lb NM 2012 47 30 CNM
Monument mmt AZ 2011 19 6 SAZ
Mollie mol UT 2001 4 4 -
Missionary
Ridge

mr CO 2002 16 11 SWCO

Purdy pur MT 2001 9 0 -
Schultz⁎⁎⁎ scz AZ 2010 105 26 NAZ
Sula sul MT 2000 6 2 -
Waldo
Canyon

wal CO 2012 31 7 FRCO

Wallow wlw AZ 2011 20 2 NAZ

⁎⁎⁎ Differenced normalized burn ratio not available.
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intensities for characterizing the spatially variable rainfall rates that
characterize convective storms in the western United States. For this
study, individual storms were defined by a minimum of 8 h without
rainfall. Hydrologic response information was collected by USGS
personnel and local collaborators.

The variables used to characterize the contributing area for each
record were derived from publicly available geospatial data sources.
While higher-resolution data sources may be available for specific
locations, we chose to use the following data sources because they are
available nationwide, and allow for consistent calculation of metrics
for any burn area in the United States. Topographic data were derived
from 10-m digital elevation models (USGS, 2015) and surface property
data were extracted from the STATSGO database (Schwartz and
Alexander, 1995). Differenced normalized burn ratio (dNBR) data
were obtained from the Monitoring Trends in Burn Severity website
(Eidenshink et al., 2007). Burn severity information was provided by
local Burned Area Emergency Response (BAER) teams, who field-
validated Burned Area Reflectance Classification (BARC) imagery
derived from the dNBR data (Key and Benson, 2006).

We split the debris-flow database into two datasets for model cali-
bration and evaluation. The training dataset was used to calibrate the
model parameters, and consisted of 939 records in southern California,
of which 201 were from debris-flow producing rainstorms. The test
dataset was used to evaluate the predictive performance of the calibrat-
ed model, and consisted of 611 total records (133 debris-flow events)
from other areas in the western United States. While other methods of
model calibration and validation were also evaluated (e.g. randomly
split datasets using 75% of the records, and bootstrapping with 1000
iterations using 75% of the records), we divided the dataset in this
manner for three reasons. First, the data included in the training dataset
were collected as a part of a broader USGS Landslide Hazards Program
monitoring effort in southern California. We consider these data to be
of the highest quality with regards to rain gage accuracy, proper identi-
fication of hydrologic response, and location of response. Data included
in the test dataset were also of high quality and were checked for
accuracy, but different data sources (e.g. different types of rain gages,
different observers of hydrologic response) may have resulted in slight
inconsistencies in rainfall and response characterization. Second, the
training and test datasets had similar ranges in variable values for the
proposed model (Staley et al., 2016). We consider the data included in
the training dataset to be representative of the range of variable values
found in the test dataset. Finally, this method of geographic division of
the data provided the greatest degree of model accuracy on both
training and test datasets, as measured by regression evaluation
statistics and model classification evaluation methods.

4.2. Model development

The training dataset was then used to develop a model of statistical
likelihood of debris-flow occurrence and define rainfall intensity–
duration thresholds for debris-flow generation using logistic regression
methods. Hereafter, the term “logistic model” refers to the set of
equations used to predict threshold rainfall intensities at multiple dura-
tions. Each logistic model comprised multiple equations with identical
variables and differing parameter values for R, the rainfall accumulation
totals (in mm) over multiple durations. To determine the logistic
models with the greatest predictive capability, we iterated through
multiple combinations of variables using the conceptual model
(Eq. (3)) as a template for variable selection.

Based on our conceptual model, a realistic prediction of debris-flow
generation requires that post-fire debris-flow likelihood should be close
to zero in the absence of rainfall. This can be accomplished through the
multiplicative combination of rainfall accumulation with variables
related to basin morphology, fire severity and soil properties, such
that the link function for the new logistic model follows the equation:

χ ¼ β þ C1TRþ C2FRþ C3SR ð4Þ

where C1, C2, and C3 are empirically defined coefficients; and R is in mm
measured over a given duration (in this case, we used durations of 15,
30, 60, 180 and 360 min). This link function can then be used to
calculate the statistical likelihood of occurrence using Eq. (1). When
R = 0 mm, the statistical likelihood is dependent solely upon the
value of the intercept (β in Eq. (2)), where the value of Pwill asymptot-
ically approach zero with increasingly negative values of β.

Once themodel parameters in Eq. (4) have been calibrated using the
training data and traditional logistic regression methods, themodel can
be used to solve for R at a given value of P (Rp)when C1T, C2F, andC3S N 0,
such that:

RP ¼
ln

p
1−p

� �
−β

C1T þ C2 FþC3S
ð5Þ

BecauseR in Eqs. (4) and (5) represents rainfall accumulation (inmm)
over a fixed duration (e.g. 15, 30, and 60 min), and rainfall thresholds for
post-fire debris-flows are most frequently reported as intensities in
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mm h−1 (e.g. Cannon et al., 2008, 2011; Staley et al., 2013b, 2015), we
converted accumulation values of RP to intensities using the equation:

Ip ¼ RP

D
ð6Þ

where IP is rainfall intensity (inmmh−1) that results in a given likelihood,
and D is the duration over which rainfall intensity was measured, in
hours. For the purposes of this paper, we consider Ip that result in p =
0.5 as equivalent to a rainfall intensity–duration threshold. It should be
noted that this approach permits the use of different values of p depend-
ing upon the application (e.g. a lower value of pmight be used for amore
conservative threshold, such as for a watershed immediately upstream of
large, at-risk populations such as those that might be found at a school,
hospital, or campground). Using Eqs. (5) and (6), we were able to calcu-
late the rainfall intensity–duration thresholds for durations of 15, 30,
and 60 min for each record in the training and test datasets. Note that
the separate sets of coefficients C1, C2, and C3 are determined for each du-
ration in the analysis.

4.3. Model evaluation

Once the logistic models and rainfall intensity–duration thresholds
for all possible variable combinations were calculated, we employed a
semi-objective method for selection of the final logistic models (Negri,
2016). Logistic model performance was evaluated using (1) statistical
measures of logistic regression, (2) objective measures of logistic
model performance derived from ROC analysis, (3) the sensitivity of
the model to minor changes in the values of the independent variables,
and (4) the ability of the equation to reflect our conceptual understand-
ing of the factors that influence post-fire debris-flow generation in the
western United States.

The number of logistic models was initially reduced using statistical
and objective performance metrics calculated on the training dataset.
First, only logistic models where all coefficients and variables were sta-
tistically significant (α = 0.90) for the analyzed durations were select-
ed. Second, the statistical performance of each logistic model was
compared using Akaike Information Criterion (AIC) (Akaike, 1974). AIC
is a metric that characterizes both predictive performance and model
complexity, where smaller AIC values reflect better model performance
when the number of parameters and total number of records are equal.
To insure physically realistic (i.e. positive) values of R in Eq. (4), only lo-
gistic models with positive coefficients C1, C2, and C3 were selected for
further inclusion. In the cases of variables with negative coefficients
such as saturated hydraulic conductivity and clay content, the inverse
value of the variable was calculated in order to meet the requirement
of positive coefficient values.

Once the number of potential logistic models was reduced using sta-
tistical information based on the training dataset, model performance
was evaluated on the test dataset using ROC methods (Swets, 1988;
Fawcett, 2006). ROCmethods have been used to assess the performance
of landslide susceptibility models and to objectively define rainfall
intensity–duration thresholds for post-fire floods and debris flows
(Carrara et al., 2008; Godt et al., 2008; Frattini et al., 2009; Baum et al.,
2010; Cervi et al., 2010; Staley et al., 2013b, 2015; Nyman et al., 2015).
We tested the predictive accuracy of the logistic models by comparing
the predicted threshold intensities and regional thresholds (Table 2)
to known responses at locations in the test dataset. The literature
contains seven published regional thresholds for post-fire debris-flow
generation in the western United States (Cannon et al., 2008; Staley
et al., 2013b, 2015; Youberg, 2014). For two areas where there are no
published thresholds but sufficient data were available for threshold
calculation, we employed objective methods (Staley et al., 2013b,
2015) to define three new regional thresholds: central New Mexico,
Montana, and Orange and San Diego Counties, California. Data
supporting the threshold calculations can be found in the appendix of
Staley et al. (2016).

The spatially explicit rainfall intensity–duration threshold based on
Eq. (5) was defined at the rainfall intensity (Ip in Eq. (6)) where P =
0.5, thereby converting the logistic regression model predictions of sta-
tistical likelihood to a binary classifier model. In this manner, there are
four possible outcomes dependent upon event occurrence and model
prediction. Event occurrence was considered to be either True or False
(it either occurred or did not occur), while model predictions are con-
sidered to be Positive or Negative (successful prediction or prediction
failure). The relationship between model prediction and event occur-
rence was then assigned to one of four classes. A true positive (TP) rep-
resented an event where rainfall rates exceeded threshold, and a debris
flow was recorded. A true negative (TN) represented an event where
rainfall rates were below critical threshold and no debris flowswere re-
corded. False positive (FP) events occurredwhen rainfall rates exceeded
threshold but no debris flows were triggered. This can also be consid-
ered a “false alarm” or type I error. A false negative (FN) occurs where
rainfall rates were below threshold, yet a debris flow was recorded.
This represents a “failed alarm” situation or type II error.

The ROC threat score metric was used to quantitatively describe the
performance of each logistic model. Threat score represents a measure
of the overall performance of the classifier model where a perfect
model score would equal one, and each incorrect prediction (FP or FN)
reduces the value of threat score (Schaefer, 1990). The threat score
(TS) is calculated as:

TS ¼ TP
TP þ FP þ FN

ð7Þ

We chose to use TS because it equally weights the reduction in score
for both FN and FP events, while not biasing the results based on the
large number of TN records in the database.

Model sensitivity was evaluated using the standard deviation meth-
od of Friedman and Santi (2014). Here, the mean value of each variable
was assigned for three of the four independent variables (e.g. T, F, S and
R).We then evaluated the sensitivity of themodel to the remaining var-
iable by iteratively calculating P in 0.1 standard deviation increments.
Models that displayed a high degree of sensitivity (i.e. more sensitive
to changes in the analyzed variable than to rainfall intensity) to minor
changes in variable values were excluded from further analyses.

Subjective methods were also employed to further reduce the num-
ber of potential logisticmodels, as expert-driven selection of model var-
iables is an accepted and important component of logistic regression
model development (Hosmer et al., 2000). The logistic models selected
for further inclusion contained coefficients and variables that represent
physically relevant ground conditions that have been demonstrated to
contribute to elevated post-fire debris-flow hazard. Although logistic
models that contained certain variables may have met the objective
conditions outlined above, the physical relevance of those variables
was not always easily explained. For example, logistic models that sug-
gested a positive coefficient with soil permeability (related to saturated
hydraulic conductivity and infiltration rate)were excluded from further
consideration, as runoff generation is a primary mechanism for debris-
flow initiation (Cannon, 2001; Kean et al., 2011).

5. Results and discussion

Our selection criteria outlined above resulted in the identification of
four potential logisticmodels (M1,M2,M3 andM4). Variables, intercept
values, and coefficient values for eachmodel are listed in Table 4. Statis-
tical and ROC performance measures for the training and test datasets,
and existing regional thresholds, are reported in Table 5.

In the following sections we discuss (1) the results of themodel cal-
ibration and evaluation of sensitivity based on the training dataset,
(2) the performance of the selected logistic models as compared to



Table 5
Evaluation metrics for the four tested logistic models and regional rainfall–intensity
duration thresholds against the test dataset. Regional threshold performance (TR) was
evaluated based on the thresholds listed in Fig. 3.

Training data
Duration (min) M1 M2 M3 M4 TR

True
negative
(TN)

15 584 586 584 587 664
30 568 566 571 574 616
60 536 536 539 542 650

False
negative
(FN)

15 105 105 104 107 60
30 102 103 97 100 33
60 108 108 100 103 58

False
positive
(FP)

15 30 28 32 27 82
30 34 36 33 28 135
60 36 36 35 30 90

True
positive
(TP)

15 96 96 97 94 141
30 99 98 104 101 168
60 93 93 101 98 143

Threat
Score
(TS)

15 0.42 0.42 0.42 0.41 0.50
30 0.42 0.41 0.44 0.44 0.50
60 0.39 0.39 0.43 0.42 0.49

Akaike
Information
Criterion (AIC)

15 643.16 647.92 654.5 633.3 -
30 632.68 636.26 634.15 619.12 -
60 642.18 647.06 641.6 627.53 -

Test data
Duration (min) M1 M2 M3 M4 TR

True
negative
(TN)

15 154 152 191 143 348
30 203 202 228 180 340
60 278 282 321 272 374

False
negative
(FN)

15 20 21 19 21 22
30 28 28 24 23 36
60 51 52 51 53 71

False
positive
(FP)

15 111 113 179 122 130
30 106 107 176 129 138
60 66 62 99 72 104

True
positive
(TP)

15 83 82 114 82 107
30 69 69 103 74 93
60 44 43 48 42 58

Threat
Score
(TS)

15 0.39 0.38 0.37 0.36 0.41
30 0.34 0.34 0.34 0.33 0.35
60 0.27 0.27 0.24 0.25 0.25
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nine regional intensity–duration thresholds (Table 2) throughout the
western United States, (3) a case study ofmodel results for two canyons
in the Waldo Canyon burn area, Colorado, both of which experienced
significant debris flows during the summer of 2013, and (4) a case
study of the within-storm rainfall rates during the 6 February 2010
debris-flow producing rainstorm in Mullally Canyon, Station burn
area, Los Angeles County, California. The two case studies provide
examples of the spatially explicit application of the model predictions
for site-specific analysis of seasonal and within-storm debris-flow
likelihood calculation.

5.1. Model variables and sensitivity

Four measures of terrain steepness are represented in the final
models (Table 4): the proportion of upslope area burned at high or
moderate severity with gradients ≥23° (M1), the average gradient
(sine) of the upslope area burned at high or moderate severity (M2),
ruggedness, which is the relief of the upslope area divided by the total
upslope area, in square meters (M3), and the proportion of upslope
area burned with gradients ≥30° (M4). While it would be ideal for the
model to consider topography completely separate from any measure
of burn severity (e.g. high and moderate severity areas are combined
with measures of gradient in M1 and M2), the statistical performance
of the combined metrics yielded quantitatively better predictions, and
are therefore included here. The slope values contained in M1 (23°)
and M4 (30°) represent threshold slopes obtained by iteratively
assessing the statistical performance of several potential threshold
values (17°, 23°, 30°, and 45°). The variables that quantify the gradients
or proportions of the different burn severities (M1,M2, andM3) charac-
terize the influence of steep slopes in the contributing area that have el-
evated erosion and runoff potential. Ruggedness (M3) is related to the
average gradient of anupslope area, and as such is related to the average
shear stress exerted by runoff in the contributing area. In addition, the
gradient value in the terrain steepness variable included inM1 is nearly
identical to the threshold slope value of Prancevic et al. (2014), who
used laboratory experiments to examine the transition from water
flow to debris flow in steep channels. The authors identified a threshold
channel slope of approximately 22°, above which the critical Shields
stress for bed failure decreases markedly with increasing channel
slope. In this scenario, debris-flow initiation is possiblewhen lower crit-
ical Shields stresses are combined with rapid pulses of fine sediment
input fromhillslopes (Prancevic et al., 2014; Prancevic and Lamb, 2015).

Twomeasures ofwildfire severity that yielded a positive relation be-
tween fire severity and debris-flow occurrence are represented in the
final models: the average dNBR of all upslope pixels divided by 1000
(M1, M2, and M4), and the proportion of upslope area soils burned at
high or moderate severity. The average dNBR in models M1 and M4 is
normalized by 1000 to provide a consistent range of values (between
0 and approximately 1) for all coefficients (C1, C2, and C3), and the
variables of T, F, and S. Soil burn severity and dNBR are related to one
Table 4
Parameter values, coefficients, and variables for the four models (M1, M2, M3, and M4) analyz

M1 M2

β (15, 30, 60) −3.63, −3.61, −3.21 −3.62, −3.61, −3.22
C1(15, 30, 60) 0.41, 0.26, 0.17 0.64, 0.42 ,0.27
X1R Proportion of upslope area

burned at high or moderate
severity with gradients
≥23° * Rainfall accumulation

Average gradient [Sin(θ)] of
Upslope area burned at High
Moderate severity * Rainfall
accumulation

C2(15, 30, 60) 0.67, 0.39, 0.20 0.65, 0.38, 0.19
X2R (dNBR/1000) * Rainfall

accumulation
(dNBR/1000) * Rainfall
accumulation

C3 0.70, 0.50, 0.220 0.68, 0.49, 0.22
X3R Soil KF-Factor * Rainfall

accumulation
Soil KF-Factor * Rainfall
accumulation
another, as the dNBR serves as the basis for imagery classification and
characterization of burn severity (Key and Benson, 2006; Eidenshink
et al., 2007). Both metrics reflect the elevated potential for runoff
generation and erosion.

Two measures of soil properties were found to exert the greatest
influence on post-fire debris-flow occurrence: (1) the KF-Factor, also
known as the soil erodibility index of the fine fraction of the soil (M1
and M2), and (2) soil thickness divided by 100 (M3 and M4) (also
normalized to provide consistent ranges of coefficient values). The soil
KF-Factor reflects the ease atwhich thefine fraction of the soil is eroded,
with higher values of KF reflectinghigher erosion potential. Field studies
of post-fire erosion have identified the importance of interrill processes
ed in this study and at rainfall durations of 15, 30, and 60 min.

M3 M4

−3.71, −3.79, −3.46 −3.60, −3.64, −3.30
0.32, 0.21, 0.14 0.51, 0.33, 0.20

or
Ruggedness * Rainfall
accumulation

Proportion of upslope area
burned with gradients ≥30° *
Rainfall accumulation

0.33, 0.19, 0.10 0.82, 0.46, 0.24
Proportion of basin burned at
high or moderate severity * Rainfall
accumulation

(dNBR/1000) * Rainfall
accumulation

0.47, 0.36, 0.18 0.27, 0.26, 0.13
(Soil thickness/100) * Rainfall
accumulation

(Soil thickness/100) * Rainfall
accumulation
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for both runoff-related sediment transport and debris-flow initiation
(Staley et al., 2014; Rengers et al., 2016). Given the relatively low flow
velocities and Shields stresses associated with interrill erosion process-
es, fine particles would constitute a large fraction of the sediment
mobilized in these areas. We speculate that soil thickness characterizes
sediment availability. Given the coarse resolution of the input soil
property dataset (STATSGO, from Schwartz and Alexander, 1995), the
direct interpretation of the influence of each of these variables on
debris-flow generation requires further investigation. However, the
addition of these metrics led to improvedmodel predictions, and there-
fore these metrics were valuable additions to the final logistic models.

Visual assessment of the sensitivity of each logistic model for all
durations revealed that no model was overly sensitive to any single
variable. Irrespective of the duration, all analyzed models were most
sensitive to rainfall accumulation (R, blue line, in Fig. 2). All models,
with the exception of M3 at the 15-min duration (where terrain
steepness and fire intensity were virtually identical in similarity),
Fig. 2. Sensitivity analysis for the four final logistic models at each analyzed duration. Blue line
variable (T), green line represents the fire severity variable (F), and the brown line represents
legend, the reader is referred to the web version of this article.)
proved to be second-most sensitive to the terrain steepness variable
(X1, red line in Fig. 2), and second-most sensitive to fire severity vari-
ables (X2, green line in Fig. 2). All of the final logistic models were
least sensitive to changes in soil property values (X3, brown line in
Fig. 2).

5.2. Model evaluation

We evaluated the predictive power of each logistic model by
comparing the predictions based on regional rainfall intensity–
duration thresholds (Table 2) to the directly calculated intensity–
duration thresholds (M1, M2, M3, and M4 in Table 4) at durations
of 15, 30, and 60 min using the ROC threat score metric. We evaluat-
ed the performance of models at each duration to determine the
optimal duration over which debris-flow predictions should be
made, and then determined which model performed best at all
analyzed durations.
represents the rainfall accumulation variable (R), red line represents the terrain steepness
the soil properties variable (S). (For interpretation of the references to color in this figure
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Overall, 15-min duration thresholds provided themost accurate pre-
dictions of post-fire debris-flow generation for all logistic models, as
well as the regional thresholds (Table 5). This finding is consistent
with field observations of the strong temporal relation between short
bursts of high-intensity rainfall and post-fire debris flow initiation
(Kean et al., 2011; Staley et al., 2013b). Staley et al. (2013b) evaluated
objectively defined rainfall intensity–duration thresholds based on
triggering intensities and identified that thresholds based upon 15-
and 30-min durations were most accurate. We attribute the decrease
of model accuracy with increasing duration as a result of the nature of
the storms that produce post-fire debris flows in the western United
States. Of the 133 records where post-fire debris-flows were identified
in the test dataset, 56 storms were of durations lasting b60 min. These
storms tended to be small, fast-moving convective cells, and are not
well characterized by intensities measured over durations N30 min.
A)

B)

C)

Fig. 3. Comparison of threat scores of all models (M1 in blue, M2 in green, M3 in orange, andM
60 min (C). The Ventura Region (VEN) had no debris-flow events in the updated database, he
references to color in this figure legend, the reader is referred to the web version of this article
For all records in the training and test datasets, we compared the
model predictions to those of the published regional thresholds
(Table 2). For the trainingdataset, the regional thresholds outperformed
all four models at all durations, as evidenced by the threat score values
(Table 5). For the test dataset, the predicted thresholds provided similar
threat score valueswhen compared to the predictions based on regional
intensity–duration thresholds at all durations (Table 5). M1 threat
scores were the same as or slightly outperformed all other models and
were most similar to the existing regional thresholds for the test
dataset.

We also assessed the performance of the modeled thresholds com-
pared to the individual regional thresholds (Fig. 3). For the training
dataset (Fig. 3), regional thresholds outperformed modeled thresholds
for two of the three threshold regions (Orange and San Diego Counties
[OSD] and the San Gabriel, San Bernardino and San Jacinto Mountains
4 in red) and regional thresholds (TR, in black) for durations of 15min (A), 30min (B) and
nce a threat score = 0 for M1–M4 and the regional threshold. (For interpretation of the
.)
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[SGSBSJ]) that covered the records in the training dataset. No instances
of debris-flow occurrence were included in the dataset for the Ventura
(VEN) region; as such, the threat score for all analyzed models and the
regional threshold was equal to zero. For the test dataset, modeled
thresholds frequently performed at a similar, or slightly improved, de-
gree of accuracy than the individual regional thresholds (Fig. 3).
Regional thresholds performed slightly better than all models in
Montana (MT) at 30 and 60 min durations, and western Colorado
(WCO) at all durations, and markedly better than modeled thresholds
in northern Arizona (NAZ) at durations of 15 and 30 min. We attribute
the low accuracy of the model predictions in northern Arizona to the
extreme magnitude (N10-year recurrence interval) of the debris-flow
generating storms (NOAA, 2016). Here, the regional threshold was
defined at the lower limit of the rainfall intensities associated with
debris-flow occurrence, which resulted in very high threshold
Fig. 4. Results of the geospatial application ofM1 15-min rainfall duration toWaldo andWilliam
rainfall intensities at which p=0.5. B) Peak rainfall intensities and hydrologic response for indi
and hydrologic response for individual rainstorms during the summer of 2013 inWaldo Canyo
line, while the regional threshold is represented by the dashed black line. Debris-flow produc
produce debrisflows are represented bya blueX inbothB) and C). (For interpretation of the refe
intensities (see Table 2). The modeled thresholds, which are much
more conservative (i.e. lower threshold intensities), cannot be tested
against storms of more modest rainfall intensities. As such, we recom-
mend further model testing in northern Arizona to fully assess the pre-
dictive accuracy of the models in this location.

Unlike regional thresholds, which require a great deal of effort to
obtain, our modeling represents a fully predictive approach that
provides similar levels of accuracy for areas where no historical
debris-flow occurrence data are available. Overall, we recommend the
use of the M1 logistic model for the spatially explicit prediction of
rainfall intensity–duration thresholds in the western United States, as
this model provides the most consistent improvement over regional
thresholds in the test dataset, and is similar in performance to other
models for the training data. We use the results of M1 for the case
studies presented in the following sections.
s Canyons, located in the 2012WaldoCanyon burn area. A)Map representing the threshold
vidual rainstorms during the summer of 2013 inWaldo Canyon. C) Peak rainfall intensities
n. In both B) and C) the 15-min threshold calculated by M1 is represented by a red dashed
ing rainfall intensities are represented by a red dot, while rainfall intensities that did not
rences to color in thisfigure legend, the reader is referred to thewebversion of this article.)
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5.3. Case study – Waldo and Williams Canyons, Waldo Canyon burn area,
Colorado

To demonstrate the ability of the method to resolve spatial variabil-
ity in rainfall thresholds, we applied the M1 model at the scale of a
stream segment (length of channel between tributary junctions) to
map the distribution of 15-min rainfall thresholds throughout Waldo
and Williams Canyons, which were burned in the 2012 Waldo Canyon
fire, Colorado. These canyons produced floods and debris flows on 01
July, 10 July, and 09 August 2013. The final storm resulted in a fatality,
and all three storms damaged homes in nearby Manitou Springs, CO,
and inundated U.S. Highway 24, a major east-west transportation
corridor connecting the City of Colorado Springs tomountain communi-
ties to thewest. Analysis of the 15-min rainfall thresholds and hydrolog-
ic response of Waldo (M1 15-min threshold = 22.7 mm h−1) and
Williams Canyons (M1 15-min threshold = 24.4 mm h−1) revealed
thresholds predicted by M1 correctly predicted the three debris-flow
producing rainfall intensities, as well as the lack of any hydrologic re-
sponse to 44 other storms where peak intensities were below the
threshold. In addition, the thresholds calculated using M1 were just
above the rainfall intensities of storms that occurred inWilliamsCanyon
on 20 July and 29 July 2012, both of which had peak 15-min storm in-
tensities of 24.3 mm h−1 (p = 0.49) and did not produce debris flows
at the basin outlet (Fig. 4C). While the regional threshold also correctly
predicted these non-events, the ability of M1 to correctly predict the
hydrologic response at a high level of precision suggests a high degree
of accuracy and precision when using these methods to predict the
hydrologic response of recently burned locations in environments
markedly different from those used to develop the model equations.
Fig. 5. Real-time 15-min rainfall intensity (top) andM1 statistical likelihood values (bottom) fo
during an intense rainstormon06 February 2010. Dashed lines represent local peaks in rainfall i
3:24 a.m., the second at 5:12 a.m., and the third at 7:20 a.m.. Statistical likelihood values for al
5.4. Case study – Mullally Canyon, Station burn area, California

We demonstrate potential real-time capabilities of the proposed
model by analyzing the temporal evolution of an intense, debris-flow
producing rainstorm on 06 February 2010 that damaged 43 homes in
La Canada – Flintridge, Calif., downstream from Mullally Canyon (Lin
et al., 2010). Fortunately, no fatalities or injuries were a direct result of
this event. Although this event was included in the training dataset, it
only represents a single record of peak storm intensity. Therefore, the
relatively minor influence this storm and location had on the original
model calibration, combinedwith the proximity of installedmonitoring
equipment, make it ideal for evaluating the near-real-time capability of
the proposed methodology. Specifically, we applied the M1 15-min
intensity equation to simulate the real-time statistical likelihood values
during the rainfall event (Fig. 5) to determine if the proposed methods
could be implemented within a near real-time early warning
framework.

The storm produced four local peaks in rainfall intensity
(2:12 a.m., 3:24 a.m., 5:12 a.m., and 7:20 a.m.). Instrumental
monitoring of flow stage at the mouth of the canyon revealed
three distinct debris-flow surges (Kean et al., 2012), the first at
3:24 a.m., the second at 5:12 a.m., and the third at 7:20 a.m.. Eyewit-
ness accounts suggest that the second surge overfilled the sediment
retention basin, inundating homes and roadways downstream.
Real-time likelihood values were below the threshold for the first
local peak in rainfall intensity (2:12 a.m., where no debris-flow
surge was recorded), and exceeded the M1 15-min intensity-
duration threshold for all three of the recorded debris-flow surges
(Fig. 5).
rMullally Canyon above La Canada – Flintridge, California, where 43 homeswere damaged
ntensity. Three separate debris-flow surgeswere recorded by Kean et al. (2012), the first at
l three surges exceeded the M1 15-min intensity duration threshold.
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Our results suggest that this method demonstrates potential utility
for real-time implementation in an early warning framework. While
the USGS/NOAA early warning system accurately issued warnings for
this rainstormt, our methods would have also correctly predicted the
generation of debris flow for all three surges. It is unlikely that the
near real-time predictions of debris-flow likelihood and volume could
have led to any actionable decisions that would have prevented the di-
sastrous consequences of any subsequent debris-flow surges. However,
the instantaneous nature of themodel predictionswould have provided
real-time estimates of debris-flow likelihood. These estimates, if
calculated formultiplewatersheds, could have been used for identifying
the most likely impacted areas, thereby assisting in the prioritization of
locations for emergency response efforts. Although the results of this
analysis are promising for early warning, further testing and model
calibration should be done prior to incorporation of these methods
into any operational warning system.

6. Conclusions

By merging traditional approaches for debris-flow susceptibility
mapping with rainfall threshold identification, this paper described a
new fully predictive framework for assessing post-fire debris flow
hazards using free, readily available geospatial data. Our approach can
be used to predict rainfall intensity–duration thresholds for recently
burned areas in the western United States where there are no
preexisting historical data concerning rainfall rates responsible for
post-fire debris-flowgeneration, aswell asmap the probability of debris
flow in response to design storms. Specifically, the M1 logistic model is
recommended for use in thewesternUnited States, as it objectively pro-
duced better predictions of debris-flow occurrence in both the training
and test datasets when compared to the three other logistic models and
the existing regional intensity–duration thresholds. The methods
presented in this study are applicable for locations situated in recently
burned areas for a period of one to two years following wildfire.
Additional research, including long-term post-fire monitoring, is need-
ed to better constrain the relation between recovery of the vegetation
and soil systems and the reduction of debris-flow susceptibility, and
ultimately the increasing rainfall intensity required to generate debris
flows in older burn areas. The models presented here are not applicable
to unburned areas, or areas where post-fire debris flows are generated
from infiltration-related shallow landslides.

The methods presented here permit the expansion of the NOAA/
USGS post-fire debris-flow early warning system in new regions of the
western United States, as the logistic models provide guidance for the
determination of rainfall intensity–duration thresholds for debris-flow
generation. Furthermore, the model presented here may be useful for
emergency planning purposes, as the site-specific rainfall intensity–
duration thresholds can be calculated for individual locations of high
importance, such as schools, hospitals and high-value infrastructure.
With further model validation and testing, this new model demon-
strates a potential for the calculation of real-time debris-flow likelihood
values during rainstorms in an early warning framework.
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