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Abstract Rainfall intensity–duration (ID) thresholds are com-
monly used to predict the temporal occurrence of debris flows
and shallow landslides. Typically, thresholds are subjectively de-
fined as the upper limit of peak rainstorm intensities that do not
produce debris flows and landslides, or as the lower limit of peak
rainstorm intensities that initiate debris flows and landslides. In
addition, peak rainstorm intensities are often used to define
thresholds, as data regarding the precise timing of debris flows
and associated rainfall intensities are usually not available, and
rainfall characteristics are often estimated from distant gauging
locations. Here, we attempt to improve the performance of exist-
ing threshold-based predictions of post-fire debris-flow occur-
rence by utilizing data on the precise timing of debris flows
relative to rainfall intensity, and develop an objective method to
define the threshold intensities. We objectively defined the thresh-
olds by maximizing the number of correct predictions of debris
flow occurrence while minimizing the rate of both Type I (false
positive) and Type II (false negative) errors. We identified that (1)
there were statistically significant differences between peak storm
and triggering intensities, (2) the objectively defined threshold
model presents a better balance between predictive success, false
alarms and failed alarms than previous subjectively defined
thresholds, (3) thresholds based on measurements of rainfall in-
tensity over shorter duration (≤60min) are better predictors of
post-fire debris-flow initiation than longer duration thresholds,
and (4) the objectively defined thresholds were exceeded prior to
the recorded time of debris flow at frequencies similar to or better
than subjective thresholds. Our findings highlight the need to
better constrain the timing and processes of initiation of landslides
and debris flows for future threshold studies. In addition, the
methods used to define rainfall thresholds in this study represent
a computationally simple means of deriving critical values for
other studies of nonlinear phenomena characterized by thresholds.
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Introduction
Rainfall-initiated landslides and debris flows are a common hazard
in mountainous terrain throughout the world. As human population
grows and landslide-susceptible areas are further developed, the
frequency and severity of landslide and debris-flow impacts to
populations and infrastructure are likely to increase. A common
goal of landslide and debris-flow research is to improve predictions
of the occurrence of these events in both space and time.
Susceptibility maps and models are typically used to estimate where
these events are likely to occur (Carrara et al. 2008; Godt et al. 2008;
Cannon et al. 2009; Baum et al. 2010), while critical thresholds are
used to define the meteorological, geotechnical or hydrological
conditions that, when exceeded, are likely to produce landslides or

debris flows (Caine 1980; Wieczorek and Guzzetti 2000; Bracchini
and Zannoni 2003; Godt et al. 2006; Guzzetti et al. 2007; Cannon et al.
2008; Guzzetti et al. 2008; Baum and Godt 2010; Cannon et al. 2011).

In general, critical thresholds represent the point at which slight
changes in an internal or external variable produces abrupt changes
or failures within the affected system (Schumm 1973). For shallow
landslides and debris flows, a measurement of rainfall is typically
used as the external variable, such as average intensity (Caine 1980;
Guzzetti et al. 2008), antecedent rainfall (Martelloni et al. 2012),
rainfall intensity as measured over a given duration (Cannon et al.
2008, 2011), or some combination of measures (Aleotti 2004; Godt et
al. 2006; Ponziani et al., 2012). The critical value of the threshold is
governed at the site- or region-specific scale by physiographic prop-
erties such as antecedent conditions, topography, lithology, soil
properties and land cover.

Studies aimed at defining the rainfall intensity–duration (ID)
thresholds are the most common type of threshold used in landslide
and debris-flow studies. They may be defined empirically using
historical data (Caine 1980; Aleotti 2004; Godt et al. 2006; Guzzetti
et al. 2007; Cannon et al. 2008; Coe et al. 2008; Guzzetti et al. 2008;
Cannon et al. 2011), theoretically using physically based models
(Montgomery and Dietrich 1994; Iiritano et al. 1998; Godt and
McKenna 2008; Baum et al. 2010; Salciarini et al. 2011), or through
some combination of empirical and theoretical methods (Crozier
1999). A challenge for applying physically based models is that they
require detailed meteorological, hydrological and geotechnical data
for accurate model calibration and prediction. These data can be
difficult to collect over large geographic areas. Consequently, region-
al and global predictions of the temporal occurrence of landslides
and debris flows are usually made using empirical thresholds derived
frommore easily obtained data on rainfall and the presence/absence
of landslides or debris flows during a given storm (Caine 1980;
Larsen and Simon 1993; Godt et al. 2006; Hong et al. 2006; Guzzetti
et al. 2007; Cannon et al. 2008; Coe et al. 2008; Guzzetti et al. 2008;
Cannon et al. 2011).

Empirical ID thresholds are typically represented by a power law
equation in the form of I=αDβ, where I is the rainfall intensity (in
mm/h), D is the duration (in hours), and α and β are empirically
derived parameters (Caine 1980). The threshold approach to predict-
ing landslide and debris-flow occurrence using a power law equation
is based upon two assumptions. First, there is a nonlinear increase in
the probability of landslide or debris flow initiation with increasing
rainfall intensities. This is represented by the actual threshold value
for slide or flow initiation. Below the threshold value, there is a lower
probability of debris flow or landslide initiation. At and above the
threshold, there is a rapid, nonlinear increase in the likelihood of
initiation. In the power law equation, the coefficient α and the
exponent β define the location of the critical intensity value.
Second, as the duration of rainfall increases, there is a decrease in
the intensity of rainfall needed to trigger landslide or debris flow
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initiation. In the power law equation, the exponent β defines the rate
at which critical intensity decreases with increasing rainfall duration.

Ideally, ID thresholds for the prediction of landslide or debris-
flow initiation should meet the following criteria. First, the threshold
rainfall intensities should be representative of the rainfall intensities
that contribute to the initiation of landslides or debris flows. Second,
events should occur at the time critical rainfall ID thresholds have
been exceeded or shortly thereafter. Third, the number of instances
where events occur below the threshold value (failed alarms) should
be minimized. Finally, the number of threshold-exceeding storms
that did not produce landslides and debris flows (false alarms)
should also be minimized. Two aspects of standard empirical thresh-
old delineation could be improved to achieve thresholds closer to
this ideal threshold. First, the data used to derive rainfall threshold
conditions for landslides and debris-flow initiation usually do not
take into account the actual rainfall conditions that immediately
precede the occurrences of these events (hereafter referred to as
the triggering conditions) and rely instead upon measurements of
peak rainfall intensity during the storm for threshold derivation.
Although some studies have evaluated the timing of landslides or
debris flows relative to rainfall conditions (Cannon and Ellen 1988;
Berti et al. 1999; Chien-Yuan et al. 2005; Gregoretti and Fontana 2007,
2008; McCoy et al. 2010), landslides and debris flows frequently
occur in areas with no monitoring equipment and where eyewitness
accounts are unavailable or temporally imprecise. A recent review of
a global database of rainfall thresholds revealed that only 5.1 % (133)
of the 2,626 published landslide and debris-flow events contained
timing data accurate to ±12 h (Guzzetti et al. 2008). Given a lack of
precise timing data, researchers have often relied upon measures of
peak or average rainstorm intensities as representative of the hydro-
meteorological conditions that initiate landslides and debris flows.

The second improvement would be the manner in which em-
pirically derived ID thresholds are defined. Most studies have tradi-
tionally defined thresholds using a subjective approach, and only
recently have there been attempts to objectively define rainfall ID
thresholds using numerical and statistical methods (Guzzetti et al.
2007, 2008; Brunetti et al. 2010; Montesarchio et al. 2011).A major
limitation of the subjective method is that it precludes repeatability
of the method and makes it difficult to compare thresholds defined
by different researchers (Guzzetti et al. 2007, 2008). The method
employed in the subjective definition of ID thresholds typically
follows one of the two following strategies. The first strategy defines
the lower limit of rainfall intensities above which debris flows or
landslides have been found to initiate (e.g., Caine 1980; Godt et al.
2006; Cannon et al. 2008). Hereafter, we refer to this approach as the
“lower limit” (LL) method of threshold definition. Thresholds de-
rived for the lower limit represent the most conservative rainfall
conditions (e.g., lower rainfall intensities) for the initiation of debris
flows, where rainfall intensities that occur above the threshold often
do not result in the initiation of landslides or debris flows. The
second strategy defines the threshold at the upper limit of rainfall
intensities of storms that did not produce a debris flow or landslide
(e.g., Larsen and Simon 1993; Cannon et al. 2008). Hereafter, we refer
to this approach as the “upper limit” (UL) method of threshold
definition. Thresholds representing the UL of storms which did not
produce debris flows represent a less conservative estimation of
triggering conditions (e.g., higher rainfall intensities); however,
debris flows are often initiated at lower rainfall intensities (Cannon
et al. 2008). For example, a hypothetical database may contain

occurrence and intensity information for 25 rainstorms, ten of which
produced debris flows (Fig. 1). The LL) thresholdmodel would define
the threshold at the minimum rainfall intensity for the ten debris-
flow events, regardless of the number of rainstorms that exceeded
that intensity and did not produce a debris flow. The UL model
would define the threshold at the maximum rainfall intensity of the
15 rainstorms which did not produce debris flows. Focusing on the 5-
min duration in our hypothetical example (Fig. 1), the LL threshold is
defined at an intensity of 13mm/h. This threshold results in 12 “false
alarms”, because 12 rainstorms had 5-minute rainfall intensities
above the threshold but did not produce any debris flows. In con-
trast, the higher threshold of 25 mm/h defined by the UL model for
the 5-min duration, does not have any false alarms. Instead, the UL
threshold results in 4 “failed alarms”, because 4 debris flows oc-
curred during rainstorms with rainfall intensities below the thresh-
old. An intermediate threshold between the UL and LL would
provide a better balance between the number of false and failed
alarms, and thus might be more appropriate for use in a warning
system; however, there is not a yet a standard method to define such
a threshold in a repeatable manner.

Here, we improve upon existing threshold models through the
development of an objective set of regional rainfall ID thresholds for
post-fire debris-flow initiation by (1) incorporating recent data on
the precise timing of events relative to rainfall, (2) identifying the
duration(s) at which ID thresholds provide the most accurate pre-
dictions of debris-flow occurrence, and (3) presenting an objective
method to define the threshold intensities. We focus on thresholds
developed from numerous close-proximity rain gauges for post-fire
debris flows in the San Bernardino, San Gabriel and Santa Ana
Mountains of southern California (Cannon et al. 2008, 2011), which
initiated in response to high-intensity rainfall.

We use new data on the precise timing of 43 debris flow events to
compare measures of peak storm rainfall intensity with the rainfall
intensities that occurred prior to the recorded passage of debris
flows. Data were collected from November 2007 to June 2008 on
the Santiago fire (15 rainstorm records, one debris-flow event) and
from October 2009 to June 2010 at the Station fire (244 rainstorm
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records, 42 debris-flow events). This analysis lends insight into
whether rainfall ID thresholds defined using peak storm intensities
effectively characterize the rainfall conditions that initiate debris
flows in recently burned watersheds. We then use receiver operating
characteristics (ROC) analysis (Swets 1988; Fawcett 2006) to (1)
identify the durations at which thresholds are the best predictors of
debris-flow initiation and (2) objectively define critical threshold
values for all analyzed durations. We objectively define thresholds
using the Threat Score (TS) metric to maximize the number of
correct predictions of debris-flow occurrence above ID threshold
while minimizing the rate of Type I (false positive) and Type II (false
negative) errors. Lastly, we compare the new, objectively defined
threshold with the two thresholds defined by Cannon et al. (2008)
for post-fire debris flow initiation in the same geographic region, as
described below.

Existing regional thresholds
Cannon et al. (2008, 2011) defined a set of empirically derived
rainfall ID thresholds for post-fire debris-flow initiation for two
different geographic areas of southern California. The dataset
presented in this paper was developed specifically for the steeper
landscapes in the Transverse and Peninsular ranges, including the
San Gabriel, San Bernardino, San Jacinto, Santa Ana and Palomar
mountains (Fig. 2) (Cannon et al. 2008). The thresholds were
defined using rainfall and debris-flow occurrence data collected
in between 2003 and 2007. In all, the dataset used to define ID
thresholds for this region consisted of peak rainfall intensity
information from 81 rain gauge records from eight storms that
produced a total of 82 debris flows within six burn areas. Cannon
et al. (2008) calculated rainfall thresholds differently than most
threshold studies. In most analyses, each point in the threshold
plot (Fig. 3) represents individual rainstorms and landslide occur-
rences/non-occurrences. In the analysis of Cannon et al. (2008),

each point represents the maximum rainfall intensity for each
duration of measurement within a given storm and the
corresponding debris flow response.

For the first year following wildfire, Cannon et al. (2008)
defined the threshold for the UL of rainfall intensity–durations
that produced debris flows by the equation I=12.5D−0.4, where I is
the rainfall intensity (mm/h) and D is the duration over which
intensity was calculated (in hours). The lower limit (LL) of inten-
sity–durations that initiated debris flow was represented by the
equation I=7.2D−0.4. Cannon et al. (2008) considered thresholds to
be best defined at rainfall intensities measured over shorter rain-
fall durations (<20 h), as the post-fire debris flows analyzed here
are not necessarily influenced by antecedent rainfall or soil mois-
ture (Kean et al. 2011). The UL and LL models presented in Fig. 3
represent the thresholds developed by Cannon et al. (2008) and
overlain on the data collected in the study areas described
below.

Study areas
The current study analyzes data collected in 11 different drainage
basins (Table 1). These basins are situated in two different burn
areas located in the San Bernardino threshold region (Cannon et
al. 2008): the Santiago (2007) and Station (2009) burn areas
(Fig. 2). The Santiago fire burned 115 km2 of steep terrain in the
Santa Ana Mountains of Orange County. While multiple debris
flows occurred during the winter of 2007–2008, precise eyewitness
timing and rainfall data are available for only one debris-flow
event in the Santiago burn area on 22 May 2008. The single
analyzed basin in the Santiago burn area is underlain by the
Jurassic Bedford Canyon formation and Cretaceous Santiago
Peak volcanic (Morton 2004). The Bedford Canyon formation is
characterized by slightly metamorphosed argillite, slate, grey-
wacke, quartzite and limestone with lenses of conglomerate. The
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Santiago Peak volcanics are comprised of hydrothermally altered
basaltic andesite, andesite, dacite, rhyolite, breccia and welded tuff.
There is evidence of abundant recent debris-flow activity near the
study basin, although the exact dates of the events are not known.

The 650 km2 station fire began on 26 August 2009 and was not
fully contained until 16 October 2009. Given the size (the largest
recorded in Los Angeles County) and potential debris-flow hazards
(Cannon et al. 2010), the precipitation and hydrologic response of the
area was intensely monitored during the winter of 2009–2010. Ten
rain gauges installed in the burn area captured rainfall characteristics
associated with five debris-flow-producing rainstorms (November
12–13, 2009, December 11–13, 2009, January 17–18, 2010, February 5–6,
2010, and February 27, 2010). The monitored basins are underlain by
a highly faulted, complex mix of late Cretaceous granitic rocks
comprised of quartz monzonites, granodiorites, tonalities, quartiz
diorites and diorites (Yerkes and Cambell 2005). Several of the study
basins also experienced debris flows during the winters of 1928–1929,
1933–1934, 1968–1969, and 1977–1978 (Chawner 1935; Eaton 1935; Scott
1971; McPhee 1989; Cannon et al. 2011). There was evidence of more
recent debris-flow activity in several of the basins within the Station
burn area, although the exact date of the events are not known.

Data collection
In total, our database includes the rainfall conditions leading up to
43 debris-flow events and 259 storms that did not generate debris
flows. To minimize the effects of decreases in debris-flow proba-
bility related to post-fire vegetation recovery, we only analyze data
obtained during the first winter following wildfire (which typically
occur in the mid- to late Fall). To ensure that the analyzed areas
were at least minimally susceptible to debris flow, we only includ-
ed sites that had at least one debris-flow producing rainstorm
during the 1-year period of record. In addition, we considered
only records from rain gauges located within 2 km of a debris-
flow producing watershed to minimize the effects of the spatial

variability of rainfall amounts and intensity. Our dataset repre-
sents the most comprehensive known database of post-fire debris-
flow initiation conditions and event timing. The timing of all but
one event in the database was recorded by channel monitoring
equipment installed at a stable cross-section in 12 different water-
sheds. Timing information for the single event not recorded by a
monitoring site was obtained from timestamps on an eyewitness’
camera, and rainfall data were obtained from a nearby (~400 m
planimetric distance) rain gauge installed by the authors.

For all sites, rainfall amounts were recorded by Onset RG3-M
tipping-bucket rain gauges using Hobo data loggers.1 For all but
one rain gauge, a timestamp is recorded at every 0.2 mm of rainfall
accumulation. The exception was located near the Gould study
basin, where accumulation data were binned into 5-min intervals
to meet telemetry requirements.

Channel monitoring equipment included non-contact stage
gauges (Kean et al. 2011) or pore-pressure transducers (Kean et al.
2012). Non-contact stage gauges, mounted on a bridge above the
channel bed, include both laser and ultrasonic distance meters that
measure the height (stage) of channelized flow at a constant
sampling rate (10 Hz for the laser sensors, 2 s for the sonic sensors)
during rainfall. While the sampling interval differs, both instru-
ments accurately measure flow stage to within ~1 cm. As shown in
Fig. 4, the passing front of a debris-flow surge is easily identifiable
as a rapid rise in stage with a relatively long-lived recessional flow
(McCoy et al. 2010; Kean et al. 2011, 2012).

Pore-pressure transducers installed in bedrock in the channel
bed measured the fluid pressure head (recorded at 1-min intervals)
during a flow event. Internal memory limitations within the pore
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1 Any use of trade, firm or product names is for descriptive pur-
poses only and does not imply endorsement by the U.S.
Government.
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pressure transducer prevented higher sampling frequencies.
Despite the limitations related to sampling interval, pore pressure
transducers have proven to be effective at resolving the timing of
debris-flow passage to within a few minutes (Kean et al. 2012).

The measurements made at the monitoring sites (and time-
stamps provided by eyewitness photographs) provide accurate
(±3 min) data regarding the timing of debris-flow passage at the
instrument location. In order to relate the rainfall conditions that
triggered the debris-flow event to the recorded time of passage, we
compared rainfall data collected either at the monitoring site or at
a nearby rain gauge. In both cases rainfall timestamps have been
synchronized with the times recorded at the stage gauges and
pressure transducers. We consider the highest rainfall intensities
(measured at each duration) recorded within the 30-min period
prior to the recorded passage of debris flow to be the triggering
rainfall intensity. Given the small area and relatively short maxi-
mum flow lengths in the analyzed basins (Table 1), it is unlikely
that rainfall rates at higher elevations in the drainage basin devi-
ated substantially from recorded values. In addition, it is unlikely
that debris flows initiated more than 30 min prior to the recorded
time of debris flow, because of the small size of the drainage basin,
published velocities of natural debris flows (Berti et al. 1999;
Arattano and Marchi 2000, 2005; Tecca and Genevois 2009; Tang
et al. 2011; Okano et al. 2012; Yong et al. 2012), and close correlation
between 5-min rainfall intensity and flow stage in the study basins
(Kean et al. 2011). Henceforth, the time at which the highest rain
rates within the 30 min preceding debris-flow passage were
recorded will be referred to as the “triggering” time, and the
corresponding rainfall intensity will be referred to as the “trigger-
ing” intensity.

Analysis methods
In this section, we describe the method by which we calculate
rainfall intensities. We then provide an overview of ROC methods
and describe how we use the ROC utility functions of true positive
rate (tprate), false positive rate (fprate), area under ROC curve
(AUC) and TS to optimize and evaluate critical values for rainfall
ID thresholds.

Rainfall analysis
From the data collected by the rain gauges, we calculate two
classes of rainfall intensities: peak storm intensity and triggering
intensity (Fig. 4). Rainfall intensities were calculated for every
minute of all rainstorms by backwards differencing cumulative
rainfall over durations of 5, 10, 15, 30, 60, 180, 360, and 720 min,
as follows:

IDðtÞ ¼ RðtÞ � Rðt � DÞð Þ
D

where ID is the rainfall intensity (mm/h), t is time, R is the
cumulative rainfall, and D is the selected duration (in hours).

Peak storm intensity is the maximum rainfall intensity
recorded during the storm at each of the analyzed durations. For
each storm on record, we identify the peak storm intensity, the
time at which peak storm intensity occurred, and the presence or
absence of a debris flow during that rainstorm. For storms that did
not produce debris flows, we identified the peak rainstorm inten-
sities and classified them as non-triggering rainfall intensities.

For rainstorms containing multiple debris-flow events (i.e.,
multiple distinct sets of debris flow surges), we document the

Table 1 Summary data of drainage basins included in this study

Site Burn
area

Year
burned

Range Debris
flow timing
source

No. of
debris
flow
events

Easting
(UTM NAD
83, Zone
11, m)

Northing
(UTM NAD
83, Zone
11, m)

Basin
area
(km2)

Maximum
basin length
from outlet to
divide (m)

Modjeska
Canyon

Santiago 2007 Santa
Ana

Eyewitness
photo

1 442,746 3,730,279 0.543 1,801

Arroyo
Seco

Station 2009 San Gabriel Laser 13 389,956 3,788,964 0.135 206

Big Tujunga Station 2009 San Gabriel Laser 2 386,462 3,794,688 1.370 3,030

Dunsmore 1 Station 2009 San Gabriel Laser 6 385,649 3,791,625 0.475 1,415

Dunsmore 2 Station 2009 San Gabriel Sonic 3 385,225 3,790,898 0.795 734

Gould Station 2009 San Gabriel Pressure
transducer

5 390,058 3,788,019 0.328 908

Mullaly Station 2009 San Gabriel Pressure
transducer

4 387,744 3,789,635 0.628 1,880

Oak Creek Station 2009 San Gabriel Pressure
transducer

1 385,448 3,790,460 0.019 225

Shields
Canyon

Station 2009 San Gabriel Pressure
transducer

5 386,075 3,790,540 0.363 1,356

Starfall Station 2009 San Gabriel Pressure
transducer

2 386,217 3,790,279 0.286 1,290

Winery Station 2009 San Gabriel Pressure
transducer

1 389,060 3,788,352 0.183 927
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triggering rainfall intensity for each distinct period of debris flow,
which are separated by at least 20 min with little or no measure-
able channel flow. Given the high correlation between flow stage
and 5-min rainfall intensity (Kean et al. 2011), published debris
flow velocities, and the flashy response of the hydrograph to
rainfall, we feel that 20 min is adequate for defining individual
debris-flow surges.

We selected an 8-h period without rainfall as the minimum
inter-storm period. This value helps discriminate the storm dura-
tions common during the southern California winter, which are
characterized by short-duration, high-intensity convective thun-
derstorms and long-duration low-intensity frontal storms. The 8-
h inter-storm period is able to reliably differentiate both types of
rainstorms. A longer inter-storm period (e.g., 24 h) may not
adequately separate two distinct convective thunderstorms, whereas
a shorter inter-storm period (e.g., 4 h) may unnecessarily split a
longer duration frontal storm into separate storm events.

Receiver operating characteristic analysis
ROC analysis is a technique that is used for assessing the perfor-
mance of classification models (Swets 1988; Fawcett 2006). ROC
analysis can be used to evaluate models that produce discrete (two
or more classes) or continuous (e.g., probability) predictions.
Recently, ROC has been used to assess the performance of land-
slide susceptibility models (Carrara et al. 2008; Godt et al. 2008;
Frattini et al. 2009; Baum et al. 2010; Cervi et al. 2010). Here, we
use ROC analysis to both evaluate the performance of the Cannon
et al. (2008) rainfall ID thresholds for southern California and to
objectively define a new threshold based on triggering rainfall
intensities defined using the additional data regarding debris-flow
timing.

Rainfall ID thresholds represent a binary classifier model
where there are four possible outcomes which can be graphically
represented using a contingency table (Fig. 5a). Event occurrence
is considered to be either True or False (it either occurred or did
not occur), while model predictions are considered to be Positive
or Negative (successful prediction or prediction failure). The rela-
tionship between model prediction and event occurrence is then

assigned to one of four classes. A true positive (TP) represents an
event where rainfall rates exceeded threshold, and a debris flow
was recorded. A true negative (TN) represents an event where
rainfall rates were below critical threshold and no debris flows
were recorded. False positive (FP) events occur when rainfall rates
exceed threshold but no debris flows were triggered. This can also be
considered a “false alarm” or type I error. A false negative (FN) occurs
when rainfall rates were below threshold, yet a debris flow was
recorded. This represents a “failed alarm” situation or Type II error.

ROC utility functions (Fig. 5a) are used to quantitatively describe
the performance of the each threshold model by assessing the distri-
bution of outcomes within the four classes. Basic ROCutility functions
include the true positive rate and false positive rate. The true positive
rate (tprate, also referred to as the hit rate, sensitivity or recall) meas-
ures how well the model predicts the occurrence of an event. In this
study, the true positive rate measured the proportion of all debris
flows that occurred when rainfall rates exceeded threshold. The false
positive rate (fprate), measures the rate at which the model predicts a
positive outcome, yet the event does not occur. In this study, fprate
represents the proportion of rainstorms that had no observed debris
flows yet still exceeded threshold value. The relationship between tprate
and fprate, when plotted in ROC space (Fig. 5b), is used as a relatively
simple means of graphically depicting the predictive capability of the
classification model (Swets 1988; Fawcett 2006). The relationship
between tprate and fprate, when plotted in ROC space, is also used to
calculate the AUC (Fig. 5b). AUC values may be used to assess the
relative value of individual classifiers, where higher AUC values rep-
resent better prediction models (Fawcett 2006) (Fig. 5b). In this study,
we utilize AUC to identify themeasurement durations that are the best
predictors of debris flow initiation.

Objective threshold definition
We quantitatively assess the predictive ability of the objectively
defined thresholds at durations from 5 to 720 min from triggering
intensities using the TS metric. TS 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 TS (Fig. 5a) (Schaefer 1990). We chose to use
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the TS as the metric used in the optimization analysis, because
it equally weights the reduction in score for both FN and FP
events, and is an easily calculated measure that can be updated
during a storm season for areas where existing thresholds are
unavailable.

We used TS to define the ID thresholds by iteratively cal-
culating TS for all analyzed durations for intensities ranging
from 1 to 100 mm/h at 0.1-mm/h intervals. The threshold was
defined at the maximum value of TS (Fig. 6). The highest
rainfall intensity was defined as the critical ID threshold when
maximum TS value was calculated for multiple rainfall

intensities. The objectively defined threshold model will subse-
quently be referred to as the OBJ model.

Results and discussion

Peak storm intensity, triggering intensity and debris-flow timing
In many rainfall ID threshold analyses, the exact timing of debris-
flow occurrence is typically unknown (Guzzetti et al. 2007). In lieu
of such information, it is commonly assumed that measures of
peak storm rainfall intensity are representative of the conditions
that trigger debris flow. Additionally, it is assumed that the peak
rainstorm intensities occur approximately at the time of debris-
flow initiation. We test these assumptions for 43 post-fire debris
flows in southern California by comparing (1) peak rainstorm
intensities to triggering rainfall intensities and (2) the time at
which peak rainstorm intensities were measured to the recorded
time of debris flow.

We calculated the statistical difference between peak
storm intensities and triggering intensities (Fig. 7). We test
for statistically significant difference using non-parametric
Wilcoxon signed-rank test (Wilcoxon 1945). For this test, χ2

scores greater than or equal to the χcritical
2 (in our case,

χcritical
2=3.84) indicated statistically significant differences be-

tween samples (in our case, triggering intensities and peak
storm intensities). This test was used because the sample
populations were not normal and did not have equal varian-
ces. Statistically significant differences (α=0.05) were identi-
fied at all analyzed durations between peak storm intensities
and those that occur immediately prior to a recorded debris
flow. For all durations, the triggering rainfall intensities were
significantly lower than peak storm intensities (Fig. 7). χ2

scores and p values (the probability that χ2 score≥χcritical
2,

where α=0.05, significance is obtained when p<α) are
reported in Fig. 7.

We also analyzed the differences between times of peak
rainstorm intensities and the time at which a debris flow was
recorded at a monitoring location (Table 2). In general, peak
rainstorm intensities occurred after the recorded time of a
debris flow surge, and the average time difference between
peak storm intensity and debris flow occurrence increased for
increasing rainfall durations (Fig. 8). Rainfall intensities mea-
sured over a 5-min duration yielded the lowest mean time
differences, with peak-storm intensities occurring, on average,
35 min after a recorded debris flow. Rainfall intensities mea-
sured over 720 min displayed the greatest time differential,
with peak-storm intensities occurring, on average, more than
3 h after recorded debris flows. In addition, the peak storm
intensity at the 720-min duration occurred after the debris
flow in over 94 % of the debris flow events. It is not unex-
pected that post-fire debris flows are initiated at rainstorm
intensities lower than peak values. However, as will be shown
in the next section, an important consequence of these results
is that rainfall thresholds derived from peak rainfall intensi-
ties can have a higher rate of failed alarms than thresholds
based on triggering intensities. Our analysis quantifies the
error associated with the location of ID thresholds at different
rainfall intensities, and provides an objective method for
defining ID thresholds based upon highly precise and accurate
debris-flow initiation data.
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Objective rainfall intensity–duration thresholds from triggering
intensity data
Given the statistically significant differences between peak
storm intensities and triggering intensities, and the large time
difference between peak storm intensity and the time of a
recorded debris-flow surge, we use the triggering rainfall in-
tensity data to objectively define a new set of critical rainfall
ID thresholds for the initiation of post-fire debris flows
(Fig. 3). We objectively defined the rainfall ID thresholds at
durations of 5, 10, 15, 30, 60, 180, 360, and 720 min by maximizing
the utility function of TS (Fig. 6, Table 3).

We chose to define and analyze critical rainfall intensity
thresholds at individual durations rather than as a power
law in order to maximize the predictive ability of the thresh-
old at each analyzed duration. However, our thresholds re-
semble a power law given by the equation: I=12.4D−0.4 (r2=
0.75).

ROC analysis of thresholds
ROC analysis was performed on the triggering rainfall intensities
for recorded debris flows, and for the peak storm intensities for
rainstorms where no debris flows were produced. The Cannon et
al. (2008) UL and LL thresholds were defined from measurements
of peak storm rainfall intensity, while the objective thresholds
(OBJ) were defined from triggering rainfall intensities using the
methods described in the previous section.

For all analyzed models, the best predictions of debris flow
occurrence were identified at durations less than or equal to
30 min as demonstrated by AUC values (Fig. 9). This result is
consistent with direct measurements of runoff-generated debris-
flow timing relative to rainfall (Kean et al. 2011; Okano et al. 2012).
Okano et al. (2012) identified 10-min and 24-h durations as the
best predictors for debris-flow occurrence on the slopes of Mount
Yakedake in Japan, while Kean et al. (2011) found highest correla-
tions between rainfall intensity and peak flow-stage at durations
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represent 90th and 10th percentiles. Horizontal black line represents the grand mean (mean of both peak intensity and triggering intensity values)

Table 2 Descriptive statistics for the amount of time difference between observed debris flows and peak storm intensity

Duration (min) Mean difference (min) Median difference (min) % Peak intensity occurring after debris flow

5 35.4 2.9 57.1 %

10 56.2 2.9 61.5 %

15 47.4 5.0 59.2 %

30 68.5 12.0 69.6 %

60 75.4 36.0 72.1 %

180 56.6 76.5 76.2 %

360 104.0 145.0 89.5 %

720 187.7 157.0 94.6 %

Positive values indicate peak storm intensity occurring after a debris flow.
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≤30 min for the same recently burned watersheds analyzed in this
study. Kean et al. (2011) attributed this correlation to the mechan-
ics by which the post-fire debris flows initiated. Long-duration
(>1 h) thresholds are typically used to model systems where
rainfall infiltration produces decreases in slope stability, resulting
in slope failure by landsliding and the transition of the slope
failure to debris flow (Caine 1980). Rather than infiltration con-
tributing to landsliding and subsequent transition to debris flow,
post-fire debris flows are considered to be often initiated from
surface-runoff processes. The transition from water flow to debris-
flow may occur by means of progressive sediment bulking
(Cannon et al. 2001; Cannon and Reneau 2001; Cannon et al.

2003), failure of the channel bed (Takahashi 1981), the entrainment
of material by a concentrated flow of clear water (commonly
referred to as the “firehose” effect) (Johnson and Rodine 1984),
decimeter-scale Coloumb failures (Schmidt et al. 2011) or some
combination of processes. As our best predictors of debris-flow
occurrence were associated with durations ≤30 min, our results
support these findings, and further emphasize the need to better
understand the physical processes that allow for the transition
from infiltration-excess overland flow to debris flow in recently
burned watersheds.

The tprate and fprate derived from both the peak storm inten-
sity dataset and the triggering intensity dataset were plotted in
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ROC space to compare the performance of each prediction type
(Fig. 10). In this study, tprate represents the fraction of debris flows
that were recorded at rainfall intensities above threshold and
where no debris flows were recorded at intensities below thresh-
old. The false positive rate represents the proportion of rainstorms
that had no observed debris flows yet still exceeded critical rainfall
intensities (false alarm or type I error). Visual inspection of the
ROC graph suggests the best predictions are obtained by the UL
and OBJ models at durations ≤30 min (Fig. 10), as these points fall
closest to the upper left corner of the graph (x=0, y=1) where a
perfect classifier would be found (point A on Fig. 5b). OBJ thresh-
olds at these durations had higher tprate values than UL thresholds,
at the cost of higher slightly higher fprate values.

The LL thresholds were found to have both the highest tprate
and fprate values, while the UL thresholds were found to have the
lowest tprate and fprate values. The OBJ threshold model repre-
sented an intermediary between the UL and LL models for both

tprate and fprate. For all models, the highest tprate values were
identified for rainfall intensities measured over shorter durations.
The tprate values for the LL model ranged from 0.68 to 0.89, with
the highest values found for durations ≤30 min and the lowest
values found for durations ≥360 min. UL model tprate values
ranged from 0.38 to 0.55, with highest values evident at the 5-
and 10-min durations, and the lowest values at durations of 30,
360, and 720 min. OBJ model tprate values ranged from 0.43 to 0.76,
with the highest values identified for durations ≤30 min.

For all models, fprate values tended to have smaller ranges
than those for tprate. Overall, the lowest fprate values were identi-
fied for the UL model, and the highest identified for the LL model.
UL fprate values ranged from 0.02 to 0.05, with the lowest values
identified at durations of 60 and 720 min. LL fprate values ranged
from 0.25 to 0.41, with the lowest values identified at durations
≤30 min. In theOBJ model, these values were constrained to a
range between 0.04 and 0.11.

Table 3 Rainfall ID thresholds and associated ROC metrics for each threshold model

Duration (min) Threshold (mm/h) n TN FN FP TP tprate fprate TS

Cannon et al. (2008) upper limit (UL) threshold model
5 33.8 254 206 19 10 19 0.50 0.05 0.40

10 25.6 254 205 17 11 21 0.55 0.05 0.43

15 21.8 259 207 23 9 20 0.47 0.04 0.38

30 16.5 256 206 26 9 15 0.37 0.04 0.30

60 12.5 255 207 23 6 19 0.45 0.03 0.40

180 8.1 241 189 23 10 19 0.45 0.05 0.37

360 6.1 179 135 22 7 15 0.41 0.05 0.34

720 4.6 134 93 24 2 15 0.38 0.02 0.37

Cannon et al. (2008) lower limit (LL) threshold model
5 19.5 254 161 5 55 33 0.87 0.25 0.35

10 14.7 254 158 4 58 34 0.89 0.27 0.35

15 12.5 259 155 6 61 37 0.86 0.28 0.36

30 9.5 256 157 5 58 36 0.88 0.27 0.36

60 7.2 255 143 8 70 34 0.81 0.33 0.30

180 4.6 241 126 11 73 31 0.74 0.37 0.27

360 3.5 179 84 12 58 25 0.68 0.41 0.26

720 2.7 134 56 12 39 27 0.69 0.41 0.35

Objectively defined (OBJ) threshold model
5 28.8 254 195 11 21 27 0.71 0.10 0.46

10 20.2 254 195 9 21 29 0.76 0.10 0.49

15 18.6 259 202 14 14 29 0.67 0.06 0.51

30 12.7 256 192 11 23 30 0.73 0.11 0.47

60 11.7 255 204 18 9 24 0.57 0.04 0.47

180 8.7 241 192 23 7 19 0.45 0.04 0.39

360 5.9 179 134 21 8 16 0.43 0.06 0.36

720 4.1 134 87 22 8 17 0.44 0.08 0.38
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OBJ values ranged from 0.26 to 0.36 for the LL model, with
highest OBJ values identified at durations ≤60 min. For the UL
model, OBJ values ranged from 0.30 to 0.43, with the highest values
obtained at the 5-, 10-, and 60-min durations. Optimizing the OBJ
produced OBJ values ranging from 0.36 to 0.51, with the highest
values identified at durations ≤60 min (Fig. 6).

The objectively defined thresholds provide the best balance
between correct predictions and low false alarms. The short
(≤30 min) duration tprate values were an average of 15 % greater
than those based upon the UL model, and 21 % less than those for
the LL model. When comparing the OBJ to LL and UL models, the
reduction in tprate compared to the LL model is offset by a sub-
stantial 25 % reduction in fprate, and only a modest increase of 3 %
in fp rate relative to the UL threshold model. OBJ values were an

average of 7 % greater than those based upon the UL model, and
11 % greater than those for the LL model.

Threshold exceedance and the timing of debris flows
Here, we assume that within a range of rainfall intensities at a
given duration, there is a point where a slight increase in rainfall
intensity yields a dramatic increase in the probability of debris-
flow occurrence. As such, we would expect that the critical rainfall
intensity would be exceeded at a point during a rainstorm imme-
diately prior to the recorded time of debris flow. To test the ability
of a critical rainfall intensity threshold to predict the within-storm
occurrence of a debris flow, we analyzed the difference between the
time at which a debris flow was recorded and the time at which
rainfall rates exceeded threshold (Fig. 11). Descriptive statistics of
the mean, median, % of debris flows that were recorded within
30 min of threshold exceedance, and % of debris flows occurring at
some point in the storm after thresholds were exceeded were used
to assess the predictive capability of each model at different mea-
surement durations, and are summarized in Table 4. We consider a
threshold to be a good predictor of debris flow occurrence if the
critical rainfall intensity threshold is exceeded prior to the
recorded time of a debris-flow surge, represented as negative
values in Fig. 11 and Table 4.

For the UL model, the exact timing of recorded debris flows
was not consistently predicted at any duration. The greatest pro-
portion (33 %) of debris flows occurring within 30 min of thresh-
old exceedance was identified at rainfall intensities measured for
durations of 30 min. For all durations, threshold exceedance at
some point during the rainstorm prior a recorded debris flow
never exceeded 44 % (D=30 min).

The LL model performed significantly better than the UL
model, with a majority of surges occurring within 30 min of
threshold exceedance for rainfall intensities measured at
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durations ≤15 min. For all measured rainfall durations, thresh-
olds were exceeded at some point prior to a debris flow for a
majority of all recorded events. However, the ability of the LL
model to predict the within-storm timing of debris flows is
tempered by the high false alarm rate identified in the previ-
ous sections.

The OBJ model performed better than the UL model but not as
well as the LL model in predicting the within-storm timing of debris
flows. Amajority of debris flows occurred within 30min of threshold
exceedance for the 30-min threshold. For both the 10- and 30-min ID
thresholds, more than 50 % of debris flows occurred after the ID
threshold was exceeded.

While all models proved to be limited in predicting the exact
time of debris flow occurrence, the OBJ model represents an

improvement over the UL model. In addition, we feel that the
dramatic improvements in fprate compared to the LL model coun-
teract the reduction in the difference between exceedance times and
debris flow occurrence identified in the OBJ model.

The lack of complete correspondence between the time at
which thresholds are exceeded and the timing of debris flow
initiation for all threshold models illustrates the limitation of
the threshold approach for predicting the exact time of post-
fire debris flow occurrence. Rainfall thresholds derived from
triggering rainfall intensities (our OBJ thresholds) are only
able to correctly predict debris-flow occurrence a maximum
of 50 % of the time. Improved prediction rates will require a
better understanding of the mechanisms of runoff-induced
debris-flow initiation in recently burned watersheds, which are
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Fig. 11 Histograms illustrating the difference between the time at which critical rainfall threshold intensities were exceeded and the recorded time of debris flow for LL (blue),
UL (red) and OBJ (black). Negative values indicate thresholds were exceeded prior to debris flow, positive values indicate that thresholds were exceeded after debris flows
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poorly understood relative to other forms of landslide and debris-
flow initiation. We recommend that future research focus upon
improving our understanding (1) of the physical mechanisms that
link short bursts of high intensity rainfall to debris-flow initiation,
and (2) the relation between critical values of triggering rainfall
intensities and physiographic characteristics, such as soil properties,
surface hydrology, antecedent condition, and basin morphology.

Conclusions
This study described a method for assessing and improving the
forecasting ability for debris flows in recently burned watersheds.
We have improved upon the threshold delineation approach of
Cannon et al. (2008) by (1) analyzing rainfall intensity data that
characterizes the conditions that occur immediately prior to the
timing of a debris-flow event, rather than peak rainstorm intensity,
(2) defining thresholds using an objective approach that balances
predictive successes with false alarms and failed alarms, and (3)

improving the temporal correlation between the time at which
rainfall intensity thresholds are exceeded and the timing of de-
bris-flow events.

Our precise debris-flow timing database derived from 43
events, combined with rainfall intensity data collected within close
proximity represents the most comprehensive single database of
post-fire debris-flow initiation conditions to date. The literature
review of Guzzetti et al. (2008) identified that only 133 of the 2626
documented debris flow events were able to constrain timing to
±12 h. Our study is able to constrain the exact rainfall conditions
which contribute to the initiation of post-fire debris flows using
rapidly deployable yet robust monitoring equipment. These data
provide a means of comparing the traditional, peak-intensity
approaches to ID threshold definition with the actual rainfall
intensities occurring during debris flow initiation. We have iden-
tified that empirical thresholds based on peak rainstorm intensity
are too high relative to the meteorological conditions prior to the

Table 4 Summary of differences between recorded time of debris flow and the time at which thresholds were exceeded

Duration (min) Mean
difference (min)

Median
difference (min)

% of Debris flows where thresholds were
exceeded ≤30 min prior to recorded surge

% of debris flows that occurred
after threshold was exceeded

Cannon et al. (2008) upper limit (UL) threshold model
5 36.7 0 27.9 % 28.3 %

10 −7.3 −1.5 25.6 % 34.8 %

15 36.7 0 27.9 % 28.3 %

30 −0.2 −2.4 32.6 % 43.5 %

60 17.5 0.5 27.9 % 34.8 %

180 −4.8 2.0 14.0 % 39.1 %

360 −7.5 0.0 14.0 % 34.8 %

720 −12.0 −3.1 11.6 % 32.6 %

Cannon et al. (2008) lower limit (LL) threshold model
5 1.7 −3.0 60.9 % 60.9 %

10 −2.2 −4.0 67.4 % 67.4 %

15 1.7 −3.0 60.9 % 60.9 %

30 −20.1 −7.6 47.8 % 65.2 %

60 −40.5 −16.6 30.4 % 63.0 %

180 −81.4 −80.0 13.0 % 63.0 %

360 −57.4 −57.0 2.2 % 54.3 %

720 −163.4 −37.5 15.2 % 58.7 %

Objectively defined (OBJ) threshold model
5 −35.8 −2.0 32.6 % 45.7 %

10 12.1 −3.0 47.8 % 52.2 %

15 −35.8 −2.0 34.8 % 45.7 %

30 4.2 −3.0 50.0 % 54.3 %

60 12.0 −1.4 15.2 % 34.8 %

180 9.3 0.0 15.2 % 41.3 %

360 −27.2 −7.0 8.7 % 32.6 %

720 −41.1 −12.0 32.6 % 45.7 %

Negative values indicate threshold exceedance prior to the recorded time of debris flow, positive values indicate threshold exceedence after the recorded time of debris flow
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recorded time of debris flows. This finding does not diminish the
value or need for empirical thresholds based on peak-storm in-
tensity, because precise timing data for landslides and debris flows
is typically unavailable or in limited quantity (Guzzetti et al. 2008).
However, thresholds defined for the prediction of post-fire debris-
flow events should be derived from precise timing data whenever
possible, particularly when used for forecasting purposes, and
post-fire (and other landslide and debris flow) monitoring efforts
should emphasize collection of debris-flow and landslide timing
data for future refinement of thresholds defined from peak rain-
storm intensities. Our data, in combination with a quantitative
and objective method provides a new and computationally simple
means of defining the threshold conditions for the initiation of
post-fire debris flows. Furthermore, this method allows us to
quantitatively evaluate the predictive ability of existing thresholds
during subsequent events, and modify rainfall thresholds through-
out the winter season as necessary.

Given that rainfall ID thresholds constitute a significant deci-
sion-making factor for the southern California flash-flood and
debris-flow early warning system (Restrepo et al. 2008), lowering
threshold to the LL model and increasing the number of false
alarms may be detrimental to the perceived effectiveness of the
system (Baum and Godt 2010). Setting a rainfall threshold too low
will also result in unnecessary and expensive evacuations and
resource deployments, while thresholds that are too high could
lead to a false sense of security and the possibility for injuries and
fatalities. However, local, state and federal emergency manage-
ment agencies, public works departments and weather forecasters
are not likely to view false alarms as entirely negative, as these
provide opportunities as learning experiences which allow them to
modify and improve response strategies and contingency plans
(Barnes et al. 2007). Nevertheless, over-warning the public may
result in an increase in complacency towards debris-flow hazards.
We feel that the objectively defined thresholds based upon the
presented method offer the best balance between false and failed
alarm rates within an early warning system. Other users may wish to
incorporate a weighting coefficient in the calculation of a TS if they
require unequal weights between false alarms and failed alarms.

Our results also highlight the importance of accurate forecasting
of rainfall conditions for successful early warning of debris flows in
recently burned watersheds. Since short-duration thresholds proved
to be most effective for predicting debris-flow initiation, real-time
monitoring of rainfall intensities within the burned watersheds pro-
vides little or no lead time for warning or evacuation. Improvement
of rainfall intensity forecasting and monitoring of rainfall conditions
upwind of the area of concern are of utmost importance for early
warning of debris flows in recently burned watersheds. Recent
improvements in radar technology, such as dual-polarization
(Jorgensen et al. 2011), may improve forecasters’ ability to resolve
areas of high intensity rainfall within a storm and provide better
guidance to emergency management teams and public dissemina-
tion of short lead-time warning.

Finally, the methods presented here related to the use of precise
debris-flow timing data and utility functions to objectively define
and evaluate critical rainfall intensity thresholds may be used to
develop empirical thresholds for other types of landslides, or in other
regions. Since our data and results are specific to the study basins in
two burn areas in southern California, the objective thresholds
defined in our analysis are likely only applicable in this particular

region. However, the methods we have documented have practical
applications not just in landslide and debris flow research, but also in
the research of any system that exhibits nonlinear behavior charac-
terized by critical thresholds.
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