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1Department of Geosciences, University of Arizona,Tucson, Arizona, USA, 2U.S. Geological Survey, Denver, Colorado, USA

Abstract Postwildfire debris flows are frequently triggered by runoff following high-intensity rainfall,
but the physical mechanisms by which water-dominated flows transition to debris flows are poorly
understood relative to debris flow initiation from shallow landslides. In this study, we combined a numerical
model with high-resolution hydrologic and geomorphic data sets to test two different hypotheses for
debris flow initiation during a rainfall event that produced numerous debris flows within a recently
burned drainage basin. Based on simulations, large volumes of sediment eroded from the hillslopes were
redeposited within the channel network throughout the storm, leading to the initiation of numerous debris
flows as a result of the mass failure of sediment dams that built up within the channel. More generally,
results provide a quantitative framework for assessing the potential of runoff-generated debris flows based
on sediment supply and hydrologic conditions.

1. Introduction

Runoff processes play a major role in generating postwildfire debris flows [Meyer and Wells, 1997; Cannon
et al., 2001a; Cannon, 2001; Santi et al., 2008; Gabet and Bookter, 2008; Nyman et al., 2011; Smith et al., 2012],
but the manner through which water flow transitions to debris flows remains poorly understood. Due to a
lack of rainfall interception and fire-induced reductions in the infiltration capacity of the soil, recently burned
watersheds often experience large increases in runoff relative to unburned conditions [Shakesby and Doerr,
2006; Stoof et al., 2012]. Increases in runoff, soil erodibility, and sediment supply, in turn, lead to significant
increases in erosion and sediment transport. As a result, runoff-generated debris flows are often observed
given sufficient rainfall intensities. Debris flows achieve maximum discharges that are many times greater
than those associated with clear water floods [VanDine, 1985; Kean et al., 2016], making it critical to identify the
hydrologic and topographic controls associated with their initiation. More generally, isolating the process(es)
responsible for debris flow initiation by runoff is critical from a landscape evolution perspective as it is required
for properly delineating portions of the landscape that evolve through debris flow processes from those that
evolve through fluvial processes.

Mechanistic models for the initiation of runoff-generated debris flows can be separated into two broad
categories: those that involve the mass failure of channel sediment by sliding along a discrete failure plane
[e.g., Takahashi, 1978, 1981; Johnson and Rodine, 1984; Kean et al., 2013] and those that invoke gradual
(grain-by-grain) sediment bulking [e.g., Meyer and Wells, 1997; Cannon et al., 2001a, 2001b; Cannon, 2001].
In contrast to shallow landslides, which leave behind readily identifiable scarps at their initiation locations, it
is rare to identify the initiation location of runoff-generated debris flows due to their coexistence with more
water-dominated flows. Meyer and Wells [1997] describe a situation in which extensive hillslope and channel
erosion lead to progressively higher sediment concentration within runoff as it moved downslope before tran-
sitioning into a regime where it became a debris flow, as evidenced by the formation of coarse-grained levees.
Field sites where evidence of debris flows becomes more apparent downstream from drainage divides have
also been described by Cannon et al. [2003], with the interpretation being that debris flows result from the
episodic entrainment of material into runoff as it moves downslope. More recently, Kean et al. [2013] demon-
strated that debris flows could also be generated through a regressive instability (in the sense of Zanuttigh
and Lamberti [2007]) where sediment preferentially deposits within low-slope portions of the channel until
the downstream force within the developing sediment dam is sufficient to lead to a mass failure. The later
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fluvial reworking of potential geomorphic evidence and an inability to identify precise debris flow initiation
locations, however, makes it difficult to determine initiation mechanisms from postevent observations alone.
While both hypotheses (i.e., grain-by-grain bulking and mass failure) can explain the relatively rapid transi-
tion from clear water flow to debris flow, a fundamental difference between these two explanations for debris
flow initiation is that one invokes the presence of hydrologic conditions that lead to a net deposition of sedi-
ment within portions of the channel, while the other requires hydrologic conditions that promote widespread
sediment entrainment.

The hydrologic conditions necessary to entrain sufficient material to reach the sediment concentrations typi-
cal of a debris flow are different from those required to destabilize channel sediment en masse, which depends
on overland flow depth and geotechnical properties of the sediment [Takahashi, 1981; Prancevic et al., 2014].
Therefore, further insight into the style of postwildfire debris flow initiation mechanisms for a given set of
topographic and hydrologic conditions is critical for the development of process-based hazard assessment
tools. We build upon previous studies that focus on runoff-generated debris flows by combining detailed field
measurements and observations with numerical modeling to gain insight into the sediment availability and
hydrologic conditions occurring throughout a debris-flow-producing rainstorm in a natural setting.

Terrestrial laser scanning [Staley et al., 2014], field observations [Kean et al., 2011], and numerical modeling
[Kean et al., 2013] of postwildfire debris flow initiation demonstrate that sediment supply and small-scale vari-
ations in topography can play an important role in the transition from water-dominated flow to debris flow.
Therefore, we employ a numerical model that is capable of representing fluid flow and sediment transport
at a resolution that is sufficient to resolve hillslope sediment transport processes and variations in channel
slope. The model is capable of generating debris flows through grain-by-grain sediment bulking and has an
on/off switch for representing mass failure processes. By simulating the hydrologic and geomorphic response
of the basin with and without the mass failure component of the model turned on, we are able to assess which
initiation process is likely to have generated debris flows during the studied storm. Although we focus on
a postwildfire site, results are also applicable to many alpine areas and nonvegetated steeplands, which are
known to experience runoff-generated debris flows [e.g., Davies et al., 1992; Coe et al., 2003, 2008].

2. Study Area

This study focused on a 0.01 km2 basin (Figure 1) within the area burned by the 2009 Station fire. The basin
is located in the San Gabriel Mountains near La Crescenta-Montrose, CA, USA, and was burned at moderate
to high severity [Kean et al., 2011]. Hillslope gradients regularly exceed 35∘, and channel slope angles are
generally in the range of 20∘–25∘. Soil depths range from 0.25 to 1.0 m but can be thin and discontinuous on
steeper sections of the hillslopes [Staley et al., 2014]. Based on grain size analyses of hillslope sediment [Kean
et al., 2011], the soil can be classified as a loamy sand. Approximately 25% of the basin, mainly the steepest
portions of the west facing hillslope, consist of saprolite [Staley et al., 2014]. Although more cohesive than the
soil, rills were incised into the saprolite as a result of postfire rainfall [Staley et al., 2014].

3. Methods
3.1. Conceptual Model
The numerical model consists of four main components: infiltration, fluid flow, sediment transport, and the
mass failure of bed material. The first three components of the numerical model are described in detail by
McGuire et al. [2016], so we focus our attention here on the equations that are most relevant to understanding
the debris flow initiation process at our study site and the additions to the model that differentiate it from
that described by McGuire et al. [2016].

Infiltration is modeled using the Green-Ampt equation [Green and Ampt, 1911]. Fluid flow and sediment
transport are modeled within a 2-D depth-averaged framework that reduces to the standard shallow water
equations when additional momentum source terms associated with basal shear stress in debris flows are
negligible (see Text S1 in the supporting information). In cases where debris flow occurs, the governing
equations are equivalent to a simplified version of the debris flow model presented by Iverson and Denlinger
[2001] [McGuire et al., 2016]. The Hairsine-Rose (HR) model is used to account for sediment entrainment and
deposition by runoff [Hairsine and Rose, 1992a, 1992b, 1991].

The HR model simulates sediment detachment by raindrop impact and sediment entrainment by flow-driven
processes. Sediment may be deposited once it is detached or entrained into the flow, and, since it is no longer
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Figure 1. The study site is located northeast of Los Angeles, CA, USA, in the San Gabriel Mountains, and was burned during the 2009 Station fire. (a) An aerial
photograph of the study site shows the lack of vegetation and bare soil associated with the moderate to high burn severity at our study site. Terrestrial laser
scanning-derived estimates of topographic change show extensive hillslope erosion and net deposition in many portions of the channel network. (b) The stage
at the outlet of the basin is highly variable, consisting of minimal background flow and intermittent debris flow surges that closely follow peaks in rainfall
intensity. (c, d) A close look at the stage reveals the characteristic shape of a debris flow surge, a rapid increase in flow depth followed by a more gradual decline.
The five largest debris flow surges in Figures 1c and 1d are marked with stars.

held within the matrix of undisturbed soil, this deposited sediment has erodibility properties that differ from
the in situ soil. In particular, sediment in the deposited layer can be redetached by raindrop impact or reen-
trained by runoff more easily than the original soil. The deposited layer also shields the underlying sediment in
the original soil from raindrop impact and entrainment. Details of the HR model are presented in section 3.2.1.
Within the context of this study, sediment in the deposited layer (which has minimal cohesion) may also fail en
masse, while the more cohesive original soil is not subject to mass failure processes. Visible signs of hillslope
failures occurring in intact soil were not observed at our study area. Furthermore, given the typical depth and
geotechnical properties of the hillslope soil, shallow landslides are unlikely to have occurred on the hillslopes
during the rainstorm [Kean et al., 2011].

Debris flows are defined in the model based on the volumetric sediment concentration, c∗, of the fluid
[McGuire et al., 2016]. If the fluid has a volumetric sediment concentration greater than 0.4, then its behavior
is governed by the debris flow equations (see Text S1 in the supporting information). In particular, the basal
shear stress of the flow is formulated in terms of a Coulomb friction law [e.g., Iverson and Denlinger, 2001].
If c∗<0.2, then the fluid behaves as clear water runoff and a depth-dependent formulation of Manning’s fric-
tion coefficient [Jain et al., 2005] is used to account for flow resistance. When 0.2< c∗<0.4, the magnitude
of the debris flow resistance terms are scaled by a transition function that takes on values between 0 and 1
(see Text S1 in the supporting information). Debris flows may arise in the model from sediment bulking caused
by the entrainment or from rapid additions of sediment to the flow through the mass failure of previously
deposited sediment (Figure S1).

The mass failure of bed sediment occurs when the driving forces acting on that sediment exceed the resisting
forces that hold it in place (see section 3.3). Both driving and resisting forces are modified by the presence
of overland flow [e.g., Takahashi, 1981]. When a mass failure occurs, the sediment at that location is removed
from the bed and added into the water column.

3.2. Numerical Model
3.2.1. Sediment Entrainment and Deposition
We define h as water depth (m), u (m s−1) and v (m s−1) as depth-averaged velocities in the x and y directions,
respectively, and ck as the sediment concentration (kg m−3) of sediment size class k. The HR equations for
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sediment size class k are

𝜕(ckh)
𝜕t

+
𝜕(hcku)

𝜕x
+

𝜕(hckv)
𝜕y

= ek + erk + rk + rrk − dk (1)

𝜕(mk)
𝜕t

= dk − erk − rrk (2)

Here ek , erk , rk , rrk , and dk denote rates for detachment and redetachment due to rainfall, entrainment and
reentrainment due to runoff, and deposition, respectively, and are defined as in McGuire et al. [2016]. Rates of
detachment (ek) and redetachment (erk) due to rainfall are functions of rainfall rate, the proportion of the orig-
inal soil (pk) that consists of sediment in size class k, the mass (per unit area) of sediment in the deposited layer
(mt), the degree to which the deposited sediment shields the soil from erosion, and the overland flow depth.
Rates of detachment and redetachment are also scaled by detachability coefficients, respectively denoted by
a0 and ad0. The deposition rate for sediment class k is determined by the particle diameter, the clear water
settling velocity [Cao, 1999], and sediment concentration [Richardson and Zaki, 1954], with modifications in
shallow interrill areas as described by McGuire et al. [2016]. All simulations are performed using five particle
size classes with representative grain diameters of 0.05 mm, 0.15 mm, 0.49 mm, 2.7 mm, and 7.7 mm based
on the sediment size distribution at the study area [McGuire et al., 2016].

The rates of entrainment and reentrainment due to runoff are given by

rk = (1 − H)pk

F(Ω − Ωcr)
J

(3)

rrk = (1 − 𝛽)H
mk

mt

F(Ω − Ωcr)
𝜌s−𝜌w

𝜌s
gh

(4)

where F is the fraction of excess stream power effective in entrainment, J is the energy required per unit mass
of sediment for entrainment, Ω = 𝜌wgSf

√
uh2 + vh2 denotes stream power with Sf = n2(uh2 + vh2)h−10∕3

being the friction slope, n is Manning’s roughness coefficient, mk is the deposited sediment mass per unit area
for sediment in class k, H=min (mt∕m∗

t , 1) is the degree to which deposited sediment shields the underlying
bed from erosion, m∗

t is the mass of deposited sediment needed to completely shield the underlying soil from
erosion, 𝜌w is the density of water, 𝜌s is the density of sediment, and Ωcr is the critical stream power needed
for entrainment. The critical stream power is computed as a function of slope following Ferguson [2012].

In some studies, the HR model is modified to explicitly simulate bed load transport [Zheng, 2011], with 1 − 𝛽

denoting the fraction of excess stream power that is expended on reentrainment and 𝛽 denoting the remain-
ing excess stream power that is expended on transporting sediment as bed load. We set 𝛽=0.5 but found
that the bed load sediment flux contributed only minimally to sediment transport during our simulations
(Figure S3) while making the model more prone to instabilities. Therefore, we did not explicitly model bed
load transport in simulation reported in the main text and instead rely on the traditional form of the HR
model to simulate the total load. It is important to emphasize that sediment can still be entrained, deposited,
reentrained, and redeposited based on its settling velocity and the properties of the flow in a manner akin to
bed load transport.

Manning’s roughness coefficient is computed using the depth-dependent formula proposed by Jain
et al. [2005],

n =
{

n0(h∕hc)−𝜖 h < hc

n0 h ≥ hc
(5)

where n0 is the minimum Manning’s roughness coefficient, hc is a critical depth above which n is assumed to
be constant, and 𝜖 is a positive exponent.

3.3. Mass Failure
The stability of sediment in the deposited layer is evaluated at every point in the computational domain
using a Mohr-Coulomb static force balance. We assume that failure occurs at the interface of the deposited
sediment layer and the original soil (or bedrock) surface and that the deposited sediment layer is saturated.
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Table 1. Model Parameter Values Used in Numerical Simulations of Runoff and Sediment Transport at
the Study Sitea

Symbol Unit Definition Value Source

a0 kg m−3 Detachability of original soil 1 ⋅ 102 to 7.5 ⋅ 103 C

ad0 kg m−3 Detachability of deposited sediment 2.75 ⋅ 104 C

F − Effective fraction of stream power 0.0065 C

dr m Raindrop diameter 0.003 L

m∗
t0 kg m−2 Deposited mass needed to shield original soil 3.0 L

n0 − Minimum Manning coefficient 0.125 C

𝜖 − Exponent in friction model 1∕3 L

hc m Critical depth associated with friction 0.003 L

ks mm h−1 Saturated hydraulic conductivity 8 C

hf m Wetting front capillary pressure head 0.06 L

𝜃i − Initial volumetric soil moisture 0.2 M

𝜃s − Volumetric soil moisture at saturation 0.4 M

𝜙 − Bed sediment porosity 0.4 M

𝜙bed degree Static angle of friction for sediment 41 M

C Pa Effective cohesion 100–600 L
aThe letters C, L, and M refer to values determined through calibration, inferred from the literature,

and derived from measurements or laboratory analyses of sediment from our study site, respectively.

Sediment deposited within the channel produced by dry ravel prior to rainfall may provide an important
source of sediment for postwildfire debris flows [Lamb et al., 2011, 2013], but such preexisting channel
deposits are not taken into account here. Dry ravel is most dominant immediately following wildfire, and the
modeled storm, which began on 10 December 2009, was preceded by a storm on 12 November 2009 that
removed large amounts of sediment from the channel [Schmidt et al., 2011].

The balance of forces in the x direction at the static limit to motion can be written as

(
𝜌bghs cos𝜃 + 𝜌wgh cos𝜃 − pbed

)
tan𝜙bed + hs

𝜕

𝜕x

(
𝜌bghs cos𝜃

)
+ C =

(
𝜌bhs + 𝜌wh

)
g sin𝜃 (6)

where 𝜃 is the bed slope, hs =mt∕(𝜌s(1−𝜙)) denotes the depth of the deposited sediment layer, and 𝜙 is bed
sediment porosity. The first term on the left-hand side of the equation represents the resisting basal shear
stress where the effective normal stress is influenced by the presence of overland flow above the sediment
layer and also modified by basal pore pressure. The basal pore pressure, pbed, is assumed to be equal to the
hydrostatic pressure 𝜌wg(hs + h). The second and third terms on the left-hand side of the equation repre-
sent the longitudinal normal stress and cohesion, respectively. The driving force on the right-hand side of the
equation results from the downslope component of the weight of both the sediment layer and overland flow.

3.4. Model Parameters and Sensitivity Analysis
Numerical model parameters were estimated using values from the literature, laboratory analyses of sediment
from the study area [Kean et al., 2011], and those previously calibrated for the study site [Rengers et al., 2016;
McGuire et al., 2016]. A summary of parameter values used in simulations is presented in Table 1. Values for
the saturated hydraulic conductivity (ks) and depth-dependent Manning coefficient (n0) were calibrated by
comparing simulated hydrographs at the basin outlet with the recorded hydrograph [Rengers et al., 2016].
The HR parameters, namely, the sediment detachment (a0) and redetachment coefficients (ad0) as well as the
effective fraction of stream power (F), were calibrated by McGuire et al. [2016] based on comparisons between
simulated erosion and TLS-derived estimates of erosion on an approximately 3000 m2 subbasin within the
study area and are applied here to model sediment transport throughout the entire basin. One modification
to these calibrated sediment transport parameters is necessary, however, since McGuire et al. [2016] focused
on an east facing portion of the basin that was entirely composed of soil and there are exposed patches of
saprolite on some of the steeper, west facing hillslopes. Since we expect rates of raindrop-driven detachment
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to be negligible in areas with exposed saprolite, we reduce the value of the raindrop detachment coefficient
(a0) from its calibrated value (a∗

0 = 7.5 ⋅ 103) to a minimum of 100 kg m−3 as a function of slope according to

a0 =
⎧⎪⎨⎪⎩

a∗
0 S < tan 41∘

a∗
0 − (a∗

0 − 100)(S − tan 41∘)∕(tan 45∘ − tan 41∘) tan 41∘ ≤ S ≤ tan 45∘
100 S> tan 45∘

(7)

The critical angle within the model for the transition from soil cover to saprolite corresponds with the basal
friction angle, 𝜙 = 41∘, for sediment at our study area [Kean et al., 2011].

We performed a sensitivity analysis to assess whether or not results are robust with respect to potential uncer-
tainty in calibrated model parameters values by randomly perturbing the values of three key parameters: ks,
n0, and F. The coefficient F controls the relationship between stream power and the rate of flow-driven detach-
ment and therefore could have a direct impact on the grain-by-grain bulking process as well as an indirect
effect on mass failure processes by limiting sediment accumulation in the channel. The saturated hydraulic
conductivity (ks) and depth-dependent Manning coefficient (n0) have impacts on flow depth and velocity,
which could influence the efficiency of sediment transport as well as the stability of deposited sediment via
the relationship between flow depth and channel bed stability. The sensitivity analysis consisted of 20 trials
for the scenario where mass failure processes are neglected and 20 trials where mass failures processes are
included. In all 40 of these simulations, values for ks, n0, and F were assigned from a uniform distribution with
a range from 𝜇 ± 0.2𝜇 where 𝜇 denotes the calibrated value. In model scenarios with mass failure processes
included, we also varied the apparent cohesion (C) among different trials by drawing its values from a uniform
distribution with minimum and maximum values of C = 100 Pa and C = 600 Pa, respectively. The extent of
potential values for C, which is meant to account for any apparent cohesion in the deposited sediment layer,
was chosen based on a range of apparent cohesion from roughly 100 to 600 Pa for partially saturated sand
[Richefeu et al., 2006]. In our analysis, we focus on whether or not these variations are sufficient to perturb the
system from a state where debris flows are generated through grain-by-grain bulking into a system where
debris flows are initiated by mass failure processes, or vice versa.

4. Results

Results demonstrate a marked difference between model scenarios with and without the inclusion of mass
failure processes, indicating that mass failure played an important role in generating debris flows at our study
area. Simulations indicate little debris flow activity in modeling scenarios where mass failure processes are
neglected, as evidenced by the general absence of rapid increases in flow depth or sediment concentration
in excess of c∗ =0.4 (Figure 2). The simulated outflow hydrograph varies relatively smoothly in the absence of
modeled debris flow surges. Sediment concentrations, while not insignificant, are typically well below debris
flow levels (Figure 2). The sensitivity analysis indicates that the absence of widespread debris flow activity is
consistent across a range in the calibrated parameters for the model scenarios without mass failure.

Simulations of runoff and sediment transport in the absence of mass failure processes result in exces-
sive amounts of sediment storage in the channel compared to estimates of channel aggradation derived
from repeat TLS surveys, despite reasonable agreement in the magnitude of hillslope erosion (Figure 3).
Comparisons between modeled topographic change and TLS-derived estimates of erosion and deposition
during the storm are facilitated by comparing the volume of material eroded or deposited within three
different morphologic process domains (Figure 3), hillslope divergent areas (process domain 1), hillslope con-
vergent areas (process domain 2), and channel areas (process domain 3). Excessive amounts of modeled
deposition within the channel suggest that fluvial processes alone were generally insufficient during this
storm to transport a lot of the eroded hillslope sediment out of the basin.

In contrast, modeling scenarios that include mass failure processes result in substantial debris flow activity
(Figure 2). Periodic debris flow surges, characterized by increases in flow depth and sediment concentrations
that exceed c∗ =0.4, are evident in the modeled hydrograph and generally correspond with debris flow timing
in the actual hydrograph (Figure 3). The mass failure of sediment is restricted to the channel network and the
larger rills and gullies on the hillslopes (Figure 3). The simulated amount of aggradation within the channel
network is similar to that derived from repeat TLS surveys (Figure 2). A sensitivity analysis demonstrates that
debris flows are commonly initiated through in-channel mass failure processes across a range of values for
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Figure 2. (a) When simulations are performed without the possibility for the mass failure of bed sediment, the model
does not regularly simulate debris flow surges. A time of 0 min corresponds with 2:27 P.M. local time on 12 December
2009. (b, c) Simulated sediment concentrations typically remain well below c∗ = 0.4, and the modeled hydrograph is
characterized by smoothly varying flow depths. (d) Simulations that include the mass failure component result in a
large number of debris flow surges, characterized by (e, f ) high sediment concentrations exceeding c∗ = 0.4 that are
accompanied by rapid increases in flow depth. To retain visual clarity, only a few debris flow surges are identified with
arrows in Figures 2e and 2f.

C (100–600 Pa) and within the parameter space defined by varying ks, n0, and F by ±20% (Figure 3). All else
being equal, the number of modeled debris flow surges generally decreases with increases in C (Figure S2).

5. Discussion

Postwildfire debris flows can be associated with distinct rainfall intensity-duration thresholds [Cannon et al.,
2011; Kean et al., 2011; Staley et al., 2012]. While rainfall intensity-duration thresholds perform well at iden-
tifying areas most at risk due to debris flows, the general applicability of these methods for debris flow
hazard assessment is limited by the range of environments represented within databases of historic debris
flow occurrence. An improved understanding of the physical mechanisms (e.g., grain-by-grain bulking and
en masse failure of channel bed sediment) responsible for generating postwildfire debris flows is needed to
develop reliable hazard assessment tools in areas where there is insufficient historical data to rely on empirical
methods.
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Figure 3. (a) The study basin is broken up into three process domains, hillslope divergent areas (process domain 1),
hillslope convergent areas (process domain 2), and channel locations (process domain 3), that help facilitate
comparisons between modeled and actual erosion patterns. (b) Results of the model sensitivity analysis show that
the number of simulated debris flow surges and the total amount of sediment deposited within the channel (process
domain 3) are close to the observed values when the model accounts for mass failure processes. The estimated number
of actual debris flow surges depends on the method chosen to identify debris flow surges within the recorded stage
data (see Text S3 in the supporting information). (c) A simulation performed using the parameters from Table 1 and a
model with no mass failure processes results in reasonable amounts of hillslope erosion (process domains 1 and 2)
compared to TLS-derived estimates (actual) but excessive amounts of deposition in the channel areas (process domain 3).
(d) When mass failure processes are included, a simulation using the same parameters from Table 1 results in less
deposition within the channel due to the periodic mass failure of sediment in those locations. In some channel locations,
periodic mass failures accounted for the removal of more than 2 m of sediment throughout the course of the storm.

In a recent study, Kean et al. [2013] demonstrated that runoff-generated debris flows could result from a regres-
sive instability where sediment preferentially deposits within low-slope portions of the channel network and
subsequently fails. The repeated failure of these sediment stores under various flow conditions showed good
agreement with field measurements of debris flow surge frequency [Kean et al., 2013]. Debris flows may also
result from the gradual bulking of overland flow [e.g., Meyer and Wells, 1997; Cannon et al., 2003] rather than
the mass failure of previously deposited sediment. Numerical model results indicate that debris flow surges
at our study site resulted from the repeated formation and failure of in-channel sediment deposits (Figures 2
and 3).

While in-storm transport of sediment appears particularly important in repeated debris flow generation at our
field site, dry ravel is known to move large amounts of sediment into channels following wildfire [Lamb et al.,
2011, 2013] and may also play an important role in supplying sediment for debris flows. Staley et al. [2014]
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mapped 14 m3 of ravel deposits in the channel after the 10 December 2009 rainstorm, suggesting that pre-
rainstorm dry ravel contributed to the roughly 200 m3 of sediment transported off of the hillslopes. It is likely
that sediment transported into the channel during and following the first postfire rainstorm on 12 November
2009 contributed to the development of a transport-limited environment during the modeled rainstorm on
10 December 2009. We hypothesize that the first pulse of debris flow surges (t=75 to t=100 min) (Figure 2)
may have resulted from the rapid saturation of channel deposits emplaced prior to the rainstorm since it is
unlikely that rainfall-runoff processes resulted in substantial sediment transport prior to that time. More gen-
erally, however, rainfall-runoff processes were sufficient during the modeled rainstorm to repeatedly replenish
the channel sediment needed to initiate debris flows.

This study builds on flume experiments [Prancevic et al., 2014] and previous studies at the channel reach scale
[Kean et al., 2013] by examining debris flow initiation in natural conditions at the basin scale. While results do
not preclude grain-by-grain bulking from being a dominant form of debris flow initiation in other settings,
they add support to the conceptual model that the transition from water-dominated flow to debris flow can
be facilitated through the buildup and mass failure of loose sediment deposited within the channel network.
Results suggest that although a Mohr-Coulomb stability criteria applied to a sediment layer [Takahashi, 1978,
1981] can be used to assess the potential for runoff-generated debris flows, accurate simulation of debris
flow volume and initiation location likely requires a model framework that dynamically routes sediment
throughout the storm. Results presented here support a quantitative framework through which hydrologic
and geomorphic factors can be used to link debris flow potential to rainfall characteristics.

6. Conclusions

It has been difficult to test multiple hypotheses for the initiation of runoff-generated debris flows in natural
settings, particularly following wildfires, due to the coexistence of water-dominated floods and debris flows
in these settings and an incomplete picture of the hydrologic and geomorphic response to rainfall in these
areas. In this study, we combined a numerical model that simulates the transition from clear water flow to
debris flow with high-resolution hydrologic and geomorphic monitoring data to determine the mechanism
responsible for the initiation of runoff-generated debris flows within a burned catchment in the San Gabriel
Mountains, CA. Results indicate that the hydrologic and geomorphic conditions throughout the storm are
most consistent with debris flow initiation through the mass failure of sediment stores that were periodically
deposited within the channel during the storm. Debris flow initiation by a progressive grain-by-grain bulking
process appears less likely. Results further suggest that the potential for runoff-generated debris flows may
be linked with sediment supply and hydrologic conditions through a Mohr-Coulomb stability criteria applied
to a sediment layer within the channel.
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