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Abstract Wildfire alters vegetation cover and soil hydrologic properties, substantially increasing the
likelihood of debris flows in steep watersheds. Our understanding of initiation mechanisms of postwildfire
debris flows is limited, in part, by a lack of direct observations and measurements. In particular, there
is a need to understand temporal variations in debris-flow likelihood following wildfire and how those
variations relate to wildfire-induced hydrologic and geomorphic changes. In this study, we use a
combination of in situ measurements, hydrologic monitoring equipment, and numerical modeling to
assess the impact of wildfire-induced hydrologic and geomorphic changes on debris-flow initiation
during seven postwildfire rainstorms. We predict the impact of hillslope erosion on debris-flow initiation
by combining terrestrial laser scanning surveys of a hillslope burned during the 2016 Fish Fire with
numerical modeling of sediment transport throughout a 0.12-km2 basin in southern California. We use
measurements of sediment thickness within the channel to constrain numerical experiments and to assess
the role of channel sediment supply on debris-flow initiation. Results demonstrate that debris flows
initiated during rainstorms where hillslopes contributed minimally to the event sediment yield and
suggest that large inputs of sediment from rill and gully networks are not essential for runoff-generated
debris flows. Simulations suggest that both the gradual entrainment of sediment and the mass failure of
channel bed sediment can increase sediment concentration to levels associated with debris flows. Finally,
postwildfire debris-flow initiation appears closely linked to the same rainfall intensity-duration threshold
despite temporal changes in the sediment source, initiation processes, and hydraulic roughness.

1. Introduction
The size and frequency of wildfires have been increasing throughout the western United States since the
mid-1980s (Westerling et al., 2006). Postwildfire hazards, including debris flows, therefore continue to be
problematic as populations expand into mountainous areas susceptible to these risks (Cannon & DeGraff,
2009). Postwildfire debris flows are often generated by runoff, which differentiates them from those that
are mobilized from shallow landslides. Wildfire significantly increases the likelihood of runoff-generated
debris flows (Cannon, 2001a; Cannon & DeGraff, 2009; Shakesby & Doerr, 2006; Staley et al., 2014) by alter-
ing vegetation and soil properties (Ebel & Moody, 2017; Moody et al., 2005) in ways that promote increased
runoff and sediment transport. The risks posed by postwildfire debris flows necessitate an improved under-
standing of the mechanisms through which debris flows initiate. In particular, there is a need to quantify
the physical location of source material for debris flows in steep, recently burned catchments (e.g., Staley
et al., 2014) and to ascertain the processes through which that sediment is incorporated into debris flows
(e.g., Santi et al., 2008). Identifying the sediment sources and hydrogeomorphic conditions associated with
debris-flow initiation will (1) help to shed light on the climatic and geologic factors underlying regional dif-
ferences in the rainfall intensities (e.g., Staley et al., 2017) required to generate postwildfire debris flows and
(2) will improve our ability to anticipate debris-flow hazards throughout the postwildfire recovery process,
as sediment supplies diminish and soil hydrology recovers.

Following a wildfire, there is often an abundant source of sediment in both channels and hillslopes that
could potentially be mobilized into a debris flow. On steep hillslopes that are common in the San Gabriel
Mountains, vegetation can hold sediment on hillslopes in small dams that form upslope of stems. Once the
vegetation is incinerated during the wildfire, this sediment is released downslope (Florsheim et al., 1991;
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Lamb et al., 2011). Extensive deposits from dry ravel following wildfire are not unique to the Transverse
Ranges of southern California (e.g., Cannon et al., 2001; Roering & Gerber, 2005) and may generally provide
an abundant source of sediment to channels that can later be mobilized into debris flows. Indeed, stud-
ies conducted in the western United States highlight the importance of channel sediment in contributing
to postwildfire sediment yields (Moody & Martin, 2009) and the sediment in debris flows, with Santi et al.
(2008) concluding that the material for postfire debris flows came predominantly from the main channel in
46 debris-flow-producing basins. In their study of postwildfire debris flows in Victoria, Australia, Smith et al.
(2012) found that hillslopes contributed between 22% and 74% of the fine material in postfire debris-flow
deposits based on the distribution of fallout radionuclides. Staley et al. (2014) determined that hillslopes
contributed to the majority of sediment eroded during a debris-flow-producing storm in the San Gabriel
Mountains following the 2009 Station Fire. In addition to determining the physical location of dominant
sediment sources in postwildfire landscapes, identifying the fate of eroded sediment (e.g., does it contribute
to debris-flow initiation) may help shed light on debris-flow initiation processes. For instance, the majority
of erosion during a debris-flow-producing rainstorm may come from the hillslopes, but this does not neces-
sarily mean that hillslope erosion played a role in initiating the observed debris flow or that the majority of
sediment in the debris flow was derived from hillslopes.

Previous studies throughout the western United States suggest that rilling may be the dominant form of ero-
sion on burned hillslopes (Cannon et al., 2001b; Istanbulluoglu et al., 2003; Robichaud et al., 2010; Schmidt
et al., 2011). Rilling may play a critical role in postwildfire debris-flow initiation by supplying an abundance
of fine sediment to the channel network (Meyer & Wells, 1997). Wells and Wade (1987) described rill inci-
sion as one of two wildfire-enhanced erosion processes (the other being dry ravel) responsible for debris-flow
initiation in the steep mountains of southern California. Cannon et al. (2001b) found that debris flows initi-
ated high on hillslopes within the rill network based on observations of levee-lined rills at the Cerro Grande
Fire, New Mexico. Other studies focused on the initiation of runoff-generated debris flows also highlight
observations of levee-lined rills (e.g., Langhans et al., 2017; Nyman et al., 2011), further suggesting that rill
erosion plays a role in achieving the high sediment concentrations required for debris flows. Several recent
studies, however, using high-resolution digital elevation models (DEMs) derived from terrestrial laser scan-
ner (TLS) surveys, suggest that erosion from interrill areas may contribute to the majority of erosion on
steep, recently burned hillslopes (e.g., Rengers et al., 2016; Staley et al., 2014). Despite intense rilling within
their study area, Staley et al. (2014) used repeat TLS surveys to determine that, during a storm that produced
multiple debris flows, roughly 57% of erosion from their 0.01-km2 study area occurred on divergent hills-
lope locations. Rill erosion, while often more visible and readily observed, may play a smaller role relative
to interrill erosion in supplying fine sediment to the channel network during some debris-flow-producing
storms. Since the effectiveness of sediment transport within rill and interrill areas can be affected differently
by distinct wildfire-induced changes (e.g., percent bare ground, infiltration capacity, and hydraulic rough-
ness), determining where sediment originates and how it is initially mobilized (e.g., in rill or interill areas)
can aid in assessing changes in debris flow potential as a function of soil and vegetation recovery.

It has been difficult to infer specifics of the hydrologic and geomorphic processes that give rise to postwild-
fire debris flows, in part, because the precise initiation location of runoff-generated debris flows in burned
areas is almost always unknown. In contrast, debris flows that mobilize from shallow landslides (Iverson
et al., 1997; Gabet & Mudd, 2006; Germer & Braun, 2011) often leave behind identifiable scarps at their ini-
tiation locations. Several mechanistic explanations for the transition from clear water runoff to a debris flow
have been offered, including progressive (grain-by-grain) sediment bulking (Cannon, 2001a; Cannon et al.,
2001, 2001b; Meyer & Wells, 1997), the mass failure of channel bed sediment (Kean et al., 2013; Takahashi,
1978, 1981), the fire hose effect (i.e., runoff pouring over a cliff onto unconsolidated sediment; Arattano &
Marchi, 2000; Melis et al., 1994), and bank failure (Berti & Simoni, 2005). Cannon (2001a) demonstrated
that a sediment bulking process could generate postwildfire debris flows based on detailed field observations
and aerial photographs. Based on observations from Chalk Cliffs in Colorado and Arroyo Seco in southern
Califonia, Kean et al. (2013) argued that low-gradient sections in the channel network could temporarily
store sediment transported by water-dominated flows, allowing it to build up until a critical condition for
failure is met. Debris flows then form periodically following the mass failure of this channel bed sediment.
Recently, McGuire et al. (2017) used a combination of debris-flow monitoring data and numerical model-
ing to demonstrate that debris-flow initiation within a 0.01-km2 basin burned by the 2009 Station Fire was
most consistent with initiation via the mass failure of channel bed sediment. We extend this previous work
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Figure 1. The study site is located in the San Gabriel Mountains near Duarte, California, USA, and was burned during
the 2016 Fish Fire: (a) Location of the study site within the burn area of the 2016 Fish Fire; (b) topographic slopes are
particularly steep and regularly exceed 30◦ on the hillslopes; (c) a photograph of the lower monitoring station at our
study site; (d) a picture taken in November 2016 shows the lack of vegetation in the terrestrial laser scanning (TLS)
survey area.
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by using the numerical model developed by McGuire et al. (2017) to isolate the mechanism(s) that led to
debris-flow initiation throughout a series of seven different rainstorms, with an added focus on assessing
how temporal changes in sediment sources and sediment supply affect the initiation process.

The numerical model is applied to study erosion and debris-flow initiation within a 0.12-km2 drainage basin
in the San Gabriel Mountains near Duarte, California, USA, which burned during the 2016 Fish Fire. The
study area was intensively monitored after the fire to obtain detailed measurements of topographic change
and hydrological data. After the wildfire, monitoring equipment at the basin outlet recorded seven rain-
storms that produced runoff and/or debris flows. Repeat TLS data provide controls on the magnitude of
hillslope erosion, which are used to calibrate sediment transport parameters within the model, and mea-
surements of channel bed sediment thickness constrain changes in the sediment supply within the channel
network. This study focuses on the two storms with the highest rainfall intensity after the fire, which also
correspond to the first and last rainstorms during the first year of postfire monitoring, because large dif-
ferences in channel sediment supply and hydraulic roughness were observed between these two events.
However, we do summarize modeling results from all seven runoff-producing rainstorms during the mon-
itoring period. By simulating runoff and sediment transport throughout the drainage basin for each of the
seven monitored rainstorms, we are able to determine the provenance of sediment that ultimately mobilized
into a debris flow. In addition to isolating the physical location of sediment that contributes to debris flows
at our site, we also use the model to determine the sediment transport mechanisms responsible for mobiliz-
ing the sediment needed to produce debris flows. We refer to this process as “fingerprinting” the sediment
that generates debris flows. Although we do not track individual particles throughout the transport pro-
cess, the model can be employed to determine, for example, whether or not debris flows would form in the
absence of raindrop-driven sediment detachment. Finally, we evaluate the importance of sediment supply
within the channel network by comparing results of simulations for three different conditions, where the
channel contained either (1) dry ravel deposits (recently deposited, cohesionless sediment), (2) original soil
(cohesive sediment), or (3) no sediment (i.e., a bare bedrock channel).

2. Study Area
The study area consists of a 0.12-km2 drainage basin at the base of the San Gabriel Mountains, California,
USA. It is part of a larger, 0.2-km2 watershed that drains into the Las Lomas debris basin (Figure 1). Cha-
parral is the dominant vegetation type in the area, but the basin was burned at moderate-to-high severity
during the Fish Fire in the summer of 2016, leaving behind only remnants of charred, woody vegetation
throughout most of the site. Some vegetation survived near the channel at the lowest portions of the basin
(Figures 1a and 1c). Rainfall interception processes are limited for all storms after the fire since there was
little vegetation remaining and regrowth during the time of the study was minimal. Slopes in the study area
are steep and have a mean hillslope angle of 38◦ (Figure 1b). Based on field observations and grain-size anal-
yses, sediment in the hillslope is a fine sandy loam. Dry ravel deposits, which generally consisted of coarser
sediment relative to the hillslopes, covered the majority of the surface area within the channel network
before the first rainstorm (Figure S1 in the supporting information).

A 900-m2 subbasin, located on a steep hillslope near the upper boundary of the study area, was selected
for repeat TLS surveys (Figures 1a and 1d). This particular site was identified because local burn severity
appeared representative of other hillslopes within the study area. Loose, dry ravel deposits filled in many
areas within the scan area that had locally lower slopes, including a zone several meters wide extending ups-
lope from the base of the TLS area. Saprolite was exposed on the steepest portions of hillslopes throughout
the study site, including the TLS area, after the wildfire and subsequent erosion by dry ravel.

3. Methods
3.1. Numerical Model
The numerical model, which is described in detail by McGuire et al. (2016, 2017), consists of five major
components: infiltration, rainfall interception, fluid flow, size-selective sediment transport, and mass fail-
ure of bed material. Here, we only review key pieces of the model that are most relevant to this study. Water
flow and sediment transport within multiple particle-size classes are modeled using the two-dimensional,
nonlinear shallow water equations coupled with a set of advection equations used to track the movement
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of sediment in each particle-size class. Additional source terms related to debris-flow resistance, following
Iverson and Denlinger (2001), are included within the momentum equations (McGuire et al., 2016). Debris
flows are identified within the model solution based on the volumetric sediment concentration (c*) and flow
depth (h; McGuire et al., 2016). If the flow depth exceeds 10 cm, and the volumetric sediment concentra-
tion is greater than 40%, then the flow is considered as a debris flow (McGuire et al., 2016). Infiltration is
represented using the Green-Ampt equation (Green & Ampt, 1911). In this study, the rainfall intensity is
interpolated based on field measurement from two stations for the entire study area.

The Hairsine-Rose soil erosion model is used to simulate sediment detachment by both raindrop impact,
which is often a dominant form of particle detachment in shallow interrill zones, and flow-driven processes,
which become dominant in areas of concentrated overland flow in unchannelized areas (Hairsine & Rose,
1991, 1992a, 1992b). Once detached, sediment can be transported and deposited. The mass of deposited
sediment is tracked at every point in the computational domain and has detachability properties that dif-
fer from the underlying soil (Hairsine & Rose, 1991, 1992a, 1992b). Sediment in the deposited layer is more
easily detached but also shields the underlying soil from flow- and raindrop-driven detachment processes.
The model's ability to distinguish between flow-driven and raindrop-driven detachment is crucial for being
able to ascertain the origin of debris-flow sediment. For example, we take advantage of the explicit represen-
tation of flow-driven and raindrop-driven processes within the model framework to determine the relative
importance of these two mechanisms in transporting the sediment that ultimately contributes to observed
debris flows.

Letting h, u, and v denote flow depth and depth-averaged velocities in the x and y directions, respectively,
the Hairsine-Rose equations for sediment size class k are

𝜕(hck)
𝜕t

+
𝜕(hcku)

𝜕x
+

𝜕(hckv)
𝜕𝑦

= ek + erk + rk + rrk − dk, (1)

𝜕(mk)
𝜕t

= dk − ek − rrk, (2)

where ck is the sediment concentration of sediment size class k, mk is the deposited sediment mass for
sediment size class k per unit area, rk and rrk denote rates of entrainment and reentrainment due to runoff,
and ek and erk denote the rates of raindrop-driven detachment and redetachment. The deposition rate, dk,
for sediment size class k is a function of the clear water settling velocity and the total sediment concentration
(McGuire et al., 2016). Letting a and ad denote raindrop detachment and redetachment coefficients, the
rates of raindrop-driven detachment (ek) and redetachment (erk) are given by

ek = (1 − H)pkaP((1 − Cv) + TcCv)Tc, (3)

erk = H
mk

mt
adP((1 − Cv) + TcCv), (4)

where H = min(mt∕m∗
t , 1) is the degree to which deposited sediment shields the underlying soil from

erosion, m∗
t is the mass of deposited sediment needed to completely shield the original soil from erosion pro-

cesses, pk represents the proportion of the original soil in sediment size class k, P represents rainfall intensity,
Cv is the percentage of vegetation cover, Tc is the throughfall coefficient, and mt is the total deposited sedi-
ment mass per unit area. The raindrop detachment and redetachment coefficients, a and ad, decrease with
flow depth according to

a =
{

a0 h′ < h0
a0(h0∕h′)b h′ ≥ h0

, (5)

ad =
{

ad0 h′ < h0
ad0(h0∕h′)b h′ ≥ h0

, (6)

where h0 = dr∕3 is a critical depth of overland flow over which the influence of raindrop impact is assumed
to decay, dr denotes the median raindrop diameter, b = 1 is an empirical coefficient, h′ = h∕ cos 𝜃t is the
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flow depth measured vertically from the soil surface, and 𝜃t is the topographic slope angle. The mass of
deposited sediment required to shield the original soil completely also decreases with increasing flow depth
(see McGuire et al., 2016).

Rates of entrainment and reentrainment due to runoff, rk and rrk, are given by

rk = (1 − H)pk
F(Ω − Ωcr)

J
, (7)

rrk = (1 − 𝛽)H
mk

mt

F(Ω − Ωcr)
𝜌s−𝜌w
𝜌s

gh
, (8)

where 𝛺 = 𝜌ghSf denotes stream power; Sf = n2(uh2 + vh2)h−10/3 is the friction slope; F is the frac-
tion of excess stream power effective in entrainment; 𝛺cr is the slope-dependent critical stream power
needed for entrainment as given by Ferguson (2012); 𝜌w, 𝜌s, and 𝜌 are the densities of water, sediment, and
water-sediment mixture, respectively; and J is the energy required per unit mass of sediment for entrain-
ment. The variable J can be related to the detachability of original soil (a0) and raindrop impact velocity
(vr) through the relationship J = 0.5𝜌wv2

r
a0

(Heng et al., 2011). The parameter 𝛽 is fraction of excess stream
power effective in bed load transport. Hydraulic roughness is taken into account using a depth-dependent
Manning coefficient proposed by Jain et al. (2005),

n =
{

n0(h∕hc)−𝜖 h < hc
n0 h ≥ hc

, (9)

where n0 is minimum Manning coefficient, 𝜖 is a positive exponent, and hc denotes critical depth associated
with friction.

The mass failure of bed sediment occurs whenever the driving forces exceed the resisting forces in the
deposited sediment layer. When the deposited sediment layer is stable, the balance of force in the x direction
can be written as

(𝜌sghscos𝜃 + 𝜌wghcos𝜃 − pbed)tan𝜙bed + hs
𝜕

𝜕x
(𝜌sghscos𝜃) + C = (𝜌shs + 𝜌wh)gsin𝜃, (10)

where 𝜃 denotes the bed angle, hs and h represent the depth of the deposited sediment layer and overland
flow depth, 𝜙bed is the static angle of friction for sediment, C is effective cohesion, and pbed = 𝜌wg(h + hs)
is basal pore pressure equal to the hydrostatic pressure. The left-hand side of the equation includes terms
associated with the friction, normal stress, and cohesion. The right-hand side of the equation accounts for
the driving force from the downslope component of the weight of sediment and water. Failure is only allowed
to occur at the interface between the deposited sediment layer and the original soil (or bedrock) after the
sediment layer is fully saturated by water (McGuire et al., 2017). When a failure occurs at a given location,
all sediment is removed from the deposited sediment layer and added to the flow. We neglect bed failure in
the original soil because we assume that it is more cohesive. However, the model can be initialized with a
prescribed amount of sediment in the deposited layer if needed. Here, we begin simulations with a nonzero
amount of deposited sediment in the channel network based on the field-measured thickness of dry ravel
deposits within the channel.

3.2. TLS Surveys
Repeat TLS-derived DEMs document the magnitude and spatial patterns of erosion associated with rain-
storms within a subbasin at our study site (Figure 1d; McGuire & Rengers, 2019). All TLS surveys were
completed with a Leica ScanStation C10. The Leica ScanStation C10 has an accuracy of approximately 6 mm
and a range of up to 300 m. During each survey, the scanner was set up on a tripod at seven to eight differ-
ent scan positions around the exterior boundary of the subbasin. Scanning from multiple positions helps to
reduce shadowing effects created by vegetation or undulations in topography that may obscure the ground
surface from view at one or more of the scan positions. The first TLS survey was performed on 19 Novem-
ber 2016 before the first postfire rainstorm. The second survey was conducted on 5 January 2017, after the
second rainstorm.
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Figure 2. Measurements of saturated hydraulic conductivity (Ks) made using a mini disk infiltrometer between
(a) September and November 2016 and in (c) January 2017. The wetting front capillary pressure head (hf ) for
(b) September-November 2016 and (d) January 2017 were derived from measurements of saturated hydraulic
conductivity (Ks) and sorptivity (S).

Two high-intensity rainstorms impacted the study site between the first and second TLS surveys while there
were five runoff-generating rainstorms after the second surveys during monitoring period. By differencing
the TLS-derived DEMs that bracket the first two rainstorms, we determined the volume of sediment eroded
from both rill and interrill areas. Error estimates for the volume eroded area are based on multiplying the
area (of either the rill or interrill zone) by the error associated with the elevation uncertainty in the DEMs.
The elevation uncertainty was calculated as 𝛿 =

√
𝜎2

r + 𝜎2
s , where 𝜎r = 0.002 m is the registration error and

𝜎s = 0.006 m is the accuracy of the scanner, which results in an uncertainty of 𝛿 = 0.0063 m.

The original resolution for the TLS-derived DEMs is 0.025 m, but the grid spacing was increased to 0.4 m
to improve the computational efficiency of the model. A 3-m resolution DEM derived from prefire airborne
lidar, which covers the entire study basin, was interpolated to a 1-m grid for simulations at the basin scale.
Since grid resolution can influence the degree to which water concentrates into preferential flow pathways,
the use of a 1-m grid was selected as a compromise that allowed for reasonable simulation times while also
minimizing differences in grid resolution between the TLS-generated DEM and the airborne-lidar-derived
DEM (Rengers et al., 2016).

3.3. Field Measurements
After the wildfire, sediment deposited within the channel through dry ravel may play a critical role in supply-
ing sediment for debris flows (Lamb et al., 2011, 2013). Field measurements of ravel deposit thickness were
conducted three different times throughout the study period by driving a 1-m piece of rebar into the channel
sediment. Measurements of deposit thickness were restricted to a 150-m channel reach due to an active bear
den downstream. Measurements were made on 9 November 2016, 4 January 2017, and 22 February 2017
(Figure 1a). Samples for ravel deposits and fine sediment on hillslope area were collected and analyzed to
determine grain-size distributions and basal friction angles. The D50 of sediment in ravel deposits and hills-
lope soil are 0.806 and 0.219 mm, respectively. The basal friction angle of sediment in the ravel deposits was
estimated at 34◦ based on torsional ring shear tests.

Saturated hydraulic conductivity (Ks) and wetting front capillary pressure head (hf ), which are key input
parameters of the Green-Ampt infiltration model, were constrained from in situ field measurements. Infil-
tration measurements were made during site visits in November, December, January, and February on 1-m
intervals along a 20-m transect located adjacent to the TLS survey area using a Decagon mini disk portable
tension infiltrometer with a suction of 1 cm. Additional infiltration measurements were made nearby, in the
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Figure 3. One-minute average rainfall intensity, actual hydrograph, model-simulated hydrograph, and sediment
concentration using the best fit calibrated parameters for storms on 16 December 2016 and 18 February 2017:
(a) comparison of the modeled and actual hydrographs for the storm on 16 December 2016. Time starts at 11:00 am
local time on 16 December 2016. The observed stage at the outlet of the basin is highly variable and consists of a
sequence of roll waves followed by three periods of debris flow triggered by peaks in rainfall intensity. (b) Comparison
of the modeled and actual hydrograph for the storm on 18 February 2017. Observations indicated three periods of
debris flow, but the model simulates only one period where flow concentration exceeds 40%. Time starts at 01:00 am
local time on 18 February 2017.

area surrounding the TLS site, as time permitted. The volume of water infiltrated as a function of time was
recorded and analyzed following the methodology of Zhang (1997) and Vandervaere et al. (2000) to obtain
the field-saturated hydraulic conductivity (Ks) and sorptivity (S). Zhang (1997) demonstrated that the vol-
ume of water infiltrated could be related to time, sorptivity, and the field-saturated hydraulic conductivity
through the relationship I = C1

√
t + C2t where C1 = A1S, C2 = A2Ks, and A1 ≈ 1 and A2 are empiri-

cal coefficients that are functions of soil texture. We employ the three-curve fitting techniques suggested
by Vandervaere et al. (2000) to determine Ks and S based on the above relationships. This yields three esti-
mates of field saturated hydraulic conductivity and sorptivity for each infiltration measurement, which we
average to obtain one final value for each. The wetting-front capillary pressure head (hf ) is then given by
hf = S2∕(2Ks𝜃s) (Ebel & Moody, 2017), where 𝜃s = 0.4 is the soil moisture at saturation.

A total of 61 infiltration measurements were made between the wildfire and the first rainstorm on 16 Decem-
ber 2016. Another 28 measurements were made during January 2017, resulting in a total of 89 measurements
prior to the last storm during the monitoring period. Since soil hydrologic properties did not appear to change
substantially throughout the study period, results of all 89 measurements were lumped together for integra-
tion into the numerical model (Figure 2). The Ks and hf values within the model domain were assigned on a
cell-by-cell basis by randomly selecting values from a distribution fit to these 89 measured values by empir-
ical cumulative distribution function. We further assumed, based on field observations of exposed bedrock
in steeper portions of the study area, that locations with a slope over 45◦ were not soil-mantled (DiBiase
et al., 2017).
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Figure 4. Ground motion velocity from two geophones and rainfall intensity I15 during rainstorms with runoff: (a) 16
December 2016 and (b) 18 February 2017. Time in (a) is in minutes after 11:00 am 16 December 2016 and in (b) is in
minutes after 01:00 am 18 February 2017. Three identified periods of debris-flow occurrence (labeled as 1, 2, and 3 in
(a) and (b)) generally correspond with a threshold ground velocity greater than 0.1 mm/s in both storms. Note that|V| > 0.1 mm/s at the start of the first storm due to the passage of a series of roll waves.

3.4. Hydrological Monitoring
Two tipping bucket rain gages and one disdrometer recorded rainfall at the study site. The disdrometer was
located adjacent to the TLS survey site (Figure 1a), along with one of the rain gages. The second tipping
bucket rain gage was installed at the basin outlet as part of the lower station (Figure 1a). We computed the
average rainfall intensity over 1- and 15-min intervals based on data from the disdrometer and the tipping
bucket rain gage located at the channel monitoring station (Figures 3 and 4). The disdrometer also measured
the median raindrop diameter as well as raindrop impact velocity, which are both input parameters in the
Hairsine-Rose soil erosion model.

The channel monitoring station included a second rain gage, two geophones, a rain-triggered video camera,
and a laser distance meter. The flow stage was measured by a laser distance meter with 50-Hz sample fre-
quency suspended over the channel near the outlet of the study basin, as described in more detail by Kean
et al. (2011). Due to erosion and deposition during storms, however, the thickness of stationary bed sedi-
ment beneath the flow is not known precisely as a function of time. Therefore, the true flow depth with
respect to the channel bottom is uncertain. Following Kean et al. (2011), we estimated flow depth by linearly
interpolating the channel bottom elevation between periods of active flow (Figure 3).

The geophones, which were sampled at a frequency of 50 Hz, were installed 6.4-m upstream and 7.6-m
downstream of the monitoring station. Geophones are well suited to monitoring debris-flow activity since
they record the increase in ground vibrations that accompanies most debris-flow surges (Arattano & Marchi,
2005; Suwa et al., 2009). The rain-triggered video camera located at the channel monitoring station provides
additional qualitative information on flow magnitude and timing as well as information about flow type (i.e.,
debris flow or flood). In this study, we used video evidence and a threshold ground velocity of 0.1 mm/s, as
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Table 1
Model Parameter Values Used in Numerical Simulations of Runoff and Sediment Transport

Symbol Unit Definition Value Sourcea

a0 kg/m3 Detachability of original soil 2 · 103 to 9 · 103 C
ad0 kg/m3 Detachability of deposited sediment 1 · 105 to 5 · 105 C
F — Effective fraction of stream power 0.005 − 0.0125 C
dr m Raindrop diameter 0.0003 to 0.0009 M
vr m/s Raindrop velocity 0.5 − 4.0 M
m∗

t0 kg/m2 Deposited mass needed to shield original soil 3.0 L

n0 — Minimum Manning coefficient 0.030 − 0.096 C
𝜖 — Exponent in friction model 1∕3 L
ks mm/hr Saturated hydraulic conductivity 0.5 − 20 M
hf m Wetting front capillary pressure head 0.001 − 0.1 M

𝜃i — Initial volumetric soil moisture 0.05 L
𝜃s — Volumetric soil moisture at saturation 0.4 L
𝛷 — Bed sediment porosity 0.4 L
𝛷bed Degree Static angle of friction for sediment 34 M
𝛷C Pa Effective cohesion 500 C
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.

recorded by the upstream geophone, to differentiate water-dominated flow and debris flow (Figure 4). For
more details about monitoring data, we refer to Kean et al. (2019).

3.5. Model Parameters and Sensitivity Analysis
Numerical model parameters were estimated using values derived from field measurements, literature
searches, laboratory analyses, and calibration (Table 1). Median raindrop diameter and median impact
velocity were computed from the disdrometer measurements on 1-min intervals. The saturated hydraulic
conductivity (Ks) and wetting front capillary pressure head (hf ) for original soil were derived from field
measurements (Figure 2). However, the saturated hydraulic conductivity (Ks) of ravel deposits in the chan-
nel, which was not constrained by field measurements, is set to 100 mm/hr based on a model calibration.
The average thickness of postwildfire ravel deposits within the channel was estimated from field measure-
ments whenever possible. Since measurements were not made prior to each rainstorm, we estimated the
ravel deposit thickness based on available prestorm and poststorm measurements (see Table 2). Once ravel
deposits were completely eroded within model simulations, we assumed that there was negligible sediment
overlying the bedrock channel and, as a consequence, no further erosion could occur in that location. We
calibrated the minimum Manning coefficient (n0, equation (9)) for each storm based on the correlation coef-
ficient between the simulated hydrograph and the actual hydrograph at the basin outlet following Rengers

Table 2
Summary of Rainfall and Sediment Characteristics at the Study Site

Date I15p Total rainfall Ravel deposit Manning Median raindrop Raindrop

(mm/hr) (mm) thickness (m)a coefficient diameter (m) velocity (m/s)
1 16 Dec 2016 26.8 35.8 0.47 0.03 0.0008 3.04
2 24 Dec 2016 10.3 18.6 0.3 0.07 0.0007 2.21
3 9 Jan 2017 8.4 10.4 0.12 0.084 0.0007 2.97
4 11 Jan 2017 11.3 14.6 0.1 0.082 0.0008 2.69
5 12 Jan 2017 15.9 7.4 0.1 0.086 0.0009 3.34
6 20 Jan 2017 25.2 23.2 0.1 0.092 0.0009 2.92
7 18 Feb 2017 38.3 37.0 0.05 0.096 0.0010 2.91
aThe ravel deposit thicknesses in events 1, 3, and 7 are based on field measurements, whereas others are estimates. The median raindrop diameter and impact
velocity are averaged values based on time series of each storm.
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Figure 5. Actual and numerical model simulations of soil erosion on the terrestrial laser scanner (TLS) hillslope using best fit parameters: (a) TLS-derived
topographic changes show rill and interrill erosion between the November 2016 and January 2017 surveys. (b and c) A simulation using the best fit parameters
results in amounts of rill erosion and interrill erosion between November 2016 and January 2017 that closely match TLS-derived erosion volumes. The
measured values and, in some cases, their uncertainties are masked by the symbol for modeled values (red circles in (c)).

et al. (2016). More specifically, we ran a series of simulations with different values of n0 and then selected the
best fit by maximizing the correlation coefficient between the modeled and actual hydrographs. All model
simulations are performed using six particle-size classes with representative grain diameters of 0.001, 0.01,
0.219, 2.1, 5.0, and 12.0 mm. Since we have particle-size data associated with postwildfire ravel deposits and
hillslopes sediment, the percentage of sediment within each particle-size class varies within the model based
on whether or not a pixel is classified as a channel or a hillslope location.

The deposited sediment mass required to completely shield the original soil from erosion (m∗
t0) ranges from

1.5 to 5 kg/m2 based on flume experiments (Heng et al., 2011). We set m∗
t0 to an intermediate value of 3 kg/m2

in all numerical simulations. Three additional parameters in the Hairsine-Rose soil erosion model that repre-
sent the effective fraction of stream power (F), the detachability of the original soil (a0), and the detachability
of the deposited soil (ad0) also needed to be calibrated. To calibrate these parameters, we carried out a series
of numerical experiments with a wide range of the parameter combinations and quantitatively compared
the modeled erosion volume with TLS-derived measurements of erosion volume in the subbasin (Figures
S3, S4, S5, and S6). By completing this calibration process, we were also able to explore how different sed-
iment transport processes (i.e., flow-driven and raindrop-driven detachment) influenced hillslope erosion
based on sediment volumes and, ultimately, debris-flow initiation by including or excluding those processes
from subsets of the numerical experiments. It is important to note that the mechanisms that are responsible
for driving most of the erosion at our study site may be different from those that mobilize the sediment that
ultimately contributes to debris flows. In other words, it may be the case that hillslope erosion contributes
to the majority of the sediment eroded during a storm but that does not necessarily imply that the majority
of sediment in debris flows comes from the hillslopes.

We calibrated the Hairsine-Rose model parameters based on erosion occurring between the November 2016
and January 2017 scans (Figures 5b and 5c). To facilitate the calibration process, we classified each point
in the subbasin into rill and interrill areas (see Figure S13). The best fit parameters were selected based on
the model's ability to correctly simulate the measured amount of erosion within both rill and interrill zones.
Given either a simulated or actual (i.e., TLS-derived) DEM, rills were identified through a two-step process.
First, we used a the steepest descent flow routing algorithm to generate a map of contributing area. All
locations with a contributing area greater than a threshold value of 7 m2 were identified as rills. Assuming
that locations with a contributing area greater than 7 m2 roughly represented the center of an incised rill,
we next sought to determine the location of the rill edges. We searched to the left and right of each rill center
point to identify the first pixel encountered where the contour curvature of the surface was negative and
where the elevation was greater than that at the rill center. For all storms in January and February 2017, the
Hairsine-Rose model parameters are assumed to be the same as those calibrated based on the two December
rainstorms. However, we allow the roughness coefficient, n0 (based on a model calibration at the basin scale),
and saturated hydraulic conductivity, Ks (based on field measurements), to vary from storm to storm.

Despite not having poststorm DEMs covering the entire basin, we do have estimates of basin-averaged sedi-
ment yields from the 0.2 km2 drainage that contains our 0.12 km2 study basin. The sediment yield from the
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Figure 6. Summary of basin-scale simulations for the 16 December 2016 storm; (a) in some channel locations, periodic
mass failures accounted for the removal of more than 0.2 m of sediment during the storm. (b) Erosion depths are the
greatest in the channels, but the total volume of erosion that occurred during the storm on hillslopes is greater than the
volume eroded from the channel. (c) There was substantial deposition of sediment in the channel when the model was
run without flow-driven detachment processes, but (d) the spatial distribution of erosion simulated without
raindrop-driven detachment processes is very similar to the simulation with the best fit parameters (b). (e) Modeled
maximum flow depths with best fit parameters (b). (f) Comparisons between the actual (estimated based on the
sediment volume in the debris basin in Figure 1a) and modeled sediment yield, including the volume of sediment
eroded from hillslopes and channels. Note that the actual erosion volumes from hillslopes and channels are unknown;
(g) without flow-driven detachment processes, the modeled erosion volume is substantially less than the actual erosion
volume, whereas the difference is less dramatic when only (h) raindrop-driven detachment processes are neglected.

0.2 km2 basin was obtained for several storms by using prestorm and poststorm estimates of the sediment
volume within the Las Lomas debris basin (Staley et al., 2018) located downstream of the channel monitor-
ing station (Figure 1a). Since our study basin composes 60% of the 0.2 km2 drainage that empties into the
debris basin, we estimate the sediment yield from our study area as being 60% of the total sediment volume
within the debris basin. Estimates of the sediment yield are available after the storms on 16 December 2016
and 18 February 2017. These basin-scale estimates of sediment yield serve as a check on the model's per-
formance. Similar to the subbasin simulations, we classified each point in the basin as being within one of
two primary domains, either the channel or hillslope, based on a contributing area threshold of 1,000 m2

that was chosen based on field observations of exposed bedrock channels (Figure S1). By classifying points
as either the channel or hillslope, we aim to predict the relative importance of different sediment sources in
debris-flow initiation process.

4. Results
4.1. Evolution of Ravel Deposit Thickness and Infiltration Capacity
The presence and thickness of deposits in the channel, which are highly dependent upon erosion from
previous rainstorms, acted as a critical sediment source for the debris flows at our site. We use measurements
of bed sediment thickness within the channel network to study the changes in channel sediment supply. The
thickness of channel deposits significantly decreased after several rainstorms. Field measurements constrain
the average thickness of sediment deposits within the channel to be 0.47 m before the first rainstorm, 0.12 m
prior to the third rainstorm, and 0.05 m before the last storm (Table 2). Based on the amount of charred
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Figure 7. Summary of basin-scale simulations for the 18 February 2017 storm; (a) in most of the channel, bed failure processes were responsible for removing
only small amounts of sediment (less than 0.05 m) throughout the storm. (b) Erosion depths are greatest in the channels, but the model indicates that
(f) substantial erosion occurred on the hillslopes. (c and g) Very limited erosion occurs when flow-driven detachment processes are neglected while (d and h)
erosion volumes do not change as substantially when only raindrop-driven detachment processes are neglected. (e) Modeled maximum flow depths with best fit
parameters (b).

material observed within the deposits, these measurements mainly reflect the depth of postwildfire dry ravel
deposits. There was undoubtedly additional sediment within the channel prior to the wildfire, particularly
lower in the basin. Our measurements are unlikely to have included this sediment thickness since those
older deposits contained numerous large boulders and cobbles that would have refused the rebar.

Infiltration measurements suggest that the saturated hydraulic conductivity (Ks) and wetting front capillary
pressure head (hf ) did not change substantially during the study period (Figure 2). The median of Ks made
during site visits in September and November 2016 was 17 mm/hr while the median of all Ks measurements
made in January 2017 was 19 mm/hr (Figures 2a and 2c). Similarly, median values of wetting front capil-
lary pressure head were approximately 0.005 and 0.013 m for September-November 2016 and January 2017
(Figures 2b and 2d), both of which are small relative to typical unburned values of roughly 0.11 m for sandy
loam soils (Maidment, 1993).

4.2. Comparisons Between Modeled and Observed Sediment Yields
Based on the TLS-derived topographic changes (Figure 5a), there was a total of 17.0 ± 0.72 m3 of erosion
during the first two rainstorms over the entire TLS area, with 3.5 ± 0.04 m3 eroding from the rill area and
13.4 ± 0.68 m3 eroding from the interrill area (Figures 5a and 5c). The best fit model simulations (a0 =
7 × 103 kg/m3, ad0 = 3 × 105 kg/m3, and F = 0.0075) result in a total net erosion volume of 17.0 m3, with
3.5 m3 from the rill area and 13.5 m3 from the interrill area (Figures 5b and 5c).

Simulations over the entire basin during the first storm suggest a sediment yield of 1,854 m3 (Figure 6f).
Based on an estimated sediment yield of 3,200 m3 for the same storm (Staley et al., 2018) for the entire area
upslope of the Las Lomas debris basin, of which our study area composes 60%, we estimate a total sedi-
ment yield for our study area of 1,920 m3 (i.e., 60% of 3,200 m3). Since the modeled sediment yield compares
favorably with the sediment yield estimated from the volumetric change within the debris basin, we con-
clude that the model is adequately simulating erosion volumes during these storms (Figure 6f). Similarly,
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Figure 8. A summary of model results from all seven runoff-producing rainstorms during the monitoring period.
Diamond indicates debris-flow-producing storms; circle represents flood-producing storms. (a) Interrill erosion
accounts for over 50% of hillslope erosion in the terrestrial laser scanner (TLS) area throughout all rainstorms based on
model results; (b) hillslope erosion and channel erosion contribute approximately the same amount to total sediment
yield at the basin scale during storms 1 and 7; (c) the minimum Manning coefficient (n0) generally increased with each
storm following the fire; (d) despite constant decreases in the amount of ravel deposited within the channel following
each storm, the percentage of the total sediment yield attributable to channel erosion varied nonmonotonically with
time after the fire.

the basin-scale sediment yield resulting from the storm on 18 February 2017 was approximately 60% of the
2,100 m3 reported by Staley et al. (2018) or 1,260 m3. The model simulation results in a sediment yield of
740 m3, with 52% of that sediment coming from the hillslope and 48% coming from the channel (Figures 7b
and 7f).

4.3. Comparisons Between Modeled and Observed Hydrographs
Hydrographs from the 16 December 2016 and 18 February 2017 rainstorms are characterized by intermittent
periods of debris-flow activity, which correspond to times when the 15-min average rainfall intensity (I15)
exceeds 15–20 mm/hr. We identified three distinct periods of debris-flow activity during the first rainstorm
on 16 December 2016 based on the video and geophone data (Figure 4a). The modeled hydrograph at the
outlet of the basin similarly includes three distinct periods of debris flow during the 16 December 2016 storm
(Figures 3a and 4a). The simulated hydrograph varies relatively smoothly during the early stages of the storm
and does not contain short-lived spikes in flow depth, which are common in the monitoring data and often
associated with the passage of granular-rich debris-flow surges. The simulated stage is, however, highly
variable during the last two debris-flow periods with rapid oscillations in flow depth that are associated with
pulses of high sediment concentration. The simulated sediment concentration is typically well above 40%,
which we roughly associated with the transition from runoff to debris flow, during times corresponding to
observed debris flows (Figure 3a). The best fit Manning coefficient for the first storm was n0 = 0.03 (Table 2),
likely reflecting the abundance of relatively fine-grained, postwildfire dry ravel deposits within the channel
that obscured boulders and reduced roughness.

The observed hydrograph during the storm on 18 February 2017 is also characterized by three periods of
debris flow (Figures 3b and 4b). However, the model only correctly simulates the first period of debris flow.
The best fit Manning coefficient increased systematically with every storm, rising to a value of n0 = 0.096
during the last rainstorm on 18 February 2017 (Table 2). The change in hydraulic roughness mainly reflects
a widespread erosion of dry ravel deposits within the channel that led to the excavation of large boulders
and cobbles.
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Figure 9. Simulations with and without flow-driven and raindrop-driven detachment processes can be used to
fingerprint the sediment contributing to debris flows. Modeled sediment concentrations greater than 40% (red line)
indicate debris-flow activity. (a and c) Simulations produce debris flows during the 16 December 2016 storm and 18
February 2017 storm regardless of whether or not raindrop-driven detachment processes are active but do require
flow-driven detachment processes to be active. (b and d) Lower flow depths in passing lower station appear due to the
absence of flow-driven detachment processes in the 16 December 2016 storm and the first debris-flow period in the 18
February 2017 storm.

4.4. Fingerprinting Debris-Flow Sediment
Simulations indicate that debris flows initiated during storms where channel incision accounted for the
majority of total erosion as well as storms, such as those on 16 December 2016 and 18 February 2018, where
hillslopes and channels contributed similarly to the overall sediment yield (Figure 8b). Moreover, interrill
erosion appears to have dominated hillslope erosion (Figure 8a) during the two storms where hillslopes
contributed more than the channel network to the total basin-scale sediment yield. A more detailed model
sensitivity analysis was required to isolate the sediment transport mechanisms through which this sediment
was mobilized into debris flows.

The relative importance of raindrop-driven sediment transport, for example, can be assessed by letting F = 0,
which effectively removes all flow-driven detachment processes from the model. Similarly, if we set ek = 0
and erk = 0, which represent the soil and deposited sediment detachment rates due to raindrop impact,
we can predict the relative importance of flow-driven detachment processes. When flow-driven processes
are neglected (i.e., F = 0), simulations substantially underestimate the total sediment yield for both the
16 December 2016 and 18 February 2017 storms. The impact of raindrop-driven detachment is more evi-
dent during the 16 December 2016 storm (Figure 6h) than the 18 February 2017 storm as the model results
indicate (Figure 7h). Both raindrop- and flow-driven detachments are needed to accurately simulate the
sediment yield for the 16 December 2016 storm.

Despite the importance of both flow-driven and raindrop-driven detachment processes, increases in sed-
iment concentration within the channel network can be attributed in large part to flow-driven sediment
detachment (Figure 9). Raindrop-driven processes accounted for only 9% of the total erosion throughout
the entire basin during both storms (Figures 6 and 7). Furthermore, simulations indicate multiple distinct
periods of debris-flow activity (i.e., sediment concentrations in excess of 40%) regardless of the inclusion
of raindrop-driven detachment (Figure 9). In contrast, the model simulates much smaller flow depths with
low sediment concentration (and no debris flows) at the monitoring station when flow-driven sediment
transport processes are inactive. Lower flow depths result from reduced sediment concentration in the
absence of flow-driven detachment processes (Figures 9a and 9b). Simulations further suggest that no
debris flow would have formed in the absence of flow-driven detachment processes (Figure 9), meaning
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Figure 10. Simulations starting with different initial conditions of channel sediment supply can be used to isolate the
importance of sediment sources for debris-flow initiation. Modeled sediment concentrations greater than 40% (red line)
indicate debris-flow activity. (a and b) Simulations of the 16 December 2016 storm indicate that multiple periods of
debris flow would have occurred regardless of whether or not sediment in the channel consisted of more highly
erodible ravel deposits or more cohesive soil. No debris flows and very small water depths in passing lower station
would have formed if there were no sediment in the channel. (c and d) Simulations of the 18 February 2017 storm
suggest that the presence of ravel deposits within the channel directly contributed to sediment concentrations in excess
of 40% during the early phase of the storm. No debris flows form when there is no sediment in the channel or if the
channel sediment is made up of a more cohesive soil. But water depths in passing lower station are very similar for all
three initial conditions in the last two flow periods (5000s to 10000s in d).

that process likely played a critical role in the initiation of those debris flows. A simulation that did not
include raindrop-driven processes, in contrast, resulted in only minor changes to the simulated sediment
concentration, suggesting those processes were less likely to have affected debris-flow initiation (Figures 9a
and 9c).

4.5. Channel Sediment Supply and Debris Flow Initiation
In addition to providing insight into the mechanisms that mobilize the sediment that ultimately cre-
ates debris flows, simulations also reveal information about how the prestorm sediment supply controls
debris-flow initiation. By conducting a series of numerical experiments with different types of sediment (e.g.,
soil or postwildfire dry ravel deposits) in the channel at the start of storm, we explored the importance of
different sediment sources in the debris-flow initiation process. During the storm on 16 December 2016, the
model simulates several periods of debris flow whether or not the sediment in the channel consists of dry
ravel deposits (i.e., more easily erodible deposited sediment) or original soil at the start of storm (Figure 10).
Even though we are not allowing mass failure in the original soil, debris flows still can be generated from
both the gradual entrainment and/or mass failure due to deposition or re-deposition after erosion during
storms. In that case, the model suggests that the difference in erodibility between original soil and deposited
sediment (dry ravel) would not be sufficient to determine whether or not debris flows formed. Note that,
even though slightly more than half of all sediment eroded during the storm on 16 December 2016 likely
came from the hillslopes (Figures 8b and 8d), the model does not simulate debris-flow initiation in the case
where there is no sediment of any kind in the channel at the start of the storm (Figure 10).

During the storm on 18 February 2017, simulations suggest that no debris flows would have been generated if
soil, which we assume has different properties from dry ravel deposits, provided the sole source of sediment
in the channel at the start of the storm (Figures 10c and 10d). Further, the model indicates runoff with rela-
tively minor amounts of sediment when the channels are assumed to contain no sediment at the start of the
storm (Figures 10c and 10d). There was little dry ravel remaining in the channel at the start of the February
storm, but this sediment was perhaps important in setting up the first period of observed debris flow.
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Figure 11. A simulation including bed failure processes during the 16 December 2016 storm results in a large number
of debris flows, which are characterized by high sediment concentration exceeding 40% and rapid increases in flow
depth, while simulations without bed failure indicate fewer debris-flow surges, especially during the second half of the
storm. Simulations including the bed failure processes during the 18 February 2017 storm are similar to those that do
not include bed failure, suggesting that bed failure was not critical for debris-flow initiation during the early phase of
that storm. Note that three periods of debris flow were observed during this storm but the model only simulates one
period of debris flow.

4.6. Initiation Mechanism
One way to assess the importance of the mass failure of bed sediment on debris-flow initiation is to conduct
simulations with and without the inclusion of bed failure processes. There are noticeable differences in
model simulations that include and do not include mass failure of channel bed sediment during the 16
December 2016 storm. Simulations suggest that the last two periods of observed debris flow would not have
occurred in the absence of channel bed failure (Figures 11a and 11b). Sediment concentration is high toward
the end of the storm but less than the threshold of 40% (Figure 11a). We conclude that the mass failure of
channel bed sediment was a key mechanism in facilitating the transition from runoff to debris flow during
this rainstorm. As expected, the model indicates that bed failure was restricted to the channel network and
areas of concentrated flow (Figures 6a and 7a). To evaluate the importance of channel bed failure during the
18 February 2017 storm, we also carried out a series of simulations with and without bed failure processes.
Simulations indicate that the bed failure process was likely not active during the 18 February 2017 storm
(Figure 11). There is no substantial change between simulations with and without the inclusion of bed
failure as an active process (Figures 11c and 11d). We described the magnitude and frequency of mass failures
during these two storms in support information (Figure S10). Based on the occurrence of bed failure during
the second half of the storm on 16 December 2016 (Figure S10), some portion of the sediment involved in bed
failure events is likely derived from sediment moving through the channel network throughout the course
of the storm as opposed to being sourced solely from dry ravel deposits that are present in the channel prior
to rainfall.

5. Discussion
Aside from the debris-flow and sedimentation hazards that it creates, erosion during the period of dis-
turbance following wildfire may contribute substantially to denudation rates over geologic time (Orem &
Pelletier, 2015) with implications for landscape evolution (Istanbulluoglu et al., 2004; Lavé & Burbank,
2004). Estimates of hillslope erosion derived here from repeat TLS add to the growing database of stud-
ies that utilize high-resolution topographic data (e.g., DeLong et al., 2018; Orem & Pelletier, 2015; Rengers
et al., 2016; Staley et al., 2014; Wester et al., 2014) to quantify the spatial patterns of erosion within a recently
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burned landscape. Likewise, the rainfall records and channel monitoring data provide additional constraints
on the precise timing of debris flows within rainstorms, which can be combined with larger data sets of
postwildfire debris-flow activity throughout the western United States to improve empirical models used
to estimate debris-flow likelihood (Staley et al., 2017). While individual postwildfire studies may frequently
be limited in scope (e.g., one hillslope or one drainage basin), when viewed together as a community data
set, these studies will help elucidate common trends related to the impact of wildfire on surface processes
in different geologic and climate settings and provide additional data for developing and validating empiri-
cal models (e.g., Gartner et al., 2014; Wagenbrenner & Robichaud, 2013). In particular, several studies that
utilize repeat TLS surveys to document spatial patterns in erosion have concluded that hillslope sediment,
including that mobilized from shallow hillslope erosion, can account for the majority of erosion within small
headwater drainage basins (e.g., DeLong et al., 2018; Rengers et al., 2016; Staley et al., 2014). In contrast,
we found that channels contributed more to event sediment yields during five of the monitored rainstorms
but that hillslopes and channels contributed equally to the sediment yield during the two most intense rain-
storms (Figure 8). Despite intense rilling, DEMs of difference derived from repeat TLS surveys at our study
site corroborate findings from past studies (e.g., Rengers et al., 2016; Staley et al., 2014), which found that
interrill zones may yield more sediment than rills on burned hillslopes (Figure 5c). Small, steep, low-order
drainage basins regularly produce debris flows in the Transverse Ranges of southern California after wild-
fires (Kean et al., 2011), which underscores the need to examine the chain of events beginning with hillslope
erosion that lead to debris-flow initiation.

Here, we use a numerical model as a tool to provide insight into the prevalence of different debris-flow ini-
tiation mechanisms at our study site, with a particular focus on how the occurrence and style of debris-flow
initiation may change due to temporal variations in sediment sources and storm-dependent variations in
the sediment detachment processes that move sediment throughout the basin. Distinguishing among dif-
ferent debris-flow initiation mechanisms using field observations alone is complicated by uncertainty in the
initiation location of runoff-generated debris flows, which do not leave behind clearly identifiable scarps
commonly observed when debris flows mobilize from shallow landslides. Some studies suggest that con-
tinuous grain-by-grain sediment bulking processes can generate postwildfire debris flows (Cannon, 2001a;
Cannon et al., 2001, 2001b; Meyer & Wells, 1997) while others (Kean et al., 2013; McGuire et al., 2017)
have demonstrated that the mass failure of sediment deposited within the channel network could also
form runoff-generated debris flows. It is not possible to attribute debris-flow initiation to one of these two
mechanisms based on available field observations alone. However, identifying the prevalence of particular
debris-flow initiation mechanisms in different settings could help refine methods for estimating thresh-
olds associated with debris-flow initiation and potentially aid in explaining observed differences in rainfall
intensity-duration thresholds for debris flows that are known to exist among different geographic regions
(Staley et al., 2017). By designing a series of numerical model experiments (e.g., McGuire et al., 2017), we
were able to determine that bed failure processes within the channel were responsible for generating some,
but not all, of the observed debris-flow surges (Figure 11).

Modeling suggests that some debris-flow surges occur even in the absence of bed failure processes so
that other initiation mechanisms, such as bank failure (Berti & Simoni, 2005) and grain-by-grain bulking
(Cannon, 2001a; Gabet & Bookter, 2008), are likely to have been responsible for debris-flow initiation. In
particular, the model suggests that progressive entrainment could lead to sediment concentrations in excess
of 40% during the initial portion of both the first (16 December 2016) and last (18 February 2017) rain-
storms during the study period (Figure 11). We hypothesize that these results are generally representative
of debris-flow initiation processes in steep, recently burned catchments throughout the Transverse Ranges
of southern California. One potential limitation of our modeling approach is that bed failure processes are
restricted to cases where sufficient infiltration has occurred to saturate the bed material. This restriction
could be loosened in the future by improving the coupling between infiltration into the channel sediment,
surface water flow, and bed stability. Bank failure, which can add large volumes of sediment to the flow
over a short time period, is an additional mechanism that could have contributed to debris-flow initiation.
Video evidence (see Figure S12), which shows regular slumping of bank sediment, suggests that the chan-
nel banks were unstable and potentially prone to failure. The first two periods of debris flow during the
storm on 16 December 2016 may have also resulted from the rapid saturation and subsequent failure of
ravel deposits in the channel during the early stages of runoff generation. More generally, results suggest
that runoff-generated debris flows may be formed by multiple initiation mechanisms in the same storm at
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our study site. The dominant initiation style for debris flows appears to have changed, sometimes within
individual storms, as appears to have been the case during the storm on 16 December 2016 (Figure 11).

While this study focuses on an individual drainage basin, the modeling approach employed here could be
used in conjunction with measurements of postwildfire infiltration rates reported elsewhere (e.g., Moody
et al., 2009; Robichaud, 2000; Robichaud et al., 2016) and vegetation and ground cover characteristics to
explore the coupling among hillslope, channel, and debris-flow processes in different postwildfire environ-
ments. Many process-based, postwildfire modeling efforts focus on simulating water-dominated flow, but
changes in flow rheology (e.g., from water-dominated to debris-dominated) could be critical to understand-
ing how postwildfire sediment pulses move through the fluvial system, with implications for both landscape
evolution (e.g., Lavé & Burbank, 2004) and riparian ecosystem recovery (e.g., Florsheim et al., 2017). Lavé
and Burbank (2004), for example, found that basins less than approximately 1 km2 in the Transverse Ranges
of southern California tended to produce more sediment following fires relative to larger watersheds. They
attributed this difference partly to a change in process dominance from debris flow dominated at smaller
drainage areas to predominantly fluvial transport at larger drainage areas. Models capable of routing sed-
iment from hillslopes through the channel network, as a result of the combined effects of debris flow and
fluvial erosion, could be used to explain these observations and also help reduce uncertainty in efforts to
predict the geomorphic impacts of ongoing changes in wildfire regimes (Sankey et al., 2017).

In this study, we specifically employ the model to fingerprint the sediment that contributed to debris flows
throughout the series of rainstorms during the monitoring period. Extensive rill networks are commonly
observed in recently burned landscapes, especially following rainstorms that generate sufficient runoff to
produce debris flows. Substantial contributions of fine hillslope sediment, through rill erosion, in partic-
ular, have been included as components in previously described conceptual models for the initiation of
postwildfire debris flows (e.g., Cannon et al., 2001b; Meyer & Wells, 1997). A rill network formed within
our TLS area, but we found that the majority of the erosion within this area could be attributed to interrill
zones (Figure 8a). Thus, rill erosion may not be as crucial as previously thought in the debris-flow initia-
tion process. During storms 1 and 7, which yielded the greatest ratio of hillslope erosion to channel erosion
(Figure 8b), the majority of hillslope sediment was supplied from interrill areas (Figure 8a). Moreover, ini-
tiation of runoff-generated debris flows at our site does not appear to depend strongly on the presence or
absence of a significant source of hillslope sediment. There was a debris flow during the second rainstorm
even though the model suggests negligible hillslope erosion during that event (Figure 8b). Hillslope erosion
was likely less prevalent during the second storm because modest rainfall intensities led to little runoff in
areas with a low contributing area. However, there was still a large supply of easily erodible postwildfire
ravel deposits within the channel that even modest flow was capable of transporting, which resulted in a
debris flow. A debris flow also initiated during the fourth storm despite limited sediment contributions from
hillslopes. The relative importance of hillslope and channel sediment in the debris-flow initiation process,
however, may depend on differences in grain-size distribution between the hillslope and the channel, which
were initially minimized at our site by the predominance of dry ravel deposits in the channel.

An additional benefit of using the model to fingerprint debris-flow sediment is that we can assess sedi-
ment sources within the context of both their location within the watershed (rill, interrill, and channel), as
well as the detachment processes responsible for mobilizing them. Since the efficiencies of flow-driven and
raindrop-driven transport processes will be affected differently by changes in vegetation and soil hydrologic
properties, identifying the relative importance of raindrop- and flow-driven detachment is key to under-
standing how recovery results in changes to the debris-flow response. Although simulations reveal that
a large percentage of hillslope erosion (Figure S11) occurs as a result of raindrop-driven and flow-driven
processes operating simultaneously, flow-driven processes appeared more important for providing source
sediment for debris flows relative to raindrop-driven processes (Figure 9). Simulations of the 16 Decem-
ber 2016 storm result in multiple periods of debris-flow activity, which matches observations, regardless
of whether or not raindrop-driven detachment processes are included in the model. In contrast, simula-
tions without flow-driven detachment processes yield only negligible flow depths at the outlet with low
sediment concentration (Figures 9a and 9b). These results demonstrate the significant role of flow-driven
sediment detachment processes in generating debris flows during the 16 December 2016 storm. During the
last rainstorm on February 18, simulations similarly suggest that no debris flows would have been generated
in the absence of flow-driven detachment processes (Figures 9c and 9d). The effectiveness of flow-driven
detachment is less sensitive to vegetation cover and more sensitive to changes in soil hydrological properties
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(McGuire et al., 2016). As a result, we expect decreases in debris-flow likelihood with time to correspond
more directly with rates of soil recovery (e.g., the change of Ks and hf ) at our site rather than vegetation
recovery. Cannon et al. (2008) document a 25 mm/hr increase in the rainfall intensity-duration thresholds
required for debris-flow initiation following 1 year of recovery in burned areas in southern California. Based
on the findings from our study area and observed rates of vegetation recovery following wildfires in south-
ern California (Kinoshita & Hogue, 2011), we hypothesize that this increase predominantly reflects changes
in soil properties and sediment supply rather than vegetation recovery.

Regardless of what detachment processes are included in simulations of the final storm for the entire basin,
the model underpredicts the basin-scale sediment yield and simulates modest sediment concentrations
during the final two observed periods of debris flow during the storm on 18 February 2017 (Figure 3b).
Video from the monitoring station, which caught only the first debris-flow surge prior to the onset of
darkness, shows there was a substantial amount of gravel- and boulder-sized sediment within the first
debris-flow surge (see Video S1). The transport of boulders and coarse gravel is not included within the
current model framework, potentially explaining this discrepancy between the model simulations and the
observed debris-flow surges. As an additional consequence of neglecting the transport of boulders and coarse
gravel, which had become progressively more exposed in the channel over time, it is not unexpected that the
model underestimated the total volume eroded during the final storm (Figure 7f). The gradual coarsening of
channel sediment is also reflected in the more than threefold increase in the calibrated hydraulic roughness
parameter, n0, between 16 December 2016 and 18 February 2017 (Figure 8c). The channel covered by ravel
deposits is hydraulically smoother than a channel with boulders and cobbles that protrude into the flow.

In addition to altering the physical and hydraulic roughness within the channel network, simulations
demonstrate that the presence of ravel deposits likely led to increased sediment concentrations relative to
levels that would have been achieved in cases where a more cohesive soil occurred within the channel
(Figure 10). However, simulations suggest that debris-flow activity would have occurred during the first
postfire rainstorm as long as there was sediment available in the channel system (Figure 10a). Furthermore,
debris-flow initiation continued throughout January and February even after most of the channel deposits
had been eroded. Despite the fact that dry ravel plays a particularly important role in the redistribution of
sediment following wildfire in southern California (e.g., Lamb et al., 2011, 2013), model results (Figures 10a
and 10b) suggest that postfire debris-flow initiation processes that are active in southern California may
not be different from those in regions that experience far less dry ravel activity (e.g., DeLong et al., 2018).
Despite changes in channel sediment supply (e.g., dry ravel deposits) and hydraulic roughness, the timing of
debris-flow surges was closely linked to the 15-min rainfall intensity (Figure 4). Periods of debris-flow activ-
ity generally coincided with periods where the 15-min rainfall intensity approached or exceeded the regional
rainfall intensity-duration threshold (18.6 mm/hr) for postfire debris-flow initiation (Cannon & DeGraff,
2009; Staley et al., 2014; Figures 4 and Figure S2). These observations suggest that rainfall intensity-duration
thresholds for debris flows may be relatively insensitive to changes in sediment supply and hydraulic rough-
ness, at least within the range of values observed here. That being said, sediment supply will certainty limit
debris-flow initiation at some point and may have a more notable impact on debris-flow volumes, which are
the not the focus of this work.

Kean et al. (2011) observed a transition in flow characteristics at one of their study sites over the course of the
winter following the 2009 Station Fire in the San Gabriel Mountains, from a debris-flow-dominated response
early in the winter to more fluid-rich flows later in the winter once the channel had eroded to bedrock and
saprolite became exposed on the hillslopes. While debris flows continued to initiate throughout the monitor-
ing period at Las Lomas, the flows did become more water dominated with time. While we predominantly
use the magnitude of vertical ground velocity recorded by geophones to quantify the timing of debris flows
(Figure 4), characteristics of the ground velocity and stage data also indicate changes in flow behavior. The
channel was initially lined with a relatively thick layer of dry ravel deposits that was progressively eroded
over time. Ravel deposits within the channel substantially increased the sediment concentration of runoff
at the basin outlet during the early stages of the first storm on 16 December 2016 (Figure 3a). During this
time, the observed hydrograph at the lower monitoring station is characterized by a number of small roll
waves (Figure 3a). Roll waves are different from typical debris-flow surges and are known to result from a
hydrodynamic instability in both Newtonian and non-Newtonian fluids (Trowbridge, 1987; Wang, 2002),
including viscous slurries formed at high sediment concentrations. We hypothesize that the roll waves devel-
oped solely during the initial phases of the first storm due to the formation of a viscous slurry facilitated by
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the abundance of relatively fine-grained ravel deposits within the channel at that time. This period of roll
waves was followed by three pulses of debris-flow activity (Figure 4a), each of which contained a number
of distinct surges (Figure 3a). In contrast, the last period of debris-flow activity, which occurred during the
rainstorm on 18 February 2018, consisted of a single debris-flow surge that lagged slightly behind a more
water-dominated pulse of runoff (Figures 3 and S15). These temporal changes in flow characteristics are
consistent with past work in the Transverse Ranges that document geomorphic responses to sequences of
rainstorms throughout the first postfire year (e.g., Kean et al., 2011; Wells & Wade, 1987). Wells and Wade
(1987), in a study of postwildfire debris flows in the San Dimas Experimental Forest in southern California,
observed an absence of new debris-flow deposits following storms that happened later in the first winter after
a prescribed fire. Wells and Wade (1987) attributed this shift to decreases in sediment supply but lacked the
detailed data needed to test that hypothesis. We continued to observe debris flows throughout the monitor-
ing period, but there appears to be a decrease in the number of surges associated with periods of debris-flow
activity (Figure 3) from the first to the last storm, and we attribute this trend to changes in sediment supply.
The amplitude and frequency characteristics of the ground motion as recorded by our geophones may hold
additional information about flow speed, width, and location (Abancó et al., 2014) and have the potential
to be used as a tool for estimating entrainment of bed material (Kean et al., 2015), but such analyses are
beyond the scope of our current study.

The factors that remained relatively constant throughout our study at Las Lomas included vegetation cover,
which remained minimal, and soil hydrologic properties. Wildfire-induced changes to vegetation and soil,
which include reduced interception and lower infiltration capacity, both influence how rainfall is parti-
tioned into runoff. These results are consistent with the idea that debris-flow initiation can be associated
with a hydrologic threshold (e.g., Gregoretti & Fontana, 2008) that is more strongly influenced by changes
in rainfall-runoff partitioning than changes in sediment supply. Tracking debris-flow activity along with
changes in sediment supply, soil hydrologic properties, and vegetation recovery is a first step toward quan-
tifying the role of each factor in observed temporal changes in postwildfire debris-flow thresholds (e.g.,
Cannon et al., 2008).

6. Conclusion
In this study, we combined repeat TLS and hydrologic monitoring data with a numerical model to exam-
ine the sediment sources, sediment transport processes, and initiation mechanisms of postwildfire debris
flows within a burned drainage basin in the San Gabriel Mountains, California, USA. Model results provide
a detailed reconstruction of both the physical location of debris-flow sediment sources and the transport
mechanisms responsible for mobilizing that sediment. By comparing simulated erosion with TLS-derived
estimates of topographic change within a subbasin at our study site, we were able to calibrate a process-based
sediment transport model and assess the relative importance of raindrop-driven and flow-driven sediment
transport processes on debris-flow initiation. With the help of the numerical model, we conclude that both
flow- and raindrop-driven sediment transport processes make substantial contributions to erosion in our
study area but that sediment derived from the flow-driven detachment processes is critical for debris-flow
initiation. Since sediment in channels is detached by flow-driven processes, this result is consistent with
past studies (e.g., Moody & Kinner, 2006; Santi et al., 2008) that have emphasized the importance of channel
sediment in generating postwildfire debris flows. Simulations indicate that both the gradual entrainment
of sediment and the mass failure of sediment deposited within the channel appear capable of producing
runoff with sediment concentrations that are typical of debris flows. The sources of eroded sediment also
changed from storm to storm. Debris flows formed during storms where roughly half of the sediment yield
can be attributed to hillslope erosion as well as storms where negligible hillslope erosion occurred, sug-
gesting that large inputs of sediment from rill and gully networks during the debris-flow-producing storm
are not essential for debris flow initiation. This does not exclude the possibility that rill and gully networks
replenish channels with additional sediment through time, which may then promote debris flow initiation
during later storms. Despite temporal changes in sediment source and initiation style at our site, debris-flow
initiation appears to have remained closely linked with the same 15-min rainfall intensity-duration thresh-
old throughout the study period. While sediment supply undoubtedly plays a role in debris-flow initiation,
we conclude that the factors most likely to influence temporal changes in debris-flow likelihood following
wildfire are soil-hydrologic factors that influence the partitioning of rainfall into runoff.
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