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ABSTRACT

The extreme heat from wildfire alters soil properties
and incinerates vegetation, leading to changes in infiltra-
tion capacity, ground cover, soil erodibility, and rainfall
interception. These changes promote elevated rates of
runoff and sediment transport that increase the likeli-
hood of runoff-generated debris flows. Debris flows are
most common in the year immediately following wildfire,
but temporal changes in the likelihood and magnitude of
debris flows following wildfire are not well constrained.
In this study, we combine measurements of soil-hydraulic
properties with vegetation survey data and numerical
modeling to understand how debris-flow threats are
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likely to change in steep, burned watersheds during
the first 3 years of recovery. We focus on documenting
recovery following the 2016 Fish Fire in the San Gabriel
Mountains, California, and demonstrate how a numer-
ical model can be used to predict temporal changes in
debris-flow properties and initiation thresholds. Nu-
merical modeling suggests that the 15-minute intensity-
duration (ID) threshold for debris flows in post-fire year
1 can vary from 15 to 30 mm/hr, depending on how
rainfall is temporally distributed within a storm. Sim-
ulations further demonstrate that expected debris-flow
volumes would be reduced by more than a factor of three
following 1 year of recovery and that the 15-minute rain-
fall ID threshold would increase from 15 to 30 mm/hr to
greater than 60 mm/hr by post-fire year 3. These results
provide constraints on debris-flow thresholds within the
San Gabriel Mountains and highlight the importance
of considering local rainfall characteristics when us-
ing numerical models to assess debris-flow and flood
potential.
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INTRODUCTION

Wildfire is a well-documented catalyst for change
in hydrologic and geomorphic systems (e.g., Shakesby
and Doerr, 2006). Post-wildfire reductions in infiltra-
tion capacity (Ebel and Moody, 2017) and canopy
interception (Stoof et al., 2012) promote increased
runoff. Increased runoff, combined with the effects
of lower critical thresholds for sediment entrainment
(Moody et al., 2005) and a high percentage of bare soil,
leads to a substantial increase in debris-flow likelihood
after a wildfire. Post-wildfire debris flows are often gen-
erated when runoff concentrates in steep channels and
mobilizes large volumes of sediment in contrast to de-
bris flows that initiate from shallow landslides (e.g.,
Meyer and Wells, 1997; Cannon et al., 2008; Gabet and
Bookter, 2008; and Kean et al., 2011). With few excep-
tions (e.g., Cannon et al., 2008), previous work has fo-
cused on the threats posed by runoff-generated debris
flows in the first year following disturbance by wild-
fire; therefore, the extent to which debris-flow hazards
persist into subsequent years is not well understood.

Rainfall intensity-duration (ID) thresholds are com-
monly used to assess post-wildfire debris-flow poten-
tial, with debris flows often initiating once a critical
rainfall intensity is exceeded (Cannon et al., 2008; Sta-
ley et al., 2013). Staley et al. (2017) recently developed
an empirical model to predict debris-flow likelihood
as a function of terrain attributes, soil burn severity,
and rainfall intensity (averaged over 15, 30, or 60 min-
utes). However, it is not clear how rainfall ID thresh-
olds change with time following wildfire because data
regarding debris-flow occurrence are most common in
the first post-wildfire year and because there is no clear
connection between the magnitude of empirically de-
rived rainfall ID thresholds and the hydrologic and
geomorphic variables that are changing as the land-
scape recovers. Since overland flow is a necessary con-
dition for runoff-generated debris flows, it is critical
to understand how wildfire-driven changes to soil in-
filtration capacity vary with time since burning and
how the magnitude of those changes translates into
changes in debris-flow potential. Post-wildfire reduc-
tions in infiltration capacity are often attributed to sur-
face soil sealing (Larsen et al., 2009), hyper-dry condi-
tions (Moody and Ebel, 2012), or increased soil water
repellency (DeBano, 2000; Shakesby and Doerr, 2006),
which may persist for up to 5 years but typically decays
over timescales of 1–2 years (e.g. Larsen et al., 2009).
The percentage of bare soil, which is initially high fol-
lowing wildfire and decreases as vegetation recovers, is
also likely to be a key factor in determining debris-flow
potential since bare soil on hillslopes is particularly
vulnerable to erosion. Hillslope erosion can account
for a substantial amount of the sediment within post-

wildfire debris flows in certain cases (e.g. Smith et al.,
2012; Staley et al., 2014; and Rengers et al., 2016b) and
contribute to sediment bulking in the channel that in-
creases flow depth and discharge.

In addition to a lack of data regarding how debris-
flow likelihood varies with time following a fire, there
is also a general need to assess the extent to which
debris-flow properties can be predicted by simple met-
rics that summarize rainfall characteristics, such as
the peak 15-minute average rainfall intensity (I15). It
is common practice to use rainfall intensity, averaged
over a specified duration, to assess the potential for
debris flows (Staley et al., 2013). Similarly, empiri-
cal models used to predict the volume of post-fire
debris flows rely on simple measures of rainfall char-
acteristics, including I15 (Gartner et al., 2014). Such
methods have proved invaluable for rapid assessments
of post-fire debris-flow hazards. There is also reason
to believe that I15 is a particularly useful metric for
predicting the initiation and magnitude of post-fire
debris flows because runoff generates these flows and
the magnitude of post-wildfire runoff at the watershed
scale correlates well with rainfall over timescales of
10–15 minutes (Kean et al., 2011; Raymond et al.,
2020). However, given the sensitivity of runoff and
sediment transport to rainfall intensity, it is reasonable
to assume that two rainstorms could have the same
peak 15-minute rainfall intensity but still produce
different debris-flow responses. Consider the extreme
case where the rainfall intensity is 10 mm/hr for 5
minutes, rapidly increases to 100 mm/hr for 5 minutes,
and then returns to an intensity of 10 mm/hr for 5
minutes. The runoff and debris-flow response resulting
from this type of storm, which would have a peak I15 of
40 mm/hr, may be quite different from that of a storm
where the rainfall intensity is constant at 40 mm/hr.

Rapid increases in rainfall intensity over short dura-
tions are not uncommon in nature, including in south-
ern California, where they typically accompany rain-
storms classified as narrow cold-frontal rain bands
(NCFRs). NCFRs are narrow bands (often <5 km
wide) of high-intensity rainfall occurring parallel to
and in the proximity of a cold front (Figure 1). NCFRs
have a history of triggering post-fire debris flows in the
Transverse Ranges of southern California (Oakley et.
al., 2017, 2018). In January 2018, an NCFR impacted
the burn scar of the 2018 Thomas Fire, triggering de-
bris flows that produced widespread damage and re-
sulted in 23 fatalities (Oakley et al., 2018; Kean et al.,
2019). Here, we provide a simple example using two
distinct hyetographs, one for an NCFR and one with a
Gaussian distribution, to evaluate how the shape of the
rainfall hyetograph (e.g., I5/I15) influences debris-flow
response for the same I15. To the extent that particu-
lar rainfall hyetograph characteristics can be linked to
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Figure 1. (a) Base reflectivity (dBZ) from the NEXRAD weather radar in Santa Ana (KSOX) at 19:32 UTC on January 2, 2006, showing
a narrow cold-frontal rain band. Warmer colors indicate higher-intensity precipitation, while cooler colors indicate lighter precipitation. (b)
Time series of the 1-minute and 15-minute average rainfall intensity based on measured rainfall at the Clear Creek School gauge. Time is in
minutes from 18:16 UTC on January 2, 2006.

storm type (e.g., NCFR, isolated convective cells), this
is a first step toward understanding the role of storm
type on post-fire debris-flow initiation and magnitude.
Understanding the storm types most likely to produce
impactful debris flows would improve the situational
awareness of weather forecasters who may be tasked
with the responsibility of issuing warnings for commu-
nities downstream of burned areas.

In this study, we combine site measurements of soil-
hydraulic properties and canopy/ground cover with
a physically based numerical model to explore how
changing site characteristics influence the initiation
and magnitude of runoff-generated debris flows. The
numerical model, developed by McGuire et al. (2017),
represents the coupled processes of runoff, sediment
transport, and debris-flow initiation. In addition to
changing site characteristics, we force this model with
two different rainstorms—one that is an idealized
storm with a rainfall time series that has the shape
of a Gaussian distribution and one that is more rep-
resentative of rainfall conditions associated with an
NCFR—to assess the sensitivity of results to differ-
ences in rainfall characteristics. We hypothesize that
(1) the I15 threshold for debris-flow initiation will be
sensitive to the temporal distribution of rainfall (i.e.,
NCFRs versus a Gaussian distribution of rainfall), (2)
the I15 threshold will increase with time following wild-
fire, and (3) the typical volume of debris flows will de-
crease with time following wildfire. Moreover, we aim
to quantify the timescale for substantial recovery of
soil-hydraulic properties following wildfire and pro-

vide physical explanations for any trends observed be-
tween time since burning, debris-flow initiation thresh-
olds, and debris-flow volume.

STUDY AREA

The study area, which we refer to as Las Lomas,
is located near the headwaters of a 0.1-km2 water-
shed that drains into the Las Lomas debris basin
(Figure 2). Data from the Las Lomas study site are
used to quantify changes in soil-hydraulic properties
and canopy/ground cover with time following the
2016 Fish Fire. The Fish Fire, which started on June
21, 2016, burned 4,253 acres of the Angeles National
Forest in the San Gabriel Mountains (SGM) near Los
Angeles, California (Figure 2). The wildfire burned
in rugged terrain with steep hillslopes dominated by
chaparral vegetation. Soils in the SGM are generally
thin (0.5–1 m), rock outcrops are common, and a
highly weathered layer of saprolite is occasionally ex-
posed on the hillslopes (Staley et al., 2014). Based on
particle size analysis of hillslope sediment at the site,
the soil texture is classified as sandy loam (Tang et al.,
2019). Repeat measurements of soil-hydraulic proper-
ties were conducted on a roughly 40° hillslope in an
area that, based on field observations and the sever-
ity indicators described by Parson et al. (2010), experi-
enced moderate to high soil burn severity during the
Fish Fire. No vegetation canopy remained, all litter
and duff at the surface had been consumed by the wild-
fire, and soils were generally water repellent at/near
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Figure 2. (a) Overview of study area. (b–d) Photos looking across the hillslope along a transect at the Las Lomas site where infiltration
measurements were conducted.

the surface. A series of rainstorms between Decem-
ber 2016 and February 2017 incised a network of rills
through the study area and produced a number of de-
bris flows and floods at the outlet of the drainage basin
(Tang et al., 2019).

METHODS

Field Measurements Following the Fish Fire

Field-saturated hydraulic conductivity (Ks) and
sorptivity (S) were determined through in situ mea-
surements conducted with a mini disk tension infil-
trometer over a 33-month period following the wild-
fire. The tension infiltrometer has a disk with a radius
of 2.25 cm. The suction head was set to 1 cm for all
measurements. Measurements were made during site
visits to the Las Lomas study area in September 2016,
November 2016, January 2017, February 2017, July
2017, March 2018, and March 2019. Measurements
were performed every 1 m along a 20-m transect that
extended in the cross-slope direction, with the excep-
tion of those made in September 2016. When time
permitted, additional measurements were made on the
hillslope in the vicinity of the established transect. In
September 2016, the transect had not yet been estab-
lished, and measurements were made in nearby areas
burned at moderate or high severity.

A total of 22, 31, 26, 37, 20, 21, and 20 infiltra-
tion measurements were made during the site visits
in September 2016, November 2016, January 2017,
February 2017, July 2017, March 2018, and March

2019, respectively. During each measurement, the to-
tal volume of water infiltrated is tracked as a func-
tion of time and must later be post-processed to infer
field-saturated hydraulic conductivity (Ks) and sorptiv-
ity (S) (e.g., Zhang, 1997). Estimates of Ks and S were
derived following the methodology of Zhang (1997).
Letting I denote the total volume infiltrated at time
t during the measurement, I = C1

√
t + C2t, where

C1 = A1S, C2 = A2Ks, and A1 = 3.89 and A2 = 1.04 are
empirical coefficients whose values depend on soil tex-
ture. Since I and t are known at various times through-
out each measurement, we determined C1 and C2 using
the three different curve-fitting techniques proposed by
Vandervaere et al. (2000). For each mini disk measure-
ment, this results in three estimates of S and Ks that
are then averaged to obtain single values for S and Ks.
The wetting front suction head (hf), a parameter in the
Green-Ampt infiltration model, can then be estimated
as hf = S2/2Ksθs (Ebel and Moody, 2017), where θs =
0.4 denotes the volumetric water content at saturation.
In some instances, however, it was clear that the infil-
tration data did not follow the trend suggested by the
equation I = C1

√
t + C2t. This could be due to error

during the measurement process, such as poor contact
between the mini disk and the soil surface, or could
be the result of a layered system (e.g., a thin water-
repellent layer on top of a more wettable soil) that is
not well described by the assumed infiltration model.
In these cases, we could not obtain estimates for S
and Ks.

In March 2018 and March 2019, we conducted
vegetation surveys on a hillslope adjacent to the
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infiltration transect using the point-intercept method
(e.g., Crocker and Tiver, 1948). A measuring tape was
extended, and measurements were taken on 20-cm in-
tervals along the transect (105 measurements in 2018
and 76 in 2019). We sighted directly down toward the
surface with a laser pointer and recorded the first ob-
stacle that intercepted the light. The laser hit either the
vegetation canopy, bare soil, litter, or a rock. Litter was
classified as any loose plant material on the soil sur-
face. Any sediment with a diameter greater than 5 mm
was classified as rock cover. If the laser hit any portion
of the canopy, the maximum height of that vegetation
was recorded.

Numerical Model

The numerical model represents fluid flow using
the shallow-water equations, which contain additional
source terms to account for changes in flow resistance
as a function of sediment concentration (McGuire
et al., 2016, 2017). The model is described in detail by
McGuire et al. (2016, 2017) and is only briefly sum-
marized here. Infiltration is modeled with the Green-
Ampt equation, using estimates of Ks and hf obtained
from field measurements. The infiltration capacity of
the soil (Ic) is given by

Ic = Ks

(
Zf + hf + h

Zf

)
,

where h denotes flow depth, Zf = V/(θs − θi) is the
depth of the wetting front, V is the total depth of wa-
ter infiltrated, and θi is the initial volumetric soil water
content. Hydraulic roughness was represented using a
depth-dependent Manning friction coefficient (Mügler
et al., 2011). More specifically, the Manning coefficient
varies in space and time according to

n =
{

n0

(
h
hc

)−0.33
h ≤ hc,

n0 h > hc,

where hc = 0.003 m is a critical flow depth. The coeffi-
cient n0 is calibrated.

The Hairsine-Rose model (Hairsine and Rose,
1992a, 1992b) is used to account for sediment en-
trainment and deposition, as described in detail by
McGuire et al. (2016). In the Hairsine-Rose model,
particles can be detached and entrained into the flow
via raindrop impact or flow-driven detachment. The
rate at which sediment is detached by raindrops is a
function of flow depth, rainfall intensity, and rain-
drop diameter, while the rate of flow-driven sedi-
ment detachment is a function of stream power. Since
the canopy and ground cover (e.g., litter) can shield
the underlying soil from raindrop impact, changes in
ground and canopy cover will also influence the rate of

raindrop-driven sediment detachment (e.g., McGuire
et al., 2016).

Sediment being transported by the flow can also in-
fluence flow rheology. In regions of flow where the sedi-
ment concentration is below 20 percent, flow resistance
is accounted for solely through the above Manning-
type equation. In regions of flow where the sediment
concentration is above 40 percent, we account for
additional resistance associated with debris flow us-
ing a Coulomb friction approach (e.g., Iverson and
Denlinger, 2001) where the effective basal normal
stress is modified by pore-fluid pressure within the
flow. In all simulations, the ratio of pore-fluid pres-
sure to total basal normal stress (λ) is set to a constant
value of λ = 0.65. A debris flow is identified within
the model as flow with a sediment concentration above
40 percent. At intermediate sediment concentrations
between 20 and 40 percent, the magnitude of the
debris-flow resistance term is scaled by a multiplica-
tive factor that ranges from 0 at a sediment concentra-
tion of 20 percent to 1 at a sediment concentration of
40 percent. Varying flow resistance terms as a function
of sediment concentration enables the model to better
represent the transition from water-dominated flow to
debris flow.

The onset and magnitude of runoff generated by the
model depends on the infiltration capacity of the soil
as predicted by the Green-Ampt equation and the rain-
fall hyetograph. Runoff, in turn, facilitates sediment
transport that leads to changes in topography and, po-
tentially, to debris flow initiation. The model is capable
of generating debris flows through two different mech-
anisms. First, it is possible that hydrologic conditions
and sediment availability promote substantial entrain-
ment and limited deposition of sediment. In this case,
sediment concentration (c) may exceed that typically
associated with debris flows in the model (e.g., c >

40 percent) as a result of the progressive addition of
sediment to the flow column. This style of debris flow
initiation is similar to the progressive bulking mech-
anism that has been described in past studies (e.g.,
Cannon et al., 2001; Gabet and Bookter, 2008). De-
bris flows may also initiate within the model as a re-
sult of the en masse failure of bed sediment along a
failure plane (e.g., Takahashi, 1978; Kean et al., 2013).
This scenario often develops in the model when there
are areas of preferential deposition, such as channel
reaches with relatively low slopes, that lead to the for-
mation of a sediment dam. If the deposited sediment
becomes unstable as a mass, it fails and can lead to
the formation of a debris flow surge if the added sed-
iment volume is sufficient to locally increase the sedi-
ment concentration above 40 percent. The stability of
a deposited mass of sediment is determined locally us-
ing a factor of safety based on the ratio of resisting
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Figure 3. (a) Rainfall time series typical of narrow cold-frontal rain bands with different peak 15-minute rainfall intensities. (b) Idealized
rainstorms with rainfall intensity shaped like a Gaussian function. For display purposes, only three curves are shown; however, for modeling,
we used curves with peak 15-minute rainfall intensity (I15) varying from 10 to 60 mm/hr in intervals of 5 mm/hr. (c) Shaded relief map of the
Arroyo Seco watershed.

and driving forces acting on a column of sediment. If
the driving forces are greater than the resisting forces
at a particular model grid cell, then the column of sed-
iment is determined to be unstable, and the sediment
in that grid cell is instantaneously added to the above
flow. A complete description of the failure criteria used
in the model is given by McGuire et al. (2017).

Debris-Flow Simulations

In model simulations, we applied the vegetation
and hydrologic measurements to simulate runoff, sed-
iment transport, and debris-flow initiation within a
0.012-km2 catchment (Figures 2 and 3c). Although
this particular catchment did not burn in the Fish Fire,
it is located within the SGM and was chosen for several
reasons. First, the distribution of slope values within
the catchment, referred to as Arroyo Seco, is similar to
other debris-flow–producing basins in the SGM (Kean
et al., 2011). Second, a terrestrial laser scanner survey
of the entire Arroyo Seco site (Staley et al., 2014) pro-
vided a high-resolution digital elevation model (DEM)
that could not be matched by any watershed at the Fish
Fire site. Finally, the small size of the basin makes it

possible to perform the large number of simulations
needed for hypothesis testing. We coarsened the DEM
from its original resolution of 2 cm (Staley et al., 2014)
to a grid spacing of 37.5 cm to further increase com-
putational efficiency. Since the goal of this study is to
understand debris-flow initiation thresholds and mag-
nitude, as well as their sensitivity to rainfall character-
istics and recovery, the location of the DEM relative
to the perimeter of the Fish Fire is not critical; we fo-
cused on finding a DEM that is representative of the
areas where post-fire debris flows tend to initiate in the
SGM.

Runoff is driven by a set of idealized rainstorms
(Figure 3b), with peak 15-minute rainfall intensities
(I15) varying from 10 to 60 mm/hr in increments of
5 mm/hr, as well as a family of rainstorms that are
designed to have characteristics typical of an NCFR
(Figures 2 and 3a). The storm events designed to rep-
resent an NCFR were generated through a two-step
process. First, we identified a representative NCFR
event impacting the SGM and extracted the rain-
fall data for that event. The selected event occurred
on January 2, 2006, and had a well-defined narrow
band of high intensity rainfall along the cold front.
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Table 1. Model parameters used for simulations of runoff, sediment transport, and debris-flow initiation. Notation follows McGuire et al.
(2016). When appropriate, values for years 1, 2, and 3 are presented and separated by commas. Median values are reported for Ks and hf.

Parameter Name (Symbol) Units Value (Year 1, Year 2, Year 3) Source

Roughness coefficient (n0) s/m1/3 0.05 Calibrated
Raindrop detachability (a0) kg/m/s 9,000 Calibrated
Raindrop redetachability (ad0) kg/m/s 410,000 Calibrated
Fraction of effective stream power (F) — 0.0065 Calibrated
Fraction canopy cover — 0, 0.29, 0.77 Measured
Fraction bare soil — 1, 0.63, 0.2 Measured
Field-saturated hydraulic conductivity (Ks) mm/hr 19, 13, 28 Measured
Wetting front suction head (hf) m 0.006, 0.022, 0.026 Measured

It also exhibited the “gap and core” structure—cores
of high-intensity precipitation separated by gaps of
low-intensity precipitation—that is characteristic of an
NCFR (e.g., Jorgensen et al., 2003) (Figure 2). Rainfall
data from 18:16 and 19:46 UTC were extracted from
the gauge at Clear Creek School (34°16′40, 118°10′15),
which is maintained by the Los Angeles County De-
partment of Public Works. The peak I15 of this storm
is approximately 53 mm/hr (Figure 2). We then scaled
the rainfall intensity of this NCFR by the amount
needed in order to generate a series of NCFR-type
rainstorms with peak values of I15 that match those
of the family of idealized storms. The objective of this
analysis is to take a first step toward exploring how
different types of rainstorms may influence debris-flow
response, even if their peak I15 is identical. The ratio
of peak I5 to peak I15 is a simple way to quantify a
key difference between the family of idealized NCFRs
and the family of designed rainstorms with a Gaussian
distribution hyetograph, hereafter referred to simply as
NCFRs and the designed rainstorms, respectively. The
ratio I5/I15 is approximately two to one for the NCFRs
and one to four for the designed rainstorms.

All simulations were performed using the same pa-
rameters and model setup as reported in McGuire
et al. (2017) unless otherwise noted (Table 1). Simu-
lations begin with no runoff and an initial volumetric
soil moisture content of 0.05. McGuire et al. (2016)
calibrated the Hairsine-Rose sediment transport pa-
rameters at the Arroyo Seco site by comparing simu-
lated erosion patterns to those generated from repeat
terrestrial laser scanning surveys (Staley et al., 2014).
The calibrated model was able to reproduce measured
patterns of erosion and deposition as well as the tim-
ing of runoff and debris-flow activity at the outlet of
the watershed during a monitored rainstorm in the
first year following the Station Fire (McGuire et al.,
2016, 2017). Here, the roughness coefficient is set to a
value of n0 = 0.05 s/m1/3, which is in the range of cali-
brated roughness values for recently burned, low-order
drainage basins in the SGM (Rengers et al., 2016a).

The fraction of bare soil exposed to raindrop impact
is assumed to be 1.0 in the first year following the
fire based on field observations of negligible vegeta-
tion and litter cover (Figure 2b). Infiltration rates were
computed for year 1 using the Ks and hf values ob-
tained in September 2016 and November 2016, while
Ks and hf values obtained in July 2017 and March
2018 were used for year 2, and values measured in
March 2019 were used for year 3 simulations. Each
pixel within the computational domain was randomly
assigned a value from the measured distribution of Ks
and hf. Due to the number of pixels in the computa-
tional domain, we found that differences among simu-
lations performed with different realizations of Ks and
hf were not substantial. In locations where the slope ex-
ceeded 45°, we assumed that bedrock or saprolite was
exposed at the surface and therefore set Ks = 0. A total
of 7 out of 60 measurements attempted in September
and November 2016 were terminated due to long mea-
surement times (i.e., no measurable amount of water
infiltrated within 5 minutes), potentially because of ex-
treme water repellency or the presence of saprolite at
very shallow depths. Including these data points in the
analysis as locations with Ks = 0 and hf = 0 did not sig-
nificantly influence computed debris-flow thresholds
or volumes, so they were neglected.

A total of 22 simulations were performed using
the measured infiltration and vegetation characteris-
tics from the first post-wildfire year. Eleven of these
simulations were performed to assess how debris-flow
properties change for the designed storms (Gaussian
distribution of rainfall) with I15 varying from 10 to
60 mm/hr. Eleven additional simulations were used to
assess how debris-flow properties change when using
precipitation from an actual NCFR, with intensities
scaled to give a different peak I15 varying from 10 to
60 mm/hr. A second and third set of numerical experi-
ments, each containing 22 simulations, were performed
using the measured infiltration and vegetation charac-
teristics from the second and third post-wildfire years.
Finally, we performed two final sets of simulations
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Table 2. Summary of median and interquartile range (in parentheses) of soil-hydraulic properties as a function of time since burning.

Months

Parameter Name
(Symbol) Units 3 (n = 22) 5 (n = 31) 7 (n = 26) 8 (n = 37) 13 (n = 20) 21 (n = 21) 33 (n = 20)

Field-saturated hydraulic
conductivity (Ks)

mm/hr 17 (18) 23 (23) 20 (30) 15 (18) 11 (21) 21 (32) 28 (37)

Sorptivity (S) mm/hr1/2 3 (12) 11 (12) 11 (12) 7 (13) 18 (11) 20 (13) 25 (19)
Wetting front suction head

(hf)
m 0.002 (0.011) 0.008 (0.031) 0.016 (0.023) 0.004 (0.020) 0.032 (0.080) 0.021 (0.073) 0.026 (0.049)

using measured soil-hydraulic properties from year 2
and year 3 but vegetation characteristics (i.e., 100 per-
cent bare ground) consistent with year 1. The goal of
this last series of simulations was to quantify the rel-
ative impact of vegetation recovery and soil recovery
on post-wildfire debris flows. Flow depth, discharge,
and sediment concentration at the basin outlet were
recorded in all cases to assess differences among simu-
lations. Debris flows were identified at the outlet of the
basin based on exceedance of a sediment concentration
threshold of 40 percent. Flows with a sediment concen-
tration (c) less than 40 percent were classified as floods.
The amount of sediment exiting the basin (kg), sedi-
ment concentration (c) at the basin outlet, and peak
debris-flow (i.e., flows with c > 40 percent) discharge at
the outlet were stored for each simulation. Debris-flow
volumes were estimated for each storm by determining
the cumulative sediment discharge at the basin outlet
during time periods when the sediment concentration
exceeded 40 percent and then converting the resulting
sediment mass to a volume by assuming a bulk density
of 1,500 kg/m3. Summarizing debris flow size in terms
of a volume allows for more direct comparisons with
field-based estimates of debris-flow volume and out-
puts from empirical models used to predict debris-flow
volume (e.g., Gartner et al., 2014).

RESULTS

Changes in Soil-Hydraulic Properties and Ground
Cover

Repeat field measurements of soil-hydraulic proper-
ties reveal changes in sorptivity (S) and wetting front
suction head (hf) with time since burning. The median
wetting front suction head (hf) increased with time
from roughly 0.002 m in September 2016 (3 months
post-fire) to 0.026 m by March 2019 (33 months post-
fire). A Kruskal-Wallis test indicates statistically sig-
nificant differences among the seven different groups
of hf measurements (p < 0.01) made over the course
of the 33-month monitoring period as well as differ-
ences among the seven groups of sorptivity measure-

ments (p < 0.01). Wilcoxon rank sum tests with a sig-
nificance level of 0.05 were then used to assess differ-
ences between two groups of measurements to deter-
mine when significant changes occurred. According to
a Wilcoxon rank sum test, the distributions of hf af-
ter 3 and 5 months differ significantly (p < 0.01), as
do the distributions of S after 3 and 5 months (p <

0.01). The distributions of hf after 8 and 13 months
also differ significantly (p < 0.01), as do the distri-
butions of S after 8 and 13 months (p < 0.01). In
addition to a change in the median of hf between 8
and 13 months, there is also a substantial increase
in the interquartile range from approximately 0.02 to
0.08 m (Table 2) that is consistent with a more gen-
eral increase in the spread in the hf distributions after
13 months of recovery (Figure 4). In contrast, field-
saturated hydraulic conductivity (Ks) does not vary as
systematically with time following the wildfire (Figure
4 and Table 2). A Kruskal-Wallis test indicates that
measured distributions of Ks over the 33-month mon-
itoring period (p = 0.06) are not significantly differ-
ent. Despite a lack of statistical significance at the 0.05
level, both the mean and the median values of Ks in-
creased substantially over the monitoring period. The
median Ks increased from 17 mm/hr after 3 months
to 28 mm/hr after 33 months, whereas the mean in-
creased from 24 to 43 mm/hr over that same time
period.

The fraction of bare soil decreased from 1.0 immedi-
ately following the wildfire to 0.63 in March 2018 after
21 months of recovery and 0.2 in March 2019 after 33
months of recovery. The reduction in bare ground was
due primarily to an increase in canopy cover fraction
from approximately 0 to 0.29 by March 2018 and 0.77
by March 2019. The fractions of litter cover were 0.07
and 0.03 in March 2018 and 2019, respectively, while
rock cover was 0.01 and 0, respectively. Although the
recovering vegetation may be effective at reducing di-
rect raindrop impact on the soil surface, it likely had
a minimal ability to intercept and store water, par-
ticularly in March 2018, since the average vegetation
height was less than 10 cm. By March 2019, the mean
canopy height had increased to approximately 80 cm.
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Figure 4. (a) Field-saturated hydraulic conductivity (Ks), (b) sorptivity (S), and (c) suction head (hf) derived from field measurements at
different times following the June 2016 Fish Fire.

Simulations of Erosion and Debris Flows

Debris flows initiated in response to lower-intensity
rainstorms in year 1 relative to years 2 and 3 (Figure 5).
The first sign of debris-flow activity at the lower out-
let (i.e., debris-flow volume greater than 5 m3) during
year 1 occurs in response to the NCFR with a peak
I15 of 15 mm/hr. In contrast, no debris flows initiate
in response to the designed rainstorm (Gaussian dis-
tribution of rainfall) until the peak I15 is greater than
or equal to 30 mm/hr. In year 2, simulations suggest
than an NCFR with a peak I15 of at least 35 mm/hr is
needed to produce a debris flow, whereas the peak I15
of the designed storm must exceed 40 mm/hr. In the
theoretical case where vegetation recovery is neglected
in year 2 and only changes in infiltration capacity are
taken into account, the I15 required to produce a debris
flow is 15 mm/hr for an NCFR and 35 mm/hr for the
designed storm. In year 3, both the NCFR and the de-
signed rainstorms having a peak I15 of 60 mm/hr failed
to produce a debris flow with a volume greater than
5 m3 (Figure 5). If vegetation recovery is neglected,
then the I15 threshold for debris flows in year 3 would
be 20 mm/hr for an NCFR and 50 mm/hr for the de-
signed storm.

The volume of debris flows generated by NCFRs in-
creases with peak I15 (Figure 5). The volume of de-
bris flows initiated by the designed rainstorms tends
to increase initially with I15 but then decreases slightly
for higher values of I15 (Figure 5). The total volume
of sediment eroded, however, continues to increase
with peak I15 regardless of specifics of the hyetograph
(Figure 5). Debris-flow volumes and total sediment
eroded for a given rainstorm are highest in year 1, as
expected. For a given I15, the mean volume of debris
flows generated by NCFRs in year 2 is, on average, less
than one-third of that produced in year 1. The volume
of debris flows generated by the designed storm in year

2 is, on average, roughly one-fourth of that generated
in year 1. Changes in vegetation cover appear to play
a key role in determining debris-flow volume. If vege-
tation recovery is negligible from year 1 to year 2, then
mean debris-flow volumes associated with NCFRs and
designed storms would differ by factors of only 1.2
and 1.1, respectively. It is also noteworthy that NCFRs
tend to produce debris flows with greater peak dis-
charges (Figure 5) and peak flow depths, as seen in the
modeled hydrographs (Figure 6). NCFRs also produce
debris flows that are larger than those produced by the
designed storm, particularly when 15-minute rainfall
intensities are above 50 mm/hr.

DISCUSSION

Field measurements constrain recovery timescales
following disturbance by wildfire in the SGM
(Figure 4 and Table 2) and provide insight into how
soil and vegetation recovery translate into recovery
from a debris-flow hazards perspective (Figures 5 and
6). Simulations of erosion and debris-flow initiation
suggest that there should be a substantial increase in
rainfall ID thresholds over the first 3 years of recov-
ery following wildfire as well as decreases in expected
debris-flow volume (Figure 5). Simulations do not take
into account the reductions in sediment supply or in-
creases in hydraulic roughness that are likely to occur
due to sequential flow events between the first year and
the third year after a wildfire (e.g., Tang et al., 2019).
Results reported here can therefore be viewed as con-
servative, with even greater increases in ID thresholds
and reductions in volume being likely in many natural
systems.

Our field measurements indicate a significant
change in the distributions of sorptivity (S) and suc-
tion head (hf) between 3 and 5 months of recov-
ery as well as between 8 and 13 months of recovery.

Environmental & Engineering Geoscience, Vol. XXVII, No. 1, February 2021, pp. 43–56 51

Downloaded from http://pubs.geoscienceworld.org/aeg/eeg/article-pdf/27/1/43/5243463/i1078-7275-27-1-43.pdf
by University of Arizona user
on 08 March 2021



McGuire, Rengers, Oakley, Kean, Staley, Tang, Orla-Barile, and Youberg

Figure 5. Model simulations of debris flow properties in (a–c) year 1, (d–f) year 2, and (g–i) year 3 in response to the two rainstorms with
different peak values of I15. The combined fraction of vegetation and ground cover is denoted by Cv.

However, it is not clear whether the change in S and
hf between 3 and 5 months was due to recovery or
due to the change in measurement location that took
place between 3 and 5 months. Low values of S and hf
in the year immediately following wildfire are consis-
tent with a recent compilation of soil-hydraulic prop-
erties from burned soils (Ebel and Moody, 2017). Pre-
vious studies monitoring temporal changes in soil-
hydraulic properties after fire have often focused more
on quantifying field-saturated hydraulic conductivity
(Ks). Cerdá (1998), for example, used rainfall simula-
tion experiments to measure a doubling of Ks from 25
mm/hr after 7 months of recovery following a fire in
a Mediterranean scrubland to 52 mm/hr following 64

months of recovery. Robichaud et al. (2016) also re-
port a substantial increase in Ks from 31 mm/hr within
1 month of the Valley Complex fire to 38 mm/hr af-
ter 11 months and 84 mm/hr after 60 months. Using
a Kruskal-Wallis test and a significance level of 0.05,
we find no statistically significant changes in the dis-
tribution of Ks with time following the Fish Fire. Still,
the median and mean values of Ks were substantially
greater 33 months after the fire relative to 3 months
after the fire. Combined with increases in S over that
same time period, potentially large implications for
runoff generation may be underestimated by examin-
ing differences in S and Ks individually. Improved un-
derstanding of the timescales over which soil-hydraulic

52 Environmental & Engineering Geoscience, Vol. XXVII, No. 1, February 2021, pp. 43–56

Downloaded from http://pubs.geoscienceworld.org/aeg/eeg/article-pdf/27/1/43/5243463/i1078-7275-27-1-43.pdf
by University of Arizona user
on 08 March 2021



Post-Fire Debris-Flow Initiation

Figure 6. Model simulations of flow stage at the Arroyo Seco basin outlet in response to (a–c) the designed storm with peak I15 = 45 mm/hr
and (d–f) a narrow cold-frontal rain band with peak I15 = 45 mm/hr under different conditions.

properties recover following fire are crucial for quanti-
fying when recently burned landscapes will regain hy-
drologic function (e.g., Ebel and Mirus, 2014), includ-
ing when debris-flow potential will return to that of
long-unburned areas.

Measurements of soil-hydraulic properties and veg-
etation/ground cover can be used in conjunction with
the numerical model to infer year 1 debris-flow thresh-
olds of I15 = 15 mm/hr and I15 = 30 mm/hr for an
NCFR and the designed storm, respectively (Figure 5).
The regional I15 threshold of 19 mm/hr for debris
flow initiation in the SGM (Staley et al., 2013) falls
in between these two model-derived thresholds. We at-
tribute the lower I15 threshold for NCFRs to greater
rainfall intensities over shorter durations, as quanti-
fied by the relatively high I5/I15 ratio relative to the
designed storm, which was more effective at generat-
ing runoff. It is also possible that thresholds associ-
ated with NCFRs are lower due to the presence of
roughly 50 minutes of low-intensity rainfall that pre-
cedes the peak (Figure 2). However, this is unlikely
to be a dominant factor in post-fire year 1, when the
differences in debris-flow thresholds between the two
rainstorms are most accentuated. First, the modeled
I15 threshold associated with NCFRs in year 1 is 15
mm/hr. The average rainfall intensity during the first
45 minutes of that storm is approximately 7 mm/hr,
which is not sufficient to generate runoff or trans-

port sediment, and the total depth of rainfall during
that time period would be less than 6 mm. Even if
the first 45 minutes of rainfall were eliminated from
all NCFRs, the I15 threshold in year 1 would in-
crease from only 15 to 20 mm/hr. The observation that
NCFRs tend to produce debris flows at a lower I15 rel-
ative to the designed storm suggests that particular at-
tention should be given to debris-flow potential when
atmospheric conditions are conducive to producing an
NCFR. Further work is needed to quantify the abil-
ity of NCFRs to produce debris flows relative to other
types of storm systems known to produce intense rain-
fall in southern California, such as isolated convective
cells.

Increases in the I15 threshold associated with
NCFRs from 15 mm/hr in year 1 to 35 mm/hr in year
2 can be attributed primarily to decreases in the per-
centage of bare ground. We documented an increase
in the wetting front suction head (hf) from year 1 to
year 2 (Table 1 and Figure 4), but the I15 threshold
would still remain constant at 15 mm/hr in years 1 and
2 if vegetation recovery were completed neglected (Fig-
ure 5). The ID threshold associated with the designed
storm, on the other hand, increased from 30 mm/hr
in year 1 to 40 mm/hr in year 2 (Figure 5). Since
the threshold would be 35 mm/hr in the case where
vegetation recovery is neglected in year 2, approxi-
mately half of the increase from 30 to 40 mm/hr can be
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attributed to vegetation recovery. The remainder of
the increase can be related to changes in soil-hydraulic
properties, namely, the increase in hf that took place
between 8 and 13 months after the wildfire. All else be-
ing equal, lower values of hf will lead to an increase
in runoff. Decreases in percent bare ground will lead
to less hillslope erosion, which subsequently decreases
the amount of sediment transported into the channel
network (where debris flows are likely to form) and re-
duces the sediment-bulking processes that can increase
flow depths and discharges. Simulations suggest that
the ability of NCFRs to produce debris flows is partic-
ularly sensitive to changes in vegetation/ground cover.
Therefore, the initiation of debris flows via NCFRs at
our study site appears to be more sensitive to changes
in the efficiency of hillslope erosion relative to the de-
signed storms.

Simulations also offer insight into how debris-flow
magnitude can be expected to change with rainfall in-
tensity and time since burning for the two different
storms. Simulations indicate that debris-flow volume
generally increases monotonically with I15 for NCFRs
(Figure 5). This is consistent with Gartner et al. (2014),
who found that debris-flow volumes increase with I15
based on a large data set of estimated volumes from
post-wildfire debris flows throughout the Transverse
Ranges of southern California. In contrast, debris-flow
volume mobilized by the designed storms does de-
crease slightly when I15 is greater than 45 mm/hr in
years 1 and 2. The difference between our model re-
sults and field observations (e.g., Gartner et al, 2014)
could be due partly to the definition of debris flow em-
ployed here, which requires that the sediment concen-
tration exceed 40 percent. In some of the model sce-
narios, an increase in I15 leads to more runoff and an
overall reduction in sediment concentration to values
less than 40 percent. Since debris-flow volumes esti-
mated in the field are based on the amount of sediment
deposited in debris basins or estimates of erosion oc-
curring during debris-flow–producing rainstorms (e.g.,
Gartner et al., 2014), they may include sediment trans-
ported through a combination of water-dominated
flood, debris flood, and debris-flow mechanisms. Re-
gardless, debris flows with the greatest volume, high-
est peak discharge, and largest flow depths are gener-
ally produced by NCFRs with high rainfall intensities
(Figures 5 and 6). Simulations also indicate a rapid de-
crease in expected debris-flow volume between post-
fire years 1 and 2. Santi and Morandi (2013) analyzed
post-wildfire debris-flow volumes from California and
also found a substantial decrease in volume between
debris flows generated within 1 year of a fire and those
generated between 1 and 3 years after fire, with the me-
dian sediment yield from debris flows decreasing from
10,156 to 4,006 m3/km2.

While we focus on a particular geographic region,
the SGM in southern California, the modeling frame-
work presented here can be used in combination with
estimates of post-wildfire infiltration rates from other
regions (e.g., Moody et al., 2009; Nyman et al., 2011;
and Robichaud et al., 2016) to quantify the impact of
changing soil-hydraulic properties on debris-flow mag-
nitude and initiation thresholds. Similarly, satellite-
derived metrics of vegetation recovery, such as the en-
hanced vegetation index (e.g., Kinoshita and Hogue,
2011), could be used to drive temporal changes in per-
cent ground cover within the model framework. De-
veloping relationships between measurable hydrologic
variables, ground cover characteristics, and debris-flow
properties is a necessary first step toward assessing
how debris-flow threats are likely to evolve with time
following wildfire in different geographic regions. The
prevalence of NCFRs as a primary driver of high-
intensity precipitation is also somewhat specific to this
region, but the results here suggest that the tempo-
ral distribution of rainfall within a storm can impact
rainfall thresholds for runoff-generated debris flows.
Here, we explore differences between only one storm
type (NCFRs) and its associated hyetograph and a
Gaussian distribution of rainfall. Additional work is
needed to determine the difference in debris-flow char-
acteristics across other storm types (and their associ-
ated hyetographs) that regularly impact the Transverse
Ranges.

One key benefit of assessing how debris-flow re-
sponse varies as a function of storm type (e.g., NCFR
versus a designed storm), is that it is has the potential
to increase the situational awareness of weather fore-
casters concerned with debris-flow hazards. Precipi-
tation forecasts become more uncertain as lead time
increases (e.g., Wick et al., 2013), and it is difficult
to accurately forecast the location, timing, and inten-
sity of short-duration, high-intensity rainfall (Doswell
et al., 1996) at lead times that are useful to emer-
gency management (at least 24– 36 hours). However,
forecasters can look for the presence or absence of a
certain set of atmospheric conditions that they may
associate with the potential for a particular type of
high-intensity rainfall event (e.g., an NCFR). If the
forecaster is aware of the debris-flow response associ-
ated with the typical hyetograph of that characteristic
storm type, this would provide them with additional
confidence about the potential for an impactful debris
flow in the area of concern.

CONCLUSIONS

Disturbance following wildfire leads to an increased
potential for runoff-generated debris flows. The haz-
ards posed by runoff-generated debris flows decrease
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with time following wildfire as soil and vegetation re-
cover. In this study, we monitored changes in soil-
hydraulic properties and percent bare ground at a site
in southern California and used a numerical model to
determine how temporal changes in these two vari-
ables affect debris-flow volumes and initiation thresh-
olds. The fraction of bare ground at our study area
decreased from approximately 1.0 immediately follow-
ing the fire to 0.63 after 21 months and to 0.2 af-
ter 33 months. Both sorptivity and wetting front suc-
tion head increased significantly after 13 months of
recovery and generally increased with time following
the wildfire. Simulations suggest that the threshold
I15 rainfall intensity that triggers debris flows at our
study site in the SGM is sensitive to how rainfall is
distributed in time. The I15 threshold for an NCFR
could be as low as 15 mm/hr in post-fire year 1 and
35 mm/hr in year 2. A designed rainstorm with a time
series of rainfall distributed like a Gaussian function
was responsible for producing debris flows only when
I15 was greater than 30 mm/hr in year 1 and 40 mm/hr
in year 2. Regardless of the temporal distribution of
rainfall within a storm, if debris flows do initiate in
the second post-wildfire year, simulations indicate that
they will be roughly one-third to one-fourth the vol-
ume of those generated in year 1. Results demonstrate
how debris-flow thresholds and magnitude can be sen-
sitive to the time series of rainfall and identify the need
to quantify how/why different types of storms may be
more or less likely to produce impactful debris flows.
Although we focus here on post-wildfire debris flows,
the methodology used to assess changes in runoff-
generated debris-flow susceptibility could be applied
in other settings, including rocky alpine regions, where
runoff-generated debris flows may occur.
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