
1.  Introduction
Wildfire is an environmental disturbance that can radically alter the vegetation cover and soil properties in 
watersheds. Depending on the burn severity, a fire can consume the rainfall-intercepting canopy and leaf 
litter and decrease the infiltration capacity of the soil (Moody et al., 2013; Santi & Rengers, 2020; Shakes-
by & Doerr, 2006). The hillslope hydrologic response associated with these changes is well known to in-
clude enhanced runoff and sediment transport during rainstorms, which can promote the initiation of 
runoff-generated debris flows (Cannon, 2001; Gabet & Bookter, 2008; Kean et al., 2011; Nyman et al., 2011). 
Runoff-generated debris flows present a substantial hazard for people and infrastructure downstream of 
burn scars (e.g., Kean, Staley, et al., 2019) and may play an important role in the long-term denudation 
of mountainous landscapes (e.g., Meyer et  al.,  2001). Hillslope erosion and rilling fuel the initiation of 
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debris flows in soil-mantled landscapes, whereas postwildfire dry raveling is thought to be a more important 
mechanism in bedrock-dominated landscapes (Palucis et al., 2021). Although debris flows in the immediate 
aftermath of fire are commonly generated by runoff, when the landscape is particularly vulnerable to infil-
tration-excess overland flow (e.g., Moody & Ebel, 2014), postwildfire debris flows do not form exclusively 
through this mechanism (Parise & Cannon, 2012). Infiltration in response to rainfall can lead to excessive 
subsurface pore-water pressures that produce shallow landslides (defined as a source area length to depth 
ratio >10; Casadei et al., 2003) capable of mobilizing into debris flows (Iverson, 2000), which we refer to as 
infiltration-generated debris flows. In the Transverse Ranges of southern California, shallow landsliding in 
unburned watersheds may be responsible for roughly 50% of all hillslope erosion (Lavé & Burbank, 2004), 
which highlights the need to understand how their occurrence may be impacted by disturbances such as 
wildfire (e.g., Rengers et al., 2020). Although uncertainty in attributing above-average shallow landslide 
hazard potential in response to postwildfire effects is considerable (Parise & Cannon, 2012), widespread 
landslide activity in response to rainstorms has been observed on steep, unburned slopes in areas of south-
ern California that routinely burn (Campbell, 1974, 1975; Rice & Foggin, 1971). These observations suggest 
that infiltration may be the dominant debris-flow triggering mechanism for unburned conditions and that 
a shift from runoff-to infiltration-generated debris flows occurs during postwildfire recovery (Figure 1a), 
as has been proposed for other regions in the western United States (e.g., Meyer et al., 2001; Wondzell & 
King, 2003).

Rainfall thresholds, which define the range of rainfall intensities and corresponding rainfall durations above 
which debris flows are more likely to occur, have been applied throughout the world for unburned condi-
tions (e.g., Bell & Maud, 2000; Caine, 1980; Guzzetti et al., 2007; Hong et al., 2005; Larsen & Simon, 1993; 
Wilson & Jayko, 1997) and were first used for postwildfire settings in the United States more than a decade 
ago (Cannon, Gartner, et al., 2008; USGS, 2005). They have historically been the quantitative backbone of 
warning systems for debris flow initiation (Baum & Godt, 2010) and are typically based on empirical mod-
els, grounded in a power-law or polynomial functional form, that are calibrated against past debris flow 
events. Empirical postwildfire rainfall thresholds have seen further improvement with the use of objective 
calibration techniques (Staley et al., 2013), but consistent records of debris flows that distinguish between 
runoff- and infiltration-generated debris flows for several years after a fire are virtually nonexistent (e.g., 
Santi & MacAulay, 2021). The applicability of empirical postwildfire rainfall thresholds beyond the first 
year following fire or across regional gradients in climate, land use, and geology is challenging because how 
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Figure 1.  (a) Conceptual model for a crossover in runoff- versus infiltration-generated debris flow (DF) potential following wildfire in steep terrain. (b) 
Illustration of non-stationary postwildfire rainfall intensity-duration DF thresholds due to changes to infiltration properties over multi-annual timescales. Blue 
and orange shading corresponds to thresholds for runoff- and infiltration-generated debris flows, respectively. Higher rainfall intensities and lower rainfall 
durations are, respectively, needed to initiate runoff- and infiltration-generated debris flows with time after wildfire.
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factors such as the recovery of near-surface hillslope hydrologic functioning influence debris flow thresh-
olds as watersheds recover from fire is not well understood (e.g., Mirus et al., 2019; Figure 1b).

Insight into the relative likelihood of postwildfire debris flows as watersheds recover would further improve 
our ability to predict and mitigate debris flow hazards. Computing the probability of a debris flow-produc-
ing rainstorm within the window of disturbance following fire, however, requires temporally varying esti-
mates of the probability of producing debris flows through both runoff and infiltration generation mecha-
nisms. Therefore, a quantitative framework to evaluate how soil-hydraulic recovery processes can influence 
hillslope hydrology and stability is needed to better understand the persistence of debris flow hazards after 
fire. In light of this knowledge gap, our objective is to develop an approach to evaluate postwildfire hillslope 
hydrologic response and debris flow hazard potential for runoff- and infiltration-generated debris flows as 
infiltration properties change. We use a combination of decadal, multi-annual, and event-based simulations 
to produce rainfall intensity-duration thresholds for both failure modes in the years after a wildfire. The 
scope of our contribution is to develop this framework and to apply it to a test case in southern California. 
We then discuss how our simulation-based approach could be used to elucidate the contributions of soil 
moisture, rainfall climatology, grain size, and root reinforcement on the probability of postwildfire debris 
flows. The application of our framework serves as an initial evaluation of, and an important first step to-
ward, a quantitative method for the assessment of debris flow hazard that reflects hydrologic changes as 
steep watersheds recover from fire.

2.  Framework Development
2.1.  Simulation Timeline

At the core of our debris flow threshold framework are physics-based simulations of vertical infiltration 
through the unsaturated zone for climatological (decadal), postwildfire recovery (years), and event-based 
(≤24 h) timescales (Figures 2a and 2b). The simulated output for each timescale serves as an initial condi-
tion for the next. Rainfall, air temperature, and vegetation index information inform the surface boundary 
condition for the climatological simulation. The postwildfire recovery simulation is also forced with at-
mospheric and vegetation index timeseries, but the saturated hydraulic conductivity of the uppermost soil 
can change as a function of time to reflect fire-induced alterations to infiltration (Figures 2b and 2c). We 
relate changes in the saturated hydraulic conductivity to vegetation regrowth captured by remotely sensed 
observations of the postwildfire leaf area index (LAI), which is defined as the one-sided green leaf area per 
unit ground surface area (Watson, 1947). At annual intervals along the recovery timeline, we simulate an 
ensemble of wide-ranging rainfall intensity-duration characteristics. For each rainfall case, we track runoff 
at the surface and pore-water pressure at the soil-bedrock interface (i.e., the starred locations in Figures 2b 
and 2d) to quantify changes in failure criteria and produce simulation-based thresholds for runoff- and in-
filtration-generated debris flows throughout the postwildfire soil-hydraulic recovery timeline.

2.2.  Numerical Flow Model and Simulation Domain

We use the HYDRUS-1D (Šimůnek et al., 2009) model to solve the Richards (1931) Equation:

  
    

        
K 1 s

t z z
� (1)

where   is the soil-water content (dimensionless), t is the time (T, time), z is the vertical spatial coordinate 
(L, length), K is the hydraulic conductivity (LT−1), ψ is the pressure head (L), and s is a sink term associat-
ed with root-water uptake for the multi-annual simulations (T−1). The finite-element domain for all three 
simulation types (i.e., climatological, recovery, and event based) is 10 m in height and discretized at 1 cm 
levels, with a water flux and pressure-dependent drain serving as the upper and lower boundary condition, 
respectively (Figure 2b). The climatological simulations consist of a two-layer system of shallow soil overly-
ing weathered bedrock. The recovery and event-based simulations also include a 5 cm surficial layer repre-
senting the fire-affected soil (Figure 2b) where the saturated hydraulic conductivity varies as a function of 
time. We selected this fire-affected soil depth because soil temperatures are rarely >150°C for depths >5 cm 
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Figure 2.  (a) Timeline of our simulation framework. The decadal-scale climatological phase provides an initial 
condition for the multi-annual recovery phase wherein we simulate the time-variable effects of wildfire on surface 
and near-surface hydrologic response. The recovery phase provides initial conditions for the rainfall intensity-duration 
frequency (ID) ensembles (i.e., a suite of high-intensity, short duration through low-intensity, long duration events) for 
which we track discharge (q) and subsurface pore-water pressure (uw) during soil-hydraulic recovery. (b) Schematic of 
the domain that we use to simulate variably saturated flow throughout the climatological, recovery, and event-based 
timelines. The white and black star, respectively, indicate the locations for which we track and to evaluate runoff- and 
infiltration-generated debris-flow potential. (c) Example of the logistic function that we use to define fire-affected soil 
saturated hydraulic conductivity (Ks) as a function of time. (d) Illustration of how we scale the point-scale estimate of 
the runoff rate (R), drainage area (A), and channel width (W) to provide an estimate of q to evaluate runoff-generated 
debris flow-potential for small upland basins.



Journal of Geophysical Research: Earth Surface

during a fire (DeBano, 2000) or >100°C for depths >10 cm (Rengers et al., 2017) and the greatest depth to 
unaffected soil is typically ≤6 cm (Moody & Ebel, 2014; Nyman et al., 2013).

2.3.  Surface Fluxes

The upper boundary condition is a time-variable flux that incorporates the effects of interception, evapora-
tion, and transpiration (Figure 2b), which are calculated for both the climatological and recovery simulation 
types with daily rainfall, air temperature, and vegetation index data from January 1, 1989 to a fire start date 
and from a fire end date to January 1, 2020, respectively. We estimate daily interception (i) (LT−1) in these 
simulations following the von Hoyningen-Hüne (1983) approach:

  
  
   
      

1i cLAI 1 –
pSCF1
cLAI

� (2)

where c is a coefficient (c = 0.25; Šimůnek et al., 2009), LAI is (dimensionless) interpolated from the Na-
tional Aeronautics and Space Administration (NASA) Moderate Resolution Imaging Spectroradiometer 
(MODIS) global 500 m 8 d LAI data set (NASA 2020b) (dimensionless), p is the precipitation rate (LT−1) 
(PRISM Climate Group, 2020), and SCF is the soil cover fraction (dimensionless). We calculate the daily 
SCF, which refers to the proportion of soil covered by vegetation (Šimůnek et al., 2009), for the multi-an-
nual simulations by:

  kLAISCF 1 e� (3)

where k is the radiation extinction coefficient (k = 0.463; Šimůnek et al., 2009). We estimate daily potential 
evapotranspiration ( 0ET ) (LT−1) for the multi-annual simulations with the Hargreaves (1994) formulation:

     0 1 a avg 2 max minET c R T c T T� (4)

where 1c  and 2c  are empirical constants ( 1c  = 0.0023 and 2c  = 17.8; Hargreaves, 1994), aR  is the solar radia-
tion based on the site latitude and time of the year (LT−1), avgT  is the mean air temperature (τ, temperature), 

maxT  is the maximum air temperature (τ), and minT  is the minimum air temperature (τ). We input the com-
ponent contributions of potential evaporation  0E  (LT−1) and potential transpiration  0T  (LT−1), given by 
Šimůnek et al. (2009) as:

 0 0E ET 1 – SCF� (5)

0 0T ET SCF� (6)

HYDRUS-1D estimates actual evapotranspiration with the 0E , 0T ,   solution, and a water uptake stress 
response function (Skaggs et al., 2006).

2.4.  Soil-Hydraulic Parameters and Postwildfire Recovery Curves

Nonlinear functions that describe     and  K  are required to solve Equation 1. We apply the closed-
form expressions of van Genuchten (1980) and Mualem (1976), respectively, given as:

 
 

  



 

  
 

s r
r mn

1
� (7)
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     
   

                        

2m1l
mr r

s r s r

– –K Ks 1 – 1 –
– –

� (8)

wheres  is the saturated soil-water content (dimensionless), r is the residual soil-water content (dimen-
sionless),   is the inverse of the air-entry   (L−1), n is the pore-size distribution index (dimensionless), ℓ 
is the pore-connectivity parameter (dimensionless) ( = 0.5; Mualem, 1976), sK  is the saturated hydrau-

lic conductivity (LT−1), and 
 

   
 

1m 1
n

 (dimensionless). Reductions in the potential for runoff-generated 

debris flows as landscapes recover from fire has been linked to the return of the soil saturated hydraulic 
conductivity (Ks), among other soil-hydraulic parameters, towards prewildfire levels (Ebel, 2020; McGuire 
et al., 2021). We use two different methods to define how postwildfire infiltration properties for the upper 
5 cm of soil can change over the recovery period. First, we use the logistic function proposed by Ebel and 
Martin (2017):

   




r tKs f
UL LL

f r tKs f
UL LL

Ks Ks eKs t
Ks Ks e 1‐

� (9)

where ft  is the time since fire (T), LLKs  is the minimum value for the Ks immediately after the fire 
(LT−1), ULKs  is the unburned Ks that provides an asymptotic upper limit (LT−1), and Ksr  is a parameter 
that governs the rate of Ks recovery (T−1). We refer to rainfall thresholds derived using this formation 
of  fKs t  as field-based thresholds. Second, because field-based estimates of Ks following wildfire are 
scarce, we also explore the use of the Ebel and Martin  (2017) logistic function to relate changes in 
satellite-based LAI to Ks recovery at the annual timescale. We evaluate the use of LAI because vegeta-
tion regrowth may (a) increase root development and bioturbation (Hubbert & Oriol, 2005), promoting 
macropore flow; (b) increase surface roughness (Canfield et al., 2005; Rengers, Tucker, et al., 2016; Tang 
et al., 2019a), reducing runoff velocity; and (c) increase canopy cover (Cerdá, 1998), reducing raindrop 
impact which could otherwise promote surface sealing effects (Larsen et al., 2009). Although we focus 
here on changes in infiltration on the annual timescale, LAI may be useful for sub-annual timescales, as 
seasonal fluctuations in soil-water repellency have been linked to patterns in rainfall and soil moisture 
(Hubbert & Oriol, 2005), which are also factors for vegetation regrowth. To evaluate if LAI recovery is 
congruent with the Ebel and Martin (2017) logistic function, we extract the mean postwildfire MODIS 
8 d LAI from the footprint of a fire and fit the annual postwildfire LAI maxima to a LAI-based version 
of Equation 9:

   


 

r tLAI f
UL LL

f r tLAI f
UL LL

LAI LAI eLAI t
LAI LAI e 1� (10)

where LLLAI  is the minimum value for the LAI immediately after the fire (dimensionless), ULLAI  is the 
unburned LAI that provides an asymptotic upper limit (dimensionless), and LAIr  is a parameter that governs 
the rate of LAI recovery (T−1). We then linearly transform Equation 10 to relate the limits of  fLAI t  to the 
limits of  fKs t :

 
  

  
      

                   
  

r tLAI f
UL LL UL LL UL LL

f UL UL r tLAI fUL LL UL LL UL LL

Ks – Ks Ks – Ks LAI LAI eKs t Ks – LAI
LAI – LAI LAI – LAI LAI LAI e – 1

� (11)

We refer to rainfall thresholds derived using this formulation of  fKs t  as satellite-based thresholds.
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2.5.  Failure Criteria for Runoff- and Infiltration-Generated Debris Flows

We use the simulated output at annual intervals along the postwildfire recovery timeline as an initial condi-
tion to simulate an ensemble of 25 low to high intensity (1–125 mm hr−1) rainfall events lasting up to 24 h 
(Figure 2a). These event-based simulations, whose results form the basis of our thresholds, are structured 
around a 24 h period to place our results within the context of rainfall forecasting constraints in the United 
States, as uncertainty associated with quantitative estimates of precipitation (Novak et al., 2014) are often 
too great to be meaningful for debris flow hazard predictions more than 24 h in advance. For each event-
based simulation we track the runoff rate at the surface and pore-water pressure at the soil-bedrock inter-
face (Figure 2b). We first convert the point-scale runoff rate (Figure 2b) from our hydrologic simulations to 
a unit discharge (q) (L2T−1) (e.g., Figure 2d; similar to Kean et al., 2016):


RAq
W

� (12)

where R is the water runoff rate, or net flux that does not infiltrate according to our simulations using Equa-
tion 1 (LT−1), A is the drainage area above a failure-prone location (L2), and W is the channel width at a 
failure-prone location (L). We then convert the unit discharge into dimensionless discharge ( *q ) with the Gre-
goretti and Fontana (2008) approach, which has been demonstrated to be suitable for quantifying typical val-
ues of *q  during periods dominated by flooding and debris flow activity in our study area (Tang et al., 2019b):

 
 

1.5
s 50

qq
G – 1 gD� (13)

where sG  is the specific gravity of the sediment (dimensionless) ( sG  = 2.6; McGuire & Youberg, 2020; Tang 
et al., 2019b), g is the acceleration due to gravity (LT−2), and 50D  is the median grain size (L) within the 
channel. To evaluate if runoff-generated debris flows should be expected, we compare the simulated  *q t  
to a critical dimensionless discharge ( *

critq ) that is given by Gregoretti and Fontana (2008) as:

 

 
  

crit N
C

Cq
tan

� (14)

where C and N are empirical coefficients (C = 4.29, N = 0.78; McGuire & Youberg, 2020; Tang et al., 2019b) 
to delineate the transition from water-dominated flow to debris flow and c is the channel slope at the fail-
ure-prone location (°). Runoff-generated debris flows are expected if *q > *

critq .

To evaluate infiltration-generated debris-flow potential, we convert the   from Equation 1 to subsurface 
pore-water pressure ( wu ) (ML−1T−2) (Freeze & Cherry, 1979):

 wu g� (15)

We then calculate the suction stress at the soil-weathered bedrock interface, given by Lu and Godt (2013) as:

  
 

  s r
a w

s r

– u u
–� (16)

where  s is the suction stress (ML−1T−2) and au  is the pore-air pressure (ML−1T−2) (assumed equal to the 
atmospheric pressure, which is zero in reference pressure). To evaluate if infiltration-generated debris flows 
should be expected, we calculate the factor of safety (FS) with the infinite slope equation (Lu & Godt, 2008):

      

  

    
 

2 s
s r H

H H

c c d cos tan
FS

d sin cos
� (17)

where is sc  is the cohesion associated with the soil (ML−1T−2), rc  is the cohesion associated with the roots 
(ML−1T−2),   is the bulk unit weight of the soil (ML−2T−2), d is the vertical depth from the surface to the 

THOMAS ET AL.

10.1029/2021JF006091

7 of 25



Journal of Geophysical Research: Earth Surface

failure plane (L), H is the hillside slope (º), and  is the effective friction angle (º). We hold the geometric 
and material properties constant, except for the bulk unit weight of the soil ( ) (ML−2T−2), which is given 
by Freeze and Cherry (1979) as:

  



s

w
G eS

1 e
� (18)

where w is the unit weight of water (ML−2T−2) ( w = 9.8 kNm−3; Freeze & Cherry, 1979), 






s

s
e

1
 is the 

void ratio (dimensionless), and 




s

S  is the saturation (dimensionless). Infiltration-generated debris flows 

are expected if FS < 1.

2.6.  Delineation of Simulation-Based Thresholds for Postwildfire Debris Flows

Our thresholds for debris flow activity are based on the simulated surface runoff and subsurface pore-water 
pressure response associated with each rainfall-intensity duration ensemble (Figure 2a). For a given rainfall 
intensity simulation in the ensemble of 25 rainfall events (which range from 1 to 125 mm hr−1), we note the 
simulation time (or rainfall duration) when the failure criteria for runoff- and infiltration-generated debris 
flows (i.e., Equations 14 and 17, respectively) are satisfied. To delineate a threshold, we plot the 25 simulated 
rainfall intensity and rainfall duration results and connect the points with a simple, piecewise linear inter-
polation (e.g., Godt & McKenna, 2008; Thomas, Mirus, & Collins, 2018).

3.  Framework Testing and Application
3.1.  Regional Context and Hillslope Hydrologic Monitoring Data

We test our threshold simulation framework with hillslope hydrologic and postwildfire debris flow ob-
servations from the San Gabriel Mountains in southern California, USA (Figure 3a). This region experi-
ences hot and dry summers followed by cool and wet winters; annual precipitation amounts vary with 
elevation and aspect, but the lower, developed hillslopes of our study region receive ∼650 mm yr−1, 
predominantly as rainfall (PRISM Climate Group, 2020). Vegetation classes include grasslands, savan-
na, and shrublands (NASA, 2020a), with drought- and fire-adapted chaparral dominating the landscape 
(Halsey,  2005). The steep, tectonically active terrain (DiBiase et  al.,  2010) hosts thin (≤1  m) sandy 
soils (USDA,  2020) underlain by granitic and metasedimentary rocks (Figures  3b and  3c; Jennings 
et  al.,  1977). These rugged slopes, which are in close proximity to the densely populated Los Ange-
les basin, are well known to produce deadly and destructive postwildfire debris flows (Eaton,  1935; 
McPhee, 1989).

We use soil moisture observations from two monitoring stations in the San Gabriel Mountains that are 
operated by the U.S. Geological Survey (Smith et al., 2019) to evaluate the ability of our mathematical rep-
resentation of hydrologic response to capture fluctuations in daily soil wetness for multi-annual timescales. 
These stations, which we refer to as “Arroyo Seco” and “Dunsmore,” are located within the footprint of the 
2009 Station Fire (Figures 3d and 3e) in steep (≥30°) and small (0.01 and 0.5 km2, respectively) low-order 
basins that experienced moderate to high soil burn severity (99% and 43% of the basin area, respectively; 
Kean et al., 2011). Both catchments produced runoff-generated debris flows in the first wet season following 
wildfire (Kean et al., 2011; Staley et al., 2014). Each site includes two vertical monitoring arrays that were 
established six years after the fire with three EC-5 dielectric soil-water content sensors (Meter Group, 2020) 
positioned at 10, 25, and 50 cm depths (for soil profiles that are ∼50 cm; Smith et al., 2019) near a drainage 
divide and a basin outlet (Figures 3d and 3e).

We conduct a suite of numerical simulations to (a) compare our postwildfire threshold development ap-
proach to existing observations and empirical thresholds in the San Gabriel Mountains and (b) describe 
changes in failure criteria throughout the recovery timeline for the 2016 Fish Fire in the “Las Lomas” 
catchment. Las Lomas is located within the footprint of the 2016 Fish Fire (Figures 3c and 3f) and greater 
2016 San Gabriel Complex fires. We apply our simulation framework to the 2016 Fish Fire because this area 
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experienced runoff- and infiltration-generated debris flows soon after and three years following the fire, 
respectively (Rengers et al., 2020; Tang et al., 2019a). The setting at Las Lomas is similar to that of Arroyo 
Seco and Dunsmore, that is, a small low-order basin with steep (38°; Tang et al., 2019a) slopes and thin (av-
erage depth = 35 cm; Rengers et al., 2020) sandy soils that experienced moderate soil burn severity (∼40% of 
basin area, respectively; USDA, 2021). Eleven runoff-generated debris flows were observed at the Las Lomas 
watershed outlet over the course of seven rainstorms in the first year after the fire (Kean, Smith, et al., 2019; 
Tang et al., 2019a). In addition, the area within and around the Fish Fire burn scar produced several hun-
dred shallow landslides of the debris slide-debris flow type (Varnes, 1978) in response to a single, long-dura-
tion rainstorm during the third year following the fire (Figure 3b; Rengers, 2020). These shallow landslides, 
whose failure planes generally corresponded with the interface between soil and weathered bedrock, were 
concentrated on recently burned south-facing slopes, although some did occur in nearby unburned areas 
(Rengers et al., 2020). The observed transition in mass wasting types following the 2016 Fish Fire (McGuire 
et al., 2019; Rengers et al., 2020) provides a timely opportunity to explore how postwildfire soil-hydraulic 
recovery affects rainfall intensity-duration thresholds.

3.2.  Evaluating the Physical Representation and Parameterization of Hillslope Hydrologic 
Response

3.2.1.  Variably Saturated Subsurface Flow

Our focus is on using event-scale simulation to evaluate debris flow hazard potential when the short times-
cale when vertical infiltration dominates the slower processes of lateral subsurface distribution (Iver-
son, 2000). Accordingly, we use the one-dimensional (1-D) form of the Richards (1931) equation. Solving 
the 1-D Richards equation reduces the computational burden, convergence issues, and intensive parameter-
ization demands associated with the multi-dimensional form of the non-linear partial differential equation. 
Steep terrain, however, is subject to seasonal transitions between locally controlled and topographically 
controlled soil moisture states (Grayson et al., 1997). To evaluate whether 1-D simulation types could cap-
ture fluctuations in daily soil wetness for multi-annual timescales in our study region, we compare the 
simulated output from the satellite-based recovery timeline to soil moisture observations from the Arroyo 
Seco and Dunsmore monitoring sites.

We use the U.S. Department of Agriculture (USDA) Rosetta software package (Schaap, 1999) to define the 
soil-hydraulic parameters for loamy sand (s = 0.39; r = 0.05;   = 0.35 mm−1; n = 1.75; Ks = 43.8 mm hr−1), 
which is the predominant soil texture throughout our study region (USDA, 2020). We allow water uptake 
in the upper 75% of the 50 cm thick soil mass, as this was the average rooting depth exposed by postwildfire 
shallow landsliding in the San Gabriel Mountains (Rengers et al., 2020), although individual roots can ver-
tically penetrate the underlying weathered rock in this region (Halsey, 2005). We assume identical hydraulic 
properties for the underlying weathered bedrock, with the exception of the Ks, which we set as two orders of 
magnitude lower than that of the soil, and the s, which we set to half that of the soil (Katsura et al., 2009). 
In the absence of repeat postwildfire field measurements of the soil Ks for Arroyo Seco and Dunsmore, we 
use the satellite LAI-based recovery model (Equation 11) to define the Ks recovery curve. We assume a ULKs  
equal to the Ks for a loamy sand (43.8 mm hr−1; Schaap, 1999) and a LLKs  equal to 16.2 mm hr−1 based on 
a ratio of burned to unburned Ks equal to 0.37, as suggested for use with postwildfire infiltration models in 
southern California (Ebel & Moody, 2020). The 16.2 mm hr−1 Ks value is similar to the median value of Ks 
(17 mm hr−1) measured less than three months after the start of the Fish Fire (McGuire et al., 2021), but is 
greater than Ks values inferred from event-based simulations of runoff at the catchment scale in the first 
wet season following the Station Fire, which ranged from 1 to 10 mm hr−1 (Rengers et al., 2016).
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Figure 3.  (a) Index map showing the location of the San Gabriel Mountains (SGM) and Santa Cruz Mountains (SCM) in California, USA. (b) Photograph 
of infiltration-generated shallow landslides that transitioned into debris slides and debris flows in the third year following the Fish Fire (Rengers, McGuire, 
Oakley, et al., 2020). Photograph by Francis Rengers, U.S. Geological Survey. (c) Shaded relief and geologic map (USGS 2020b) of the SGM showing the footprint 
of the 2009 Station Fire and 2016 Fish Fire. The white circle, triangle, and square indicate the location of the (d) Arroyo Seco, (e) Dunsmore, and (f) Las Lomas 
sites. The blue stars in (d)–(e) correspond to the “upslope” and “downslope” soil moisture monitoring arrays (Smith et al., 2019) that we use to evaluate our 
multi-annual simulation framework (Figure 2). We adapted the hillshade catchment maps in (d)–(f) from Tang et al. (2019b). The orange triangles in (d)–(f) 
correspond to the minimum and maximum elevations of each site.
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The EC-5 soil moisture sensors at Arroyo Seco and Dunsmore are not 
calibrated to the local soil type, so we compare the normalized mean daily 
soil wetness (n (dimensionless); similar to the effective saturation in van 
Genuchten, 1980) to the recovery simulation output for January 1, 2016 
through January 1, 2020:

 
 

 min
n

max min

–
–� (19)

where min (dimensionless) and max (dimensionless) are, respectively, the 
minimum and maximum volumetric soil-water content. The timeline of 
available observations is valuable in that the comparison integrates the 
impacts of uncertainty in the flow model physics (1-D Richards (1931) 
equation), environmental inputs (daily rainfall, air temperature, and 
LAI), and parameter value choices (domain geometry, hydraulic prop-
erties, satellite-based Ks recovery curve) on hydrologic response through 
postwildfire simulation phases.

3.2.2.  Surface Runoff

The expression that we use to evaluate the potential for runoff-generated 
debris flows (Equation 13) requires an estimate of the time-varying unit 

discharge (q). We scale our 1-D simulation results by a contributing area and channel width to convert the 
point-scale runoff rates into a quasi-distributed estimate of q (Equation  12). To evaluate if this method 
could approximate q at the Arroyo Seco site for conditions soon after the Station Fire, we compare our qua-
si-distributed estimates of q that do not account for flow routing times to those based on a fully distributed 
simulation of flow routing with a kinematic wave model whose parameterization has been applied to post-
wildfire settings in southern California (Rengers, McGuire, et al., 2016, Rengers et al., 2019). The A, W, and 
c values that we selected for Arroyo Seco ( A  = 4500 m2, W  = 1.5 m, and c = 33°) are based on interpre-
tations of slope-area relationships where postwildfire runoff-generated debris flows were observed (Staley 
et al., 2014). Specifically, we base the A on the hillslope to channel transition point and measured the W 
and c from a digital elevation model at that point (Staley et al., 2014). We first simulate 1-D runoff response 
for 5 , 10 , 15, 30, and 60 min rainfall intensities with recurrence intervals ranging from 1 to 100 years (e.g., 
a 5 min rainstorm with a constant intensity equal to the one-year recurrence interval) and then apply the 
resulting runoff rates as inputs to the kinematic wave model to track the simulated q for the failure-prone 
location (see white star in Figure 2d). For the kinematic wave model, we estimate the hillslope roughness 
using a 50D  particle size for conditions soon after the wildfire (6.3 × 10−4 m; Tang et al., 2019b) and then use 
the hillslope roughness to determine a Manning roughness coefficient. We estimate the channel roughness 
using a D84 particle size (1.2 × 10−2 m; Rengers et al., 2019) and use the channel roughness as an input into 
a variable-power equation (Ferguson, 2007) to control flow velocity within channels.

3.2.3.  Fire-Affected Soil Saturated Hydraulic Conductivity

A quantitative and continuous representation of how infiltration properties can change as a function of 
time is a key component of our numerical simulation framework. Although it has been long recognized 
that wildfire can reduce infiltration potential (e.g., Parks & Cundy, 1989), relatively few in situ measure-
ments of Ks recovery have been made to constrain this behavior. Therefore, we test how globally availa-
ble satellite-based measurements of vegetation reflectance (NASA, 2020b) compare to Ks measurements 
that were derived using repeat tension infiltrometer measurements following the 2016 Fish Fire (McGuire 
et al., 2021). We fit the outermost bounds and median of the field-based Ks recovery measurements (Fig-
ure 6c; Table 1) to Equation 9 using a non-linear least squares approach. We favor the use of a simple, mono-
tonically increasing function because changes in distributions of Ks measurements over the postwildfire 
monitoring period are statistically insignificant, but the mean and median Ks increase substantially (i.e., 
80% and 65%, respectively; McGuire et al., 2021).
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Input parameters for logistic 
function

Satellite- versus 
field-based Ks curve

Field-based 
curvea

KsLL 
(mm/hr)

KsUL 
(mm/hr)

rKs 
(yr−1) R2

Upper bound 25.5 87.5 4.86 0.77

Median 12.9 19.5 13.63 0.29

Lower bound 0.5 5 3.21 0.99

Overall average 13 37.5 4.47 0.79

KsLL = saturated hydraulic conductivity, lower limit.
KsUL = saturated hydraulic conductivity, upper limit.
rKs = parameter governing rate of Ks recovery.
R2 = coefficient of determination.
aSee Figure 6c for boxplots of tension infiltrometer data.

Table 1 
Summary of Input Parameters That We Use to Define Field-Based 
Recovery Curves (Equation 11) for Surface Soil Saturated Hydraulic 
Conductivity Following the 2016 Fish Fire
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3.3.  Simulation-Based Thresholds for Postwildfire Runoff- and Infiltration-Generated Debris 
Flows

We first produce rainfall-intensity thresholds for runoff-generated debris flows for conditions immediately 
after the Fish Fire (i.e., time since fire is equal to zero) using a field- and satellite-based Ks recovery curve. 
The contributing area and channel characteristics that we use here (A = 4500 m2; W = 1.75 m, c = 34°) 
were estimated for the Fish Fire using the same slope-area relationships we applied to the 2009 Station 
Fire. We compare the simulation-based thresholds to existing 15 , 30 , and 60 min empirical thresholds for 
the San Gabriel Mountains (Staley et al., 2017). We also compare the thresholds with observed rainfall in-
tensities during the seven rainstorms that initiated runoff-generated debris flows in the first year following 
the Fish Fire (Tang et al., 2019a). We then produce a threshold for infiltration-generated debris flows for 
conditions three years after the Fish Fire using a field- and satellite-based Ks recovery curve. Shear strength 
testing following ASTM D7608 (ASTM International, 2018) indicates the hillslope soils at Las Lomas have 
a sc  = 0 kPa and  = 32.7°. Previous work in the chaparral-dominated hillslopes of the Transverse Ranges 
suggest that the average for this region is 0.5 kPa and ranges up to 3 kPa (Terwilliger & Waldron, 1990, 1991). 
For simplicity, we focus on the simulated effects of postwildfire changes to infiltration and therefore assume 
constant mechanical properties. Following these initial simulations, we determine the lower bound value of 
the saturated hydraulic conductivity and antecedent soil saturation, respectively, needed to capture both the 
existing empirical thresholds for runoff-generated debris flows in the first year following fire and shallow 
landslide observations in the third year following the fire. These adjustments encompass the parametriza-
tion for our simulations that define thresholds for runoff- and infiltration-generated debris flows at annual 
increments along the postwildfire recovery timeline.

4.  Results
4.1.  Evaluating the Physical Representation and Parameterization of Hillslope Hydrologic 
Response

4.1.1.  Variably Saturated Subsurface Flow and Surface Runoff

Our comparison of measured and modeled soil wetness indicates that a 1-D treatment of Richards (1931) 
equation that is forced with daily atmospheric and vegetation index timeseries and parameterized with a 
satellite-based recovery curve can capture fluctuations in daily soil wetness 6–10 years after the 2009 Station 
Fire (Figure 4a). The modeled values are correlated (R2 = 0.87–0.90) with observations near the drainage 
divide and basin outlet (i.e., “Upslope” and “Downslope” locations; Figures 4b–4e) for the Arroyo Seco and 
Dunsmore monitoring sites. Overall, the simulations appear to slightly underpredict soil wetness. We also 
find that our quasi-distributed estimates of q, which are based on a 1-D water runoff rate, contributing 
area, and channel width exhibit a nearly one-to-one relationship with those based on flow routing with 
the kinematic wave approach (Figure 5). This simulated behavior is consistent for rainfall intensities with 
recurrence intervals ranging from 1 to 100 years (Figure 5), although the difference is more apparent for the 
shorter (e.g., 5 min) rainfall durations.

4.1.2.  Fire-Affected Soil Saturated Hydraulic Conductivity

The MODIS 500 m 8 d product (NASA, 2020b) is based on radiative transfer modeling that is informed 
by reflectance data, sun-sensor geometry information, and a land cover model. The long-term prewildfire 
monthly mean LAI for the 2009 Station Fire (Figures 6a) and 2016 Fish Fire (Figure 6b) exhibits distinct 
seasonality, with minima during winter dormancy and maxima during the spring green up. The postwild-
fire LAI shows a similar trend but with consistently reduced magnitudes in the first three years following 
the fire. The difference between the prewildfire and postwildfire LAI (i.e., the shaded region in Figures 6a 
and 6b) is greatest immediately after the fire. Variability in the difference between prewildfire and postwild-
fire LAI for the first year is primarily associated with the vegetation consumed in the fire, but after three 
years the canopy variability is likely driven by seasonal weather patterns (e.g., rainfall and air temperature) 
that affect vegetation growth. A model of LAI using Equation 10 correlates with the observed postwildfire 
annual maxima (R2 = 0.61 and 0.91 for the Station Fire and Fish Fire, respectively), suggesting that it may 
be possible to estimate the postwildfire green-up process with these data. Field-based estimates of the post-
wildfire Ks recovery at the Fish Fire show marked variability (Figure 6c). Our three fits of the field-based 
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Ks data exhibit weak to strong correlation to the satellite-based curve (i.e., Equation 11; R2 = 0.29–0.99; 
Table 1), with the overall average field-based curve showing a correlation with R2 = 0.79. The field-based 
curves exhibit an earlier Ks recovery than the satellite-based curve, as well as a lower KsUL (i.e., solid vs. 
dashed lines in Figure 6c).

4.2.  Simulation-Based Thresholds for Postwildfire Runoff- and Infiltration-Generated Debris 
Flows

The field- and satellite-based parameterizations of near-surface hydrologic recovery (Equations 10 and 11) 
result in thresholds that similarly overestimate the rainfall characteristics that are needed to produce 
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Figure 4.  (a) Timeseries of measured and modeled normalized mean daily volumetric soil-water content (θn). The measured values are based on the average 
of sensors positioned at 10 , 25 , and 50 cm depths. We source θn the measurements from EC-5 sensors (Meter Group 2020) installed at the Arroyo Seco and 
Dunsmore monitoring sites (Figures 3D and 3E). Each site includes a vertical monitoring array near the basin drainage divide (i.e., “Upslope”) and the basin 
outlet (i.e., “Downslope”). We report the coefficient of determination (R2) for measured versus modeled θn at the Arroyo Seco and Dunsmore sites in (b)-(c) and 
(d)-(e), respectively. The dashed line indicates 1:1 correspondence (i.e., a perfect fit).

Figure 5.  Comparison of simulated peak unit discharge (q) for Arroyo Seco based on flow routing with a kinematic wave model (Rengers, McGuire, 
et al., 2016) and our 1-D simulations of the runoff rate scaled by a contributing area and channel width for 5-, 10-, 15-, 30-, and 60 min rainfall intensities across 
(a) 1-, (b) 10-, and (c) 100-years recurrence intervals (RI). The dashed line indicates 1:1 correspondence (i.e., a perfect fit).
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postwildfire runoff-generated debris flows in the San Gabriel Mountains (black triangles in Figure  7a), 
including for the Fish Fire area (white triangles in Figure  7a). However, when we lower the KsLL to 
1 mm hr−1 (a value within the range shown in Figure 6c and similar to calibrated postwildfire values for 
watershed-scale simulations of surface runoff; Rengers, McGuire, et al., 2016), we find that the resulting 
satellite-based threshold shows agreement with the regional empirical thresholds and correctly predicts 
debris flow initiation in nearly half of the cases where runoff-generated debris flows were generated in 
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Figure 6.  Long-term prewildfire average monthly (blue line) and postwildfire 8 d (red line) National Aeronautics 
and Space Administration (NASA) Moderate Resolution Imaging Spectroradiometer (MODIS) leaf area index (LAI) 
timeseries for the (a) 2009 Station Fire and (b) 2016 Fish Fire. The gray shaded area indicates the difference in 
vegetative reflectance between the long-term average and years following the fire. We fit a logistic function to the 
postwildfire annual maxima (red diamonds). (c) Field- (solid line) versus satellite-based (dashed line) recovery curves 
for the surface soil saturated hydraulic conductivity (Ks) for the 2016 Fish Fire. The field-based Ks curve (Equation 9) 
is the overall average of three fits to the boxplot data (Table 1) derived from repeat tension infiltrometer data. The 
satellite-based curve is a linearly transformed version (Equation 11) of the recovery curve (Equation 10) shown in (a). 
The gray shading encompasses the bounds of the field-based Ks boxplots.
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the first year following the Fish Fire (dotted line in Figure 7a). This adjustment may reflect that Ks is scale 
dependent in a way that is leading to higher than expected thresholds with our current parameterization 
approach (Langhans et al., 2016; McGuire et al., 2018; Smith & Goodrich, 2000). The effective Ks, for exam-
ple, has shown to be lower than the average Ks in burned areas with spatially heterogenous Ks (McGuire 
et al., 2018). It is also possible that extensive exposures of bedrock and saprolite could lead to a higher pro-
portion of low Ks sources. The field- and satellite-based parameterizations produce infiltration-generated 
debris flow thresholds (Equation 17) for Year 3 that are characterized by moderate-intensity, moderate-du-
ration rainfall (>20 mm hr−1 for <6 h) and low-intensity, long-duration rainfall (<10 mm hr−1 for >12 h; 
Figure 7b). Slight differences between the field- and satellite-based thresholds can be attributed to the KsUL 
values (i.e., 37.5 vs. 43.8 mm hr−1, respectively; Figure 6c). These thresholds capture postwildfire shallow 
landsliding observations for Year 3 in the Fish Fire burn area (Rengers et al., 2020) and one of two historical 
rainfall observations of widespread rainfall-induced shallow landsliding for unburned conditions in the 
greater Transverse Ranges (Figure 7b; Campbell, 1974, 1975). We pair the Year 3 Fish Fire observations with 
the historical landslide observations because shallow landslides were observed inside and outside the Fish 
Fire burn area and the Ks level in Year 3 is nearly recovered to the KsUL (Figure 6c). When we increase the 
antecedent soil saturation to 60% and the KsLL to 3 mm hr−1, which is close to the lower end of the 95% con-
fidence interval for observed wildfire reductions in (Ebel, 2019), we found that the resulting satellite-based 
threshold captures the second historical landsliding observation (dotted line in Figure 7b), as well as the 
empirical postwildfire runoff-generated debris flow thresholds for the San Gabriel Mountains.
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Figure 7.  Simulation-based rainfall intensity-duration thresholds for (a) runoff-generated debris flows (DF) for Year 1 following the 2016 Fish Fire and (b) 
infiltration-generated DF for Year 3 after the 2016 Fish Fire. The thick and thin lines indicate thresholds that we interpolate from simulations using field- and 
satellite-based soil saturated hydraulic conductivity (Ks) recovery models (Equations 10 and 11). The dashed line in (a) is a satellite-based threshold wherein we 
adjust the minimum value for the Ks(KsLL) until we capture empirical thresholds for postwildfire runoff-generated DF for three durations (black triangles) in 
the San Gabriel Mountains (SGM). We also compare these thresholds to seven rainstorms that initiated runoff-generated DF in Year 1 following the Fish Fire 
(white triangles; Tang et al., 2019a). The dashed orange line in (b) is a satellite-based threshold for which we conduct our event-based simulations with a higher 
antecedent soil saturation (S) to capture historical observations of shallow landsliding (solid black squares) in the Transverse Ranges of southern California 
(Caine, 1980; Campbell, 1974, 1975) and a rainstorm that initiated several hundred shallow landslides in Year 3 following the Fish Fire (solid white square; 
Rengers, McGuire, Oakley, et al., 2020). Note: The inset in (b) is a two-times (2x) magnification of the postwildfire thresholds for infiltration-generated DF in 
high intensity/short duration space. Beyond a rainfall duration of approximately three hours, the field- and satellite-based thresholds overlap.
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The postwildfire runoff- and infiltration-generated debris flow observations for the Fish Fire provide in-
formation that bookend the timeline of our threshold simulation framework. Following initial parameter 
adjustments based on these observations, we simulate rainfall-intensity thresholds for both debris flow 
initiation mechanisms at annual increments throughout the postwildfire recovery timeline. The most ap-
preciable changes in hazard potential for both debris flow generation mechanisms occur during Year 1 and 
2 (Figure 8). The postwildfire runoff-generated debris flow thresholds move upward (i.e., toward higher 
intensities) in rainfall-intensity duration space during recovery (Figure 8a). This trend reflects the increase 
of the fire-affected soil Ks through time (Figure 6c). The infiltration-generated debris flow thresholds shift 
leftward (i.e., toward lower durations) in rainfall intensity-duration space for intensities >5 mm hr−1 and 
durations <8 h (Figure 8b). As the fire-affected soil Ks increases with time, the barrier to pore-water pres-
sure development at the soil-weathered bedrock interface is less. Whereas Cannon et al. (2008) estimated 
a relatively uniform, factor of 2 increase between their empirical 15 , 30, and 60 min thresholds for run-
off-generated debris flows for Year 1 and 2 when they combined data from a fire in the San Gabriel and San 
Bernardino Mountains, we find that the difference between our Year 1 and Year 2 thresholds is nonuniform 
(Figure 8a).

5.  Discussion
5.1.  Probability of Postwildfire Debris Flow Generation Processes

In this study we develop and test a framework for estimating how postwildfire soil-hydraulic recovery trans-
lates into time-variable rainfall thresholds. Because our simulation approach permits us to calculate thresh-
olds for multiple debris flow triggering processes, a natural next step is to assess when, in the time since 
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Figure 8.  Simulation-based rainfall intensity-duration thresholds for (a) runoff-generated debris flows (DF) and (b) infiltration-generated DF following 
the 2016 Fish Fire in the San Gabriel Mountains that we interpolate from simulations using a satellite-based soil saturated hydraulic conductivity (Ks) 
model (Equation 11). The red, orange, and light blue shading indicate the range of rainfall intensity-duration thresholds for Year 1, 2, and 3 following the 
fire, respectively. The dark blue shading indicates threshold conditions for Year 4, which, for our satellite-based recovery curve, approximates “recovered” 
conditions. Note: The inset in (b) is a two-times (2x) magnification of the postwildfire thresholds for infiltration-generated DF in high intensity/short duration 
space. Beyond a rainfall duration of approximately one hour, the Year 2, 3, and 4 thresholds overlap.
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wildfire, one triggering mechanism may have a higher probability than the other (e.g., Figure 1a). Here, we 
leverage our modeling framework to explore how rainfall intensity-duration-frequency (IDF) characteris-
tics (i.e., the recurrence interval of rainfall), combined with variability in soil moisture, grain size, and root 
reinforcement, can influence debris flow likelihood throughout the recovery timeline.

5.1.1.  Runoff- Versus Infiltration-Generated Debris Flows

We use National Oceanic and Atmospheric Administration (NOAA) Atlas 14 rainfall IDF data (NOAA, 2020) 
to determine the recurrence intervals of the rainstorms that define our thresholds. The inverse of the rain-
fall recurrence interval is the annual probability of a given storm occurring (e.g., a 100 y storm has a 1 in 100 
chance of happening in any given year). We plot the median annual probability associated with exceeding 
our postwildfire runoff- and infiltration-generated debris flow thresholds for the Fish Fire (Figure 9a) and 
fit a linearly transformed error function to these data:

  P a erf t b� (20)

where a and b are fitting parameters (dimensionless) and p is the median annual probability (dimension-
less) (Figure 9a). Much like Staley et al. (2020), we find that the probability of postwildfire runoff-generated 
debris flows in southern California is initially high, such that rainstorms with recurrence intervals ≤1 y 
(or p = 1) can pose a threat; however, this hazard potential subsides within two years. Conversely, the prob-
ability of infiltration-generated debris flows is initially low and climbs modestly throughout recovery. The 
postwildfire hazard potential trajectories are not symmetric (Figure 9a), as shown in our original conceptual 
model (Figure 1a) and suggest that fire-induced changes to the soil alone may not be sufficient to impact the 
median annual probability of postwildfire shallow landsliding potential (McGuire et al., 2019). Loss of root 
cohesion via root decay following wildfire is widely recognized (DeGraff, 2018; Gehring et al., 2019; Jackson 
& Roering, 2009; Regelbrugge & Conard, 1993), but a broadly applicable expression that describes its change 
over time has not been developed. Efforts to quantify temporal changes in root cohesion, which may vary 
nonmonotonically with time following fire (as is the case following disturbance from logging, for example, 
Schmidt et al., 2001) would enhance our ability to predict temporal variations in debris flow thresholds.

5.1.2.  Impact of Antecedent Soil Saturation

We find that when we use the simulated output from recovery simulations as an initial condition for rainfall 
intensity-duration ensembles to produce thresholds at annual recovery increments, the antecedent soil sat-
uration is too dry to capture all of the historical observations of widespread shallow landsliding (Figure 7b). 
These values are low because wildfires in southern California typically occur in the summer and fall (i.e., 
the driest time of the year; Figure 4a). We found that increasing the antecedent soil saturation to 60%, rather 
than relying on a dry-season soil moisture level to approximate an annual-level threshold, improved the 
agreement of our simulated thresholds with available historical observations because this saturation level 
is more representative of the wet-winter season when shallow landsliding occurs. The resultant threshold 
also suggests that 24 mm of rainfall in 24 h can induce shallow landsliding on steep slopes with thin sandy 
soils and minimal root reinforcement. This sensitivity to relatively small rainfall amounts for wetter an-
tecedent conditions is consistent with work suggesting that wet-season rainfall totals in this region must 
reach 250 mm before widespread rainfall-induced shallow landsliding can occur (Campbell, 1974, 1975).

To better understand how soil moisture can affect our simulated postwildfire rainfall intensity-duration 
thresholds, we vary the antecedent soil saturation by ±20% throughout the Fish Fire recovery timeline (Fig-
ure 9b). Owing to the initially low values, the median annual debris flow probability for runoff-generated 
debris flows appears largely insensitive to the antecedent soil saturation immediately after the fire. This 
behavior is similar to observations from Kean et al. (2011), whose measurements of near-surface hillslope 
soil moisture ranged from dry to wet during the passage of postwildfire runoff-generated debris flows in 
southern California. However, in the years after the fire, the probabilities become increasingly sensitive 
to the antecedent soil saturation for infiltration-generated debris flows. The annual postwildfire recovery 
thresholds in this study are intended to be broadly representative of near-surface hydrologic conditions 
that are characteristic of the San Gabriel Mountains. However, our field observations and multi-annual 
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climatological and recovery simulations resolved at the daily level, indicate that soil moisture may drive 
sub-annual variability in rainfall thresholds that does not follow the monotonic trends that we project at the 
annual level (Figure 8), highlighting the utility of using soil moisture as a normalizing factor when inter-
preting rainfall-only thresholds for postwildfire soil-hydraulic recovery.
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Figure 9.  Simulated probabilities of runoff- and infiltration-generated debris flows (DF) following the 2016 Fish 
Fire in the San Gabriel Mountains (SGM) of southern California (Figure 3A). (a) The median annual DF probability 
is based on the recurrence intervals of the rainfall intensity-duration-frequency (IDF) characteristics that delineate 
our simulation-based thresholds (Figure 8). We interpolate between these median annual values using an error 
function whose coefficients (a and b) are reported for each fit. (b) Illustration of how variations in antecedent soil 
saturation (S) can affect the simulated trajectories in runoff- and infiltration-generated DF potential. (c) Shifts in the 
crossover of postwildfire runoff- versus infiltration-generated DF potential (i.e., the white, light gray, dark gray, and 
black diamonds; see also, Figure 1A) when we use rainfall IDF characteristics for the Santa Cruz Mountains (SCM) 
in northern California (Figure 3A) as well as a median grain size (D50) and an apparent root cohesion (cr) that is more 
representative of small upland forested catchments like the SCM.
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5.1.3.  Regional Factors

The methodology that we present in this study to calculate rainfall thresholds for debris flow potential 
in the years after wildfire is anchored by and tested with observations in southern California, a region 
where the “fire-flood sequence” has long been recognized as a threat to human lives and property (Kotok 
& Kraebel, 1935). However, considerably fewer observations are available to delineate the rainfall charac-
teristics that generate postwildfire debris flows in other mountainous regions of the United States (Staley 
et al., 2017). The Santa Cruz Mountains of northern California (Figure 3a), which are known to produce 
shallow landslides that transition into debris flows for unburned conditions (Wieczorek et al., 1988), for 
example, were recently burned by the 2020 CZU Lightning Complex fires. Little information has been col-
lected in this part of the country to support postwildfire debris flow hazard assessment (CGS, 2020) and 
the extent to which fire will affect debris flow susceptibility here is an open question. Like the San Gabriel 
Mountains, the Santa Cruz Mountains are characterized by steep, tectonically active terrain that includes 
granites (Jennings et al., 1977) which produce thin (≤1 m) sandy soils (USDA, 2020). Seasonal precipitation 
patterns for these two regions are similar in that most occurs as rainfall in the winter months; however, the 
average annual rainfall in the Santa Cruz Mountains (1500 mm yr−1) is approximately twice that of the San 
Gabriel Mountains (PRISM Climate Group, 2020). Both areas are characterized by diverse vegetation, but 
the wetter conditions in the Santa Cruz Mountains host temperate rainforests that contrast with the chap-
arral that dominate the lower, developed hillslopes of the San Gabriel Mountains.

To gain some insight as to how variability in rainfall climatology, grain size, and root reinforcement may 
affect debris flow hazard following wildfire, we calculate the median annual postwildfire debris flow 
probabilities for the Fish Fire (San Gabriel Mountains) with NOAA Atlas 14 rainfall IDF characteristics 
(NOAA, 2020) from the CZU (Santa Cruz Mountains). We also apply a median grain size (D50 = 10 mm; 
Brummer & Montgomery, 2003) and an apparent root cohesion (cr = 2.5 kPa; McGuire et al., 2016; Schmidt 
et al., 2001) that is more representative of forested terrain like the Santa Cruz Mountains. The resulting 
postwildfire hazard potential trajectories are notably different (Figure 9c). The Santa Cruz Mountains IDF 
characteristics suggest runoff-generated debris-flow potential should drop off less precipitously and remain 
more elevated in later years (see thick blue line versus thin blue line in Figure 9c). When we apply the 
higher D50 value, runoff-generated debris-flow potential for the Santa Cruz Mountains is lower than the for 
the San Gabriel Mountains in the first half of the postwildfire recovery timeline (see thick blue line versus 
thin dashed blue line in Figure 9c). Infiltration-generated debris-flow potential is higher immediately after 
the fire and rises more substantially (see thick orange line versus thin orange line in Figure 9c). When we 
apply the higher cr value, the infiltration-generated debris-flow potential for the Santa Cruz Mountains is 
dampened (see thick orange line versus thin dashed orange line Figure 9c). Taken together, these scenarios 
suggest that, even when soil-hydraulic and geomorphic properties are assumed identical, differences in 
rainfall climatology, median grain size, and root reinforcement are sufficient to affect the probability of 
postwildfire debris flow initiation (see white diamond versus light gray, dark gray, and black diamonds in 
Figure 9c). Another way to think about the exercise we present here is that, for rainfall recurrence intervals 
ranging from 1 to 1000 years, the 15, 30, and 60 min rainfall intensities for the Santa Cruz Mountains are, on 
average, 20.7% higher than the San Gabriel Mountains (NOAA, 2020). Kean and Staley (2021), who present 
a framework to forecast the frequency and magnitude of postwildfire debris flows, show that for the RCP4.5 
emissions trajectory, where rainfall intensity is projected to increase in southern California by 18% (i.e., 
similar in magnitude to the 20.7% value reported above), the probability of at-threshold and major debris 
flow events should increase. All else being equal, the Santa Cruz Mountains IDF characteristics result in 
higher debris flow probabilities than the San Gabriel Mountains; however, we also see that a higher D50 and 
cr and reduce the likelihood. It is important to highlight that the postwildfire probabilities that we present 
for the Santa Cruz Mountains (Figure 9c) are hypothetical and that factors beyond rainfall characteristics, 
median grain size, and root reinforcement (e.g., canopy interception, weathering rates, and soil mineralogy) 
could also influence debris flow likelihood in this area. Regional variability in these factors underscores the 
challenges associated with resolving the persistence of postwildfire hazards across climatic gradients that 
are experiencing increased fire activity (Westerling et al., 2006) and are projected to experience marked 
increases in sedimentation owing to postwildfire hillslope erosion (Sankey et al., 2017).
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5.2.  Limitations of This Study and Directions for Further Investigation

Our 1-D simulations of variably saturated flow and quasi-distributed calculations of unit discharge show 
good agreement with available soil moisture observations (Figure 4) and multi-dimensional flow routing 
based on a kinematic wave model (Figure 5). These results indicate that our dimensionality reduction ap-
proach can approximate multi-annual and event-based hillslope hydrologic response characteristics that 
are relevant to runoff- and infiltration-generated debris flow initiation for small-, low-order hollows in the 
San Gabriel Mountains. Although we find good coherence between our point-scale soil moisture data and 
model outputs, it is important to highlight that we focus on coarse-grained sandy soils that are common in 
the San Gabriel Mountains. Fine-grained soils, for example, may exhibit water retention and hydraulic con-
ductivity characteristics that drive slower rates of vertical infiltration. Furthermore, we have not applied our 
simulation framework to larger basins. We expect that, beyond a critical contributing area, accounting for 
flow routing times will be important to accurately delineate rainfall thresholds for runoff-generated debris 
flows throughout the soil-hydraulic recovery timeline. Partial source area runoff generation in larger basins, 
whereby most of the runoff is generated from near-channel areas because farther upslope areas that gener-
ated runoff have re-infiltrated (e.g., Ebel et al., 2016; Sheridan et al., 2007) could further complicate upscal-
ing our approach. Therefore, future work could focus on multiple soil types, as well as the transferability of 
the slope-area relationships we use to identify debris flow initiation points and evaluate the maximum basin 
area for which our approach is valid.

We use a coarse resolution (500 m, 8 d) LAI data product averaged over a burn area to evaluate if remotely 
sensed changes in vegetative reflectance following wildfire correlate with observations from point-scale 
tension infiltrometer surveys (Figure 6c). We focus on fitting a logistic function (Equation 10) to this infor-
mation at roughly annual increments and assume that the reflectance should recover to typical prewildfire 
levels without normalizing for factors that may affect vegetation growth (e.g., air temperature and rainfall). 
The pattern of burn severity across fires can, of course, be highly variable, and the types and densities of 
vegetation do not reestablish in a strictly uniform fashion. However, our test case is for an environment that 
is well adapted to fire, predominantly hosts grasslands, savannas, and shrublands (as opposed to coniferous 
or broadleaf forests that are typified by more complex canopy structures) and is not dominated by postwild-
fire vegetation type conversion (Meng et al., 2014). Differences between the field- and satellite-based Ks 
could also be related to non-vegetation-related aspects of recovery, such as the coarsening of the hillslope 
sediment due to loss of fine-grained dry ravel. An important next step could be to quantify postwildfire 
recovery trends with LAI or other satellite-based vegetation indices (e.g., enhanced vegetation index or the 
normalized difference vegetation index) for historical fires across a broader range of climate zones, ideally 
with sufficient spatial resolution (e.g., USGS, 2020a) to evaluate factors such as burn severity and slope 
aspect.

Whereas we consider the monotonic increase of the surface soil Ks for our simulations, others have observed 
that the postwildfire soil Ks is not always lower than the prewildfire value (Raymond et al., 2020) and that 
the water repellent zone can be below the top of the soil surface and of variable thickness (Debano, 1979). 
Also, postwildfire hydrologic recovery may not occur in a strictly monotonic fashion (Nyman et al., 2014; 
Shakesby et al., 1993). These complexities emphasize the need to better understand how (or if) sub-annual 
variability in soil-hydraulic recovery can impact postwildfire recovery thresholds that are geared toward 
annual timescales. Establishing functional relationships to quantify recovery trends for different landscapes 
and burn conditions is especially important for postwildfire debris flow hazard assessment, where the re-
covery trajectories cannot be defined in hindsight, as for our test cases.

The framework we introduce in this study permits time-variable Ks; however, postwildfire changes to the 
soil porosity (θs), and to a lesser extent, the residual soil-water content (θr), air-entry pressure head (α), and 
pore-size distribution index (n) have also been observed (Ebel & Moody, 2020; Nyman et al., 2014). Varia-
bility in soil-hydraulic parameters (beyond the Ks) is known to influence the simulation of pore-water pres-
sure metrics that are relevant to shallow landslide initiation in unburned settings (Ebel et al., 2018; Thomas, 
Mirus, Collins, Lu, & Godt, 2018), but the relevance of this variability for postwildfire settings and for run-
off-generated debris flows is presently unknown. This knowledge gap highlights the need for technological 
advancements to better characterize vadose zone processes in postwildfire settings. Repeat measurements 
of the full suite of van Genuchten (1980) soil parameters throughout postwildfire soil-hydraulic recovery, 
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for example, are needed to further test our modeling framework. Laboratory-based approaches (e.g., Delga-
do et al., 2020) have shown promise, but in situ measurements of soil suction paired with soil moisture may 
also be helpful to detect changes in water retention and hydraulic conductivity characteristics. These types 
of monitoring arrays, which must be able to function in hyper dry through wet soil conditions, should be de-
ployed soon after the fire and maintained for several years to quantify how subsurface hydrologic response 
to rainstorms changes over time. These measurements could be paired with the logistic function we used 
in this study (Ebel & Martin, 2017) and would facilitate a better understanding of how temporal variability 
in soil-hydraulic properties can influence rainfall thresholds for postwildfire debris flow hazard potential.

While we focus on quantifying the impact of soil-hydraulic recovery on the hydrologic triggering conditions 
for debris flows, we recognize that the hillslope and channel geomorphology can also change during post-
wildfire recovery. For example, surface roughness may increase with time since fire (Canfield et al., 2005; 
Rengers, Tucker, et al., 2016; Tang et al., 2019a); however, for our kinematic wave model simulation we hold 
roughness factors constant because there is currently no systematic approach for estimating this time-var-
iable effect. As a result, our assessment of runoff-generated debris flows is likely conservative because we 
do not account for decreases in runoff velocity (and therefore, unit discharge) as roughness increases with 
vegetation growth. We also do not account for the effects of surface erosion. Postwildfire erosion can in-
cise hillslopes on the order of several centimeters (Staley et al., 2014), thereby thinning or removing the 
fire-affected soil horizon during rainstorms. New work has shown that high-resolution change detection 
technologies can be useful to monitor inter-rill and rill erosion and that much of this erosion takes place 
during the first few storms following the fire (Guilinger et al., 2020). Incorporating this process into our sim-
ulation framework would require remeshing the finite-element domain as a function of time – a technical 
hurdle that is beyond the scope of this study. We expect that the thinning of the fire-affected soil layer could 
decrease runoff potential and that reductions in sediment availability could lower the likelihood of debris 
flows, thereby accelerating the crossover (Figure 1a) between postwildfire runoff- and infiltration-generated 
debris flow probability. Sediment availability in the upper reaches of steep catchments can also change with 
time, particularly in regions susceptible to postfire raveling (e.g., Tang et al., 2019a; DiBiase & Lamb, 2020). 
We currently lack observations of the characteristic grain size of the sediment in channels over the mul-
ti-annual postwildfire recovery timeline. If the D50 coarsens, however, Equation 13 shows that the discharge 
needed to generate runoff-generated debris would need to increase, thereby reducing the hazard potential. 
Better quantitative constraints on channel morphology, sediment storage, and particle size distributions 
could help distinguish debris flows and floods (e.g., Brenna et al., 2020).

6.  Summary and Conclusions
Change in debris flow likelihood following wildfire is poorly understood. As an important first step to ad-
dress this knowledge gap, we develop a method to quantify changes in failure criteria for runoff- and in-
filtration-generated debris flows throughout the postwildfire soil-hydraulic recovery timeline. At the core 
of this methodology are physics-based simulations of variably saturated flow that utilize widely available 
satellite-based postwildfire observations of vegetative reflectance to approximate the time-variable effects 
of fire on infiltration. When we apply our framework to postwildfire settings in the San Gabriel Mountains 
of southern California, we find that our results are consistent with in situ soil moisture monitoring, debris 
flow observations, and existing empirical thresholds for debris flows. The postwildfire soil-hydraulic recov-
ery characteristics that we simulate clearly alter the triggering criteria for runoff- and infiltration-generated 
debris flows in the years after fire. Our approach also suggests that the probability of debris flow generation 
processes could be influenced by variability in the rainfall climatology, soil moisture, median grain size, and 
root reinforcement. As wildfire activity extends into mountainous terrain and climate zones with fewer his-
torical observations of debris flows, our work suggests that a simulation-based framework that can explicit-
ly account for the time-variable effects of fire on soil-hydraulic recovery may be useful to develop warning 
criteria and improve situational awareness for debris flow hazard in the years following fire.
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Data Availability Statement
The in situ soil moisture data that we use to support our analyses are available in Thomas et al. (2021) at 
https://doi.org/10.5066/P9QLP6XG.
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