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Hydrogeomorphic Recovery and Temporal Changes in Rainfall
Thresholds for Debris Flows Following Wildfire
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Abstract wildfire-induced changes to soil and vegetation promote runoff-generated debris flows in steep
watersheds. Postfire debris flows are most commonly observed in steep watersheds during the first wet season
following a wildfire, but it is unclear how long the elevated threat of debris flow persists and why debris-
flow potential changes in recovering burned areas. This work quantifies how rainfall intensity-duration (ID)
thresholds for debris-flow initiation change with time since burning and provides a mechanistic explanation
for these changes. We constrained a hydrologic model using field and remotely sensed measurements of
soil-infiltration capacity, vegetation cover, runoff, and debris-flow activity. We applied this model to estimate
rainfall ID thresholds for debris-flow initiation within three burned areas in the southwestern United States
over a postfire recovery period of three to four years. Modeling suggests ID thresholds are lowest immediately
following the fire (below a one-year recurrence interval [RI] storm) and increase with time, such that a 10- to
25-year RI storm would be required to generate a debris flow after three years of recovery. Modeled changes
in rainfall ID thresholds result from increases in soil infiltration capacity, canopy interception, hydraulic
roughness, and median grain size of sediment entrained in an incipient debris flow. The relative importance of
each of these factors varied among our three sites. Results improve our ability to assess temporal changes in
postfire debris-flow potential, highlight how site-specific factors may alter the persistence of postfire debris-
flow hazards, and provide additional constraints on the timescale of recovery following wildfire.

Plain Language Summary Wildfire increases the likelihood of runoff-generated debris flows,
which initiate on steep slopes when runoff rapidly erodes sediment, due to fire-induced changes to vegetation
cover and soil. The potential for runoff-generated debris flows is greatest in the first year following fire, but
less is known about how debris-flow hazards persist through time as the landscape recovers. We assess how
debris-flow potential changes through time in three recovering burned areas in the southwestern United States.
We estimate changes in the duration and intensity of rainfall required to initiate a debris flow over the first
three to four years of recovery at each site. Furthermore, we assess how different aspects of recovery, including
vegetation growth and changes in the soil's ability to absorb water, affect the rainfall required for debris-

flow initiation. We found that less intense, more frequent rainstorms (occurring every year, on average) were
generally capable of producing debris flows in the first year following fire, whereas more intense, less frequent
rainstorms (occurring once every 10-25 years, on average) would be necessary after two years of recovery.
Results provide constraints on the time period during which there is increased potential for debris-flow hazards
downstream of burned areas.

1. Introduction

Wildfires have become more frequent and severe in many different ecosystems and geographic regions, including
the western United States (Abatzoglou & Williams, 2016; Singleton et al., 2019; Westerling et al., 2006). Wild-
fires consume vegetation and litter, decreasing canopy interception (Stoof et al., 2012) and reducing hydraulic
roughness (Canfield et al., 2005; Stoof et al., 2015). Fires also can decrease the infiltration capacity of soil
relative to unburned areas (DeBano, 2000; Doerr & Moody, 2004; Ebel & Moody, 2017; Larsen et al., 2009;
Shakesby & Doerr, 2006). The combination of wildfire-induced changes to soil and vegetation often results in
increased runoff and erosion, driven in many cases by infiltration-excess overland flow (Benavides-Solorio &
MacDonald, 2001; Moody & Ebel, 2014). In steep watersheds, these fire-induced changes increase the potential
for runoff-generated debris flows (Cannon, 2001; Gabet & Bookter, 2008; Kean et al., 2016; Nyman et al., 2011).
Debris-flow potential is highest in the first season of rainfall following a wildfire (DeGraff et al., 2015), when
debris flows often initiate during relatively frequent (<two-year recurrence interval [RI]) rainstorms (Staley
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et al., 2020). As the landscape recovers, the effects of the wildfire become less pronounced, and the potential for
runoff-generated debris flows subsides. However, the length of time required for substantial reductions in postfire
debris-flow potential and how those potential changes from one environment to another are not well understood.

Rainfall intensity-duration (ID) thresholds, which define a critical rate of rainfall needed over a specified duration
to initiate a debris flow, are often used to assess postfire debris-flow likelihood (Staley et al., 2013). Rainfall ID
thresholds based on short durations (e.g., 15 min) tend to perform better compared to thresholds based on longer
(e.g., >60-min) durations (Kean et al., 2011; Raymond et al., 2020), potentially due to rapid runoff generation
via infiltration-excess overland flow in steep, recently burned watersheds (Chen et al., 2013; Ebel, 2020; Schmidt
et al., 2011). Rainfall ID thresholds have been empirically developed using past debris flow events to define a
rainfall intensity above which debris flows are likely to occur (Cannon et al., 2010; Staley et al., 2013, 2017).
To establish reliable thresholds, however, a sufficient number of debris-flow observations and rainfall data are
needed to constrain the rainfall intensities that generate debris flows. Because debris flows are most common in
the first year following fire (DeGraff et al., 2015) and maintaining debris-flow and rainfall monitoring equipment
can be costly and time consuming, a paucity of data constrains the rainfall intensities associated with debris-flow
generation in burned areas beyond the first year following a fire. Due to these data limitations, existing empirical
rainfall ID thresholds for postfire debris flows are most applicable during the first year following fire.

Runoff-generated debris flows have been observed in response to extreme precipitation events several years after
a wildfire (Cannon et al., 2008; Tillery & Rengers, 2020), despite the fact that debris flows are most common
during the first year following fire (DeGraff et al., 2015). Cannon et al. (2008) utilized rainfall and flow response
observations to determine minimum rainfall thresholds for debris flows and floods immediately following the
2003 Old and Grand Prix Fires in southern California, and after one year of recovery. They found 15-min rain-
fall ID thresholds increased by ~15 mm/hr after one year of recovery compared to thresholds in the first year
following the fire (Cannon et al., 2008). McGuire et al. (2020) used a numerical model, constrained by field
measurements made during the initial years of recovery, to estimate temporal changes in rainfall ID thresholds
at a site in southern California. Simulations indicated that the 15-min rainfall ID threshold increased from 15-
30 mm/hr (<one yr RI) immediately following the fire to 3540 mm/hr (~one to two yr RI) after one year of
recovery and to greater than 60 mm/hr (~10 yr RI) after two years of recovery. At their site in southern California,
Thomas et al. (2021) found temporal shifts of simulation-based rainfall ID thresholds of a similar magnitude to
Cannon et al. (2008) and McGuire et al. (2020). These studies highlight the short timescale over which rainfall ID
thresholds may change in recovering burned areas. However, since timescales for hydrologic recovery can vary
greatly from site to site (Ebel & Martin, 2017), the extent to which results translate to other regions is not clear.
For example, much of the data used to develop empirical models for postfire debris-flow volume and initiation
thresholds in the western U.S. has been collected in the Transverse Ranges in southern California (e.g., Gartner
etal., 2014; Staley et al., 2017). Quantifying rates of hydrologic recovery in different environments as well as how
those different recovery rates translate into temporal variations in debris-flow potential will help with assessing
the extent to which results of these, and similar, postfire debris-flow studies can be generalized across geographic
and ecological boundaries.

Soil burn severity (SBS) is one of the key postfire metrics that affects runoff, erosion, and debris-flow generation.
SBS describes the impact of the fire on the ground surface including consumption of organic matter, disaggre-
gation of soil structure, and changes to infiltration capacity (Parson et al., 2010). SBS is determined by satel-
lite-derived metrics and adjusted and classified (low, moderate, and high) based on field observations (Parson
et al., 2010). Areas burned at moderate and high SBS generally experience more runoff and erosion relative to
areas burned at low SBS (Vieira et al., 2015), which in turn can promote debris-flow initiation at lower rainfall
intensities (McGuire & Youberg, 2020; Staley et al., 2020). Moderate to high SBS has been identified as a factor
that is highly correlated with debris-flow likelihood and volume (Gartner et al., 2014; Staley et al., 2017). The
timescale of hydrologic recovery following a fire may also be longer in areas burned at moderate to high SBS,
relative to areas burned at low SBS (Ebel et al., 2017). A review of discharge-based recovery times following
wildfire found a typical range of two to seven years for hydrologic recovery (Ebel & Martin, 2017). The variabil-
ity in hydrologic recovery timescale is influenced by the pre-fire landscape characteristics, the magnitude of the
fire-induced changes, differing timescales of soil and vegetation recovery, and how changes in soil and vegetation
characteristics affect landscape hydrology.
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Past studies provide valuable guidance on the typical timescales for soil and vegetation recovery and also high-
light expected changes in recovering burned areas that are likely to be important from a hydrogeomorphic per-
spective. Post-wildfire vegetation recovery, which can influence canopy interception and hydraulic roughness,
has been quantified in a variety of environments with differing vegetation types (e.g., Bright et al., 2019; Cerda
& Doerr, 2005; Inbar et al., 1998; Jin et al., 2012; Moreno et al., 2020; Wittenberg et al., 2007). In a seven-year
study in southern California, Kinoshita and Hogue (2011) found a reduction in runoff over the period of recovery
correlated with measured increases in vegetation. In their study of the 2000 Cerro Grande Fire in northern New
Mexico, Canfield et al. (2005) demonstrated that an increase in hydraulic roughness over a three-year period of
recovery resulted in a sixfold decrease in peak runoff and a threefold decrease in runoff volume, as well as a factor
of 20 decrease in the delivery of sediment from the hillslope to the channel. Rengers, Tucker, et al. (2016) and
Tang et al. (2019a) also noted increases in physical and hydraulic roughness during recovery at their study sites
in Colorado, USA, and southern California, USA, respectively, which has implications for runoff, erosion, and
debris-flow potential (Rengers, Tucker, et al., 2016; Tang et al., 2019a). Soil infiltration capacity is also known
to change with time following wildfire (e.g., Ebel & Martin, 2017; Larsen et al., 2009; Robichaud et al., 2016).
In a seven-year study in the Colorado Front Range, Ebel (2020) found changes in soil infiltration accounted for a
shift in simulated runoff generation from frequent (<1 year RI) storms immediately following fire to only infre-
quent (more than 30-year RI) storms producing runoff after three years of recovery. Noske et al. (2016) found a
reduction in runoff ratio over a five-year period and attributed the reduction to small changes in water repellency
and infiltration combined with vegetation regrowth and litter accumulation. Monitoring both temporal changes to
soil and vegetation characteristics and runoff/erosion in recovering burned areas helps to provide insights into a
causal relationship between recovery of a soil/vegetation characteristic and catchment-scale hydrologic function.
Still, it remains unclear how different aspects of recovery contribute to a decrease in the potential for runoff-gen-
erated debris flows.

Experiments suggest that runoff-generated debris-flow initiation is related to exceedance of a hydrodynamic
threshold (Gregoretti, 2000; Gregoretti & Fontana, 2008; Prancevic et al., 2014), which provides a framework
for linking catchment-scale hydrologic recovery to changes in debris-flow potential. Tang et al. (2019b) pro-
posed a slope-dependent dimensionless-discharge threshold for the initiation of runoff-generated debris flows.
Using a framework of rainfall-runoff modeling and constraints on parameters relating to soil infiltration ca-
pacity, rainfall interception, and grain size of incipient debris flows, a dimensionless-discharge threshold (e.g.,
Tang et al., 2019b) can be used to determine rainfall ID thresholds for debris-flow initiation (McGuire & You-
berg, 2019, 2020; McGuire et al., 2020; Raymond et al., 2020; Tillery & Rengers, 2020). Through constraining
the grain size of sediment in likely debris-flow initiation zones and model parameters that govern rainfall-runoff
partitioning (i.e., canopy interception, soil infiltration capacity, and hydraulic roughness), a hydrologic model can
be used to determine the rainfall intensities and durations required to exceed a dimensionless-discharge threshold.

The primary objectives of this study are to (a) quantify how soil hydraulic properties, canopy interception, and
hydraulic roughness change as vegetation and soil recover after a wildfire; (b) use numerical modeling to esti-
mate how rainfall ID thresholds change with time since burning; and (c) provide a physical explanation for why
rainfall ID thresholds change with time since burning. In this study, we monitored three different burned areas
in the southwestern U.S. (Figure 1) for three or more years to directly assess temporal changes in debris-flow
activity and to constrain temporal changes in canopy interception, soil infiltration capacity, hydraulic roughness,
and debris-flow grain size during recovery. We use field and remote-sensing data to parameterize a hydrologic
model, which we employ to estimate rainfall ID thresholds for generating debris flows as a function of time since
burning. We compare modeled ID thresholds with the rainfall intensities that generated debris flows at our study
sites. At each site, we focus on temporal changes to areas burned at moderate to high SBS, as these areas are more
likely to produce debris flows and therefore pose the greatest risk to communities and infrastructure downstream
of burned areas. Quantifying temporal changes in hydrologic response of burned watersheds also provides gen-
eral insights into the magnitude of fire-induced hydrologic changes and timing of recovery. By understanding
which aspects of landscape recovery are most impactful for changing debris-flow initiation thresholds, we will be
able to better assess the window of disturbance timescale following a wildfire and apply these findings to similar
sites where runoff-generated debris flows are likely.
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Figure 1. (a) Locations of the three burned study areas in the southwestern United States. Buzzard Fire (b) soil burn severity
and hillshade and (c) monitored basins (black outline) with sample and monitoring equipment locations. Pinal Fire (d) soil
burn severity and hillshade and (e) monitored basins (black outline) with sample and monitoring equipment locations. Fish
Fire (f) soil burn severity and hillshade and (g) monitored basins (black outline) with sample and monitoring equipment
locations. The vegetation transect point at the Fish Fire represents the approximate location of all the vegetation transects at
this site. Basins used for model calibrations and numerical experiments are indicated by the thick black outline.

2. Study Areas

This study builds on previous work in three study areas in the western U.S.: the 2018 Buzzard Fire in west-central
New Mexico, the 2017 Pinal Fire in east-central Arizona, and the 2016 Fish Fire in southern California. Previous
studies focused on runoff-generated debris-flow activity in the first year following fire at each site (McGuire &
Youberg, 2020; McGuire et al., 2020; Raymond et al., 2020; Tang et al., 2019a) and provide a baseline for the
hydrologic and geomorphic conditions immediately following fire that are critical for studying postfire recovery.
Below, we provide an overview of each of the three study areas and summarize past work that is most relevant to
this study. We combine the findings of these previous studies with new data and observations to examine recovery
and debris-flow activity over a period of one to four years postfire, depending on the study area.
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Figure 2. Photos from the Buzzard Fire of (a) a channel scour following an event in year one (June 2020, photo by Olivia
Hoch), (b) bare hillslope with minimal vegetation immediately following the fire (July 2018, photo by Luke McGuire), and
(c) a debris flow fan deposit (October 2019, photo by Olivia Hoch). Photos from the Pinal Fire of (d) the bedrock channel at
the outlet of a basin (May 2020, photo by Olivia Hoch), (e) bare hillslope and channel with minimal vegetation immediately
following the fire (July 2017, photo by Luke McGuire), and (f) a debris flow deposit on Forest Road 651 (July 2017, photo by
Luke McGuire). Photos from the Fish Fire of (g) the steep, bare hillslopes shortly following the fire (September 2016, photo
by Luke McGuire), (h) rilling of a bare hillslope with minimal vegetation several months following the fire (January 2017,
photo by Luke McGuire), and (i) dry ravel overlying coarser material in the channel after several rainstorms (January 2017,
photo by Francis Rengers).

2.1. Buzzard Fire

In May 2018, the Buzzard Fire burned over 20,000 hectares of the Gila National Forest in the Tularosa Mountains
near Reserve, New Mexico (Figure 1). Our study area is underlain by Oligocene basalt-andesite lava flows and
tuff (Ratte, 2001), although little bedrock is exposed on hillslopes or in channels. Prior to the fire, eight of 12
study watersheds had an unconfined, soil-mantled swale morphology while four watersheds had defined chan-
nels (McGuire & Youberg, 2020) (Figures 2a and 2b). Hillslope soil texture is classified as silt loam (McGuire
& Youberg, 2020) and vegetation is primarily ponderosa pine (Pinus ponderosa) and Douglas fir (Pseudotsuga
menziesii). Directly following the fire, negligible amounts of litter, duff, and canopy cover remained in areas
burned at moderate to high SBS (McGuire & Youberg, 2020) (Figure 2b). Approximately half of annual rainfall
in the region arrives in July, August, and September as a result of the North American Monsoon (Western Region-
al Climate Center, 2021). The one-year RI 15-min rainfall intensity is ~45 mm/hr and the five-year RI 15-min
rainfall intensity is ~75 mm/hr (Bonnin et al., 2011).

McGuire and Youberg (2020) monitored 12 small (<1 km?) watersheds near the northern perimeter of the burned
area to determine the characteristics of rainfall that produced debris flows using a combination of three tip-
ping-bucket rain gages, eight in-channel pressure sensors, and four time-triggered cameras. These researchers
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also used minidisk tension infiltrometers to estimate soil hydraulic properties within the first several months
following the fire and quantified the grain size of debris-flow matrix material within four different debris-flow
deposits. McGuire and Youberg (2020) observed 24 debris flows in the first year following the fire (Figure 2c).
The debris-flow matrix material had a median grain size (D,;) of ~0.015 m. The empirically derived 15-min
rainfall threshold for triggering a debris flow during the first year following the fire was ~42 mm/hr (McGuire
& Youberg, 2020).

2.2. Pinal Fire

In May 2017, the Pinal Fire burned over 2,800 hectares of the Tonto National Forest in the Pinal Mountains near
Globe in east-central Arizona (Figure 1). The Pinal Mountains are composed of Proterozoic metasedimentary
and dioritic intrusive rock, which is exposed in bedrock channels (Richard et al., 2015) (Figure 2d). Hillslope
soils texture is classified as a sandy loam (Raymond et al., 2020). The area burned in the Pinal Fire encompasses
multiple ecological zones: chaparral vegetation and desert shrub at lower elevations and oak and mixed-conifer
forests in the higher elevations. Following the fire, little vegetation remained in the chaparral areas burned at
moderate to high SBS (Figure 2e), while some vegetation cover remained in oak and conifer-dominant areas
(Raymond et al., 2020). This site receives both winter and summer precipitation, with the summer precipitation
coming primarily in July and August as intense rainfall associated with the North American Monsoon. The
one-year RI 15-min rainfall intensity is ~57 mm/hr and the five-year RI 15-min rainfall intensity is ~72 mm/hr
(Bonnin et al., 2011).

Raymond et al. (2020) monitored rainfall, runoff, and debris-flow activity in five basins during the first year
following the fire (Figure le), each of which burned primarily at moderate and high SBS. Eight debris flows
were observed in these five watersheds in the first several months following the fire (Figure 2f), and a sample
of debris-flow matrix sediment had a D, grain size of 0.0028 m (Raymond et al., 2020). Observations of de-
bris-flow timing, estimated from pressure transducers installed in bedrock channels, and rainfall intensity deter-
mined from tipping bucket rain gages, were used to derive an empirical rainfall ID threshold for the first year
following the fire. The 15-min rainfall threshold for triggering a debris flow the first year following the Pinal Fire
was ~56 mm/hr (Raymond et al., 2020). Raymond et al. (2020) also quantified soil hydraulic properties using in
situ measurements with minidisk tension infiltrometers, which provided a baseline for comparison with minidisk
measurements made in subsequent years during this study. We build off the analyses of Raymond et al. (2020)
with additional soil infiltration and vegetation cover measurements and by reporting on additional debris-flow
observations from year one in watersheds that were not monitored with pressure transducers.

2.3. Fish Fire

In June 2016, the Fish Fire burned ~1,600 hectares in the Angeles National Forest in the San Gabriel Moun-
tains (SGM) north of Los Angeles, California (Figure 1). The Fish Fire was part of the San Gabriel Complex,
a combination of the Fish and Reservoir Fires. Postfire debris flows have been extensively studied in the SGM
(Cannon et al., 2011; DiBiase & Lamb, 2019; Gartner et al., 2014; Kean et al., 2011; McGuire et al., 2017; Palucis
et al., 2021; Staley et al., 2014; Tang et al., 2019a). Whereas our focus here is on the Fish Fire, we also include
data and model results from past studies that focused on the nearby 2009 Station Fire in order to more effectively
parameterize our hydrologic model. Therefore, results from the Fish Fire may be viewed more generally as ad-
dressing recovery and changes in debris-flow ID thresholds within the SGM.

The Fish and Station Fire burn scars are located in close proximity and share the same regional climate, vege-
tation community (chaparral), and topographic characteristics. The SGM are composed primarily of Mesozoic
granitic and Proterozoic metamorphic rock (Yerkes & Campbell, 2005), which is exposed on the hillslopes as
outcrops or as highly weathered saprolite (Staley et al., 2014). A combination of minimal soil cohesion and
steep slopes promotes dry ravel following fire, which loads channels with fine hillslope sediment and helps to
fuel debris flow activity (e.g., DiBiase & Lamb, 2019; Florsheim et al., 1991; Lamb et al., 2011). Soils on the
hillslopes are generally thin (0.5-1 m), and the textures at our sites are sand to sandy loam (Kean et al., 2011;
Tang et al., 2019a). The climate is Mediterranean, consisting of cool wet winters and dry summers. The one-year
RI 15-min rainfall intensity is ~32 mm/hr, and the five-year RI 15-min rainfall intensity is ~53 mm/hr (Perica
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et al., 2014). The empirically derived 15-min rainfall intensity for triggering debris flows in the SGM is 19 mm/
hr (Staley et al., 2013).

Kean et al. (2011) monitored four low-order watersheds within the Station Fire and observed 23 debris flows in
the first year following the fire. The grain-size distribution of debris-flow deposits was determined for four of
the debris flows, yielding a range of D, grain sizes from approximately 0.002 to 0.018 m (Kean et al., 2011).
The samples from Kean et al. (2011) do not represent the cobble and larger size fractions, and we therefore treat
them as being similar to the deposit sampling by McGuire and Youberg (2020) and Raymond et al. (2020) that
quantified grain size in the matrix of the deposit. Liu et al. (2021) used the Kineros2 hydrologic model in com-
bination with rain gage and streamflow records to calibrate soil infiltration and hydraulic roughness parameters
within a 41.5 km? watershed (burned primarily at moderate-to-high severity) during the first five years following
the Station Fire. Liu et al. (2021) found that both saturated hydraulic conductivity and hydraulic roughness in the
channel network increased by more than a factor of two over the first several years of recovery. The prior studies
by Kean et al. (2011) and Liu et al. (2021) provide valuable information that we use to constrain the hydrologic
model for our Fish Fire site.

Our study site within the Fish Fire burn scar, a low-order watershed referred to as Las Lomas, has been the focus
of past work, which also benefits the present study. In the first year following the Fish Fire, Tang et al. (2019a)
instrumented the Las Lomas watershed (0.12 km?) with a rain gage and a channel monitoring station at the outlet
to determine the timing of debris flows and the hydrologic conditions associated with debris-flow initiation (Fig-
ure 1g). Negligible amounts of vegetation canopy, litter, or duff remained in this area, and soils were generally
water repellant near the surface (McGuire et al., 2019, 2020) (Figures 2g and 2h). Repeat measurements of soil
hydraulic properties (from minidisk tension infiltrometers) and canopy/ground cover were collected between
September 2016 and March 2019 (one to two years postfire) on portions of a hillslope within this watershed that
burned at moderate SBS (McGuire et al., 2019, 2020). Tang et al. (2019a) noted extensive dry ravel deposits in
the channel network following the fire (Figure 2i) and observed 11 debris flows at the outlet of this basin during
a series of rainstorms between December 2016 and February 2017. There were no runoff-generated debris flows
in this watershed during the second postfire wet season (Rengers et al., 2020). In the third wet season following
the fire (January 2019), a rainstorm generated more than 200 shallow landslides within the region burned by the
Fish Fire (Rengers et al., 2020). No runoff-generated debris flows were generated during this rainstorm (Rengers
et al., 2020), despite a peak 15-min rainfall intensity of 53 mm/hr (approximately a five-year RI storm) that
greatly exceeded the threshold of 19 mm/hr commonly used in this region to assess debris-flow potential in the
first year following fire. We build directly off prior work in the Las Lomas watershed with additional hydrologic
model analyses as well as soil infiltration and ground cover measurements.

3. Methods
3.1. Field Measurements
3.1.1. Hydrologic Monitoring

Hydrologic monitoring data collected at our sites were used to assess the rainfall characteristics associated with
generating debris flows and in the case of the Pinal and Buzzard Fires, to calibrate a hydrologic model. Since Liu
et al. (2021) already calibrated the parameters needed for watershed-scale hydrologic modeling at our Fish Fire
site, we did not need to perform additional model calibrations as part of this study. At all three sites, we quantified
rainfall using tipping bucket rain gages (Onset RG3-M) (Figure 3a). Runoff and debris-flow activity at the outlet
of the Fish Fire site was monitored using a look down laser stage meter (Kean et al., 2019; Tang et al., 2019a). At
the Pinal and Buzzard Fire sites, we monitored channel flow at the outlets of several watersheds using unvented
pressure transducers (In-Situ Rugged TROLL 100), without a co-located barometric pressure transducer to ac-
count for atmospheric effects. The pressure transducers, which were set to take readings at 60 s intervals, were
installed in the channel near the basin outlet by drilling a hole in bedrock or a boulder if no bedrock was exposed
(Kean et al., 2012; McGuire et al., 2020; McGuire & Youberg, 2020; Raymond et al., 2020) (Figure 3b). At the
Buzzard Fire site, pressure transducers were installed at the outlets of six basins in year two and four basins
in year three. At the Pinal Fire site, we installed pressure transducers in five basins in year two, four basins in
year three, and two basins in year four. We made field observations of flood and debris-flow deposits at basins
instrumented with a pressure transducer as well as in basins with no instrumentation in each year (Table S1 in
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Figure 3. (a) Rain gage at the Buzzard Fire and (b) in-channel pressure transducer at the Buzzard Fire. The arrow indicates
the location where we drilled into bedrock and installed the pressure transducer. Inset of installed pressure transducer with
drill for scale. Photos by Olivia Hoch.

Supporting Information S1). At each site, postfire year two begins one year following the initiation date of the fire
(after one year of recovery), year three begins two years following the initiation date of the fire (after two years
of recovery), and year four begins three years following the initiation date of the fire (after 3 years of recovery).
The number of watersheds monitored using pressure transducers in each year varied due to equipment availability
and site accessibility.

The non-vented pressure transducers used in this study record variations in pressure that may be attributed to
changes in flow thickness, flow density, and/or atmospheric pressure. As a result, they are more reliable for quan-
tifying the timing and type of flow (i.e., water-dominated vs. debris-dominated) rather than the absolute magni-
tude of flow depth. Quantifying the timing of debris flows within rainstorms allows for more accurate determina-
tion of the rainfall intensity associated with their initiation, which may vary substantially from the peak rainfall
intensity observed during the rainstorm (e.g., McGuire et al., 2021; Raymond et al., 2020; Staley et al., 2013).
The passage of debris flows over a pressure transducer often produces a rapid increase in pressure followed by a
rapid decrease (Figure 4), whereas the pressure-time series associated with water-dominated flows are typified by
more gradual rising and falling limbs (Kean et al., 2012; McGuire & Youberg, 2020; Raymond et al., 2020). In the
low-order watersheds (<1 km?) monitored here, we assume that the initiation times of debris flows are within tens
of minutes prior to the times at which they are observed at the outlet. Therefore, at sites where channel monitoring
equipment (pressure transducers) was installed to determine the timing of debris flows at the watershed outlet, we
determine the 15-min rainfall intensities (I,5) responsible for triggering debris flows using the peak I, recorded
within 15 min of when debris flows were observed at the outlet (e.g., Staley et al., 2013). In watersheds that were
not instrumented with channel monitoring equipment, the I associated with debris-flow initiation is taken as the
peak I, during the rainstorm. Due to the uncertainty associated with temporal changes in atmospheric pressure,
flow density, and erosion, and deposition of sediment on top of the pressure transducers, we also field-verified the
occurrence of debris flows based on the presence of characteristic deposits such as the presence of lateral levees
along channels and unsorted, matrix-supported deposits (Figure 2c).

In cases where debris flows were relatively undisturbed by post-emplacement flooding, we collected and sieved
bulk samples to quantify the D, grain size of debris-flow matrix sediment to estimate the D, grain size of the
incipient debris flow. Three debris-flow matrix samples were collected from two deposits at the Buzzard Fire in
October 2019 (post-fire year two) and one sample was collected from a deposit at the Pinal Fire in September
2019 (postfire year three). We assessed changes to the debris-flow grain size over time at both sites by comparing
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Figure 4. Pressure-transducer data (black line) recording debris flows from the Pinal Fire from (a) Kellner 2 on July 11, 2018 and (b) 651 North on July 23, 2019.
The rapid increase in pressure noted by the red circle indicates the time the debris flow passed over the sensor near the watershed outlet. Blue line shows rainfall data
recorded by the nearest tipping bucket rain gage.

results of these analyses with the D, grain size of debris-flow matrix sediment reported for the first year follow-
ing the Buzzard (McGuire & Youberg, 2020) and Pinal (Raymond et al., 2020) Fires.

3.1.2. Soil Hydraulic Properties

In situ measurements to quantify field-saturated hydraulic conductivity (K)), sorptivity (S), and wetting-front
suction head (& f) were made in postfire years one to three at the Buzzard Fire, years one to four at the Pinal Fire,
and years one to four at the Fish Fire (Table S2 in Supporting Information S1) (McGuire et al., 2020; McGuire
& Youberg, 2020; Raymond et al., 2020; Tang et al., 2019a). All measurements were made in areas burned at
moderate or high SBS using minidisk tension infiltrometers. The infiltrometer has a diameter of 2.25 cm and a
suction head set to 1 cm. Data from the in situ measurements were then postprocessed to determine K and S
following Zhang (1997), who showed I = Cﬂ/; + C,t where I denotes infiltrated volume, ¢ is time, C; = A,S,
C, = A)K, and A, and A, are empirical coefficients related to soil texture. We determined C, and C, via three
curve-fitting techniques (Vandervaere et al., 2000) and calculated the arithmetic mean of the three values for K
and S to obtain a single value for K and S (following McGuire & Youberg, 2020). We then estimated the wetting
front suction head (1) according to i, = §*/ (ZKS (95 - 9,)), where 6, is soil moisture content at saturation, and
6, is initial soil moisture content. Values of &, and g, are given in Table S2 in Supporting Information S1 (Carsel
& Parrish, 1988; Schaap et al., 2001).

3.1.3. Ground Cover Survey

We conducted ground cover surveys on hillslopes to quantify vegetation cover using the line-point intercept meth-
od (Herrick et al., 2009). We established transects on hillslopes in each study area that were a minimum of 20 m in
length, running perpendicular to the downslope direction, and noted the surface cover (canopy, litter, soil, or rock
fragments) every 0.2 m. Canopy refers to any standing vegetation from the ground surface to eye level. Due to the
moderate to high severity of the fire at each of our sites, there was negligible canopy cover at heights greater than
eye level. Any loose plant material on the soil surface, including burnt plant material, was classified as litter. Rock
fragments were classified as any sediment particles over 5 mm in diameter that were either on the soil surface or
embedded in the soil. The timing of measurements at the Buzzard, Pinal, and Fish Fires are reported in Table S3
in Supporting Information S1.

3.2. Remote-Sensing Analysis

Rainfall interception can be modeled using information about vegetation cover and structure (Rutter et al., 1971).
One key model parameter, canopy storage capacity, as well as other parameters associated with the rate of drip
from the canopy during a rainstorm scale linearly with leaf area (Rutter et al., 1975). We determined the leaf area
index (LAI) during each year of recovery at the Buzzard, Pinal, and Fish Fires and used these data in combination
with values from existing literature to estimate these infiltration model parameters. Specifically, we used 500-m
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LAI data from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellites obtained from the Oak
Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC, 2018). LAI is commonly used to
assess postfire vegetation recovery (Ebel, 2020; Thomas et al., 2021) and to parameterize rainfall interception
models (Thompson et al., 2011). While 500-m data are too coarse to develop basin-specific estimates of inter-
ception parameters for the watersheds considered in this study, we use these data to estimate how interception
parameters changed over time in areas burned at moderate to high SBS within a particular burn scar.

To estimate a single LAI value for a given year at one of our sites, we averaged the MODIS LAI values within
areas burned at moderate to high SBS, as determined by SBS maps produced by the Burned Area Emergency
Response teams (USDA Forest Service, 2020) over the season of highest rainfall (and thus greatest likelihood of
debris flows). At the Buzzard Fire and the Pinal Fire, we averaged LAI from June 1st to September 1st of each
year following the fire, to coincide with the typical timing of monsoon rainfall at those sites. At the Fish Fire, we
averaged LAI from December 1st to March 1st of each year to coincide with the winter rainfall that is known to
trigger postfire runoff-generated debris flows (Kean et al., 2011; Oakley et al., 2017, 2018). From the composite
LAI seasonal average, we averaged all the pixels corresponding with regions burned at moderate to high SBS
within the fire perimeter to determine a composite average LAI value that represents the condition of the vege-
tation in each burned area for each year following the wildfire. This process was also repeated for the five years
prior to the fire, which we then averaged at each site to determine a single pre-fire LAI value.

3.3. Numerical Model

We used a process-based numerical model to simulate surface runoff in response to rainfall in select monitored
watersheds. The model uses the kinematic wave approximation for overland flow routing and the Green-Ampt
equation for infiltration as described in detail by Rengers, McGuire, et al. (2016) and Rengers et al. (2019). We
also included the effects of rainfall interception using the framework described in Rutter et al. (1975).

The Green-Ampt equation determines soil infiltration capacity, I, (m s™'), based on

Z,+h,+h
I =K, [%} 1)
Zg

where Z, (m), the depth of the wetting front is equal to V' / (0s -0, ), V (m) is the cumulative infiltrated depth, &
(m) is the flow depth, and 0, and 6, are dependent on soil texture (Carsel & Parrish, 1988) and denote the volu-
metric soil moisture content at saturation and the initial soil moisture content, respectively. We represent hydrau-
lic roughness using a depth-dependent Manning coefficient, n (s m~'?). As flow depth increases, the Manning
coefficient approaches a minimum value, n, (s m~1?), as described by the equation

—0.33
Q1 (h/h,) h<h, @)

n, h > h,

where i = 0.003 m is a critical flow depth above which n becomes constant. The parameter n,, is calibrated. We
constrain n,, K, and hf using minidisk measurements, new model calibrations performed during this study, and

calibrations performed during previous studies (see Section 3.5).

The Rutter rainfall interception model (Rutter et al., 1975) involves computing the canopy storage, C (m) or vol-
ume of water stored in the canopy, per time (z (s)), based on
oC

= = (1-7)P-D, 3)
where P (m s™') is the rainfall intensity, and T is the throughfall coefficient. The canopy drainage rate (D, (m
s71)) is dependent on the canopy rate coefficient (K, (m s71), a decay parameter (g; (m~')), and the canopy storage
capacity (S, (m)) (Shuttleworth, 1979),

D, = K45 @

1

The effective rainfall rate, P, (m s71), is finally estimated according to
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P

(&

i = 1P+ D; ()

Here, T, = I-F, where F_denotes the average fraction vegetation cover measured from vegetation transects in the
field. Canopy interception parameters were estimated based on unburned values associated with parameters in
similar vegetation types, which we then scaled using remote-sensing-derived LAI to account for the effects of the
fire and temporal changes through time. More specifically, S, g,, and K; were based on values for pine forests and
chaparral as reported by Thompson et al. (2011), assuming a linear relationship between LAI and each of these
parameters. We scaled S, g,, and K; at the Pinal Fire and Fish Fire using values estimated for the chaparral-domi-
nant, Sky Oaks site (southern California) reported in Thompson et al. (2011) and scaled S, g,, asnd K; at the Buz-
zard Fire using values estimated from the ponderosa pine-dominant, Metolius site (central Oregon) from Thomp-
son et al. (2011). This parameter estimation method provides a way to parameterize changes in interception that
occur through time following a fire while linking those changes to typical values in similar unburned settings.

3.4. Model Calibrations

Since we use the numerical model to estimate rainfall ID thresholds associated with debris flows at each of our
sites as a function of time since burning, we need to constrain hydrologic model parameters (n,, K, hf) as well
as how they change during recovery. In particular, we estimated values of n,, K, and h/. for each postfire year at
each of our three sites.

3.4.1. Buzzard Fire and Pinal Fire

We calibrated the Manning coefficient (n,) and soil infiltration parameters (K and h) at the Buzzard and Pinal
Fires by comparing runoff data estimated from pressure transducers to simulated hydrographs To calibrate the
model at the Buzzard and Pinal Fires, we iterated through a grid of potential K, h p and n, values and assessed the
fit between the modeled and observed runoff response for a selected rainstorm. To improve computational effi-
ciency, we limited the range of potential K and h values to lie roughly between the first and third quartile of the
distributions obtained from the minidisk measurements during the calibration process. We calibrated the model
at one basin at the Buzzard Fire and one basin at the Pinal Fire (Figures 1c¢ and 1e) where we had monitoring data
for each postfire year (Table S3 in Supporting Information S1).

The pressure-transducer data are best used to quantify flow timing rather than flow depth due to complications
associated with varying flow density, atmospheric pressure, and erosion/deposition of sediment on top of the
sensor. Therefore, we quantified model performance for a given set of parameters (n,, K, and hf) using the differ-
ence between the timing of the modeled peak flow discharge and the observed timing of peak pressure recorded
at the watershed outlet by the pressure transducer. Flow timing is most influenced by the hydraulic roughness
parameter (n,n,), while K and h exert more control over the magnitude of the flow, making it challenging to
constrain these two parameters. Therefore we developed a calibration procedure (using similar approaches to
McGuire et al., 2016, 2017; Rengers, McGuire, et al., 2016, Rengers et al., 2019; Tang et al., 2019a, 2019b) that
is conservative in terms of the parameter sets that it determines to be inconsistent with the observed pressure
data and as described below, we consider uncertainty in calibrated parameters when using the model to estimate
debris-flow thresholds. For a given set of parameters, if the difference in peak flow timing between the model
and observation was within 15 s and the maximum unit discharge within the channel network was greater than a
threshold of 0.10 m?s that parameter set was retained as a potential fit. Since runoff was observed during each
of the calibration rainfall events, we applied a unit discharge threshold to screen out parameter combinations
that resulted in adequate agreement in flow timing but negligible runoff. We further refined the selected sets of
acceptable parameter combinations in each case by using a second rainstorm from the same year, retaining only
those parameter sets that met our criteria for a minimum unit discharge. Rather than identifying a single best-fit
value for each parameter, this calibration process resulted in a suite of between 14 and 45 sets of ny, K, and hf
values that produced acceptable runoff responses for a given site and year since burning (Figure S1 in Supporting
Information S1). Since the model requires individual watershed-scale effective values for ny, K, and h » We select-
ed a representative set of parameters for each site and each postfire year from the suite of potential fits by choos-
ing the parameter set associated with the median modeled peak discharge. We refer to this set of parameters as
the representative parameter values. We used the resulting associated values for n, K, and h . in watershed-scale
simulations to explore temporal changes in rainfall ID thresholds.

HOCHET AL.

11 of 26



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2021JF006374

A model calibration was not possible for year three at the Buzzard Fire and year four at the Pinal Fire since run-
off was insufficient to calibrate the model. However, in all other cases, we obtained estimates of K and hf from
both minidisk measurements and watershed-scale calibration. We anticipated that the watershed-scale effective
values for K and hf may be different from those measured with the minidisk infiltrometers since previous studies
have shown that K, is scale dependent (Ebel et al., 2017; McGuire et al., 2018; Sheridan et al., 2007; Smith and
Goodrich, 2000). To assess differences in the value of K and hf due to these two different techniques, we deter-
mined the ratio of the median values of the minidisk measurements to the calibrated, watershed-scale parameters
for each site as a function of time since burning. The site-specific average of these ratios resulted in a scaling
factor for K_and hf between point-scale and catchment-scale values. Since we lacked runoff data necessary to
calibrate the model at the Buzzard Fire in year three and the Pinal Fire in year four, the scaling factors for these
sites were used to estimate the watershed-scale soil hydraulic parameters based on the minidisk measurements.
In lieu of runoff data to estimate hydraulic roughness in these two cases, we assumed that roughness () did not
change from the prior year at that site.

3.4.2. Fish Fire

We did not have rainfall and runoff data from the Fish Fire site to calibrate the model for each year following
the fire, so we utilized values of K and channel Manning's n, which we equate to n,, that were calibrated by Liu
et al. (2021) for a 41.5 km? watershed that was burned in the nearby 2009 Station Fire. Approximately 83% of the
watershed was burned at moderate or high SBS, so we assume that the values calibrated by Liu et al. (2021) reflect
conditions in the SGM for areas burned at moderate or high SBS. Liu et al. (2021) determined K_and Manning's n
in the channel network by calibrating the Kineros2 hydrologic model to observed rainfall-runoff responses in the
years following the Station Fire. Their analysis provides estimates of K| and n, in postfire years one, two, three, and
five. Since values were not calibrated for year four at the Station Fire, we averaged n, and K_ in postfire years three
and five to estimate year four values for each parameter. As with the Buzzard and Pinal Fires, we compared the
watershed-scale Ks values obtained through model calibration with the minidisk-derived K_y at the Fish Fire site for
years one to three to provide insight into differences in model parameters that result from spatial scale and meas-
urement technique. Liu et al. (2021) found that the performance of their model was not sensitive to hf relative to K
and n, which limited their ability to constrain hf Therefore, we utilized the median value of hf from the minidisk
measurements for each postfire year at the Fish Fire in our model simulations associated with that year.

3.5. Numerical Experiments

We determine the I debris-flow initiation threshold at each site, for each year following the fire, by simulating
runoff in response to a series of design rainstorms with different I;,. We then evaluated modeled dimensionless
discharge throughout the channel network relative to a slope-dependent dimensionless-discharge threshold for
debris-flow initiation (Tang et al., 2019b). We selected I, as a metric for the debris flow threshold, as opposed
to averaging rainfall over a different duration, because I ; is correlated with runoff and debris-flow initiation in
small, burned watersheds, and past studies have shown that it performs well as a threshold relative to rainfall
intensities averaged over other durations (Kean et al., 2011; Raymond et al., 2020; Staley et al., 2013). Dimen-
sionless discharge is calculated as

q

" (o, - p)

6
ngo ©

where gravity (g) is 9.81 m s72, sediment density (p,) is 2,600 kg m~3, density of the fluid (p) is 1,000 kg m=3,
¢ is unit discharge (m” s™"), and Dy, is the median grain size (m) of sediment entrained in an incipient debris
flow, which we estimate using the D of debris flow matrix samples (which excludes cobbles and boulders). We
compared the modeled dimensionless discharge to the slope-dependent threshold for debris-flow initiation (Tang
et al., 2019b), defined as:

o
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- - 90.78 (@)
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where @ denotes slope.

To determine the I, debris-flow initiation threshold for a particular burn area, we simulated a rainstorm over one
of our monitored watersheds with a known I and compared the peak dimensionless discharge of every channel
pixel with the threshold dimensionless discharge, as defined by Equation 7, for that pixel. The simulated storm
had a 15-min duration and intensity that was time dependent with a normal distribution (Tang et al., 2019b). If
more than half of the channel pixels exceeded the threshold (g* > g7), the I, of the simulated storm was consid-
ered to exceed the intensity threshold for debris-flow initiation. If fewer than half of the channel pixels exceeded
the dimensionless-discharge threshold, we increased the peak I ; of the simulated rainstorm by 5 mm/hr and
repeated the process. Channel pixels were defined using a contributing area threshold of 2,000 m? at the Buzzard
Fire (McGuire & Youberg, 2020), 500 m? at the Pinal Fire (Raymond et al., 2020), and 1,000 m? at the Fish Fire
(Tang et al., 2019b). These thresholds produced channel network extents that were consistent with the presence
of gullies and channels based on field observations.

The I, threshold for debris-flow initiation can be expected to vary from one watershed to another within a given
burned area, even in cases where SBS is similar, due to differences in topographic slope and variations in channel
morphology (McGuire & Youberg, 2020). Here, we are most interested in how rainfall ID thresholds change with
time and how those changes are linked with particular aspects of hydrologic recovery. Thus, we take the approach
of focusing on a single representative watershed within each burn area. Simulations for estimating the I, thresh-
old were therefore conducted using topography from one of the monitored watersheds within each of the three
study areas (Figure 1, Table S4 in Supporting Information S1).

For years one and two at the Buzzard Fire and year one to year three at the Pinal Fire, we determined the mod-
el-derived I, debris-flow initiation threshold using the representative parameter values for that year and site. We
also determined a model-derived I, debris-flow initiation threshold using calibrated parameters that produced
the minimum and maximum discharge from the suite of acceptable parameter combinations to assess the range
of likely I, thresholds. Since we lacked similar information on the range of acceptable parameter values in year
three at the Buzzard Fire, year four at the Pinal Fire, and years one to four at the Fish Fire, we varied K, h, and
n, by £20% to determine the range of likely I, thresholds. For each year at each site, we also varied the D,
by +50% to include the uncertainty in median grain size in the range of likely thresholds.

In addition to determining the I, thresholds, we also used a series of model experiments to determine the extent
to which temporal changes in thresholds could be attributed to particular aspects of recovery, namely changes
in canopy interception, soil hydraulic properties, hydraulic roughness, and grain size. For each year beyond
year one, we simulated recovery under conditions where each parameter that affects dimensionless-discharge
calculations (K, h/, ny, T, D,, D) remained unchanged from year one. For example, we isolated the importance
of soil hydraulic properties on debris-flow initiation thresholds by using the K and hf value from year one in
each subsequent year. In this example, all other parameters would change from year to year as appropriate based
on observations and calibration. We performed an analogous procedure to determine the relative importance of

changes in canopy interception parameters, hydraulic roughness, and D, at each site.

4. Results
4.1. Postfire Recovery

Repeat minidisk infiltrometer measurements and model calibrations at the Buzzard, Pinal, and Fish Fire sites
indicate that K changed substantially over the three- to four-year period of recovery (Table 1, Figure 5), although
the recovery trajectory of K varied among sites. At the Buzzard and Fish Fires, the median K_was lowest the
first year following the fire and increased with time since burning according to both the mmldlsk derived and
calibrated values. At the Pinal Fire, the median K was highest the first year following the fire. It then decreased
in subsequent years to approximately return to its pre-fire value. The trend in both minidisk and calibrated values
of h was similar among sites, with & bemg low (<0.01 m) the first year following the fire and increasing in sub-
sequent years (Table 1, Figure 5).

A Kruskal-Wallis test indicated statistically significant differences (p < 0.01) among annual groups of & f minidisk
measurements at each site and among annual groups of K minidisk measurements at the Pinal and Buzzard Fires.
In cases where the Kruskal-Wallis test indicated statistically significant differences existed, the Wilcoxon rank
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Table 1
Summary of Soil Hydraulic Parameters Derived From Minidisk Measurements

Saturated hydraulic conductivity (mm h~!)  Wetting front suction head (m)

Site Year Median IQR Median IQR Number of measurements Source
Buzzard Fire 1 7 24 0.0035 0.031 14 McGuire and Youberg (2020)
Buzzard Fire 2 16 12 0.15 0.16 17 This study
Buzzard Fire 3 42 18 0.086 0.108 17 This study
Pinal Fire 1 36 41 0.0035 0.024 20 Raymond et al. (2020)
Pinal Fire 2 45 39 0.03 0.064 26 This study
Pinal Fire 3 21 16 0.052 0.088 15 This study
Pinal Fire 4 15 15 0.031 0.052 13 This study
Fish Fire 1 17 22 0.006 0.021 116 McGuire et al. (2020), Tang
et al. (2019a)

Fish Fire 2 21 32 0.021 0.073 21 McGuire et al. (2020)
Fish Fire 3 28 37 0.025 0.049 20 McGuire et al. (2020)
Fish Fire 4 21 14 0.006 0.021 15 This study
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Figure 5. Point-scale minidisk values (light blue) and watershed-scale calibrated values (gray) of saturated hydraulic conductivity for the (a) Buzzard Fire, (b) Pinal
Fire, and (c) Fish Fire (San Gabriel Mountains) sites. Point-scale minidisk values (light blue) and watershed calibrated values (gray) of wetting front suction head for
the (d) Buzzard Fire and (e) Pinal Fire. Point-scale minidisk values of wetting front suction head for the (f) Fish Fire. Calibrated values for wetting front suction head
are not available for the Fish Fire because Liu et al. (2021) found wetting front suction head to have little effect on model performance. Note that two outliers are not
visible in panel (b), and four outliers are not visible in panel (c). Minidisk values for year one at the Buzzard Fire are from McGuire and Youberg (2020). Minidisk
values for year one at the Pinal Fire are from Raymond et al. (2020). Minidisk values for years one to three at the Fish (San Gabriel Mountains) Fire are from Tang
et al. (2019a) and McGuire et al. (2020). Calibrated values used for the Fish Fire (San Gabriel Mountains) are from Liu et al. (2021). The dotted line indicates the
timing of significant changes (Wilcoxon rank sum test, p < 0.01) in point scale K and hf
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Figure 6. Vegetation on hillslopes during postfire year three at the (a) Buzzard Fire, (b) Pinal Fire, and (c) Fish Fire sites.

(d) The channel near the end of the rainy season postfire year one following several floods and debris flows at the Fish Fire
where much of the fine sediment, delivered to the channel by postfire dry ravel, has been preferentially eroded (see Figure 2i).
Photos by Luke McGuire.

sum test was used to determine when significant changes in soil hydraulic properties occurred by testing for dif-
ferences from year to year (Figure 5). At each site, the Wilcoxon rank sum test indicated significant changes in
minidisk-derived hf (p < 0.01) from postfire year one to year two, but not in subsequent year-to-year changes. At
the Buzzard Fire, minidisk-derived K did not increase significantly from year one to year two (p = 0.11) but did
increase significantly from year two to year three (p < 0.01). At the Pinal Fire, K decreased over the period of
recovery, with no significant changes from year one to year two (p = 0.89), a significant decrease (p < 0.01) from
year two to year three, and no significant changes from year three to year four (p = 0.93). At the Fish Fire, the
Kruskal-Wallis significance test indicated that there was no significant change from year to year in minidisk-de-
rived K (p = 0.14).

Changes in catchment-scale soil hydraulic properties derived from model calibrations followed a similar trend to
the temporal variations indicated by minidisk measurements (Figure 5). However, calibrated parameters that re-
flect an effective value at the watershed scale were generally smaller than the median of the point-scale minidisk
measurements. The average ratio of the median catchment-scale calibrated K values to the median point-scale K|
value is 0.92 at the Buzzard Fire, 0.51 at the Pinal Fire, and 0.68 at the Fish Fire site. The site-specific average
ratio of the median catchment scale-calibrated values to the median point-scale values of hfis 0.94 at the Buzzard
Fire and 1.24 at the Pinal Fire.

Vegetation cover generally increased over the period of recovery at each site (Figures 2 and 6). The trend in re-
motely sensed LAI is similar to that of vegetation cover measured at the plot scale (Tables 2 and 3). Calibrated
hydraulic roughness also increased from year to year at each site for years where calibration was possible (Ta-
ble 2). D grain size at the Pinal and Fish Fires increased from year one while it remained relatively consistent
throughout recovery at the Buzzard Fire (Table 2).
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Table 2
Summary of Model Parameters Used to Estimate Debris Flow Intensity-Duration Thresholds
Buzzard Fire Pinal Fire Fish Fire
Symbol Definition Unit Year 1 Year2  Year3 Year 1 Year2  Year3 Year4  Year 1 Year 2 Year 3 Year 4
n, Hydraulic roughness sm™!3 0.03 0.05 0.05 0.1 0.2 0.28 0.28 0.09 0.28 0.32 0.3
coefficient
h, Critical depth in m 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
roughness model
€ Exponent in roughness - —0.33 —0.33 —0.33 —0.33 —0.33 —0.33 —0.33 -0.33 -0.33 —-0.33 —-0.33
model
K, Saturated hydraulic mm h~! 9 12 38 25 27 7 8 7 14 18 21
conductivity
hf Wetting front suction m 0.005 0.07 0.08 0.006 0.02 0.05 0.04 0.006 0.021 0.025 0.006
head
0, Soil moisture at - 0.45 0.45 0.45 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41
saturation
0. Initial soil moisture - 0.067 0.067 0.067 0.065 0.065 0.065 0.065 0.065 0.065 0.065 0.065
8; Decay parameter m™! 2,904 3,402 3,635 1,206 1,192 1,546 1,599 525 938 1,074 1,381
S, Canopy storage capacity mm 1.05 1.23 1.31 1.01 1.0 1.3 1.34 0.44 0.79 0.9 1.16
T, Throughfall coefficient - 1.0 0.61 0.75 1.0 0.77 0.57 0.43 1.0 0.71 0.23 0.05
K, Drainage rate coefficient ms™' 1.6:10® 3.2.10° 1510 4.2:1007 4.4-1077 7.7-107% 59-10® 1.2-10° 1.6-10°° 8.0-1077, 1.7-1077
Dy, Median debris flow m 0.015 0.015 0.015 0.0028 0.022 0.022 0.022 0.008 0.016 0.016 0.016
grain size
4.2. Debris-Flow Monitoring
Debris-flow activity dropped off substantially following one year of recovery at all sites. At the Buzzard Fire site,
McGuire and Youberg (2020) documented 24 debris flows in year one while we observed two debris flows in
year two and no debris flows in year three (Figure 7a, Table 4). Neither year two debris flows occurred in a basin
instrumented with a pressure transducer, so the triggering rainfall intensity could not be determined for either of
the year two debris flows. At the Pinal Fire, Raymond et al. (2020) document-
ed eight debris flows in postfire year one. We observed one debris flow in
Table 3

Summary of Composite MODIS Leaf Area Index (LAI) Values

Mean LAI in moderate/high SBS

Site Recovery year
Buzzard Fire Pre-fire
Buzzard Fire 1
Buzzard Fire 2
Buzzard Fire 3
Pinal Fire Pre-fire
Pinal Fire 1
Pinal Fire 2
Pinal Fire 3
Pinal Fire 4
Fish Fire Pre-fire
Fish Fire 1
Fish Fire 2
Fish Fire 3
Fish Fire 4

1.46
0.71
0.83
0.89
1.62
1.09
1.08
1.40
1.45
0.91
0.27
0.48
0.55
0.70

Note. Pre-fire values represent a five-year average.

year two, which was triggered by an I of 86 mm/hr, and three debris flows
in year three, one of which was triggered by an I, of 117 mm/hr (Figures 4
and 7b and Table 4). The other two debris flows in year three occurred in wa-
tersheds where pressure transducers were not installed. At the Fish Fire, no
runoff-generated debris flows were observed after the first year (Figure 7c).

4.3. Modeled Rainfall ID Thresholds for Debris-Flow Initiation

Model-derived rainfall ID thresholds were lowest at each site in the first year
following the fire (Figure 7). At the Buzzard Fire, the I, threshold increased
from 35 mm/hr in year one (less than one-year RI), to 75 mm/hr in year two
(five-year RI), and to 110 mm/hr in year three (25-year RI). At the Pinal Fire,
the I, threshold increased from 35 mm/hr (less than one-year RI) in year one
to 120 mm/hr (~10-year RI) in year two before leveling off at 115 mm/hr in
years three and four. At the Fish Fire, the threshold increased from an I of
5 mm/hr (less than one-year RI) in year one to 60 mm/hr in year two and then
remained relatively constant at 70 mm/hr in year three and 65 mm/hr in year
four (~10-year RI) (Figure 7).

Results of our numerical experiments indicate that different factors are
responsible for driving temporal changes in rainfall ID thresholds for
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Figure 7. Model estimates of 15-min rainfall thresholds for debris-flow initiation compared to observations of no runoff or floods (blue circles) and debris flows (red
crosses). Site-specific rainfall recurrence intervals for I, at the (a) Buzzard Fire, (b) Pinal Fire, and (c) Fish Fire sites are indicated by dashed lines. Dark gray squares
represent the threshold based on the representative parameter values at each site. Light gray bars represent the range of thresholds given the range of possible values of
soil hydraulic parameters, hydraulic roughness, and D, grain size.

debris-flow initiation at each site (Figure 8). At the Buzzard Fire, the recovery of soil infiltration capacity was of

primary importance, with hydraulic roughness and canopy interception influencing thresholds to a lesser extent

(Figures 8a and 8d). If temporal changes in soil hydraulic properties were neglected at the Buzzard Fire, the

year two ID threshold would be roughly 20 mm/hr lower in year two and 60 mm/hr lower in year three. The D,,

however, did not change with time at the Buzzard Fire and therefore played no role in driving temporal changes

in the ID threshold. In contrast, at the Pinal Fire, an increase in D, grain size was the largest factor contributing

to modeled increases in the rainfall ID threshold (Figure 8). Recovery of

hydraulic roughness and canopy interception also led to temporal increases

in the threshold at the Pinal Fire, while changes to soil infiltration capacity, if

considered in isolation, would promote decreases in the threshold over time.

At the Fish Fire, the recovery of canopy interception was the dominant fac-

tor influencing temporal increases in debris-flow initiation thresholds (Fig-

Table 4
Debris-Flow Observations in Year Two Through Year Four

Catchment Time of L5
Site Year D Date debris flow (mm/h)
Buzzard Fire 2 FSo4) August9,2019  Unknown 65
Buzzard Fire 2 FS94M  August9,2019  Unknown 65
Pinal Fire 2 Kellner 2 July 11, 2018 11:53 86
Pinal Fire 3 651-North July 7, 2019 17:40 117
Pinal Fire 3 651-C July 7, 2019 Unknown 125
Pinal Fire 3 651-A July 7, 2019 Unknown 125

ures 8c and 8f). However, recovery of soil infiltration capacity, hydraulic

roughness, and D, grain size also contributed to a lesser extent to temporal

increases in the modeled threshold.

Note. All times listed are local. Catchment ID following McGuire and
Youberg (2020) and Raymond et al. (2020).
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Figure 8. Rainfall intensity-duration (ID) thresholds for debris-flow initiation under the observed recovery conditions and alternate recovery conditions at the

(a) Buzzard Fire, (b) Pinal Fire, and (c) Fish Fire sites. The changes in the modeled threshold that results from neglecting particular aspects of recovery (i.e., soil
infiltration, canopy interception, hydraulic roughness, or median grain size) are shown on the lower panels for the (d) Buzzard Fire, (e) Pinal Fire, and (f) Fish Fire (San
Gabriel Mountains). Legend for panels (a) and (b) are given in panel (c). Legend for panels (d) and (e) are given in panel (f).

5. Discussion
5.1. Postfire Recovery

5.1.1. Soil Infiltration Capacity

Decreases in soil infiltration capacity immediately following wildfire have been widely observed (e.g., Ebel &
Moody, 2020; Moody et al., 2013); however, reductions or no change in soil infiltration capacity have also been
noted (Doerr et al., 2000; Raymond et al., 2020; Wieting et al., 2017). In many conceptual models of recovery
following wildfire, soil infiltration capacity decreases immediately following the fire and then increases mono-
tonically to the pre-fire value (e.g., Ebel & Martin, 2017). Data from the Buzzard Fire are most consistent with
this conceptual model. Both the watershed-scale calibrated values for K and hf increase with time since the fire,
as do the medians of the minidisk-derived values (Figure 5, Tables 1 and 2). This is also consistent with find-
ings of soil infiltration recovery following a wildfire in an aspen and conifer forest in the Colorado Front Range
(Ebel, 2020), in a pinyon-juniper and pine forest in the southwestern U.S. (Canfield et al., 2005), and in a Medi-
terranean scrubland in Spain (Cerda, 1998). Minidisk-derived estimates of median K _ at the Fish Fire were lowest
in the first postfire year and increased through three years before decreasing again in year four Liu et al. (2021),
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however, inferred a consistent increase in K from watershed scale calibrations over the first five years of recovery
at their nearby site in SGM.

At the Pinal Fire, temporal changes in K deviated from the common conceptual model for postfire recovery since
K decreased with time since burning. In contrast, hf increased with time at the Pinal Fire (Figure 5, Tables 1
and 2). The general recovery trajectory for both K and hf, however, is consistent with a potential return toward
unburned values since minidisk measurements from Raymond et al. (2020) showed that K was lower and hf was
greater in a nearby unburned area compared with areas burned at moderate to high SBS. This trend may be due to
the natural water repellency present in some unburned soils, a property which is common in chaparral ecosystems
like those at the Pinal Fire, which may be reduced or destroyed by extreme heating during a fire (DeBano, 1981).

The effect of spatial scale on soil hydraulic properties has been well documented (McGuire et al., 2018; Nyman
et al., 2010; Smith & Goodrich, 2000). The average ratio of the median calibrated K to median minidisk K is
below one at each site and median-calibrated & to median-minidisk h fis below one at the Buzzard and Pinal Fires.
This indicates the catchment-scale effective K and i . are generally lower than the median of point scale-estimated
K, and hf values. This result is consistent with previous work on the scale dependence of K| in recently burned
areas (Langhans et al., 2016; McGuire et al., 2018). The ratio of the median-calibrated K to median-minidisk K
is lowest at the Pinal Fire (0.51), intermediate at the Fish Fire (0.68), and highest at the Buzzard Fire (0.92). The
lower ratios found at the Pinal and Fish Fires could be related to the presence of exposed bedrock, which may
act to decrease the watershed-scale effective values of K and hf In contrast, bedrock exposure at the Buzzard
Fire sites was extremely limited. The variation in ratios of median-calibrated to median-minidisk values may
also be attributed to differences in the spatial heterogeneity of soil hydraulic properties among sites. McGuire
et al. (2018) found that the watershed-scale effective K_will tend to be lower, for a given rainfall intensity, in
cases where the distribution of spatially variable K_values has a greater coefficient of variation or where K is
correlated in space over greater length scales (e.g., due to spatial correlations in fire-enhanced water repellency).

5.1.2. Vegetation

At all three sites, our monitoring period was insufficient to observe complete vegetation recovery. Maximum LAI
during the recovery period remained below the pre-fire LAI at each site, suggesting that interception potential
also remained below pre-fire levels by the end of the study period. This is consistent with other studies of recov-
ery that utilize remote sensing of vegetation indices and have found that recovery to pre-fire levels takes more
than five years (Ebel, 2020; Jin et al., 2012; Kinoshita & Hogue, 2011; Wittenberg et al., 2007). However, the
utility of MODIS LAI data may be reduced during the postfire recovery period compared with the pre-fire data,
as the postfire vegetation type may be different than the land cover type used for the LAI calculations. Several
studies of recovery timing associated with field-based vegetation measurements have found shorter timescales of
recovery, with a return to pre-fire conditions in as early as two years (Cerdé & Doerr, 2005; Inbar et al., 1998).
The fraction vegetation cover at the Fish and Pinal Fires were both greater than the fraction vegetation cover at
the Buzzard Fire in year three (Table 2, Figure 6), potentially due to differences in ecosystem type.

5.1.3. Hydraulic Roughness

Hydraulic roughness was low immediately following the fire and generally increased with time since the fire at
our three sites. This is consistent with previous studies showing that physical and/or hydraulic roughness is low-
est immediately following the fire and that it increases with time since burning (Canfield et al., 2005; Rengers,
Tucker, et al., 2016; Tang et al., 2019a). Liu et al. (2021) found that channel hydraulic roughness returned to pre-
fire values by the second year following the Station Fire. While we do not have pre-fire estimates of hydraulic
roughness at the Pinal or the Buzzard Fire sites, estimated values for hydraulic roughness remained below those
typical of long-unburned forested hillslopes at the Buzzard Fire and above those typical of long-unburned forest-
ed hillslopes at the Pinal Fire by the end of the study period (Arcement & Schneider, 1989).

Temporal changes in hydraulic roughness are influenced by changes in ground cover (such as type and amount
of vegetation growth) and grain roughness (Rengers, Tucker, et al., 2016; Tang et al., 2019a), and sometimes by
channel form roughness related to channel steps (Florsheim et al., 2017; Keller et al., 1997; Rengers et al., 2018).
The number and size of runoff-producing storm events also impact hydraulic roughness. As fine sediment is
removed from the hillslopes and channels by runoff and debris flows, grain roughness may increase (Figure 2i
vs. Figure 6d). For example, a basin that experienced no debris flows in year one, may have a lower year two
hydraulic roughness, and therefore a lower rainfall ID threshold, compared with a similar basin that experienced
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many debris flows and substantial erosion in year one. Therefore, the expected hydraulic roughness in a recover-
ing burned area is not only dependent on site-specific variables, such as those that affect the rate of revegetation
following a fire (i.e., ecosystem type), but also the amount of erosion in previous years. Despite differing amounts
of vegetation regrowth and erosion in previous years among our three sites, all sites experienced increases in
hydraulic roughness over the period of recovery.

5.1.4. Median Grain Size

Observed changes to D, grain size over the period of recovery varied among sites (Table 2), potentially due to
differences in lithology, soil thickness, and sediment transport processes at each site. At the Buzzard Fire, D,
grain size remained relatively constant over the period of recovery. However, at the Pinal and Fish Fires, D,
grain size was lowest in postfire year one and increased in subsequent years. The D, grain size in postfire year
three was roughly 0.022 m, substantially greater than the value of 0.0028 m from year one. We have no debris
flow grain size data from postfire year two at the Pinal Fire but hypothesize that the change in debris flow source
material resulted from intense rainstorms that produced floods and debris flows in year one, leaving bedrock,
cobbles, and boulders exposed throughout much of the channel network. Debris flows at the Buzzard Fire eroded
through thick colluvial deposits in many watersheds, sometimes carving gullies greater than 2 m deep without
exposing substantial amounts of bedrock (Figure 2a). This suggests that the source material for debris flows at
this site did not change over the period of recovery. D, grain size, however, increased by nearly a factor of 10
from year one to year three at the Pinal Fire. Unlike at the Buzzard Fire, bedrock became more regularly exposed
over time in the channels at the Pinal Fire site (Figure 2d). This shift indicates that finer material was mobilized
by debris flows the first year following the fire and exported from the watershed. In subsequent years, the remain-
ing sediment available for entrainment by debris flows was coarser compared with that of year one. Preferential
erosion of fines, both on hillslopes and in channels, as well as sediment redistribution within recently burned
watersheds (e.g., Guilinger et al., 2020; Rengers et al., 2021; Staley et al., 2014; Tang et al., 2019a), may play
important roles in changing the particle-size distribution of sediment sources for debris flows. The D, grain size
of a debris flow from the Fish Fire combined with estimates from Kean et al. (2011) suggest that D, may increase
by roughly a factor of two from the first postfire debris flow observed in a watershed to subsequent debris flows
(Kean et al., 2011). Dry ravel deposits load channels with relatively fine hillslope sediment following fire in the
SGM (DiBiase & Lamb, 2019; Florsheim et al., 1991; Lamb et al., 2011), and as these ravel deposits are eroded,
the source sediment for debris flows likely becomes coarser. Reductions in sediment supply within the channel
network caused by debris flows and floods in year one at the Fish Fire site may have limited debris-flow activity
in subsequent years, especially given that sediment supply from dry ravel plays a large role in fueling postfire
debris flows in the SGM (DiBiase & Lamb, 2019).

5.2. Debris-Flow Initiation Thresholds

Results of this study provide insight into how the above-mentioned hydrogeomorphic impacts of fire result in
changes to rainfall ID thresholds for debris-flow initiation. Modeled thresholds were lowest in year one and
increased over the period of recovery at all three sites. However, simulations indicate that temporal changes in
rainfall ID thresholds as well as the reasons for those changes vary among our sites.

5.2.1. Changes in Intensity-Duration Thresholds

Increases in ID thresholds over time were driven primarily by increases in soil infiltration capacity at the Buzzard
Fire, increases in D, at the Pinal Fire, and increases in canopy interception at the Fish Fire (Figure 8d). Fire-in-
duced changes to hydraulic roughness, although not quantified as frequently as changes in infiltration capacity
in postfire studies, were of similar or greater relative importance compared to changes in infiltration capacity at
two of the three sites. Perhaps not surprisingly given links between grain size and hydraulic roughness, the Pinal
and Fish Fires sites where changes in hydraulic roughness were more important are also sites where changes in
D, were relatively substantial (Figure 8). Results highlight the importance of considering changes in vegetation,
roughness, and grain size in addition to infiltration capacity to understand how debris flow potential changes
following fire.

The magnitude of the threshold, which is set by the combination of many factors including topography, may also
play a role in determining the relative importance of different fire-induced changes on debris-flow potential. Dif-
ferences in the effect of vegetation recovery on thresholds among our sites, for example, may reflect interactions
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between rainfall intensity and canopy interception. A high intensity rainstorm may quickly saturate the canopy
storage capacity, making the impact of canopy interception on runoff production negligible during the majority
of the rainstorm. However, during a lower intensity rainstorm of the same duration, the canopy may intercept and
store a greater proportion of the total rainfall. Since thresholds are lowest at the Fish Fire site, this effect may help
explain why canopy interception is of greater relative importance when determining thresholds at that site relative
to the Pinal and Buzzard Fire sites. This suggests a potential link between the mechanisms that lead to changes in
debris flow potential and the climatology of intense rainfall within that region.

The large range of thresholds (gray bars in Figure 7) represents uncertainty in hydraulic roughness, soil hydraulic
properties, and D, grain size. In particular, Dy, grain size can have a large impact on thresholds and is difficult
to constrain due to limited opportunities for sampling. Sampling opportunities are limited by the small number
of observed debris flows in latter years and by the tendency for flood flows to partially erode through and redis-
tribute sediment on debris flow deposits. Additional constraints on how the grain-size distribution of debris flow
source sediment changes over multiple years of recovery following a fire would benefit our understanding of how
debris flow potential changes with time since fire. More generally, changes in overall sediment supply could also
play a role. Although we did not quantify sediment supply in this study, the observation of debris flows in year
two and beyond at the Buzzard and Pinal Fires indicates that there was enough sediment available in years two
and beyond to initiate debris flows if rainstorms were sufficiently intense.

5.2.2. Comparison of Modeled Thresholds to Debris-Flow Observations

Observations of rainfall intensities that triggered debris flows are generally consistent with model-derived es-
timates of debris-flow initiation thresholds. At the Buzzard Fire, all but one of the observed debris flows were
triggered by rainfall with an I, within or above the range of the model thresholds. In the first year following the
fire, the modeled rainfall ID threshold ranged from 20 to 50 mm/hr, and one debris flow was triggered by an I
of 16 mm/hr (McGuire & Youberg, 2020). At both the Pinal and Fish Fires, all debris flows were triggered by
rainfall with an I, within or above the range of the model thresholds.

The site-specific, empirical threshold for debris-flow initiation in the first year following the Buzzard Fire
(I, = 42 mm/hr), which was derived by McGuire and Youberg (2020) based on observations of debris-flow oc-
currence and the corresponding rainfall intensity, is within the range of our numerical model-estimated thresholds
for year one (20-50 mm/hr). The empirical threshold for the Pinal Fire (I, = 56 mm/hr) (Raymond et al., 2020)
is greater than the upper limit of the numerical model thresholds for year one (I, = 40 mm/hr). The same is true
for the Fish Fire where the empirical threshold for the SGM is I,; = 19 mm/hr (Staley et al., 2013); and the up-
per limit of the numerical model-estimated thresholds for year one at the Fish Fire is I, = 5 mm/hr. One reason
why modeled thresholds may be low relative to empirical thresholds at the Pinal and Fish Fire sites is that the
model analyses are performed on a single watershed at each site and assume the entire watershed is burned at
moderate or high SBS while empirical thresholds are derived from data from numerous watersheds with more
complex SBS patterns. The latter assumption was made since areas burned at moderate and high SBS are more
likely to produce debris flows, therefore posing a greater threat to downstream communities and because field
measurements of vegetation and soil hydraulic properties were made in moderate to high SBS areas. Wildfires,
however, often create a mosaic of SBS and there may be moderate/high SBS, low SBS, and unburned patches
within a single watershed. Since hydrologic and geomorphic impacts of fire often scale with SBS (e.g., Moody
et al., 2015), we expect the ID threshold to be greater in watersheds where some portion of drainage area was
burned at low SBS. Empirical thresholds are also based on data collected during rainstorms with a wide range
of durations and total rainfall depths (even for the same or similar peak I,;), whereas we estimate ID thresholds
using a design storm with a fixed duration.

The reduction in debris-flow occurrence at each site following the first year of recovery is due to a combination
of higher rainfall ID thresholds for debris-flow initiation and temporal variability in rainfall intensities that are
above the initiation thresholds at our sites (Figure 7). For example, the most intense rainstorm (I, = 34 mm/hr)
during year three at the Buzzard Fire had less than a one-year RI, whereas there were several instances in postfire
year one where rainstorms had greater than a one-year RI. The lack of debris flows during year three at the Buz-
zard Fire may therefore be attributed to landscape recovery that increased the debris-flow initiation threshold as
well as a general lack of intense rainfall. The relatively small number of debris-flow occurrences beyond year one
at all three sites highlights the difficulties of using empirical methods to determine rainfall ID thresholds beyond
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the first year of postfire recovery. It also illustrates the utility of the modeling approach employed here, which can
generate estimates of ID thresholds even in the absence of observed debris flows.

5.3. Implications for Postfire Hazards

Modeling indicates that the RI of rainstorms capable of triggering debris flows varied substantially from site to
site and with time since the wildfire. Thresholds tended to be lower at the Fish Fire relative to the Pinal and Buz-
zard Fires. The one-year RI rainstorm has the lowest I at the Fish Fire and is greater at the Pinal and Buzzard
Fires, suggesting a potential link between the climatology of intense rainfall and thresholds for postfire debris
flows (e.g., Cavagnaro et al., 2020). The change in thresholds from year one to two was greater than the change in
threshold among subsequent years at each of our three sites, indicating that the greatest reduction in debris flow
likelihood takes place between year one and two. A one-year RI rainstorm was sufficient to initiate debris flows
at each site immediately following fire, despite substantial differences in the magnitude of the thresholds from
site to site. This is consistent with findings from Staley et al. (2020), who found that postfire debris flows were
generally associated with one year or less RI rainfall in the southwestern United States the first year following a
fire. In the second year following the fire, modeling suggests that a 5- to 10-year RI rainstorm was needed to gen-
erate debris flows at each site. By the third year after a fire, 5- to 10-year RI rainstorms may still be sufficient to
generate debris flows at two of our sites, while a roughly 25-year RI storm would be needed at the third site. The
reduction in debris flow potential by year three was notably lower at our three sites than that found by Ebel (2020)
in the Colorado Front Range, who inferred that after three years of recovery, rainfall events with recurrence inter-
vals for I ; and L, ranging from 30 to 100 years were required to produce infiltration-excess runoff.

Importantly, not a single aspect of postfire landscape change controls a reduction in debris flow potential for all
sites. Recovery of different attributes of the landscape were the primary factor in changing thresholds at each site.
The largest impact on thresholds at the Buzzard, Pinal, and Fish Fires were changes to soil infiltration capacity,
D, grain size, and canopy interception, respectively. These findings illustrate the degree to which recovery
trajectories may vary among burned areas in different environments and highlight the need to consider site- or
ecoregion-specific approaches when assessing postfire hydrologic recovery and temporal changes in debris flow
hazards. While recovery of soil hydraulic properties and water repellency are often emphasized in recovering
burned areas, we found that hydraulic roughness and canopy interception consistently increased with time at all
three sites while the same was not always true of parameters governing soil infiltration capacity. Further research
is needed in a greater variety of environments across climatic, lithologic, and ecosystem gradients to understand
how and why rainfall ID thresholds for debris-flow initiation change throughout the period of recovery. Addition-
ally, as temporal changes in soil, vegetation, roughness, and grain size likely depend on the frequency and inten-
sity of postfire rainfall, further studies of sites similar to the three presented here would illuminate the potential
variability in recovery trajectories in similar sites.

6. Conclusion

This work quantifies how rainfall ID thresholds for debris-flow initiation change with time since burning and
provides a mechanistic explanation for those changes. During the first season of rainfall following wildfire, the
rainfall ID threshold at each site was below the one-year RI rainstorm. By the end of the monitoring period, the
rainfall ID threshold was between a 10 and 25-year RI storm at each site. We used a model to quantify differences
in the effect of temporal changes in several landscape characteristics (i.e., soil infiltration capacity, canopy inter-
ception, hydraulic roughness, and D, grain size) on rainfall ID thresholds for debris-flow initiation. We were not
able to identify a single aspect of postfire recovery that controls the reduction in debris flow potential for all sites,
indicating that changes in soil infiltration capacity, canopy interception, hydraulic roughness, and D, grain size
can all play a role in decreasing runoff generation and debris flow potential in recovering burned areas. Temporal
changes in soil infiltration capacity, D, grain size, and canopy interception were the primary factors leading to
increases in debris-flow initiation thresholds at the Buzzard Fire, Pinal Fire, and Fish Fire, respectively. Results
from this study improve our ability to assess temporal changes in postfire debris flow potential and provide addi-
tional constraints on the timescale for recovery following wildfire.
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