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Abstract. Moderate- or high-severity fires promote increases
in runoff and erosion, leading to a greater likelihood of
extreme geomorphic responses, including debris flows. In
the first several years following fire, the majority of debris
flows initiate when runoff rapidly entrains sediment on steep
slopes. From a hazard perspective, it is important to be able to
anticipate when and where watershed responses will be dom-
inated by debris flows rather than flood flows. Rainfall inten-
sity averaged over a 15 min duration, /15, in particular, has
been identified as a key predictor of debris flow likelihood.
Developing effective warning systems and predictive mod-
els for post-fire debris flow hazards therefore relies on high-
temporal resolution rainfall data at the time debris flows ini-
tiate. In this study, we documented the geomorphic response
of a series of watersheds following a wildfire in western New
Mexico, USA, with an emphasis on constraining debris flow
timing within rainstorms to better characterize debris-flow-
triggering rainfall intensities. We estimated temporal changes
in soil hydraulic properties and ground cover in areas burned
at different severities over > 2 years to offer explanations for
observed differences in spatial and temporal patterns in de-
bris flow activity. We observed 16 debris flows, all of which
initiated during the first several months following the fire.
The average recurrence interval of the debris-flow-triggering
I15 is 1.3 years, which highlights the susceptibility of re-
cently burned watersheds to runoff-generated debris flows in
this region. All but one of the debris flows initiated in water-

sheds burned primarily at moderate or high soil burn severity.
Since soil hydraulic properties appeared to be relatively re-
silient to burning, we attribute reduced debris flow activity at
later times to decreases in the fraction of bare ground. Re-
sults provide additional constraints on the rainfall character-
istics that promote post-fire debris flow initiation in a region
where fire size and severity have been increasing.

1 Introduction

Changes to canopy and ground cover, soil hydraulic proper-
ties, and soil erodibility following fire can promote order-of-
magnitude increases in runoff and sediment yield relative to
similar unburned areas (Robichaud et al., 2016). As a con-
sequence, burned watersheds are more susceptible to debris
flows (Wells, 1987; Kean et al., 2011). Post-fire debris flows
(PFDFs) often initiate in the first several years following fire
when runoff rapidly entrains sediment (DeGraff et al., 2015;
Parise and Cannon, 2012; Graber et al., 2023). PFDFs that
initiate from surface water runoff have been documented in
arange of geographic and climate regions (Wall et al., 2020;
Nyman et al., 2011; Gabet and Bookter, 2008; Larsen et al.,
2006; Raymond et al., 2020; Kean et al., 2011; McGuire
et al., 2021; Esposito et al., 2023; Garcia-Ruiz et al., 2013;
Diakakis et al., 2023; Conedera et al., 2003). Debris flows
pose a hazard to people and infrastructure downstream of
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burned areas (Kean et al., 2019; Lancaster et al., 2021) and
may also impact water quality (Langhans et al., 2016) and
fish habitat (Smith et al., 2021). As the western USA, aregion
susceptible to PFDF hazards (Staley et al., 2020), experi-
ences increases in both area burned (Holden et al., 2018) and
the frequency of extreme precipitation (Kirchmeier-Young
and Zhang, 2020), improving our ability to identify when and
where debris flows are most likely to initiate within burned
areas will help to better assess hazards and prioritize mitiga-
tion efforts.

One component of PFDF hazard assessments includes
identifying watersheds that are most susceptible to debris
flows (Tillery and Matherne, 2012). It is important to identify
watersheds that are susceptible to debris flows since the high
sediment concentrations and peak discharges associated with
debris flows may require additional or different strategies rel-
ative to those used to mitigate negative effects of flood flows.
The high sediment concentration in debris flows changes
their flow behavior, resulting in coarse-grained flow fronts
with peak discharges and flow depths that can exceed those
expected from water-dominated flows (Kean et al., 2016).
Empirical models designed to predict PFDF likelihood based
on the physiographic characteristics of a burned watershed
illustrate that likelihood increases with metrics related to
soil burn severity, watershed steepness, and rainfall intensity
(Cannon et al., 2010; Staley et al., 2017). Rainfall intensities
averaged over relatively short durations (i.e., <30 min) are
the best predictors of PFDF response (Staley et al., 2013).
Soil burn severity is relevant since the impacts of fire on veg-
etation; ground cover; and soil properties, particularly soil
erodibility (Vieira et al., 2015), are often most accentuated
in areas burned at moderate or high severity. Such impacts
may include reductions in canopy interception (Stoof et al.,
2012), water storage in litter and duff layers (Robichaud
et al., 2016), surface roughness (Stoof et al., 2015), soil infil-
tration capacity (Ebel and Martin, 2017), and critical thresh-
olds for sediment entrainment (Moody et al., 2005). Areas
burned at moderate or high severity are therefore particularly
susceptible to infiltration-excess overland flow during short-
duration, high-intensity bursts of rainfall, which can lead to
extreme erosion and debris flow responses. Post-fire obser-
vations that identify which watersheds produce PFDFs are
critical for improving conceptual and empirical models for
PFDF likelihood.

In addition to identifying watersheds that are susceptible
to debris flows, an additional element of many PFDF hazard
assessments involves estimating the rainfall characteristics
likely to produce debris flows (Staley et al., 2017). Rainfall
intensity—duration (ID) thresholds, which have traditionally
been defined regionally based on inventories of rainstorms
that have produced debris flows, are a practical and reli-
able approach for determining the rainstorms likely to pro-
duce PFDFs (Cannon et al., 2008; Staley et al., 2013; Ray-
mond et al., 2020; Esposito et al., 2023; McGuire and You-
berg, 2020). The empirical models developed by Staley et al.
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(2017) using data from the western USA can also be used
to define a watershed-specific rainfall ID threshold based on
soil, terrain, and burn severity characteristics. Regardless of
the methodology used to define a rainfall ID threshold, a key
source of uncertainty involves the unknown timing of debris
flows within rainstorms and the implications for determining
debris-flow-triggering rainfall intensities. Debris flows may
initiate in response to rainfall intensities that are substan-
tially lower than the peak rainfall intensity observed during a
rainstorm (Staley et al., 2013; Raymond et al., 2020). How-
ever, in lieu of real-time measurements that constrain the tim-
ing of debris flows within a storm, a common assumption is
that the rainfall intensity associated with debris flow initia-
tion is equal to the most intense rainfall observed during the
debris-flow-producing storm. Developing rainfall ID thresh-
olds assuming that peak rainstorm intensity and debris-flow-
triggering intensities are equal can result in overestimates of
ID thresholds (Raymond et al., 2020), which could lead to
an increase in false negatives (i.e., rainfall remains below the
threshold, but a debris flow is observed). Observations that
constrain the timing of PFDFs within rainstorms are there-
fore especially valuable for improving estimates of the rain-
fall intensities and durations required to produce debris flow
responses.

Past work demonstrates a number of similarities in the
factors that promote PFDF initiation across geographic and
climate regions, including the importance of rainfall inten-
sity over durations of less than 30min (Raymond et al.,
2020; Friedman and Santi, 2019; Kean et al., 2011; Staley
et al., 2013; Esposito et al., 2023; McGuire et al., 2021)
and presence of steep slopes burned at moderate or high
soil burn severity (Cannon et al., 2010; Staley et al., 2017),
but it also highlights key differences. Site-specific fire im-
pacts, in combination with local terrain properties and rain-
fall climatology, modulate a recently burned landscapes’ re-
sponse to rainfall, with implications for debris flow initiation.
For example, dry ravel is an important driver of PFDFs in
the Transverse Ranges of southern California (DiBiase and
Lamb, 2020) but is generally absent in burned sites that pro-
duce debris flows in Arizona (Raymond et al., 2020) and
New Mexico (McGuire and Youberg, 2020). Following wild-
fire in the San Gabriel Mountains, dry ravel transports sed-
iment stored in dams behind vegetation on steep hillslopes
down into the channel network where it provides a relatively
fine and cohesionless source of sediment for debris flows
(Florsheim et al., 1991; Lamb et al., 2011; Palucis et al.,
2021; DiBiase and Lamb, 2020). PFDFs in the Transverse
Ranges are often associated with cool-season precipitation,
especially short-duration (<30 min) bursts of intense rain-
fall that accompany longer-duration atmospheric-river events
(Oakley et al., 2017). In contrast to sites where dry ravel
plays a substantial role, McGuire and Youberg (2020) doc-
umented 24 debris flows following a fire in the Tularosa
Mountains of western New Mexico, where dry ravel was not
observed and sediment was eroded primarily from cohesive
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soils and colluvium stored in unchannelized valley bottoms
during short-duration, convective rainstorms associated with
the North American monsoon. Given the increases observed
in the number and severity of fires in New Mexico (Singleton
et al., 2019), efforts to quantify the characteristics of debris-
flow-triggering rainfall in this region and explore differences
and similarities with other regions of the southwestern USA
would provide valuable decision-support science.

Similarly, there are complex and site-specific relationships
between soil burn severity and the vegetation, ground cover,
and soil properties known to affect PFDF initiation pro-
cesses. While soil water repellency has received substantial
attention for its potential to increase runoff, sediment yield,
and debris flow activity following fire (e.g., Scott and van
Wyk, 1990; Wells, 1987), increases in runoff and debris flow
activity also occur in areas burned at moderate to high sever-
ity despite increases in soil infiltration capacity relative to
nearby unburned soils (Raymond et al., 2020). In other cases,
a combination of fire-induced changes have been implicated
in contributing to increased debris flow susceptibility in ar-
eas burned at moderate to high severity, including reduc-
tions in interception, hydraulic roughness, infiltration capac-
ity, and soil cohesion (McGuire and Youberg, 2020; McGuire
et al., 2021; Peduto et al., 2022). Although the fire-related
impacts that are most important are site specific, identifying
fire-related impacts that most commonly increase debris flow
activity supports the production of more generalizable mod-
els to assess post-fire debris flow hazards. Pairing post-fire
debris flow observations with measurements of fire-related
impacts in areas burned at different severities could help to
identify the fire-related impacts that play the most important
roles in promoting debris flow activity.

In addition to varying spatially with soil burn severity, the
effects of fire on soil and vegetation change with time since
fire, which in turn influences runoff and sediment transport
processes, including debris flow potential (Ebel, 2020; Hoch
et al., 2021; Thomas et al., 2021). The potential for PFDFs
generated by runoff is greatest immediately following fire,
yet effects of fire on soil hydraulic properties and vegeta-
tion may persist and continue to modify debris flow potential
for years (Ebel and Martin, 2017; Hoch et al., 2021; Thomas
etal., 2021). DeGraff et al. (2015) analyzed a database of 75
PFDFs throughout the western USA to determine that 71 %
of PFDFs occurred within the first 6 months following fire
and 85 % within 12 months. While the decrease in debris
flow observations after more than 1 year of recovery is en-
couraging from a hazard perspective, it also means that there
is a general paucity of data available for developing empirical
models for PFDF likelihood throughout the recovery period.
Monitoring efforts that extend beyond the first year follow-
ing fire will lead to better constraints on changes in rainfall
ID thresholds for PFDFs over time and will support the de-
velopment of data-driven models for PFDF likelihood that
extend through the window of disturbance following fire.
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In this study, we take advantage of a natural experiment
set up by the 2020 Tadpole Fire, which burned over steep
terrain in western New Mexico, to investigate PFDF pro-
cesses. The main objectives of this study were to (1) mon-
itor a series of burned watersheds to assess spatial variations
in debris flow activity and the temporal persistence of de-
bris flow activity during the first three monsoon seasons (ap-
proximately 2.5 years) following the fire, (2) quantify dif-
ferences in soil hydraulic properties and ground cover over
time in areas with different soil burn severity to help explain
observed differences in the spatial and temporal distribution
of debris flows, and (3) constrain the timing of debris flows
within rainstorms to quantify rainfall thresholds for debris
flow initiation and examine rainfall characteristics of debris-
flow-producing storms. An overarching goal of this work is
to provide data and process insights to improve situational
awareness of PFDF hazards, particularly in the southwest-
ern USA. More broadly, data collected as part of this study
add to a growing set of PFDF observations from around the
world that can inform data-driven models designed to as-
sess the potential for PFDFs (Kern et al., 2017; Staley et al.,
2017; Nikolopoulos et al., 2018; Diakakis et al., 2023; Ny-
man et al., 2015).

2 Study area

The Tadpole Fire burned over 40 km? in the Gila National
Forest in June 2020 before being contained in July 2020
(Fig. 1). Vegetation is dominated by ponderosa pine (Pi-
nus ponderosa), and the area is underlain by tertiary-aged
volcanic rocks (Scholle, 2003). Dominant soil types in-
clude Mollisols, Inceptisols, and Alfisols, and the soil tex-
ture is classified as a loam (43 % sand, 45 % silt, 12 % clay)
(Rengers et al., 2023). Rainfall at the site occurs primarily
during the summer, as part of the North American mon-
soon, as well as during the winter months. Summer rain-
storms during monsoon season are characterized by rela-
tively short durations and high intensities, whereas rain-
storms during the winter months tend to have greater dura-
tions and lower peak intensities over a short (< 60 min) dura-
tion. Peak 15 min rainfall intensities with recurrence intervals
of 1 and 10 years correspond to storms of 50 and 99 mmh~!,
respectively (Bonnin et al., 2011).

Bedrock-dominated channels drain portions of the steep,
upper watersheds before transitioning to more moderately
sloping valleys, which lacked incised channels or gullies and
had limited bedrock exposure (Fig. 2). Soil burn severity,
which was assessed following the fire by the Burned Area
Emergency Response (BAER) team, was spatially variable
across the study area. The upper, steep slopes of watersheds
in our monitoring area generally burned at a higher sever-
ity relative to those at lower elevations. Soil burn severity
classifications of low, moderate, and high are determined for
different portions of the landscape based on a combination of
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Figure 1. The 2020 Tadpole Fire burned in southwestern New Mexico, USA. Monitored watersheds are outlined in black. Intensively
monitored watersheds are labeled from A—E from east to west, and other monitored watersheds are labeled from 1-12 from east to west. Soil
burn severity (SBS) varied throughout the study area. SBS was assessed by the Burned Area Emergency Response team using methods that
rely on both field observations and the differenced normalized burn ratio (Parsons et al., 2010).

Figure 2. Examples of (a) the unchannelized valley bottoms that drained the lower portions of many watersheds prior to post-fire rainfall and
(b) a gully incised during post-fire rainstorms of the 2020 monsoon season. (¢) A minidisk tension infiltrometer set up for a measurement
at the mineral soil surface in an area with low soil burn severity. Note abundant needle cast and green canopy on trees in the background.
(d) Canopy and ground cover were negligible shortly following the fire in July 2020 at the location of the moderate-/high-severity vegetation
transect. (€¢) Understory canopy and litter cover substantially limited the fraction of bare ground at the moderate-/high-severity transect by
September 2022. (f) Example of a debris flow deposit immediately upstream of Forest Road 3131A.
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field assessments and satellite-derived products, specifically
the differenced normalized burn ratio (ANBR) (Key and Ben-
son, 2006). A dANBR map was created using satellite images
from before and after the fire (Miller and Thode, 2007). The
dNBR thresholds for low, moderate, and high soil burn sever-
ity are then determined based on a field-based assessment of
the effects of the fire on the soil in different locations (Par-
sons et al., 2010). The classified soil burn severity map was
then created based on these thresholds. In July 2020, less than
a month after the fire, we observed that canopy and ground
cover were negligible in areas burned at moderate or high soil
burn severity, whereas canopy and ground cover, including a
substantial number of charred pine needles, were present to
varying degrees in areas burned at low severity (Fig. 2).

3 Methodology

Within 1 month, and prior to any measurable rainfall, follow-
ing the start of the Tadpole Fire on 6 June 2020, we began
monitoring debris flow activity and established sites within
the burned area where we repeatedly made measurements
to quantify soil hydraulic properties, ground cover, and un-
derstory canopy cover (Fig. 1). The monitoring period for
this study extended from June 2020 through October 2022.
During the first post-fire monsoon season, we monitored de-
bris flow activity in 17 watersheds, all of which drain to the
northeast from Tadpole Ridge and have elevations that range
from approximately 2300 to 2600 m (Fig. 1). However, due
to time and resource constraints after the first monsoon sea-
son ended in September 2020, subsequent flow-monitoring
efforts throughout the remaining > 2-year monitoring period
focused on five intensively monitored watersheds (Fig. 1).

The four easternmost of these five watersheds, referred to
as watersheds A—D, drain down towards Forest Road 3131A,
a dirt road that runs roughly perpendicular to the direction
of flow (Fig. 3). Flows exiting watershed E similarly drain
towards Sheep Corral Road. Sheep Corral Road also inter-
sects the channels that drain watersheds A-D roughly 500 m
downstream of Forest Road 3131A. These roads provided ac-
cess to the study area and often promoted deposition of de-
bris flow sediment. In Sect. 3.1, we describe methodologies
related to field measurements and flow monitoring, including
estimating ground cover and infiltration capacity, monitoring
rainfall and flow activity, and analyzing rainfall characteris-
tics. In Sect. 3.2, we describe modeling methodologies used
to assess debris flow likelihood and temporal variations in
runoff generation as a function of time since fire.

3.1 Field measurements and flow monitoring
3.1.1 Ground cover and infiltration measurements

We monitored changes in ground cover and understory
canopy cover along two hillslope transects using the line-
point intercept method (Crocker and Tiver, 1948) to explore
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how temporal changes in ground cover affect debris flow ac-
tivity (objectives 1 and 2). One transect was located in an
area burned at moderate/high severity, while the other was
located in an area burned at low severity (Fig. 1). Both tran-
sects were 20 m in length, and we made measurements at
20 cm intervals to determine the presence of canopy, litter,
soil, or rock. Here, canopy refers only to standing vegetation
from the ground surface to eye level and therefore does not
quantify canopy that remained on mature trees in the low-
burn-severity area (Fig. 2). We characterized all loose plant
material (i.e., not connected to standing vegetation) on the
soil surface as litter, including charred needles and woody
debris. Any clasts at or embedded within the soil surface that
had a diameter greater than 5 mm were classified as rocks.
At each measurement location (i.e., every 20 cm along the
transect), we recorded whether there was understory canopy
cover, litter, soil, or rock. It is possible for a measurement
to indicate the presence of understory canopy, litter, and ei-
ther soil or rock. In other words, if understory canopy was
present, we still assessed the presence or absence of litter,
soil, and rock underneath the canopy. If both canopy and lit-
ter were present, we continued to determine the presence of
either soil or rock. The percentage of total ground cover was
determined based on the number of first hits that were clas-
sified as either canopy or litter, while bare ground consisted
of all measurements where the first hit was soil or rock. We
adopted this definition of total ground cover since it reflects
the percentage of the ground surface that would be exposed
to direct raindrop impact. Exposure of bare ground may af-
fect processes such as raindrop-induced sediment transport
and surface soil sealing that are influential in recently burned
areas (Larsen et al., 2009). We conducted ground cover sur-
veys on 6 July 2020, 11 May 2021, and 30 September 2022.
Soil hydraulic properties vary spatially, due to variations
in soil burn severity and material properties, and temporally
as the landscape recovers (Moody et al., 2016; Ebel et al.,
2022). Therefore, in support of objective 2, we periodically
conducted in situ infiltration measurements over > 2 years
using minidisk tension infiltrometers in areas burned at mod-
erate/high severity and low severity as well as a nearby un-
burned area (Fig. 2c). We made measurements shortly fol-
lowing the fire in areas burned at moderate/high severity
(July 2020) and low severity (August 2020) and assessed
changes over time by also making measurements in both
severity classes in May 2021, May 2022, and September
2022. Measurements were performed at arbitrary locations
within the study area in 2020 and were then co-located with
the vegetation transects in subsequent visits. Measurements
made alongside the vegetation transects were spaced at least
1 m apart. The number of measurements for a given group
(i.e., in an area burned at a given severity at a particular
time) varied from a minimum of 6 to a maximum of 20. All
measurements were made at the surface of mineral soil, after
brushing aside any ash or litter, with 1 cm of suction.
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Figure 3. The five intensively monitored watersheds, referred to as watersheds A—E, drain to the northeast off Tadpole Ridge towards Forest
Road 3131A and Sheep Corral Road. During debris-flow-producing storms, sediment is often deposited where the channels intersect these

roads (yellow squares).

Measurements resulted in a record of cumulative water
volume infiltrated, I, as a function of time, r. We used this
time series, following the methodology of Zhang (1997),
to estimate field-saturated hydraulic conductivity, Kgg, and
sorptivity, S. In particular, Zhang (1997) demonstrated that

[ = C Vit + Cot, (1)

where C1 = A;S and C» = A»K¢s and A1 =1.21 and Ay =
5.72 are empirical coefficients that depend on soil texture.
The values for A; and A; used here are consistent with the
soil texture at our site, which is classified as a loam. There-
fore, Kts and S can be estimated by fitting a curve to Eq. (1).
In addition, we used estimates of K¢ and S to determine the
wetting front potential, A, according to (Ebel and Moody,
2017)

SZ

hf= ——.
2Kfs(95 - er)

@)

The wetting front potential is a parameter in the Green—
Ampt infiltration model, which is commonly used in post-
fire hydrologic models (Ebel, 2020; McGuire et al., 2016;
Rengers et al., 2016, 2019). In the above equation, 65 = 0.43
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denotes the soil moisture at saturation for a loam soil and we
let the residual soil water content, 6, = 0.078, serve as an ap-
proximation for the initial soil moisture (Carsel and Parrish,
1988).

Vandervaere et al. (2000) suggested three different curve-
fitting techniques to estimate K¢ and S, all three of which we
employ here. The first technique, the cumulative infiltration
(CI) method, relies on fitting a quadratic function to

Y =Ci1 X+ CX2, 3)

where Y = I and X = +/7. The cumulative linearization (CL)
method is accomplished by dividing Eq. (2) by /7 and fitting
a line to the resulting relationship,

Y=Ci+ (X, 4

where Y =1/4/t and X = ./t. Lastly, the differentiated-
linearization (DL) method requires fitting a line to

Y=C +CX, (5)

where Y =dI/d+/t and X = \/t. We found, in agreement
with Vandervaere et al. (2000), that the DL and CL meth-
ods help to identify measurements where infiltration does not
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meet the assumptions of the Zhang (1997) model. For exam-
ple, in some cases, we observed nonlinear or piecewise linear
trends when plotting Egs. (3) and (4), in which case fitting a
line to these data would result in erroneous estimates for K
and S. This could result from a multilayer infiltration system
where there is a thin water-repellent layer near the surface
and a more wettable layer below. In these cases, we did not
use the measurement to estimate Kg; and S. Otherwise, we
took the average of the three Ky values and the three S val-
ues resulting from the three curve-fitting techniques to arrive
at a single estimate for K¢; and S for each measurement.

In the first summer following the fire, we additionally as-
sessed soil water repellency at the surface of mineral soil
and 2 cm below the surface using the water drop penetration
time (WDPT) test. We conducted tests at eight different loca-
tions, six in areas burned at moderate or high severity and two
burned at low severity. Three water drops were placed on the
soil surface in each of the eight locations, roughly 10-20 cm
apart, after removing any ash or litter. We recorded the time
for each drop to be absorbed and then classified water repel-
lency into one of four classes. Water drop penetration times
of <5, 5-60, 60-180, and > 180 s were associated with no,
slight, moderate, and extreme water repellency, respectively
(Robichaud and Hungerford, 2000).

3.1.2 Rainfall and flow monitoring

We installed equipment to quantify flow timing, flow type
(i.e., debris flow, flood), and rainfall intensity to determine
the rainfall characteristics associated with debris flow initia-
tion in five intensively monitored watersheds during the first
three monsoon seasons following the fire (objectives 1 and 3)
(Figs. 1 and 3). We also made observations to determine the
presence/absence of debris flow activity in 12 additional wa-
tersheds during the first post-fire monsoon season but did not
attempt to constrain flow timing in these instances (Fig. 1).
Two tipping bucket rain gages recorded rainfall accumulation
over time in increments of 0.2 mm (Fig. 1). We installed non-
vented pressure transducers near the outlets of watersheds B—
E, which provided information about flow type and timing
(Figs. 1 and 3). We installed the pressure transducers by re-
cessing them into a hole drilled into the bedrock channel.
Two geophones (single-component, Geospace GS-11) mon-
itored flow in watershed A by recording at a rate of 50 Hz
(Fig. 1). Interpretation of geophone and pressure transducer
data, described below, was aided by photos from time lapse
cameras installed near several watershed outlets (Fig. 1). The
cameras captured photos on time intervals ranging from 3—
60 min depending on battery life, memory capacity, and ex-
pected timing of subsequent visits to service equipment. The
equipment was installed in early July 2020 prior to any post-
fire rainstorms. Data were not telemetered but were periodi-
cally downloaded on site.

The two geophones in watershed A were installed out-
side of the channel, roughly 15 m from the channel thalweg,
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and were separated by approximately 18 m (Rengers et al.,
2023). Geophone data were filtered between 5 and 20 Hz, and
the instrument response was removed, converting the signal
to ground velocity. Data are displayed as signal power and
short-time Fourier transforms calculated using a 5 s moving
window. Seismic data help determine flow type, especially
when paired with cameras and frequent field observations,
since debris flows produce intense ground vibrations rela-
tive to floods (McGuire et al., 2018; Kean et al., 2015). De-
bris flow activity is also generally characterized by an abrupt
increase in signal power, over a wide range of frequencies,
that tapers off gradually (Porter et al., 2021). We used these
characteristic features of the signal to estimate, to the nearest
minute, the time that debris flows passed by the geophones.

The non-vented pressure transducers recorded variations
in pressure on 1 min intervals. Pressure can change due to
variations in atmospheric pressure, depth of flow in the chan-
nel, and changes in sediment thickness on top of the sen-
sor due to deposition or erosion. Data from these sensors are
therefore not ideal for obtaining absolute estimates of flow
depth, but they provide an effective and low-cost method to
determine flow timing and flow type during rainstorms, espe-
cially when paired with post-event field observations (Kean
et al., 2012). A rapid increase and subsequent decrease in
pressure over a short time is typically observed during the
passage of a debris flow, whereas the temporal variations in
pressure associated with a flood are characterized by a more
gradual increase and then decrease in pressure. We therefore
used the time series of pressure to identify the time at which
debris flows exited the monitored watersheds. Given the rel-
atively small size of the watersheds (< 1km2) and location
of the pressure transducers within hundreds of meters of the
ridgeline, we estimate that the time difference between de-
bris flow initiation and the debris flow passing by a pressure
transducer or geophone is limited to several minutes. A de-
bris flow could travel a distance of 500 m from an initiation
location to a pressure transducer in less than 2 min assum-
ing an average velocity of 5ms~!. In addition to utilizing the
pressure transducer and geophone data to assess the flow type
and timing, we also field-verified the occurrence of a debris
flows by making post-event observations of deposit morphol-
ogy within and downstream of the monitored watersheds, as
described in more detail below.

3.1.3 Rainfall intensity, recurrence, and temporal
variability

To assess rainfall characteristics, we computed rainfall inten-
sities over durations ranging from 5 to 60 min. More specifi-
cally, we defined

R —R(t—D
In(t) = % ©)

as the average rainfall intensity over D minutes. We com-
puted Ip at intervals of 1 min throughout each rainstorm. Al-
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though Ip will vary throughout a rainstorm, it has proven
useful to summarize rainfall characteristics using the peak
value of Ip for the development of rainfall intensity—
duration thresholds for debris flow initiation. Past studies
have demonstrated that /j5 is a particularly useful metric
for assessing debris flow likelihood during a post-fire rain-
storm (Staley et al., 2013), possibly because the debris flows
are frequently generated by runoff and runoff is correlated
well with rainfall averaged over a 15 min duration in small,
steep, recently burned watersheds (Kean et al., 2011; Ray-
mond et al., 2020). In cases where we could constrain the
timing of debris flows within rainstorms using the pressure
time series and geophone data, we estimated the rainfall in-
tensity responsible for triggering the debris flow (i.e., trigger-
ing intensity) by finding the peak value of Ip within a 15 min
time window prior to the detection of the debris flow at the
pressure sensor for values of D of 5, 10, 15, 30, and 60 min
(e.g., McGuire and Youberg, 2020). For example, the trigger-
ing Is would be equal to the maximum value of /s between
t* and t* — 15, where t* denotes the number of minutes fol-
lowing the start of the rainstorm when the debris flow was
detected at the watershed outlet.

The steep, upper slopes of all 17 monitored watersheds,
which is where debris flows are most likely to initiate, were
all located within approximately 2 km of both rain gages. We
used the rain gage closest to each watershed to determine
rainfall characteristics associated with events (i.e., a debris
flow) at that watershed. During the second and third mon-
soon seasons, in 2021 and 2022, respectively, the rain gage
in watershed D was knocked down, likely by an animal, at
an unknown time. Therefore, we only utilized data from the
rain gage in watershed A during those two time periods. Rain
gages were only maintained from late spring to early fall to
capture data during the monsoon season when debris flows
were likely to initiate and when precipitation occurred en-
tirely as rainfall.

We computed the recurrence interval of all rainfall inten-
sities that produced debris flows, focusing on average in-
tensity over a 15 min duration given its particular relevance
for PFDFs in this region (Kean et al., 2011; Staley et al.,
2013; Raymond et al., 2020). Following the methodology
from Staley et al. (2020), we determined recurrence inter-
vals for observed rainfall intensities by fitting a curve to the
1-, 2-, 5-, 10-, 25-, 50-, and 100-year recurrence interval in-
tensities as determined by NOAA Atlas 14 (Bonnin et al.,
2011). To further analyze rainfall at our study site, we exam-
ined the temporal distribution of rainfall within storms using
the standardized rainfall profile (SRP) approach described
by Huff (1967) and recently applied to the study of PFDFs
by Esposito et al. (2023). The SRPs represent the cumula-
tive fraction of storm rainfall as a function of the fraction of
storm duration, allowing for a rapid visual assessment of the
temporal distribution of rainfall within a storm (Fig. S1 in
the Supplement). Convective storms tend to be characterized
by SRPs that lie above the 1-1 line, whereas frontal storms
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often have SRPs that lie below the 1-1 line (Esposito et al.,
2023). We further classified rainstorms based on the quartile
of storm duration that contains the highest cumulative rain-
fall total. Storms where more rainfall occurred during the first
quartile of the storm duration were classified as Q1 storms,
while those with more rainfall during the second, third, or
fourth quartile of the storm duration were classified as Q2,
Q3, and Q4 storms, respectively (Huff, 1967).

3.1.4 Intensity—duration thresholds

Rainfall intensity—duration (ID) thresholds, which define a
curve in intensity—duration space above which debris flow
initiation is likely, are a practical tool for post-fire debris flow
warning and hazard assessment (Cannon et al., 2008; Staley
et al., 2013; Esposito et al., 2023). They are also a conve-
nient way to summarize the rainfall characteristics responsi-
ble for triggering debris flows, so they can be compared with
findings from other regions. We followed the methodology
of Staley et al. (2013) to objectively define rainfall intensity
thresholds for durations of 5, 10, 15, 30, and 60 min (objec-
tive 3).

For a given duration, D, we use records of rainfall intensity
and watershed response to test the performance of intensity
thresholds that vary from 1 to 200mmh~' on 0.1 mmh~!
intervals. We use the threat score, TS, to assess the perfor-
mance of each potential intensity threshold. The intensity
threshold for a given duration is defined based on which of
the tested intensities results in the highest TS. The threat
score is defined as

TP

TS= ——7—,
TP + FN + FP

)
where TP, FN, and FP denote the number of true positives,
false negatives, and false positives. A true positive occurs
when the rainfall intensity exceeds the threshold and a debris
flow is observed. A false negative occurs when the rainfall in-
tensity lies below the threshold but a debris flow is observed.
A false positive occurs when rainfall intensity is above the
threshold and no debris flow is observed. Potential thresh-
olds are therefore penalized when they incorrectly classify
an event (i.e., FN or FP).

3.1.5 Debris flow surveys

During the first post-fire monsoon season, we conducted field
surveys at all five of the intensively monitored watersheds on
29 July 2020, 14 and 31 August 2020, and 17 October 2020
to determine which watersheds produced debris flows during
the first monsoon season following the fire. Also on 17 Octo-
ber 2020, we visited 12 nearby watersheds and used the pres-
ence and absence of debris flow deposits to assess whether
there had been debris flows at any point since the fire. In
subsequent years, we made pre- and post-monsoon-season
visits to conduct field surveys but limited our observations
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to the five watersheds initially chosen for intensive monitor-
ing. Characteristics associated with debris flow deposits in-
clude lateral levees and poorly sorted, matrix-supported de-
posits that lack imbrication (Fig. 2) (Costa, 1988; Pierson,
2005). We used these characteristic debris flow depositional
patterns as an indicator of debris flow activity in a watershed.
If no debris flow deposits were found within a watershed, the
drainage was classified as having a flood response or no re-
sponse during all rainstorms that occurred within the mon-
itoring period. In cases where we determined that a debris
flow occurred but we could not constrain the timing of de-
bris flow, we assigned the triggering intensity to be equal to
the peak rainfall intensity observed in any storm prior to the
debris flow survey. Approximating the triggering intensity,
which must be equal to or less than the peak rainfall intensity,
by the peak rainfall intensity can lead to an overestimation of
rainfall intensity—duration thresholds for debris flow initia-
tion (Raymond et al., 2020). In cases where we were able
to constrain the timing of debris flows within rainstorms, we
examine differences between the triggering and peak rainfall
intensities.

We quantified the grain size distribution of six debris flow
deposits during the first monsoon season following the fire
by collecting samples in half-gallon bags. For comparison,
we also collected samples from the upper 5cm of min-
eral soil from two burned hillslope locations. These sam-
ples were air-dried and sieved, using sieve sizes of 32, 16,
8, 4, and 2mm, to quantify the particle size distribution
of sediment greater than 2 mm. Percentages of sand, silt,
and clay were quantified with the hydrometer method. Since
these samples did not include boulders or cobbles, we per-
formed pebble counts (Bunte and Abt, 2001) at two de-
posits to estimate the size distribution of the coarser sedi-
ment in the flow. We completed pebble counts within water-
shed A (lat 32.96085, long —108.23568) and watershed D
(lat 32.961053, long —108.236013) by extending a measur-
ing tape in a transect across a debris flow deposit and mea-
suring the B axis of clasts on a 25 cm interval (Fig. S2). If
the clast was too small to be measured, it was recorded as
fine sediment (<2 mm). The sample spacing of 25 cm was
chosen based on the size of boulders in the deposit to mini-
mize the likelihood of encountering the same clast twice. No
clasts were counted twice.

3.2 Modeling
3.2.1 Runoff generation

We used a point-scale infiltration model to quantify how
measured temporal changes in soil hydraulic properties,
namely Ky, S, and Ay, translated into temporal changes in
runoff potential, a key variable for assessing PFDF suscepti-
bility. Watershed responses to rainfall are affected in differ-
ent ways by changes in Ky, S, and h¢. Analyzing impacts
of fire on Ky, S, and kg in isolation may therefore lead to
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incomplete conclusions about the potential for runoff, a nec-
essary condition for the initiation of runoff-generated debris
flows, since fire-driven changes in K¢; may be entirely or par-
tially offset by changes in /¢, or vice versa. Here, we use the
Green—Ampt infiltration model to quantify the combined ef-
fects of K¢s and k¢ on runoff generation (Green and Ampt,
1911). The Green—Ampt model represents infiltration-excess
overland flow, which is the primary runoff-generation mech-
anism during storms that produce runoff-generated PFDFs
in the southwestern USA (Gorr et al., 2024; Schmidt et al.,
2011). The model has been widely applied to simulate post-
fire infiltration and runoff generation (Van Eck et al., 2016;
Ebel, 2020). Specifically, infiltration capacity, I., is com-
puted as

 Ky(Ze+he+h)
-y

where K denotes the saturated hydraulic conductivity, Zf =
V /(05 — 6;) denotes the depth of the wetting front, V is the
total infiltrated depth, 6; =0.078 is the initial soil moisture
content, and £ is the depth of overland flow. In the Green—
Ampt model, the wetting front potential and saturated hy-
draulic conductivity, which we estimate using Ky, control
the capillarity and gravity contributions to infiltration, re-
spectively. Given an input rainfall intensity, we used this in-
filtration model to assess changes in the runoff ratio and peak
runoff rate at the point scale (i.e., runoff is not routed over the
landscape) over time in soils burned at moderate/high sever-
ity and at low severity. The runoff ratio for a rainstorm is de-
fined as the ratio of the total runoff depth to the total rainfall
depth. We compared simulated runoff ratios and peak runoff
rates from burned soils with those computed for unburned
soil conditions. While point-scale modeling does not allow
us to assess the concentration of runoff across the landscape,
it does allow us to assess the combined effects of changes
in Kgs and h¢ on runoff generation in response to different
magnitudes of rainfall intensity.

Since rainfall intensity averaged over 15 min time intervals
has proven to be a good predictor for PFDF initiation in the
southwestern USA (Staley et al., 2017, 2013; Raymond et al.,
2020), we computed runoff ratios in response to design rain-
storms with 15 min durations. We considered six different
rainstorms characterized by average rainfall intensities that
are equal to the 1-, 2-, 5-, 10-, 25-, 50-, and 100-year recur-
rence interval rainstorms (Bonnin et al., 2011). Since there
are distributions of Ky and Ay for a given time after the fire
and burn severity class, we used the geometric mean of K
as an estimate for K (Liu et al., 2023). Similarly, we deter-
mined a representative parameter value of /¢ in simulations
based on the geometric mean of the A distribution derived
from the minidisk measurements.

We numerically approximated changes in infiltration and
runoff rates over time, ¢, during a design rainstorm based on
the difference between the rainfall rate, R, and the infiltration
capacity determined by Eq. (8). More specifically, we sepa-

I ®)
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rated the rainstorm into a series of time steps of duration,
At = 1s. Letting n denote the value of a quantity at a partic-
ular time step and assuming a negligible depth of overland
flow, infiltration capacity can be computed as

Kes (20 +h
Ic”zmin(—fs(t f),R"). )

Z

The runoff rate, ¢, at time step n can be taken as ¢" =
max(R" — 1',0). Then, the total infiltrated depth and depth
of the wetting front can be updated according to

Vil =y A 10
and
Vn-‘rl
Zitl = — (11)
65 — 6;

We set 6; = 0.078 in all simulations. We summarized the
simulated response during each storm by computing the
runoff ratio and peak runoff rate.

3.2.2 Debris flow likelihood

We analyzed the morphologic properties and burn severity
characteristics of the monitored watersheds to help interpret
any observed spatial variations in debris flow susceptibility.
Watershed outlets for intensively monitored watersheds were
defined based on the locations of flow-monitoring equipment
(i.e., geophones, pressure transducers), and watershed out-
lets for the remaining watersheds were defined based on the
farthest downstream point where detailed field observations
were made to assess flow type. We focused on quantifying
watershed properties related to slope, soil burn severity, and
soil erodibility since prior studies have shown these to be par-
ticularly relevant for assessing debris flow likelihood at the
watershed scale (Cannon et al., 2010; Staley et al., 2017). We
consider the mean watershed slope, fraction of area burned
moderate or high severity, soil KF factor (KF) from the
STATSGO database (Schwarz and Alexander, 1995), frac-
tion of area that is greater than 23° and burned at moderate
or high soil burn severity (MH23), and average dNBR. The
first two factors related to slope and burn severity have gen-
eral relevance to debris flow initiation by runoff since steeper,
more severely burned watersheds are more likely to experi-
ence greater increases in runoff and sediment transport. The
last three factors, along with the peak 15 min rainfall accu-
mulation, Rjs, are inputs for the M1 debris flow likelihood
model (Staley et al., 2017) (Table S3 in the Supplement). The
M1 model is a logistic regression model, which was trained
using a debris flow database from southern California and
tested using data throughout the western USA (Staley et al.,
2017). The model yields watershed-scale predictions for de-
bris flow likelihood, p, according to

eX

TS

p (12)

Nat. Hazards Earth Syst. Sci., 24, 1357-1379, 2024

where

dNBR
1000
+0.7R5KF. (13)

X =—-3.6340.41RsMH23 4 0.67R;5

In addition, the model equations can be rearranged to solve
for the rainfall intensity required over a 15 min time period
in order for the likelihood of a debris flow to be 0.5 (Sta-
ley et al., 2017). Following Staley et al. (2017), we used the
M1 model to compute a 15 min rainfall intensity—duration
(ID) threshold, 111\;“, for each watershed based on rainfall
needed to achieve p =0.5. We compared these thresholds
with observed values of Iy5 that triggered debris flows in
each watershed in our study area. We further compared spa-
tial variations in /}M' with observed variations in debris flow
activity. One goal of these comparisons is to help assess the
extent to which watershed morphologic factors that control
debris flow initiation processes are similar or different re-
garding our site and the sites in southern California where
the M1 model was trained.

4 Results

4.1 Temporal changes in ground cover, infiltration
capacity, and runoff

A substantial amount of bare ground was exposed in areas
burned at moderate/high soil burn severity relative to areas
burned at low severity in the immediate aftermath of the
fire. The vegetation transect surveys on 6 July 2020 indi-
cated 51 % bare ground at the moderate-/high-severity tran-
sect compared to 9 % bare ground at the low-severity tran-
sect (Table 1). The fraction of bare ground exposed at the
moderate-/high-severity transect decreased markedly by the
second survey, conducted on 11 May 2021. By this time,
roughly 10 months later, a substantial increase in litter cover
reduced the percentage of bare ground to 19 %. By Septem-
ber 2022, canopy and litter cover increases further reduced
the percentage of bare ground to only 11 % at the moderate-
/high-severity transect. There was little change over this same
time at the low-severity transect, with the percentage of bare
ground varying between 6 % and 9 %.

The median field-saturated hydraulic conductivity, Kfps,
was slightly greater in areas burned at moderate/high sever-
ity in the first few months following the fire relative the un-
burned area, though a Kruskal-Wallis test indicated no sig-
nificant differences in the median of the distributions (p =
0.27) (Fig. 4). The geometric means of K¢ in moderate-
/high-severity, low-severity, and unburned soils were 12, 11,
and 7mmh~!, respectively (Table 2). A Kruskal-Wallis test
also indicated no significant differences in the median of the
distributions of sorptivity in areas burned at different sever-
ities in the first few months following the fire (p = 0.24).
The geometric mean of § varied from 16 mmh~!/2 in soils
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Table 1. Estimates of understory canopy cover and ground cover from 101 measurements along 20 m transects. The metric of months since

fire is determined from containment in July 2020.

Soil burn Measurement Months since  Understory  Litter  Total ground  Bare ground
severity date fire canopy (%) (%) cover (%) (%)
Low 6 Jul 2020 0 2 89 91 9
Low 11 May 2021 10 1 94 94 6
Low 30 Sep 2022 26 0 91 91 9
Moderate/high 6 Jul 2020 0 8 41 49 51
Moderate/high 11 May 2021 10 0 81 81 19
Moderate/high 30 Sep 2022 26 79 69 89 11
Moderate/High Severity Low Severity
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Figure 4. Minidisk infiltrometer measurements provide estimates of soil hydraulic properties and their temporal evolution following the
fire in July 2020 relative to nearby unburned soils (U). Results indicate non-monotonic trends over time in (a, b) field-saturated hydraulic
conductivity, K¢y [mm hfl]; (¢, d) sorptivity, S [mm hl 2]; and (e, f) wetting front potential, ¢ [m]. Lines inside each box represent the

median, while box edges mark the first and third quartiles.

burned at moderate/high severity to 6 and 12mmh~!/2 in
soils burned at low severity and unburned, respectively (Ta-
ble 2). Soil water repellency, which was greater at the surface
than at 2 cm depth, also did not differ substantially from ar-
eas burned at moderate/high severity to areas burned at low
severity in the first month following the fire (Fig. S3). At the
surface of soils burned at moderate or high severity, approxi-
mately 55 % of WDPTs indicated moderate or extreme water
repellency. In soil burned at low severity, 33 % of measure-
ments indicated moderate or extreme water repellency. We
did not track temporal changes in soil water repellency but
estimates of soil hydraulic properties show non-monotonic
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changes over time in the median and geometric mean of K,
S, and h¢ (Fig. 4, Table 2).

The point-scale rainfall-runoff model constrained by the
minidisk measurements indicates that runoff ratios in areas
burned at moderate/high severity were lower or similar to
those simulated under unburned soil conditions after 0, 10,
and 26 months of recovery. Runoff ratios increased slightly
relative to unburned soil conditions after 20 months of re-
covery (Fig. 5). Runoff ratios on soils burned at low severity
were greater than unburned conditions after 1 and 26 months
of recovery and lower than unburned conditions after 10 and
20 months of recovery. Peak runoff rates over time in areas
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Table 2. Summary of soil hydraulic parameters estimated from minidisk tension infiltrometer measurements. We use the geometric mean
(geo. mean) as a representative value for the distribution in numerical modeling. * Six measurements are also included from July 2020.

Soil burn Measurement  Months since  Geo. mean K¢g  Geo. mean S  Geo. mean h¢ Number of
severity date fire [mm h_l] [mmh_l/ 2] [m] measurements
Unburned Oct 2020 - 6.8 12.31 0.035 16
Low Aug 2020* 1 11.2 6.39 0.006 18
Low May 2021 10 22.4 36.01 0.113 6
Low May 2022 22 13 15.06 0.032 15
Low Sep 2022 26 8.1 7.11 0.01 9
Moderate/high  Jul 2020 0 11.5 15.95 0.037 13
Moderate/high  May 2021 10 6.9 12.4 0.036 13
Moderate/high  May 2022 22 9.6 22.62 0.09 16
Moderate/high ~ Sep 2022 26 6.9 9.17 0.02 20
1 ——rrry 1 ——rrry
(a) moderate/high severity (b) low severity
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Figure 5. Modeled runoff ratios for soils burned at (a) moderate/high severity and (b) low severity as well as modeled peak runoff rates for
soils burned at (¢) moderate/high severity and (d) low severity. Results for unburned conditions are shown for comparison. Design rainstorms
are 15 min in duration with constant rainfall intensities associated with /15 recurrence intervals (RIs) of 1, 2, 5, 10, 25, 50, and 100 years.
In both moderate-/high- and low-severity areas, runoff ratios and peak runoff rates oscillate back and forth between being higher or lower

relative to unburned soils.

of moderate/high and low burn severity followed similar pat-
terns in terms of their values relative to those determined for
unburned soil (Fig. 5).

4.2 Spatial and temporal distribution of debris flow
activity

We observed 16 debris flows from 11 different watersheds
during the first monsoon season following the fire, with the
last debris flows occurring in early September 2020 (Table 3).
There were no other debris flows during the remainder of
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the monitoring period, which extended through September
2022. Four of the five intensively monitored watersheds pro-
duced two or more debris flows, with watershed B being the
exception. Watershed E was the only intensively monitored
watershed to produce three debris flows, two of which initi-
ated during the same rainstorm; 6 of the 12 additional wa-
tersheds that we surveyed at the end of the 2020 monsoon
season produced debris flows following the fire, but we were
unable to determine whether these watersheds produced mul-
tiple debris flows. We did not observe any evidence of dry
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Table 3. Summary of watershed characteristics and rainfall intensities that produced debris flows. The 15 min rainfall intensity threshold
predicted by the M1 likelihood model is denoted by / ]l\g“, while /15 denotes the 15 min rainfall intensity associated with debris flow initiation.
An asterisk indicates a constraint on debris flow timing within the rainstorm, meaning that /15 denotes the triggering intensity. RI is the

recurrence interval of /5.

Watershed Area Relief Meanslope Low SBS Moderate SBS High SBS 1 %“ I1s RI
ID [km?] [m] [°1 [%] [%] [%] [mmh~] [mmh~1] [years]
1 0.15 238 29 7 54 39 18 86 5.4
2 0.02 190 28 3 84 13 18 86 5.4
3 0.03 205 22 13 79 8 28 - -
4 0.02 171 31 4 48 48 17 86 54
5 0.08 274 31 3 33 64 15 86 5.4
6 0.13 270 26 7 38 55 17 86 5.4
A 0.12 292 29 2 28 69 16 33*, 76* 0.5,3.4
B 0.18 314 26 15 30 55 18 53* 1.2
C 0.09 313 25 19 17 63 17 53*, 55% 1.2,1.3
D 0.26 295 26 3 24 72 16 51%, 50* 1.1, 1.0
7 0.06 157 16 29 62 9 33 - -
E 0.34 324 23 43 32 25 25 52%,52%,93 1.1,1.1,7.5
8 0.39 366 15 75 23 1 42 - -
9 0.15 132 11 86 12 1 53 - -
10 0.2 322 17 85 15 0 51 - -
11 0.12 116 8 96 4 0 58 - -
12 0.67 357 21 85 8 0 56 93 7.5

ravel or mass failure (e.g., shallow landslides) on hillslopes.
Following the debris-flow-producing rainstorms in July and
September, we observed rilling on hillslopes and gully ero-
sion in areas of flow concentration (Fig. 2b). Lateral levees
and debris flow deposits downstream of areas of abundant
channel and valley incision indicate debris flow initiation was
facilitated by runoff and sediment transport processes rather
than mobilization from shallow landslides on hillslopes.

Debris-flow-producing storms occurred on 18 July,
21 July, 24 July and 9 September 2020. The debris flows
that initiated during the July rainstorms, which were less in-
tense than the rainstorm on 9 September 2020, left terminal
deposits on Forest Road 3131A and transitioned to water-
dominated flood flows below the road. The debris flows trig-
gered during the September rainstorm were characterized by
longer runout distances and left additional deposits between
Forest Road 3131A and Sheep Corral Canyon Road (Fig. 3).
The fine fraction (<2 mm) of debris flow sediment con-
tained a higher concentration of sand (58 %—82 %) compared
with two hillslope samples from 0-5 cm (43 %) and similar
amounts of clay, roughly 5 %—15 % compared with an aver-
age of 12 % on the hillslopes (Fig. 6; Table S1). Sieve anal-
yses of sediment samples from debris flow deposits yielded
estimates of Dsq that ranged from < 2 to 20 mm with a me-
dian of approximately 6 mm. The coarse fraction of debris
flow deposit sediment, as quantified using pebble counts at
watershed A and watershed D, had a Dsg of 112 and 147 mm,
respectively, and a Doy of 259 and 335 mm, respectively
(Fig. 6).
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Watersheds that produced debris flows were characterized
by mean slopes greater than 20° and a fraction of area burned
at moderate or high severity that exceeded 0.57 in all but one
instance (Table 3). Watershed 12, only 8 % of which burned
at moderate or high severity, produced a debris flow. Water-
sheds with substantial area burned at moderate or high sever-
ity, such as watershed 7 with 71 % area burned at moder-
ate/high severity, did not always produce debris flows if they
had a more modest mean slope. The Ii5 thresholds deter-
mined by the M1 model, however, account for spatially vari-
able terrain and burn severity properties among watersheds
that affect debris flow potential. The M1-modeled /5 thresh-
olds, Ill\g“, varied from 16 to 58 mmh~!. Since all watersheds
shared the same average soil KF factor, 0.2, variations in the
modeled thresholds can be attributed to differences in topog-
raphy, soil burn severity classification, and dNBR; 10 water-
sheds had / ]l\g” <25mmh~!, and all of these watersheds pro-
duced debris flows (Table 3). Watershed 12 also produced a
debris flow despite having the second highest M1 threshold
of all monitored watersheds, %“ =56mmh~!.

4.3 Characteristics of debris-flow-triggering
rainstorms

We were able to determine debris flow timing within rain-
storms for 9 of the 16 observed debris flows based on time
series data from pressure transducers (Fig. 7) and geophones
(Fig. 8). Six debris flows occurred in watersheds that were
not intensively monitored. Two debris flows initiated in wa-
tershed A, where geophones were installed, during rain-
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storms on 24 July 2020 and 9 September 2020. Seven debris
flow events were captured by pressure transducers. The one
remaining debris flow occurred on 9 September 2020 in wa-
tershed E, but we were unable to get timing information for
this flow since the pressure transducer was destroyed by a
debris flow on 21 July 2020. The peak 15 min rainfall inten-
sities of rainstorms that produced debris flows, all of which
occurred in the first few months following the fire, varied
from 34-93 mmh~! (Table 3). Peak 15min rainfall inten-
sities were lower during the 2021 and 2022 monsoon sea-
son, but the lowest debris-flow-triggering rainfall intensity
of I1s =33 mmh~! was exceeded during four rainstorms in
2021 and three rainstorms in 2022. The highest /5 recorded
after the 2020 monsoon season, I15 =56 mmh~!, occurred
on 15 August 2022.

In the nine cases where we were able to determine debris
flow timing within rainstorms, we computed the triggering
I5 and found that it ranged from 33-76 mmh~! (Table 3).
In four of the nine cases, the peak and triggering I;s val-
ues were the same (Table S2). In the five remaining cases,
the difference between the peak and triggering /15 was 43,
38, 1,2, and 10mmh™! (Table S2). Storm cumulative rain-
fall totals were also greater than storm rainfall totals prior
to debris flows, with the most substantial difference (31 mm)
occurring during the storm on 9 September 2020 (Table S2).
On average, the debris-flow-triggering time (i.e., the time the
debris flow was observed at the outlet) was approximately
3 min before the time of the peak I5 (Fig. 7). The debris-
flow-triggering time preceded the peak I;5 in six out of nine
instances. Debris flows passed the watershed outlet, on aver-
age, less than 1 min following the time of peak I1¢p. In con-
trast, debris-flow-triggering times preceded the time of peak
I3 and I¢p by roughly 13 and 31 min.

Debris-flow-producing rainstorms could be separated rea-
sonably well from those that did not produce debris flows by
using an ID threshold (Fig. 9). The threshold intensities asso-
ciated with durations of 5, 10, 15, 30, and 60 min are 85, 52,
39,26, and 15 mmh~!, respectively. The performance of the
thresholds varied with duration. Threat scores of 0.43, 0.41,
0.41, 0.38, and 0.35 were associated with durations of 5, 10,
15, 30, and 60 min, which indicates better performance when
using intensities averaged over shorter durations.

The recurrence interval of peak 15 min rainfall intensi-
ties during debris-flow-producing storms ranged from 0.5—
7.5 years with a mean of 3.4 years. In contrast, the recur-
rence interval of 15 min rainfall intensities that triggered de-
bris flows (i.e., only including observations where we have
flow timing data) ranged from 0.5-3.4 years with a mean of
1.3 years (Table 3). All four rainstorms that produced debris
flows were categorized as Q2 storms since more rainfall oc-
curred during the second quartile of the storm duration than
during any of the three other quartiles. There was a total of 24
remaining rainfall records with a peak ;5 above 10mmh~!,
and 6, 6, 4, and 8 of these were categorized as Q1, Q2, Q3,
and Q4, respectively. The four debris-flow-triggering rain-
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storms all share qualitatively similar SRP patterns but are
not extreme in terms of their rainfall distributions relative to
other rainstorms that did not produce debris flows (Fig. 9).

5 Discussion

5.1 Spatial and temporal patterns in debris flow
activity

The first debris flows following the fire initiated on 18 July
2020, roughly 6 weeks after the fire ignited on 6 June 2020
and only 2 d after the fire was contained on 16 July 2020. It is
not uncommon in the southwestern USA, particularly in Ari-
zona and New Mexico, for post-fire debris flows to initiate
shortly following, or even prior to, fire containment. Debris
flows initiated at the Pinal Fire (Raymond et al., 2020) and
Frye Fire (McGuire and Youberg, 2019) in southern Arizona
in July 2017 prior to when each was contained, in August
and September 2017, respectively. The potentially short time
between fire containment and the onset of intense monsoon
rainfall capable of triggering debris flows highlights the im-
portance of pre-fire planning for post-fire hazards in this re-
gion (Tillery et al., 2014). In terms of the temporal persis-
tence of the debris flow hazard, our study site experienced
a marked reduction in PFDF susceptibility over a time pe-
riod of 1 year or less, with no debris flows occurring during
the second or third monsoon season after the fire. DeGraff et
al. (2015) found that roughly 71 % of post-fire debris flows in
the western USA were generated in the first 6 months follow-
ing fire, though Hoch et al. (2021) and Tillery and Rengers
(2020) reported runoff-generated debris flows 1-2 years fol-
lowing fire in ponderosa pine forests of western New Mexico.
Observations from around the world similarly indicate that
runoff-generated PFDFs tend to occur primarily, though not
exclusively, in the first year following fire (Wang et al., 2022;
Jin et al., 2022; Esposito et al., 2023; Garcia-Ruiz et al.,
2013; Jordan, 2016).

Examining the temporal changes in understory vegeta-
tion, ground cover, and soil hydraulic properties in relation
to changes in debris flow activity provide insight into the
fire-related factors controlling PFDF initiation. All of the ob-
served debris flows occurred within the first 2 months fol-
lowing containment of the fire in July 2020 (Table 3). The
highest peak 5 at the rain gage of watershed A occurred
during the first monsoon season. However, peak /15 exceeded
33mmh~!, which was the lowest I 15 that led to a debris flow
response, in subsequent monsoon seasons, including during
four storms in 2021 and three storms during 2022 compared
with three storms during 2020 (Fig. S4). Therefore, we do
not attribute the observed decline in debris flow activity over
time to reductions in rainfall intensity. We documented tem-
poral changes in soil hydraulic properties following the fire
that exhibit variations around those measured in nearby un-
burned soils (Fig. 4), which demonstrates that these soil hy-
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draulic properties were relatively resistant to change follow-
ing the Tadpole Fire. In contrast, the marked decrease in de-
bris flow activity over time coincided with a consistent de-
crease in bare ground in areas burned at moderate/high sever-
ity (Table 1). Past studies in forested environments, in partic-
ular, have demonstrated the importance of litter and duff lay-
ers in controlling infiltration, runoff, and erosion (Neris et al.,
2013). Loss of litter and duff and the subsequent exposure of
bare ground can lead to substantial increases in runoff and
erosion (Larsen et al., 2009), even in the absence of burn-
ing (Robichaud et al., 2016). Due to the close link between
runoff, erosion, and PFDF initiation at our site, we hypoth-
esize that the loss of litter and duff played a key role in in-
creasing debris flow likelihood. We cannot rule out, however,
additional controls on debris flow activity from other poten-
tial fire-related changes to soil physical properties that were
not measured, such as aggregate stability, organic matter, and
apparent cohesion associated with fine roots.
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Infiltration measurements with minidisk infiltrometers did
not demonstrate strong spatial differences in soil hydraulic
properties with respect to burn severity. Following the Tad-
pole Fire, we estimated similar values of K¢, S, and A in
areas burned at moderate/high severity relative to unburned
areas or areas burned at low severity (Fig. 4, Table 2). In
an analysis of data from southern California, USA, Ebel and
Moody (2020) found that the ratios of K¢, S, and A in
burned to unburned soils were 0.37, 0.36, and 0.66. Substan-
tial variability exists from site to site (Ebel, 2019), however,
with post-fire K¢ sometimes being greater relative to that
in nearby unburned soils (Raymond et al., 2020). Collecting
additional information related to fire effects on soil physi-
cal and chemical properties could help explain variability in
how soil infiltration capacity changes in response to burn-
ing (Ebel et al., 2022), though this was beyond the scope
of our study. Infiltration modeling at our site further demon-
strates that, across a range of rainfall intensities, runoff ra-
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tios and peak runoff rates would be slightly greater in ar-
eas burned at moderate/high severity relative to unburned
soils and soils burned at low severity when interception and
other potential forms of water storage (i.e., by litter, duff) are
neglected (Fig. 5). Despite these trends, we only observed
runoff-generated debris flows in watersheds that contained a
substantial fraction of area burned at moderate/high sever-
ity, with one exception. These results support the hypothe-
sis that factors other than fire-induced changes to infiltration
capacity, namely decreases in canopy and ground cover (Ta-
ble 1), were first-order controls on lowering debris flow ini-
tiation thresholds in watersheds burned at moderate or high
severity. A number of studies at small scales indicate that
ground cover is an important control on post-fire sediment
yield (Benavides-Solorio and MacDonald, 2001; Robichaud
et al., 2013; Johansen et al., 2001). Increases in bare ground
are associated with decreased interception, lower hydraulic
roughness, and increases in rilling and raindrop-induced ero-
sion on hillslopes that make it easier to mobilize the vol-
ume of sediment required to initiate runoff-generated PFDFs
(Meyer and Wells, 1997; Larsen et al., 2009).

Variations in rainfall ID thresholds from one watershed
to another, which we expect based on differences in water-
shed morphology and burn severity characteristics, may be
accounted for using the M1 likelihood model to estimate
basin specific rainfall ID thresholds (Staley et al., 2017). The
M1 likelihood model, which was trained using observations
from southern California, underpredicted rainfall thresholds
for debris flow initiation at the Tadpole Fire (Table 3). How-
ever, the M1 model performed well at identifying the moni-
tored watersheds that were most susceptible to debris flows.
The watersheds with the lowest M1 [;5 threshold were also
the watersheds that produced debris flows, whereas those
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with higher thresholds did not produce debris flows (Table 3).
The lone exception to this trend is watershed 12. Watershed
12 was located farthest from the rain gages (4.1 km), so it
is possible that the debris flow observed there was triggered
by more intense rainfall than what was received by the rain
gages and the other watersheds (Fig. 1). The ability of the
M1 model to assess relative susceptibility indicates that the
variables in the M1 model, namely MH23, dNBR, and the
soil KF factor, remain good predictors of debris flow po-
tential in our study area despite the previously noted site-
specific differences (e.g., presence/absence of dry ravel) in
debris flow initiation processes between southern California
and our study site. A study of runoff-generated post-fire de-
bris flows in Greece also found a significant correlation be-
tween debris flow occurrence and a debris flow likelihood
predicted by a slightly modified version of the M1 model
(Diakakis et al., 2023), which used a Europe-wide soil erodi-
bility index (K factor) (Panagos et al., 2014) in place of the
KF factor. The model’s ability to identify watersheds suscep-
tible to debris flows across these different settings suggests
that it captures elements of watershed morphology that are
first-order controls on debris flow initiation.

5.2 Characteristics of debris-flow-triggering
rainstorms

The 15 min average rainfall intensities responsible for trig-
gering debris flows ranged from 33-76 mmh~! (Table 3).
Standardized rainfall profiles of debris-flow-producing
storms generally plotted above the 1-1 line (Fig. 9), which
is a characteristic associated with convective rainstorms (Es-
posito et al., 2023). This finding is consistent with the timing
of debris flows during the summer months shortly following
the fire when convective rainstorms associated with the North
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American monsoon are common in the region. Esposito et al.
(2023) similarly found that storms that produced PFDFs in
Italy had SRPs consistent with convective rainstorms rather
than frontal systems. Debris-flow-triggering rainfall inten-
sities are greater than the Ijs=19mmh™' threshold for
PFDFs in the San Gabriel Mountains of southern Califor-
nia (Staley et al., 2013) but are consistent with other recent
observations from western New Mexico where the trigger-
ing 15 varied from 28-79 mmh~! (McGuire and Youberg,
2020). The recurrence interval of I5 that produced debris
flows at the Tadpole Fire, which had a mean of 1.3 years
when considering only cases where we have constraints on
debris flow timing within rainstorms, highlights the suscepti-
bility of severely burned watersheds to debris flows. Staley
et al. (2020) similarly found that the RI of a debris-flow-
producing /5 across a range of burned sites in the western
USA had a geometric mean of 0.9 years.

A comparison of the rainfall ID thresholds between the
Tadpole Fire and the nearby 2018 Buzzard Fire, which also
burned through ponderosa pine in the Gila National Forest,
indicates similarities that are encouraging for application of a
regional PFDF ID threshold for similar areas in New Mexico
(Fig. 9). The I;5 threshold of 39 mmh~! is roughly equiv-
alent to the 42mmh~! threshold found at the Buzzard Fire
(McGuire and Youberg, 2020) and slightly lower than the
56mmh~! threshold identified by Raymond et al. (2020)
following fire in chaparral-dominated watersheds in south-
ern Arizona. A comparison of the Tadpole Fire /15 threshold
(39 mmh~!) with the regional threshold for the San Gabriel
Mountains (19 mmh~1) (Staley et al., 2013), however, indi-
cates that more intense rainstorms are generally needed to
trigger debris flows via runoff in the immediate aftermath of
fire in forested steeplands in New Mexico relative to south-
ern California. These differences could be associated with
variations in watershed morphology among the two locations
(e.g., slope, channel width) and sediment availability (e.g.,
relatively minimal dry-ravel activity in New Mexico) or be
due to differences in the typical severity or spatial patterns
of burn severity. However, it appears that these are not the
only factors involved since variations in watershed morphol-
ogy and burn severity that are first-order controls on debris
flow likelihood should be accounted for by the M1 model.

The M1-modeled ;5 thresholds substantially underesti-
mated the /15 needed to trigger debris flows in our study
area. The average difference between the triggering /15 and
the M1-modeled I;5 threshold, in watersheds where we
could constrain debris flow timing within rainstorms, was
34mmh~! (Table 3). We hypothesize that a bias towards un-
derestimating ID thresholds at our site may be related, at least
in part, to differences in the climatology of intense rainfall
between our study site and the sites in southern California
that supplied the training data for the M1 model and/or to
differences in the particle size distribution and cohesion of
sediment available for transport following fire. We did not
observe dry ravel at our site, and the main sediment source
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for debris flows appeared to be colluvial deposits stored in
unincised valley bottoms. This is in strong contrast to the
abundant supply of fine, relatively cohesionless sediment de-
livered from hillslopes to channels via dry ravel following
fire in the San Gabriel Mountains (DiBiase and Lamb, 2020).

Rainfall ID thresholds and estimates of the RI of rain-
fall associated with debris flow initiation provide information
for practitioners, decision-makers, and emergency managers
tasked with assessing and mitigating the effects of PFDF haz-
ards. There is a general gap, however, in the data that con-
strain the timing of debris flows within rainstorms in many
regions (Staley et al., 2020). In the absence of in situ mon-
itoring equipment, such as stage gages, pressure transduc-
ers, geophones, or video cameras, the peak rainfall inten-
sity during a debris-flow-producing storm is taken as an es-
timate of the triggering intensity. Staley et al. (2013) doc-
ument significant differences between triggering intensities
and peak intensities in southern California, and data from
Raymond et al. (2020) indicate that 15 min peak intensi-
ties overestimate debris-flow-triggering intensities, on aver-
age, by 26 mm h~! in southern Arizona. Here, differences be-
tween the peak and triggering I;5 varied from 043 mmh~1.
If peak rainfall intensity were used in all cases to estimate the
triggering Is, the average RI of the debris-flow-triggering
I15 would increase from 1.3 to 3.4 years. The observations
presented here help improve situational awareness for PFDFs
in a region where increases in the number of fires and area
burned at high severity (Singleton et al., 2019) are likely to
promote conditions conducive to larger and more frequent
debris flows.

6 Conclusion

We monitored debris flow activity in a series of steep water-
sheds burned by the 2020 Tadpole Fire in western New Mex-
ico, USA, over more than 2 years; 16 debris flows initiated
within 11 different watersheds in the first monsoon season
following the fire. Rainfall intensities responsible for trigger-
ing debris flows were not extreme, having recurrence inter-
vals of approximately 1 year. No debris flows were observed
during the second or third monsoon season following the fire,
despite rainfall intensities that exceeded those responsible for
triggering debris flows in the first several months after the
fire. These observations indicate a rapid reduction in debris
flow susceptibility with time since fire. Measurements of soil
infiltration, understory canopy cover, and ground cover in-
dicate that post-fire changes to soil hydraulic properties did
not play a primary role in promoting debris flow initiation
following the fire; 15 of the 16 debris flows initiated in wa-
tersheds that burned primarily at moderate or high severity.
However, in situ measurements indicated similar or slightly
greater soil infiltration capacity immediately following the
fire in areas burned at moderate to high severity relative to ar-
eas that were unburned or burned at low severity. We attribute
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increased debris flow activity in areas burned at moderate to
high severity to decreases in canopy and ground cover, which
were substantially lower immediately following the fire in ar-
eas burned at moderate to high severity compared with areas
burned at low severity. Although we note many differences
between our study area and recently burned areas in south-
ern California, a debris flow likelihood model trained on data
from southern California was successful at providing a rela-
tive measure of debris flow susceptibility across our moni-
tored watersheds. Results provide additional constraints on
the rainfall intensities responsible for triggering PFDFs in a
region where increases in the number of fires and the area
burned at high severity are anticipated to increase risk asso-
ciated with PFDFs in the future.
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