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Cascades, Oregon

Abstract Wildfires dramatically alter the hydraulics and root re-
inforcement of soil on forested hillslopes, which can promote the
generation of debris flows. In the Pacific Northwest, post-fire
shallow landsliding has been well documented and studied, but
the potential role of runoff-initiated debris flows is not well un-
derstood and only one previous to 2018 had been documented in
the region. On 20 June 2018, approximately 1 year after the Milli
fire burned 24,000 acres, a runoff-initiated debris flow occurred on
the flanks of Black Crater in the Oregon Cascade Range. The debris
flow was initiated via dispersed rilling on > 30-degree slopes near
the crater rim and traveled >1.5 km downslope. We measured
exceptionally low soil infiltration rates at the study site, likely
due to high burn severity during the Milli fire. Based on nearby
5-min rain gage data, we quantified rainfall rates for the storm
event that triggered the debris flow. Our results show that peak 15-
min rainfall rates were 25.4 mmh™, equaling or exceeding the
measured infiltration rates at the study site, which had a geometric
mean of ~ 24 mmh ™. Field mapping shows that high burn severity
resulted in the initiation of the debris flow and that convergent
and steep topography promoted the development of a debris flow
at this site. As wildfires increase in frequency and intensity across
the western USA, the Pacific Northwest could become more sus-
ceptible to runoff-initiated debris flows. Therefore, characteriza-
tion of the conditions that resulted in this debris flow is crucial for
understanding how runoff-initiated debris flows may shape terrain
and impact hazards in the Pacific Northwest.

Keywords Post-fire debris flow - Post-fire
runoff - Wildfire - Oregon Cascades - Soil infiltration - Climate
change

Introduction

As wildfires increase in frequency and intensity across the western
USA, it is necessary to understand their fundamental impacts on
hydrologic response, erosional processes, and hazards. Post-fire debris
flows are one of the most destructive and potentially deadly conse-
quences from wildfire’s alteration of mountainous landscapes. There
are two primary processes responsible for the initiation of post-fire
debris flows: debris flows resulting from soil saturation and shallow
landsliding (Swanson 1981; Wondzell and King 2003; Woodsmith
et al. 2007; Jackson and Roering 2009) and runoff-initiated debris
flows that mobilize from rainfall rates that exceed infiltration rates
(Cannon and Gartner 2005; Parise and Cannon 2012). Runoff-initiated
debris flows are a common response to high-intensity rainfall on
burned hillslopes in Mediterranean climates (Inbar et al. 1998;
Wondzell and King 2003; Kampf et al. 2016). In the USA, such debris
flows have been widely documented in southern California, the Rocky
Mountains, and Interior Northwest, which includes parts of eastern
Oregon and Idaho (Wondzell and King 2003; Cannon and Gartner
2005; Jordan and Covert 2009; Kean et al. 2011). Despite their ubiquity
in these settings where they are the primary geomorphic response to
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fire, runoff-initiated debris flows are not common in the Pacific
Northwest; only one instance of a runoff-initiated debris flow has
been documented in the Eastern Cascades in Washington State
(Klock and Helvey 1976; Helvey 1980; Wondzell and King 2003;
Cannon and Gartner 2005; Parise and Cannon 2012). By contrast,
shallow landslides initiated via soil saturation and root strength de-
cline are the predominant geomorphic response to fire that is typical
in the Pacific Northwest (Ziemer and Swanston 1977; McNabb and
Swanson 1990; Schmidt et al. 2001; Jackson and Roering 2009; Lanini
et al. 2009). As a result, the potential role and impact of post-fire
runoff debris flows have not been addressed in western Oregon and
Washington (Wondzell and King 2003).

The initiation of debris flows via runoff is promoted by high fire
severity that dramatically alters the infiltration capacity of soil (Dryness
1976; DeBano et al. 1998; Cannon 2001; Huffman et al. 2001; Cannon and
Gartner 2005; Woods and Balfour 2008; Doerr et al. 2009; Larsen et al.
2009; Mataix-Solera et al. 2011; Neris et al. 2013) combined with high-
intensity rain, which results in rill and sheetwash erosion (Moody and
Ebel 2012; Neary et al. 2012; Vieira et al. 2015; Gould et al. 2016; Robichaud
et al. 2016). Runoff-initiated debris flows occur in response to immediate
post fire reductions in soil infiltration rates and can therefore occur as
soon as the first rainstorm that puts out the fire (e.g. Kean et al. 2019) or
within a timeframe of days to years after a fire (Martin and Moody 2001;
Moody and Martin 2001; Wondzell and King 2003; Cannon et al. 2008).
The majority of runoff-initiated debris flows occur within 2 years after a
fire and their likelihood declines rapidly as vegetation regenerates and
hydrophobicity decreases (Doerr et al. 2000; Kean et al. 2011; Santi and
Morandi 2013; Vieira et al. 2015). The transition between rilling and
sheetwash into a debris flow depends heavily on topographic influences
such as slope steepness, topographic convergence, and channel incision
(Meyer and Wells 1997; Cannon et al. 2001).

In the Pacific Northwest, post-fire debris flows that result from
shallow landslides have been previously documented (Roering et al.
2003; Woodsmith et al. 2004; Woodsmith et al. 2007; Jackson and
Roering 2009; Lanini et al. 2009; Slesak et al. 2015), but the role of
runoff-initiated debris flows in the region is not well understood.
Wondzell and King (2003) suggest that runoff-initiated debris flows
have only been documented in the Rocky Mountains, Interior North-
west, and southern California because of the prevalence of high-
intensity rainfall bursts in these regions (Kean et al. 2011; Kampf
et al. 2016). In the Pacific Northwest, long-duration, low-intensity
rainfall paired with notably high soil infiltration rates makes the
occurrence of runoff-initiated debris flows less likely (Dryness 1969;
Harr 1977; McNabb et al. 1989; Schmidt 1995). Additionally, the effec-
tiveness of hydrophobicity decreases with increased soil moisture
(Wells et al. 1979), and soils in the Pacific Northwest tend to have
higher soil moisture content than interior regions (Wondzell and
King 2003). Therefore, in the Pacific Northwest’s wet climate, high-
intensity storm events typically do not result in runoff-initiated debris
flows because they often encounter wet soils where the effects of
hydrophobicity are reduced. Vegetative types also vary between the
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Pacific Northwest and Interior Regions; Wondzell and King
(2003) speculate that the rapid regeneration of vegetation after
fire decreases the likelihood of runoff-initiated debris flows in
this region.

On 20 June 2018, a runoff-initiated debris flow occurred in the
Western Cascades in Oregon on the northwest flank of Black
Crater. The debris flow occurred in a region that had burned 1-
year prior during the 2017 Milli fire. This is the first reported case
of a runoff-initiated debris flow occurring in the western, forested
region of the Pacific Northwest, including regions such as the
Western Cascades and Oregon Coast Range. We identified the Milli
debris flow (MDF), to be initiated by surface runoff due to the
observation of rills and sheetwash at the initiation zone (Wells
1987; Spittler 1995; Cannon et al. 2001). The objective of this paper
is to provide a detailed characterization of this post-fire debris
flow and to explore the conditions that facilitated this process to
occur in the Pacific Northwest. As the effects of climate change
result in more extreme wildfire events in the Pacific Northwest
(Westerling et al. 2006; Gould et al. 2016), this region could
become more susceptible to runoff-initiated debris flows.

Study area

Post-fire geomorphic processes in Western Oregon

Post-fire reductions in infiltration along with hydrophobicity
have been observed in the Pacific Northwest (Dryness 1976;
Johnson and Beschta 1980; DeBano 1981; McNabb et al. 1989;
Jackson and Roering 2009). Despite this, runoff-initiated debris
flows have not been observed because low-intensity rainfall
characteristic of the Pacific Northwest rarely exceeds post-fire
infiltration rates (McNabb et al. 1989; Schmidt 1995; Montgomery
et al. 1997; Montgomery and Dietrich 2002; Wondzell and King
2003). For example, Schmidt (1995) found that post-wildfire
change in soil infiltration was negligible in a watershed in south-
ern Oregon for 2 years following fire due to high infiltration
rates. McNabb et al. (1989) measured post-fire soil infiltration
rates in the Oregon Coast Range using a mini-disk infiltrometer,
finding infiltration rates to be significantly lower for burned soils
rather than unburned, but these rates still exceeded rainfall rates
by 2 to 3 times.

2018 Milli debris flow

The Milli debris flow occurred on 20 June 2018, on the northwest
flank of Black Crater (Fig. 1). The debris flow began in a zone of
dispersed rilling and sheetwash erosion on the upper slopes of
Black Crater (Fig. 2a) and followed a path of subtle convergence
until crossing Highway 242 in two locations at the toe of the slope
(Fig. 2c—f). The June 20 storm event that triggered the debris flow
had peak rainfall rates at 2:25 p.m. followed by another pulse at
4:00 p.m.

Geologic background and topography

Black Crater (~ 600-m relief) is a Pleistocene shield volcano and
therefore has a broad, conical, gently sloping shape (Williams
1944). Convergence exists locally on Black Crater from minor
dissection and stream network development (Fig. 3). The volcano
is located on top of the undulating volcanic plateau of the
Oregon High Cascades. Black Crater is an older volcano for the
region and was glaciated during the last ice age (Williams 1944).
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In contrast to many of the younger volcanoes on the plateau,
Black Crater is forested and has developed soils on its flanks. We
identified the soils on Black Crater to be andisols that are fine-
grained sandy loam. Tephra sourced from nearby volcanic activ-
ity composes much of the soil mantle.

Climate and vegetation

The annual precipitation in the Oregon Cascades is 3.5-4 m, and
the climate is characterized by long-duration, low-intensity rain-
fall, which rarely exceeds forest soil infiltration rates even after
intense fire (Wondzell and King 2003). Rapid regeneration of
vegetation is characteristic of this wet climate, which further re-
duces the likelihood of runoff-initiated debris flows. East of the
Cascades, precipitation declines to less than 0.4 m. Black Crater is
positioned on this climatic divide. The eastern side of the moun-
tain is vegetated by ponderosa pine (Pinus ponderosa) and bitter-
brush (Purshia tridentata) woodland. The western flank of Black
Crater is vegetated by Cascade Crest Montane Forest, which is
dominated by mountain hemlock (Tsuga mertensiana) and pacific
silver fir (Abies alba). The MDF initiated and flowed west through
the Cascade Crest Montane Forest on Black Crater’s northwest
slope.

2017 Milli fire

The Milli fire began from a lightning strike on 11 August 2017, in
the Three Sisters Wilderness within the fire boundary of the
2006 Black Crater Fire. The fire expanded into unburned fuel
north of the boundary of the 2012 Pole Creek Fire and south of
the 2006 Black Crater Fire. The Milli fire grew to be over 24,000
acres, resulting in the evacuation of homes in the area, and
eventually was contained on 24 September 2017 (U.S. Forest
Service 2017). The Burn Area Emergency Response team report-
ed that 27% of the Milli fire area burned at moderate-to-high
severities. We observed patches of severely burned soil at Black
Crater, which were identifiable by their reddish-orange color.
Further, 40% of the fire had greater than 50% overstory mortal-
ity, which also indicates a high-severity fire (U.S. Geological
Survey 2017).

In 2018, the first summer after the Milli fire, revegetation was
scarce to nonexistent and the soil was exposed, mixed with ash,
charcoal, and pine needles. The burnt soil was very fine grained
and dark gray in color. On the flank of Black Crater where the
MDF occurred, 34% of the area was burned at low severity, 41%
was burned at moderate severity, and 22% was burned at high
severity (U.S. Geological Survey 2017; Fig. 4).

Methods

Field mapping

We mapped the debris flow initiation zone, runout, and the
depositional area on the ground at the study site. At each source
area and erosional observation, we measured and recorded the
depths of erosional features. We defined the source area as the
area where infiltration was in excess and rill erosion and
sheetwash was observed. The erosional area was the area down-
slope of the source area with deeper erosional features. In addi-
tion, we mapped and measured the volume of the depositional
area, using a metal probe to take 23 measurements of the deposit
thickness.
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Soil infiltration rates
We used a mini-disk infiltrometer to estimate soil surface field-
saturated hydraulic conductivity (Ks) (similar to McGuire et al.
(2018)). We conducted measurements at nine different locations
along the perimeter of the debris flow on soil surfaces that had
been burned but not disturbed by the flow (Fig. 4). At each
location, we conducted multiple measurements, which are labeled
with their site location number and measurement number in
Table 1. We measured soil infiltration rates at sites with variable
burn severity, surface cover, and location on the hillslope (Table 1).
The surface cover was predominantly pine needles at the sites. At
these locations, we gently expressed air to clear needles away from
the surface so that the mini-disk infiltrometer could properly
make contact with the ground to form a suction.

Field measurements with the mini-disk infiltrometer were con-
verted to Ks using the differentiated linearization method (DL)
proposed by Vandervaere et al. (2000):

dI
Tﬁ =C + 2C2\/E7 (1)

where the I = cumulative infiltration rate, = time, and C, and C,
are fitting parameters. For each mini-disk measurement, the left

hand side of Eq. 1 is solved numerically using measured infiltra-
tion at known time intervals and these values are plotted against
the square root of the time measurement (e.g., \/t). Equation 1is a
linear equation of the forms y = mx + b, where y = %, x=+/t, and
C, and C, form the y-intercept (b) and slope (m) of the line,
respectively. Subsequently, C, and C, are determined by fitting a
best-fit line through the data points y = %, x=1+/t, and finding C,
and C, values that maximize the goodness of fit for the line. We
can then use the fitted values of C, and C, to obtain soil hydraulic
properties such as Sorptivity (S) and Ks using the relationships:
C,=A,S and C,=A,K,. A, and A, are empirical constants, which
can be determined using empirically derived equations (Zhang
1997):

1.4b%%(0,—0;)° P exp[3(n—1.9)vh, |

A = (aro)o‘ls (2)
0.1__ -
4 = 11.65(n 1)eXp[2A%?(” L9)ah] for n>1.9 (3)
(aro)
0.1__ —
4 = 11.65(n 1)eXP[7Oigl(n 1.9)oho] forn < 1.9 (4)
(aro)
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Fig. 2 a Photo of rills observed in the source area. b Levee on perimeter of flow composed of pine needles, charcoal, and fine sediments. ¢ Erosional steps found along
hillslope in the erosional area. d Deep channel (> 1 m depth) observed in the narrowest section of the flow. e Deeper channel in erosional area. f Wider, shallower channel
observed in transition zone between erosional and depositional areas. g Photo taken on 20 June 2018 after the debris flow (0'Casey 2018). Shows the deposition washed
across Highway 242. h Deposition upslope of Highway 242. Face of deposition visible due to bulldozer activity during highway clearing

where 6, is the water content at the prescribed minidisk ten-
sion (h,), 6; is the initial water content (here, we assumed it
was equal to the residual soil moisture 6,), b is a fixed coeffi-
cient set to 0.55, and n and « are the van Genuchten param-
eters (van Genuchten 1980). We can determine the soil water
content using the equation from Carsel and Parrish (1988)
using
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(5)

where m =1-1/n, and estimates of the saturated water content
(05) and residual (0,) were obtained using the US Department of
Agriculture (USDA) Rosetta software (USDA 1999) (Table 2).
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Rosetta uses pedo-transfer functions to estimate hydraulic param-
eters based on the USDA soil textural classifications, in our case, a
sandy loam. Additionally, we omitted the first measurement of
each dataset to minimize any uncertainty in the temporal trend.

Rainfall analysis

To quantify the rainfall event that triggered the MDF, we obtained
the rainfall data from three different gage locations (Fig. 1). Two of
these sites were Snow Telemetry (SNOTEL) gages for the Natural
Resources Conservation Service (NRCS) with hourly resolution,
which use a fluid-based system relying on pressure transducers to
estimate precipitation. From these data, we calculated hourly rain-
fall rates from September 2017 through September 2018. Because
the gages are fluid-based sensors, however, the data are susceptible
to diurnal air temperature fluctuations and barometric pressure
changes, which necessitate adjustment. We chose to use rainfall
data from the Bear Grass and Smith Ridge sites because of their
proximity to the study area and because their data fluctuated less
than other nearby sites (NRCS 2018a; NRCS 2018b). The Bear Grass
gage is 10 km west of the study site and the Smith Ridge gage is
8 km west of the study site (Fig. 1). We used a third rainfall gage in
the HJ Andrews Experimental Forest (located 40 km west of the
study site (Daley 2018)). The data are from a meteorological
station within the forest, which records rainfall at 5-min intervals.
To compare these data to the SNOTEL sites, we converted the 5-
min rainfall intensities into hourly intensities. We also calculated
peak rainfall intensities for the storm event for 5-min, 15-min, 30-
min, and 6o-min intervals using the H] Andrews rain gage data.

Results

Debris flow path characteristics

The MDF source area is characteristic of runoff-initiated debris
flows observed in the literature. The source area is composed of an
expansive, discontinuous network of rills that stretch 0.8 km
across the slope and began just below Black Crater’s summit,

where slope angles vary from 11 to 30 degrees (Fig. 3). The rills
are 1-4 cm deep (Fig. 5). We also observed evidence of sheetwash
within the source area, which removed the top few centimeters of
material from the hillslope. The sheetwash exposed shallow root
networks but did not erode deeper than these structures.

The broad zone of rills and sheetwash in the source area
transitioned to channelized flow downslope, coinciding with a
local topographic convergence zone and a slope break. These
topographic features contributed to the flow’s evolution from
rills and shallow channels into deeper eroded gullies, entraining
sediment and forming the subsequent debris flow. Downslope of
the slope break, deeper erosional features developed that coa-
lesced into two channels that followed the valley networks on
Black Crater’s northwest face. Following the path of the valley
networks, the debris flow converged to a width of 5 m at its most
narrow point. Within the center of the channels, the erosional
features were deeply eroded into the hillslope as uniform steps
(Fig. 2¢, d). The erosional channels had an average and maxi-
mum depth of 15 cm and 100 c¢m, respectively, and exposed roots
and boulders (Fig. 2c, d). Splash lines from the debris flow were
present on logs that had fallen perpendicular to the channel,
revealing that during the event, flow depths exceeded 1.5 m.
Along the perimeter of the flow, shallower and wider channels
were present and lined with coarse levees between 1 and 4 cm tall
composed of pine needles, charcoal, and fine sediments (Fig.
2b).

The debris flow began depositing sediment 8o m upslope of
Highway 242, where slope steepness decreased and ranged be-
tween o and 10 degrees. The depositional area stretched across
the highway and into the topographic depression below, where it
was confined by a late Holocene lava flow. Post clearing of the
road, we measured that the deposition was deepest (1.62 m) in the
center of the flow upslope of the road and thinned greatly towards
the edges. In total, 1.2 X 10* cubic meters of fine-grained, well-
sorted dark gray sediment was deposited by the debris flows two
paths.
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Fire severity the forest that was burned with high severity. Additionally, 52% of
The entirety of the MDF occurred within the bounds of the Milli the MDF source area occurred within the high-severity burn area,

fire (Fig. 4). The source area of the MDF aligns with the patches of =~ while the rest occurred directly downslope of these regions in
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Table 1 Measurements of hydraulic conductivity (Ks), sorptivity (S), and site characteristics for each study site

Measured Ks Sorptiv&y Burr] Location Ground cover
(mm/h) (mm/h™) severity
1 n/a n/a Moderate Source area Pine needles 21-30 degrees
2.1 47.52 90.60 Moderate Source area Pine needles 21-30 degrees
22 25.63 20.39 Moderate Source area Pine needles 21-30 degrees
23 15.60 30.66 Moderate Source area Pine needles 21-30 degrees
24 20.23 n/a Moderate Source area Pine needles 21-30 degrees
25 21.23 7.85 Moderate Source area Pine needles 21-30 degrees
3.1 131.90 141.65 High Source area No ground 21-30 degrees
cover

4.1 n/a 13.10 Moderate Erosional Pine needles 11-20 degrees
4.2 25.49 60.42 Moderate Erosional Pine needles 11-20 degrees
43 14.37 64.41 Moderate Erosional Pine needles 11-20 degrees
44 21.17 56.72 Moderate Erosional Pine needles 11-20 degrees
45 37.96 27.86 Moderate Erosional Pine needles 11-20 degrees
5.1 12.86 87.30 High Source area Pine needles 21-30 degrees
5.2 36.62 83.09 High Source area Pine needles 21-30 degrees
53 50.81 107.53 High Source area Pine needles 21-30 degrees
6.1 4732 119.35 Moderate Depositional Pine needles 0-10 degrees
6.2 3.78 124.68 Moderate Depositional Pine needles 0-10 degrees
6.3 114.42 37.91 Moderate Depositional Pine needles 0-10 degrees
6.4 59.82 n/a Moderate Depositional Pine needles 0-10 degrees
6.5 n/a n/a Moderate Depositional Pine needles 0-10 degrees
7.1 30.68 n/a Moderate Erosional Pine needles 11-20 degrees
7.2 54.20 n/a Moderate Erosional Pine needles 11-20 degrees
73 46.60 n/a Moderate Erosional Pine needles 11-20 degrees
74 72.52 3.18 Moderate Erosional Pine needles 11-20 degrees
7.5 129.55 n/a Moderate Erosional Pine needles 11-20 degrees
8.1 0.17 19.75 Moderate Erosional Pine needles 11-20 degrees
8.2 9.38 n/a Moderate Erosional Pine needles 11-20 degrees
83 6.26 24.80 Moderate Erosional Pine needles 11-20 degrees
84 2.94 13.94 Moderate Erosional Pine needles 11-20 degrees
85 n/a 31.19 Moderate Erosional Pine needles 11-20 degrees
9.1 61.26 n/a Low Depositional Pine needles 0-10 degrees
9.2 38.84 n/a Low Depositional Pine needles 0-10 degrees
9.3 448 15.80 Low Depositional Pine needles 0-10 degrees
94 47.74 n/a Low Depositional Pine needles 0-10 degrees
9.5 36.01 n/a Low Depositional Pine needles 0-10 degrees
Mean 39.59 53.74

Geometric 23.61 36.53

mean

moderate severity burn areas. Everywhere within the MDF bound-  source area for the flow due to the presence of rill and sheetwash
ary that had been burned at high severity was observed to be a  erosion.
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Table 2 Hydraulic parameters estimated using the Rosetta software for a sandy
loam soil

0, 0.3870 [-]
0, 0.0387 [-]
n 1.4484 []
a 0.0267 [cm ]

Soil infiltration rates

The measured saturated hydraulic conductivity within the study
area had a geometric mean of 23.6 mmh™ (Table 1). The data
approximate a lognormal distribution and have a standard devia-
tion of SD =34.5 mmh™" (Fig. 6). At sites 1, 2, and 3, fire severity
ranged from moderately high to high severities and the slope
averaged 21-30 degrees. The infiltration rates at these sites have
a geometric mean of 32.0 mm h™". Additionally, the interquartile
range for the sites in the source area is between 20.0 and
59.5 mmh™" (Fig. 6). At sites 4,7, and 8, fire severity ranged from
moderate to moderately high severities and slope averaged 11-20
degrees. Infiltration rates at these sites have a geometric mean of
16.4 mmh™". Additionally, the interquartile range for the sites in
the source area is between 6.4 and 46.4 mmh™ (Fig. 6). Lastly,
infiltrometer data for depositional sites 6 and 9 have a geometric
mean of 30.4 mm h™’, and the interquartile range for the sites in
the source area is between 22.0 and 69.6 mmh™ (Fig. 6). Generally,
the sorptivity measured at the site was higher than has been
observed in other burn areas (Ebel and Moody 2016), which may

reflect the partial recovery of the soil hydraulic properties at the
time of the infiltration measurements (Table 1).

Rainfall

From the rainfall data collected at the H] Andrews Experimental
Forest, Smith Ridge SNOTEL, and Bear Grass SNOTEL gages, we
calculated rainfall rates for the storm event that triggered the
debris flow and for storm events from the previous year. The
rainfall rates that triggered the MDF on 20 June 2018 were unusu-
ally high compared to rainfall rates from previous storms in the
2017 to 2018 years between the Milli fire and the debris flow
(Fig. 7). Additionally, the data revealed two distinct bursts of
sustained, high-intensity rainfall during the June 20 storm event
(Fig. 6).

The mean rainfall rate for the 2017 to 2018 year was 3.0 mmh™,
and peak hourly rainfall rates for the June 20 storm event were
9.1 mmh ™, 27.9 mmh™, and 27.9 mmh™, for the H] Andrews, Bear
Grass, and Smith Ridge rain gages, respectively. The H] Andrews
rain gage reported the first rain peak as 1.2 mm h™ for 15 min at
2:25 p.m. This was followed by the second peak of 25.4 mm h™" at
4:05 p.m. (Fig. 6). Over the course of the storm, 2.8 mm of rain fell
during the first burst and 9.4 mm of rain fell during the second
burst at HJ] Andrews, resulting in a total of 12.2 mm of rainfall at
the gage over the course of the storm. The peak rainfall intensities
at the HJ Andrews rain gage were 25.4 mm h™" (5 min), 2.3 mm h™
(15 min), and 16.3 mm h™ (30 min) (Fig. 8).

Discussion
Our results suggest that the combination of high-severity fire,
high-intensity rainfall, topographic convergence and steepness,
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marks the transition between source area and erosional features, C marks toe of slope where erosional features are deepest, D marks transition between erosional and
depositional zones, and E marks the end of the depositional area. Vertical exaggeration of 5%
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Fig. 6 a Distribution of infiltration rates. b Boxplot distributions of all infiltrometer sites. ¢ Spatial boxplot distributions of infiltration rates at source area, erosional area,
and depositional area. d Graph shows hourly rainfall rates for the three rain gauges during the June 20, 2018 storm event. The time count begins at 12:00 a.m. on 20

June 2018

and ample soil mantle on the flanks of Black Crater combined to
initiate the MDF. The MDF followed patterns observed in the
literature regarding fire severity, source area erosion, soil charac-
teristics, and rainfall event (Meyer and Wells 1997; Cannon et al.
2001; Wondzell and King 2003; Cannon and Gartner 2005). In
addition, the conical and divergent topography of Black Crater is
distinct from most catchments in the literature where other
runoff-initiated debris flows have been observed (Cannon et al.
2001; Cannon and Gartner 2005; Staley et al. 2017).

The area of a hillslope burned at moderate to high severities is
one of the most influential factors whether a debris flow is initiat-
ed (Cannon and Gartner 2005; Doerr et al. 2006; Cannon et al.
2010; Gould et al. 2016). Of the 24 runoff-initiated debris flows
studied by Kean et al. (2011), 91% of debris flows were initiated
from basins with more than 65% of their areas burned at moderate
to high severities (Cannon and Gartner 2005). At the MDF study
site, 63% of the area was burned at moderate to high severities, and
it is notable that 100% of the source area for the MDF was burned
at moderate to high severities (Fig. 4). This suggests that overland
flow was initiated on the hillslope in areas where the soil was most
influenced by fire and therefore where soil infiltration capacity was
most reduced.

The Milli fire that burned Black Crater in 2017 is noted as the
highest-severity fire of the 2017 Oregon fire season (U.S. Forest
Service 2017). This fire fits into a broader trend of increasing
frequency of high severity fires in the Pacific Northwest due to
climate change (Westerling et al. 2006; Wimberly and Liu 2014;
Gould et al. 2016). The 2017 fire season in Oregon was marked by
extreme fire behavior of multiple large, long-duration fires and has
been recognized as the worst, and one of the longest, fire seasons
on record in the state (U.S. Forest Service 2017; Oregon Forest
Resources Institute 2018). This pattern has been observed in inte-
rior British Columbia (BC), Canada, where debris flows initiated
via shallow-landsliding were the primary post-fire response in the
region due to high soil infiltration rates and low rainfall intensities
(Jordan and Covert 2009). After the 2003 fire season, which was
recognized as the most severe on record in BC at the time, post-fire
debris flows initiated via runoff were observed in multiple loca-
tions in the region (Jordan and Covert 2009). Since the 2003 fire
season, post-fire, runoff-initiated debris flows have continued to
be observed in interior BC (Jordan 2014). As high-severity fires
increase in frequency in the Pacific Northwest, this region could
begin to experience more frequent runoff-initiated, post-fire de-
bris flows in the future.
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Fig. 7 Graphs show rainfall intensities between 1 Sept. 2017 to 1 Sept. 2018, which is the year between the occurrence of the Milli Fire and the debris flow. a Rainfall at
Bear Grass SNOTEL site. b Rainfall at Smith Ridge SNOTEL site. ¢ Rainfall at HJ Andrews Experimental Forest site

While infiltration-excess overland flow does not typically occur in
the Pacific Northwest due to the prevalence of low-intensity rainfall
and notably high infiltration rates, the infiltration rates observed at
the study site were significantly lower than previously documented
infiltration rates in the Pacific Northwest (Montgomery et al. 1997;
Montgomery and Dietrich 2002). In previous studies conducted in
the Western Oregon Cascades, infiltration rates were found to range
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from 80.0 mmh ™" to over 200 mmh™" (U.S. Forest Service 1973;
Johnson and Beschta 1980; Johnson and Beschta 1981). In contrast,
at Black Crater, the observed infiltration rates had a mean of
39.6 mm h™" and a geometric mean of 23.6 mm h™' with high
variation. Variability observed in the measured infiltration rates
could indicate differences in fire severity, soil moisture, or hydro-
phobicity at different locations on the hillslope.
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Fig. 8 Graph shows intensity-duration data for the rainfall rates recorded at HJ Andrews site during the June 20 storm event. The red ellipse is around peak 15-min and
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site

The infiltration rates observed at the study site were likely to be
biased towards higher values for numerous reasons. First, the
infiltration data were collected from soil surfaces in areas adjacent
to the flow that did not initiate the debris flow or become incor-
porated into the flow. Areas in which the flow initiated or eroded
could have had lower infiltration rates than the surfaces from
which we collected the data. Additionally, the soil infiltration rate
measurements were taken after the storm event that triggered the
debris flow, which means soil moisture content was likely higher
during our measurements than before the storm event. Thus, it is
possible the effects of hydrophobicity were reduced when our
measurements were taken.

The storm event that triggered the MDF had relatively high
but not uncommon rainfall intensity for the 2017-2018 year (Fig.
7). The magnitude of this storm event has a return interval of 2
to 5 years (Oregon Department of Transportation 2014). The
June 20 storm event was the first large storm of the summer,
which means that this intense rainfall would have fallen on dry
soil when hydrophobicity is most effective. There is uncertainty
in the rainfall data because the rain gage locations range from
10 to 40 km away from the study site. Further, the H] Andrews
gage, Smith Ridge gage, and Bear Grass gage are located at
elevations of 1280 m, 997 m, and 1438 m, respectively. In con-
trast, the MDF was initiated on Black Crater at an elevation of
1950 m and was located at the crest of the Cascades. There may
have been an orographic effect creating higher rainfall intensi-
ties at Black Crater than recorded by the rain gages, but no
supporting data are available closer to the study location. None-
theless, the rainfall rates during the storm event were on the
same order of magnitude as the infiltration rates observed at
Black Crater. Interpretation of Fig. 8 reveals that at H] Andrews,
rainfall intensities of 25.4 mmh™ exceeded the geometric mean

of measured Ks (23.6 mmh™) at the study site for a duration of
15 min.

While rainfall intensities reported during the June 20 rain event
are generally lower than the average infiltration rates observed
across the study area, there is wide spatial variability in the infil-
tration rate data (Fig. 6). This suggests that there are localized
patches across the hillslope of lower infiltration rates as has been
observed at other burned sites in the Pacific Northwest (Jackson
and Roering 2009). Additionally, towards the summit, where the
source area is located, the soil becomes thinner and in situ bed-
rock is visible. In these places where soil is thin or nonexistent,
infiltration is negligible and infiltration-excess overland flow is
favored. The observed patches of low infiltration rates paired with
field observations of rill erosion and sheetwash together support
the theory that infiltration-excess overland flow occurred at Black
Crater during the June 20 rain event.

Conclusion

This study offers evidence that infiltration-excess overland flow
resulted in a debris flow on the flanks of Black Crater on 20
June 2018. The combination of high severity fire, reduced infiltra-
tion rates, and a 2- to 5-year interval storm event resulted in the
occurrence of the MDF. Our findings suggest that high fire severity
dramatically reduced infiltration rates at the study site, which are
significantly lower than infiltration rates observed at other loca-
tions in western Oregon. Rainfall rates during the storm event
were similar to infiltration rates observed at the site, consistent
with observations that infiltration-excess overland flow occurred
at this location. Despite the broad, conical shape of Black Crater,
subtle convergence, and steep slopes promoted the transition
between source area rilling and sheetwash to a fully mobilized
debris flow.
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As fire seasons lengthen and fire intensity increases across the
Pacific Northwest as a result of climate change, this region may
become more susceptible to runoff-initiated debris flows. Our
results shed light on conditions conducive to runoff-initiated
debris flows in the Pacific Northwest, improving our ability to
forecast post-fire, runoff-initiated debris flows in the future.
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