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Abstract: Wildfires and their long-term impacts on the environment have become a major concern in
the last few decades, in which climate change and enhanced anthropogenic activities have gradually
led to increasingly frequent events of such hazards or disasters. Geological materials appear to
become more vulnerable to hazards including erosion, floods, landslides and debris flows. In the
present study, the well-known 2017 wildfire and subsequent 2018 debris flows in the Montecito
area of California are examined. It is found that the post-wildfire debris flows were initiated from
erosion and entrainment processes and triggered by intense rainfall. The significant debris deposition
in four major creeks in this area is investigated. Numerical modeling of the post-wildfire debris
flows is performed by employing a multi-phase mass flow model to simulate the growth in the
debris flows and eventual debris deposition. The debris-flow-affected areas estimated from the
numerical simulations fairly represent those observed in the field. Overall, the simulated debris
deposits are within 7% error of those estimated based on field observations. A similar simulation of
the pre-wildfire scenario indicates that the debris would be much less significant. The present study
shows that proper numerical simulations can be a promising tool for estimating post-wildfire erosion
and the debris-affected areas for hazard assessment and mitigation.

Keywords: debris flows; deposition; wildfires; modeling; simulation

1. Introduction

Widespread wildfires around the world are occurring every year at an alarmingly in-
creasing frequency, which may be aggravated by climate change and enhanced human
activities [1-4]. Wildfires can have significant impacts on the environment, climate and ecosys-
tems. They may also cause considerable alterations in geological materials that appear to
become more vulnerable to various gravity-driven mass movements such as landslides, debris
flows and mudslides. Post-wildfire incidents including overland flow, excessive erosion
and debris flows have been widely reported [5-7]. It has been speculated that post wildfire,
soils or sediments may become more resistant to water infiltration while more susceptible
to erosion [8-10], thus leading to an increased overland flow (or surface runoff), enhanced
soil erosion, and favorable conditions for debris flows after intensive rainfall. There has been
growing interest in the investigation of post-wildfire debris flow processes, e.g., their initiation,
triggering conditions, sediment entrainment and flow characteristics. Meyer et al. [11] studied
the post-fire debris flow in Yellowstone National Park and concluded that it grew by runoff
bulking of the eroded sediment from the channel and hillslope, and there was no major
contribution from landslides or slope failures in the generation of debris materials. Cannon
and Reneau [12] found extensive erosion of the soil in the hillslopes during the summer thun-
derstorms after the 1996 Dome fire in the Capulin Canyon in New Mexico, which resulted in
at least one debris flow. From a field survey of 46 post-wildfire debris flows in Utah, Colorado
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and South California, Santi et al. [5] reported significant bulking of debris flows by erosion
and scour rather than from landslides and slope failures. Kean et al. [13] investigated the post
wildfire debris flows in San Gabriel and Santa Ynez Mountains in California and found that
the debris flows were initiated primarily by surface-water-runoff-related processes. Cannon
et al. [14] also showed that wildfire-related debris flow at Storm King Mountain, Colorado,
was mainly initiated by eroded hillslope materials and progressive entrainment by overland
flows. Nyman et al. [15] reported that the erosion initiated post-fire debris flows in a dry
eucalyptus forest in southeastern Australia. These studies suggest that it is crucial to consider
the enhanced overland flow and the erosion of hillslope and channel materials as major factors
in simulations of the initiation and growth of post-fire debris flows.

The present study is aimed to numerically examine the case of debris flows in Mon-
tecito (California) with the main focus on the effects of the wildfire in this area. The behavior
of a debris flow in motion is very complex and involves potentially strong interactions
among different material phases. Theoretical efforts to better understand the behavior
of granular flows can be traced to Bagnold [16], Savage [17] and Takahashi [18]. Most
of the models developed earlier are single-phase models which generally consider the
flow as a Newtonian, Bingham or dilatant fluid [19-21]. Granular frictional flow models
were proposed for coarse-grained dry mass flows [22-25], while the visco-plastic model
for dense granular flows was proposed by Jop et al. [26]. A number of models adopted a
mixture approach [27-31] in an effort to address the overall complex behavior of the mate-
rial and model its evolution as a solid /fluid mixture. Overall, the core challenge in model
development is the proper representation of the distinctive behavior of debris material
that contains various constituents such as water, colloidal solids, fine particles and larger
particles like cobbles and boulders. The present study explores a multi-phase flow model
recently developed by Pudasaini and Mergili [32] that considers multiple phases in motion
and incorporates many essential physical aspects of debris flows. It considers three phases
in the debris flow: coarse particles like boulders, cobbles and gravel as the solid phase; fine
particles including fine gravel and sand as the fine-solid phase; and fluid (water combined
with silt and clay) as the fluid phase. This model is also capable of considering the soil
erosion or entrainment joining the flowing debris. In the present study, the post-wildfire
debris flows that took place in Montecito, California, on 9 January 2018 are surveyed and
subsequently investigated numerically using this multi-phase modeling tool.

2. Study Area

The present study is focused on the 2018 Montecito debris flows, which took place in
the vicinity of Montecito Peak in Santa Barbara County, California, as shown in Figure 1.
In the north of the study area are the Santa Ynez Mountains, whose rock formations are
predominantly made of weak sandstones and shale and are susceptible to weathering and
incision [33]. There are considerably loose soil layers on the rock surface of these mountains
due to excessive weathering. Oriented east-west in the study area, human settlements
are well established from the foot of these mountains to the coastline of the Pacific Ocean.
Several small channels flow dendritically, forming four major creeks that travel through
the human settlements, i.e., Montecito Creek, San Ysidro Creek, Buena Vista Creek and
Romero Creek. The temperature in this area ranges from approximately 6 °C in December
and January to around 27 °C in September. The average annual rainfall in this area is
approximately 486 mm; typically, the driest month is July, with around 0.5 mm of rainfall,
and the wettest is February, with around 113 mm of rainfall. Nonetheless, across this area,
substantial variations and extreme rainfall events are common [34,35].

The area significantly affected by constant wildfires is in the Santa Ynez Mountain
range. Figure 2 shows the slope map of this region; the slope of most of the mountains
is greater than 30°, but the area in the southern part of the mountains with considerable
human settlements is less steep. The highest elevations of the catchment area for Montecito
Creek, San Ysidro Creek, Buena Vista Creek and Romero Creek are 962.0 m, 967.8 m, 512.1 m
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and 895.6 m, respectively, while their catchment areas are 12.48 km?, 7.84 km?, 1.74 km?
and 5.15 kmz, respectively.
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Figure 1. The study area located at Montecito peak in California.
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Figure 2. Slope map of the study area, including the catchment area of the four major creeks
highlighted; the blue dot indicates the town of Montecito.

3. Background on 2018 Debris Flows
3.1. Wildfire and Burnt Areas

The present study is focused on the post-wildfire geological hazards after a massive
wildfire, which was later named the Thomas fire, broke out from a line slap at Thomas
Aquinas College on 4 December 2017. It burnt approximately 1140 km?, including many
parts of the San Ynez Mountains in the northern part of Montecito. A total of 1063 structures
were destroyed and two casualties were reported [36]. The wildfire was finally fully
contained after forty days.

In the present study, remote-sensing-based data available from various agencies
worldwide were used to identify the wildfire-affected areas. The present study utilized
two major data sources: the Landsat satellite images produced by the National Aeronautics
and Space Administration (NASA) [37], and the Sentinel satellite images captured by
the European Space Agency (ESA) that are available from the Copernicus Open Access
Hub [38].

It is of interest to examine the Landsat 8 data from 25 December 2017 after the
fire [37] to identify the areas most affected by the Thomas fire. Different RGB false color
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maps [39-41] can be processed to determine the fire-affected areas based on the light ab-
sorption and reflection of the plants. Vegetation and plant pigments typically absorb red
and blue lights while reflecting green light. Therefore, the areas that are able to retain most
of their vegetation appear green, as green light is reflected while the red and the blue lights
are absorbed by plants. Meanwhile, the wildfire-burnt areas appear reddish after the plants
have been burned. Indeed, Figure 3 presents the burnt areas that appear reddish in the
entire study area. The yellow square in Figure 3 indicates the area with post-wildfire debris
flows that is the focus of the subsequent numerical investigation.
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Figure 3. The RGB image of the region showing the area burnt by the Thomas wildfire; the blue dot
indicates the town of Montecito.

3.2. Relevant Rainfall Records before and during the Debris Flows

It is of great interest to examine the rainfall data before and during the studied debris
flows in the present study. Table 1 summarizes the total rainfall on 8 January and 9 January
2018, recorded by the National Oceanic and Atmospheric Administration [35] at several rain
gauge stations around the study area. Figure 4 shows the elevation of this region, where
the rainfall stations are also marked. It is of particular relevance to examine the rainfall
around the time of the debris flow event. The three-hour interval data from Santa Barbara
station (Figure 4) were available from an online database maintained by Zoomash Ltd.,
UK [42]. Figure 5 shows the cumulative rainfall with time in hours starting at 12:00 a.m. on
7 January 2018, along with the same date for the year of 2017 for a comparison. It is worth
noting that the total rainfall between these two periods of 2017 and 2018 is almost the same;
the cumulative rainfall in the 96 hr period (from 12 a.m. on 7 January 2017 to 9 p.m. on
10 January 2017) is 47.7 mm, while the cumulative rainfall for the same period (from 12 a.m.
on 7 January 2018 to 9 p.m. on 10 January 2018) is 47.4 mm. However, it is evident that in
2018, the rain intensified enormously around 9 January, which coincides with the initiation
of the debris flows.

Although at the Santa Barbara station, the cumulative rainfall at these two years is
comparable, there are substantial variations in rainfall along with extremely high intensities
throughout the study area [34,35]. Table 1 clearly reveals the significant difference in the
spatial distribution of rainfall around the study area. These results suggest that the rainfall
was clearly greater in the mountains (KYDT, Edition Trail, Doulton Tunnel) than in the
lower lands along the coast (Summerland, Montecito, CA, USA) of the region. It is possible
to speculate that the high-intensity rainfall that occurred in the steep mountain slopes was
likely the trigger for the subsequent debris flows. Table 1 also summarizes the maximum
one-hour rainfall in these rainfall stations recorded by NOAA. It can be observed that
almost half of the 24-h rainfall occurred in one hour. Although there was some modest
rainfall on 8 January 2018, no debris flows were observed until the above-mentioned high-
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intensity rainfall storm [34]. Therefore, in this study, the 1 hr high-intensity rainfall around
the catchments is considered in further analyses.

Table 1. Rainfall data recorded at different rain gauge stations, including the total rainfall during the
two-day period of 8 January and 9 January 2018, and the peak one-hour rainfall recorded by NOAA
on 9 January 2018 [35].

Total Rainfall Peak Rainfall

Station ID Station Elevation (m)
(mm) (mm)

227 KTYD 724 81 28
231 Doulton Tunnel 541 91 39
252 Edison Trail 503 80 37
325 Montecito 41 54 24
328 Summerland 26 56 26
208 Carpinteria Fire 9 61 35
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Figure 4. The locations of different rainfall stations in the elevation map.
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Figure 5. Cumulative rainfall starting at 12 a.m. on 7 January in 2017 and 2018 at Santa Barbara station.

3.3. Field Observations of the Debris Flows

The sediment in the debris flow originated from the hillslopes. However, the surface of
the steep mountains in this area was highly eroded after the rainfall, likely contributing to
the growth in the debris flows. Both rill and inter-rill erosion was observed in the watershed,
but no evidence of major landslides was found. The deposited materials contained viscous
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fluid produced by the mixture of fine soil and water. Large boulders were deposited in
the depositional basin, which were subsequently transported from the upstream to the
downstream along with the concentrated flow. Some bank erosion resulting from the large
upstream flow also supplied boulders to the flow. For example, one of the primary sources
for the debris material was identified to be the erosion of the watershed in the Santa Ynez
Mountains [34,43,44]. Kean et al. [34] also reported considerable rill and inter-rill erosion
in the basins, as the burned hillslopes with numerous rills in the Santa Ynez mountains
supplied materials for the debris flows after the rainfall. Hence, it is concluded that the
bulk of the debris flow resulted from significant erosion.

All of the four major creeks experienced massive debris flows, which led to substantial
destruction around the creeks. The destruction was extremely devastating around Mon-
tecito Creek and San Ysidro Creek. The debris-flow-affected areas can be clearly observed
in the satellite images. Each of the images in Figures 68 obtained from the Google Earth
shows both the image captured in April 2017 before the debris flow and the image in April
2018 after the debris flow at the same location.

Figure 6. Area around Montecito Creek (a) before and (b) after debris flows; the area between the
yellow lines highlights the main area affected by the debris flows.

Figure 7. Area around the San Ysidro Creek (a) before and (b) after debris flows around Highway 192
in Montecito; the area between the yellow lines highlights the main area affected by the debris flows.

Figure 6 shows the debris-flow-affected area around Olive Mill Road. In Figure 6a,
there are more green areas including those under the trees covered by grass. In Figure 6b,
there are much less green areas under the trees, as the deposited debris flow covered the
vegetation under the trees. Figure 7a shows the area around the San Ysidro Creek before the
debris flow, while Figure 7b clearly shows the debris flow channel along the downstream
of San Ysidro Ranch; the areas affected around Highway 192 are also clearly visible. The
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area around Romero Creek before and after the debris flows is shown in Figure 8. The
differences are particularly evident inside the red circles highlighted in the figure.
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Figure 8. Area around Romero Canyon Road (a) before and (b) after the debris flow in Romero Creek;
the area circled by the red line indicates the main area affected by the debris flows.

Table 2 summarizes the debris volumes in the four major creeks estimated from field
observations by Kean et al. [34]; close to 230,000 m? of debris was deposited around
Montecito Creek and over 300,000 m3 was deposited around San Ysidro Creek, while
the deposition around Romero Creek and Buena Vista Creek is far more modest. These
estimations are assessed in the numerical simulations presented in the following section.

Table 2. The observed debris volume in different creeks (source: Kean et al. [34]).

Creek Observed (m?)
Montecito 231,000

San Ysidro 297,000

Buena Vista 41,000

Romero 100,000

4. Numerical Modeling
4.1. Background

In the present study, the debris flows are simulated based on a recently developed
multi-phase model [32] that considers three phases of debris material in motion and incorpo-
rates many essential physical aspects of mass flows. It expands the theoretical formulations
of a two-phase, i.e., solid and fluid, model of Pudasaini [30] with the introduction of a
fine-solid phase; this allows more complex material behavior to be addressed in the mod-
eling of the flow process. The first phase, termed as the fluid phase, is considered to be a
mixture of water and very fine particles such as silt, clay and colloids. The fluid rheology is
considered to be shear-rate-dependent Herschel-Bulkley viscoplastic. The second phase,
termed as a fine solid, contains fine gravel and sand. Its rheology is characterized by rate-
dependent visco-plastic behavior [26]. The constitutive behavior of this phase is modeled
as shear- and pressure-dependent Coulomb viscoplasticity; both viscous stress and yield
stress can considerably affect the behavior of fine solids. The third phase, termed the solid
phase, consists of coarse particles including boulders, cobbles and gravel. Such particles
are generally believed to behave like a frictional material, for which the Mohr—Coulomb
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plasticity model can be used. This multi-phase model has been employed for large-scale
simulations of real-world events and has shown promising potential [45-48].

This model is implemented in an open-source computational package, r.avaflow
2.1 [46]. It supports GIS-based applications for numerical simulations on available actual
topographies. It is freely available as a raster module of GRASS GIS 8.3 software, employing
the programming languages Python and C along with the statistical software R 4.2 [46]. It
is noted that this model is able to include the erosion or entrainment of sediment along the
path of the flow; the erosion is considered as a function of kinetic energy and characterized
by an erosion coefficient.

The details of the relevant mathematical formulations can be found in Pudasaini [30]
and Pudasaini and Mergili [32]. Digital elevation model (DEM) data of the study area
are required to run the simulations on the actual topography. The 12.5 m high-resolution
terrain-corrected DEM data were retrieved from the Alaska Satellite Facility [49]. The
background images were obtained from Google Earth and were georeferenced using GIS
when they were used in the simulations.

4.2. Field-Scale Simulations of Post-Wildfire Debris Flows

In the present simulations, the 30 mm of rainfall over 1 hr is considered to be the
trigger for the debris flows, based on the rainfall data recorded in the three stations around
the catchments, i.e., Doulton Tunnel, KYDT, and Montecito (Table 1). The average rainfall
recorded in these three station is considered as the effective rainfall. Table 3 summarizes the
key material parameters in the numerical simulations. The internal friction angle represents
the internal frictional resistance for the solid or fine-solid phase, and the basal friction angle
characterizes the frictional resistance of the bed material on which the mass flow moves,
whereas for the fluid phase, such frictional resistances are considered to be 0. The erosion
or entrainment that played a significant role in the growth in the debris flow, as discussed
in Section 3.3, is thereby considered in the numerical simulation and characterized by an
erosion coefficient.

Table 3. Input parameters for post-wildfire debris flow simulations. Note that s and fs represent the
solid phase and fine solid phase, respectively.

Creek Internal Angle Basal Friction Erosion Coefficient
(s, fs) (s, fs)

Montecito (25°,10°) (4°,2°) 2.57 x 1078

San Ysidro (25°,10°) (5°,2°) 891 x 1078

Buena Vista (25°,10°) (3°,2°) 1.02 x 1077

Romero (25°,10°) (8°,4°) 7.94 x 1078

4.2.1. The Montecito Creek Debris Flows

The numerical simulation generates 215,500 m?3 of debris, which is only 6.69% less
than that observed in the field (Table 2). The final deposition, termed as the final change in
basal topography by the output, is presented in Figure 9a, and the maximum flow height,
also termed the flow depth, is shown in Figure 9b. The values in the figures represent
the deposition depth or the flow velocity. The outermost contour represents the lowest
value and the innermost the maximum value. Figure 9 also indicates the affected area, but
the flow at its final stage is directed towards the east, while in the field, it was directed
towards the west because the flow could not pass under Highway 101 due to the bridge [34].
Such human-made features are not part of the DEM and thus cannot be considered in
this simulation. Overall, the simulation results reflect the observed debris-flow-affected
area fairly well, and the simulated volume of debris material is reasonably close to the
field estimation.
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Figure 9. (a) Final deposition and (b) maximum flow height at Montecito Creek.

4.2.2. The San Ysidro Creek Debris Flows

A volume of 306,022 m3 of debris is generated by the numerical simulation, which
is just 3% higher than the volume estimated in the field. The final deposition and runout
distance are shown in Figure 10a. The maximum flow depth is shown in Figure 10b.
Figure 10 shows that most of the deposition is close to the mountains. The flow-affected
area shown in Figure 10 matches closely with the actual flow-affected area observed in the
field as reported by Kean et al. [34]. The volume of debris generated is also very consistent
with the estimated debris volume in the field (Table 2).
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Figure 10. (a) Final deposition and (b) maximum flow height at San Ysidro Creek.

4.2.3. The Buena Vista Creek Debris Flows

The numerical simulation produces 39,320 m?3 of debris, which is just 4% lower than
the volume estimated in the field. The final deposition and the maximum flow depth are
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given in Figure 11a,b, respectively. The simulated debris volume and affected areas are
very close to the estimated debris volume and affected areas in the field [34].

Final change of basal topography § Maximum flow height
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topography Flow height
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Figure 11. (a) Final deposition and (b) maximum flow height at Buena Vista Creek.

4.2.4. The Romero Creek Debris Flows

The simulated volume of 101,160 m? of debris is 1.16% higher than the volume esti-
mated in the field. The final change in basal topography and maximum flow height are
given in Figure 12a,b, respectively. Figure 12 shows that the results fairly represent the
affected areas.

Final change of basal topography Maximum flow height
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topography Flow height
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Figure 12. (a) Final deposition and (b) maximum flow height at Romero Creek.

Figure 13 presents the simulation of the debris across the four creeks. It is reasonably
reflective of the pattern indicated from field observations [34]. Overall, the simulation
results are consistent with the field estimations in terms of debris volume, runout distance
and the area affected by the debris flow. Table 4 summarizes the simulated debris flow
volumes as well as the estimated volumes based on the field observations reported by Kean
et al. [34]. In Table 4, the debris volume in Montecito Creek exhibits the largest discrepancy
with the estimated debris volume in the field in terms of percentage, but nonetheless, this
is no more than 7%. Montecito Creek has the lowest erosion coefficient and Buena Vista
Creek has the highest erosion coefficient, but the volumes of debris generated in both
creeks are slightly underestimated. In terms of basal friction, Romero Creek has the highest
basal friction, and for the other creeks, they are similar. For San Ysidro Creek, the debris
volume generated is slightly higher than the debris volume estimated in the field, but the
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debris-flow-affected area is lower than in the field, although the basal frictions applied are
similar to other creeks.

Figure 13. Simulation of debris-flow-affected areas; the areas highlighted in red indicate the debris-
flow deposits.

Table 4. Summary of simulation results; note that the estimated volume is retrieved from Kean
et al. [34] based on a field survey. Note that s and fs represent the solid phase and fine solid
phase, respectively.

Basal
Creek Estimated (m3) Simulated (m®) Difference (%) Erosion Coefficient Friction
(s, fs)
Montecito 231,000 215,500 —6.69 257 x 10°8 4°,2°)
San 297,000 306,022 +3.04 8.91 x 108 (5°,2°)
Ysidro
Buena 41,000 39,320 —4.10 1.02 x 1077 (3°,2°)
Vista
Romero 100,000 101,160 +1.16 7.94 x 1078 (8°,4°)

The difference in the erosion coefficient required for a proper estimation of debris
volume can be attributed to several reasons. For instance, for all the simulations, 39 mm
of rainfall over 1 h was applied; however, it is debatable that the rainfall might have
varied considerably across the study area. There were no rainfall gauge stations within the
catchments of these creeks in the Santa Ynez Mountain range, but a high spatial variation
in rainfall intensity and rainfall amount was reported by NOAA during the debris flow
event. Therefore, one of the main factors may be the differences in rainfall intensity and
total rainfall at different locations. Another reason may be that in the simulation, each of
the solid, fine solid and fluid phases is assigned a particular set of parameters, but the
effects of the variations among soil types and properties from different locations are not
addressed; in addition, the erosion is prescribed in the numerical model to be a function
of the kinetic energy of the flow without further consideration of the soil erodibility. In a
numerical simulation of debris flows initiated from erosion without any wildfire effects,
Baggio et al. [50] reported the debris volume generated within a error of 20% using the
same model as in the present study; the results obtained from the present study are within
a 6.69% error and can be possibly considered as fairly reasonable.

4.3. Simulations of Pre-Wildfire Debris Flows

It is of interest to explore a hypothetical scenario of debris flows before the wildfire for
the sake of comparison. In this section, simulations of possible flows in the four major creeks
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under pre-wildfire conditions are conducted. Compared to the post-wildfire scenarios, the
surface roughness in the pre-wildfire scenario may be considerably higher [51]; therefore,
the basal friction is increased in this section. The infiltration capacity of soil is also reduced
after a wildfire [9,10]; therefore, the effective rainfall that evolved into overland flow is
considered to be 18 mm in this section, decreased from the 30 mm in the post-wildfire
debris flow simulations. Another significant change is the decreased erosion coefficient in
most of the creeks. The key input parameters assigned are summarized in Table 5.

Table 5. Input parameters and simulated debris volume for pre-wildfire debris flows. Note that s and
fs represent the solid phase and fine solid phase, respectively.

Internal Basal

Creek Angle Friction Erosion Coefficient =~ Generated Debris
(s, fs) (s, fs)

Montecito (25°,10°) (10°,5°) 2.84 x 1078 34,000

San Ysidro (25°,10°) (10°,5°) 5.75 x 1078 41,000

Buena Vista (25°,10°) (10°,5°) 4,67 x 1078 5900

Romero (25°,10°) (10°, 5°) 4.67 x 1078 15,200

As the volume of debris is reduced due to a higher basal friction and a reduced
effective rainfall, the affected areas are also found to be smaller, except in Romero Creek.
Accordingly, the simulated debris volume in Montecito Creek, San Ysidro Creek, Buena
Vista Creek and Romero Creek is reduced by 85.0%, 85.9%, 85.5% and 84.7%, respectively.
Overall, the debris flows affected by the wildfire across all creeks are substantially stronger
and larger than in the pre-wildfire scenarios.

5. Concluding Remarks

Wildfires and post-wildfire hazards continue to pose a significant threat to commu-
nities around the world. A field survey of the Montecito wildfire shows that many areas
around the catchment of the four major creeks in the study area were significantly burnt.
These areas are also where the debris flows were concentrated that took place one month
later. The rainfall data recorded at the weather stations nearby suggest that the intensive 1 h
of rainfall could be the trigger that led to several debris flows around the major four creeks.

A multi-phase flow model is adopted in the present study to investigate the character-
istics of the debris flows around Montecito, especially the post-wildfire conditions caused
by the wildfires, which could possibly weaken the soil resistance to sliding or flowing
while enhancing soil erosion. The simulated debris volumes around the four creeks are
reasonably consistent with the estimations from earlier field observations, as the differences
are around 1~7%. Overall, the areas affected by debris flows also agree fairly well with
those that were observed in the field. A similar simulation of the pre-wildfire scenario indi-
cates the debris would be much less significant before the wildfire. While understanding
the complex behavior of debris flows remains a major challenge and the mechanisms of
wildfires” effects on the soil or sediment behavior are yet to be fully explored, the present
study demonstrates the potential of a quantitative approach to address the physical and
mechanical processes involved in post-wildfire geological hazards.
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