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ABSTRACT

Post-fire debris-flow (PFDF) hazards are an increasingly prevalent problem in the western
United States. Current conceptual PFDF models suggest that humid climates like the Pacific
Northwest predominantly experience debris flows born from landslides, while more arid regions like
the Southwest primarily experience PFDFs driven by infiltration excess, causing surface water
runoff. However, runoff-generated debris flows are increasingly documented in the Pacific Northwest
and it is unclear how climate change will affect PFDF initiation. Some studies have analyzed
PFDF-relevant hydrological responses in the context of environmental influence, but none to date
have done so on a multi-regional scale spanning the western United States.

In this study, I use a database to consistently estimate soil hydraulic properties (SHPs) from
volumetric time series data measured with a mini-disk infiltrometer, specifically hydraulic
conductivity (Kgs), sorptivity (Sfs), and wetting front potential ( fs). Using these SHP estimates,
I simulated 1D capillary (i.e., matric) infiltration for 433 postfire sites using a numerical model and
comparatively analyzed them to discern possible regional environmental influences. I also analyzed
regional environmental dissimilarity, correlation, and variable importance toward burn-induced
changes of K¢ using nonlinear statistical methods to aid simulation interpretation.

Comparing unburned estimates of Kgs to total hydraulic conductivity (Kgota)) across different
regions, results show that Kgs for the Pacific Northwest (Pacific NW) only composes 4% of Kiotal
as compared to  30% for other regions. This highlights the importance of gravity-driven flow (i.e.,
non-matric) for post-fire infiltration, which can be driven by an abundance of macropore flow.

Simulations indicate that regional differences in infiltration is partly driven by short-duration
rainfall intensity (l15) and by burning, where burned sites in the Pacific NW show no appreciable
change in runoff for increased l15. Simulations show a strong association between mean post-fire
infiltration changes and increasing belowground biomass density for areas with low mean annual
temperature (MAT). The geographic extent of this association encompasses the Pacific NW and
Colorado Plateau, implying that the Pacific NW is naturally predisposed to high runoff. Historically,
high runoff is not observed, suggesting that either l5 rarely promotes infiltration-excess conditions,

or that macropore flow is an important component of post-fire response.
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CHAPTER 1
INTRODUCTION

Post- re debris ow (PFDF) hazards are an increasingly prevalent problem in the western
United States. They cause property damage and kill people due to spontaneous initiation, rapid
development, and extensive footprints (Cannon (2001); Cannon & Gartner (2005)). With people
moving into inter-mountain environments with steep landscapes, the occurrence and impact of
debris ows cannot be ignored, necessitating that debris ows are understood, accurately modeled,
and forecasted. With a northward shift in re extent and a changing hydroclimate (Shakesby &
Doerr (2006); Wondzell & King (2003)), conditions are becoming more conducive towards post- re
debris ow events across the Western United States, especially in the Paci ¢ Northwest where they
have been sparsely documented (Jordan & Covert (2009); Walkt al. (2020)). The knowledge gap
in how debris ows initiation and what triggers them has signi cantly been reduced in the last 15 -
20 years (DiBiase & Lamb (2013); Iverson (1997); Kearet al. (2011); Thomaset al. (2021)), but
considerable uncertainties still remain for debris ows initiating due to excessive pore pressure
development in the Paci ¢ Northwest (lverson (1997); Montgomery et al. (2009)). This is as
opposed to runo -generated debris ows that predominately occur in the Southwest (Keanet al.
(2011); Wondzell & King (2003)). Contemporary forecasting models (e.g., Staleet al. (2017)) are
built on the understanding of runo -generated debris ows, and have had limited success in the
Paci ¢ Northwest (e.g., Calhoun et al. (2019)). Active research into improving PFDF forecasting
models and apparent environmental di erences indicate that some environmental features and
di erences have not been well addressed in post- re debris ow literature. My study investigates
potential regional-scale environmental controls on debris ow initiation in the western United
States through the lens of post- re vertical in ltration, to better understand fundamental
process-based causes and controls for di erent initiation types. In doing so, my research directly
contributes toward identifying broad patterns in post- re surface hydrology throughout the western
US. Furthermore, my research may have useful implications for future research in highlighting key
environmental features in PFDF initiations and improving the accuracy of PFDF forecasting

models. This study was conducted by modeling post- re vertical in Itration for 36 wild re sites to



simulate rainfall is partitioned between surface-water runo and in ltration. The model is
parameterized with eld-obtained soil-hydraulic property (SHP) values, soil characteristics, and

short-duration rainfall intensities.

1.1 Brief Overview of Relevant Topics

1.1.1 Runo -generated Debris Flows

Runo -generated debris ows in the western United States mainly occur in arid and semi-arid
regions (e.g., southern California) and rarely in the Paci ¢ Northwest (Wondzell & King (2003)),
where the few recorded events happened under irregular circumstances (e.g., Klock & Helvey
(1976)). Arid and semi-arid hillslopes are generally steep with coarse-grained sediment and thin
mantle covers, and can be sparsely vegetated (Wondzell & King (2003)). Chapparal is an example
of such vegetation present in the Southwest and most of California (e.g., DeBano (2000)). Rainfall
storm events in southern California and the Southwestern are typically convective storm cells
(Adams & Comrie (1997)). Debris ow models for the western United States are calibrated using
data from southern California, owing to its abundance (Staleyet al. (2016, 2017)).

Runo -generated debris ows initiate due to surface water runo caused by in ltration-excess
conditions (Shakesby & Doerr (2006); Wondzell & King (2003)) where water in ux exceeds the
soil's capacity for in Itration (Bras (1990)). This in ltration-excess condition happens in post- re
landscapes when soil hydrophobicity is induced or augmented, leading to a reduction in in ltration
(Shakesby & Doerr (2006)). Debris ows typically initiate when a major precipitation event
happens while the reduced in ltration persists (Kean et al. (2011)). Burnt vegetation can induce
the post- re hydrophobicity and is in uenced by the vegetation type (Santi & Rengers (2022)).
Induced hydrophobicity degrades with time (Shakesby & Doerr (2006); Wietinget al. (2017)),
indicating that the potential for debris ow initiation also decreases with time as in Itration
recovers to pre-re normalcy. Literature suggests that post- re landscapes in the southwest are
most susceptible to runo -generated debris ows during the rst 2 years after a re (Cannon &
Gartner (2005); Staley et al. (2020)).

Research indicates that the triggering condition is linked to rainfall (Kean et al. (2011)), which
is typically described in terms of intensity (i™) and duration (min or hr) (Cannon & Reneau

(2000); Keanet al. (2011); Wondzell & King (2003)). It is well established that the rainfall intensity



is tied to the initiation of debris ows during rainfall events (e.g., Thomas et al. (2021)), speci cally
intensities with a duration of 30 minutes (Keanet al. (2011)) and come from a storm with a
recurrence interval shorter than 2 years (Staleyet al. (2020)). The widely adopted rainfall intensity
for runo -initiated debris ow studies shortly after a re is one corresponding to a 15 minute
duration from a 1 year recurrence interval storm (| 15) (e.g., Rengerset al. (2019)). However, the
rainfall intensity needed to generate debris ows via runo increases with time following wild re

(Hoch et al. (2021); Thomaset al. (2021)).
1.1.2 Landslide-triggered Debris Flows

Post- re landslide-triggered debris ows are dominant in the humid Paci ¢ Northwest (PNW)
(Cannon (2001); Wondzell & King (2003)) and scarcely appear in more arid and inter-mountain
regions (Cannon & Gartner (2005); Keanet al. (2011)). Susceptible hillslopes in this region are
steep and mountainous, with thick soil mantles (Roering & Gerber (2005); Wondzell & King
(2003)). Total precipitation is made up of both rainfall and snowfall, with snow making up the
majority of the total hydrological budget (Helvey (1980); Jordan & Covert (2009)). High rainfall
events appear as hidden storm cells in a larger storm front (Wondzell & King (2003)), as opposed
to the more concentrated convective cells of the Southwest. Thick vegetation is abundant in the
Paci ¢ Northwest, with trees dominating the vegetative landscape (Roering & Gerber (2005)).

Fires are a natural part of the ecosystem and are not infrequent events (Shakesby & Doerr (2006);
Swanson (1981)).

Shallow landslides in post- re landscapes initiate because forces resisting downslope movement
no longer counteract driving forces (e.g., self-weight); this is related to soil material properties such
as shear strength and cohesion (Terzaghet al. (1996)). In ltrating water is typically the triggering
event for land sliding as it raises soil pore pressures and decreases the shear strength of the local
slope (Terzaghiet al. (1996)). Root strength is a resistive force that provides mechanical cohesion
in the soil (Shakesby & Doerr (2006); Wondzell & King (2003)); however, it diminishes after a re
as buried roots decay from being burnt (Schmidtet al. (2001)). It is this root strength decay that
delays slope failure and debris ow mobilization up to 10 years after a wild re has ended (Calhoun
et al. (2019); Cannon & Gartner (2005)). When a slope does eventually fail, debris ows mobilize

out of the failed slope through transient excess pore pressures as the in ltrated water is subject to



sudden stresses (Reiet al. (1988); Rossoet al. (2006)). Debris ows mobilize in one of two forms,
either through: (1) partial liuefaction and multi-block movement (Reid et al. (1988, 1997)), or (2)
total liqguefaction and rapid mobilization (Reid et al. (2003, 1997)).

In ltrating water and subsequent pore pressure is a key trigger to slope failure and potential
debris ow mobilization, and this water typically comes from either rainfall or accumulated snow
(Cannon & Gartner (2005); Wondzell & King (2003)). Rapid snow melt from warmer snow is more
closely associated with debris ow initiation (Swanson (1981); Wondzell & King (2003)), and rapid
snow melt is positively in uenced by re perturbed vegetation (Tiedemann et al. (1979)). Rainfall,
as opposed to that in the Southwest, has been documented to initiate debris ows under variable
intensities and durations (e.g., Jordan & Covert (2009)), though Cannon & Gartner (2005) states
that landslide mobilized debris ows typically happen due to either just prolonged rainfall (24+ hrs)
or long-duration rainfall in combination with snowmelt. Studies show that debris ow mobilization
by partial liquefaction is hydrologically controlled by a moderate intensity rainfall (Iverson &
George (2014); Reidet al. (1997)), and complete liquefaction is promoted by high intensity rainfall
(Reid et al. (2017, 1997)).

1.1.3 Environmental In uences

While models and understanding of post- re debris ows are largely based on the events in
southern California and the Southwest, but that knowledge may not directly apply to other regions
of the western United States as regional di erences exist in initiation potential (e.g., Ebel & Moody
(2017); Gorr et al. (2023)). The environments between the Southwest and Paci ¢ Northwest are
starkly di erent from each other and, in corroboration with di erences in initiation style, suggest
potential broad-scale regional controls to debris ow initiation.

Post- re initiation happens with multiple rainfall climatologies. Rainfall storm events in
southern California typically happen in winter because of the Mediterranean climate (Keanet al.
(2011); Rengerset al. (2019)), while more continental southwestern storms are typically convective
cells occurring with the onset of the reversed trade winds from July to September (A.K.A. North
American Monsoon) (Adams & Comrie (1997)). Conversely, debris ow initiation in the Pacic
Northwest has been documented to occur with high-intensity storms in the summer and

high-duration, low-intensity storms in the fall (Jordan (2016); Klock & Helvey (1976); Swanson



(1981)).

Snow accumulation concerning post- re debris ows has sparsely appeared in literature, with
most literature pertaining to the Paci ¢ Northwest. Wondzell & King (2003) notes that snowpack
characteristics in the Paci ¢ Northwest di er depending on its location relative to the Cascade
Mountains, with warmer snowpacks falling on the western side of the mountains. Warmer
snowpacks melt faster in the spring, inducing more favorable conditions for excess pore pressure
development in the soil (Wondzell & King (2003)). Post- re environments where snow accumulates
also a ect the snow melt rate of snowpacks, either by reducing canopy cover for more solar radiation
(Swanson (1981)) or by increased radiation from blackened tree remains (Tiedemanet al. (1979)).

Besides rainfall climatology, other broad-scale environmental factors also appear to in uence
debris ow initiation style and/or potential. Other discussed in uences are broadly categorized as
either geological, thermal, or biological, and mostly come from local-scale studies.

Geological in uences include both pedological and lithological variables (i.e., soil and rock).
Bedrock lithology is one of the more broad-scale variables that has been investigated, with some
studies showing some relationship between basin lithology and debris ow initiation type (e.g.,
Cannon & Gartner (2005); Gartner et al. (2004)). Sediment characteristics have been widely
investigated in how di erent properties in uence initiation potential (e.g., Cannon et al. (2004);
Tang et al. (2019)), though it is usually in a runo -generated context.

The proportion of this burn severity has been shown to be an important indicator of debris ow
occurrence (Cannon (2001); Kearet al. (2011)), and relates to the importance of vegetation on
initiation (Bailey & Copeland (1961); Benavides-Solorio & MacDonald (2001)). Burn severity of
post- re landscapes is typically de ned in terms of burnt above-ground organic matter (Keeley
(2009)) and is commonly described in BARC-4 maps with the categories of unburned, low burn,
moderate burn, and high burn (United States Geological Survey (n.d.)).

Vegetation is also a key in uencer in debris ow initiation as it in uences both below-ground
and above-ground processes. Root systems promote drier and more stable conditions by removing
water from the soil through transpiration (Swanson (1981)); however, wild re removes vegetation
and reduces rates of transpiration (Tiedemannet al. (1979)). This may make watersheds
hydrologically sensitive to future rainfall or snowmelt (Helvey (1980)). Rain and snow can also be

physically intercepted by either canopy cover or ground litter, reducing the rate and amount of



water in Itrating into the soil (Stoof et al. (2012); Tiedemannet al. (1979)).

Ash also plays a pivotal role in post- re surface hydrology and by extension PFDF initiation.
Uncompacted ash covering the burn ground surface is voluminous and uy, which in turn creates
porous layers. Water can be stored in these ash layers (DeBano (2000)), thereby reducing the
available volume for surface water runo (Cerda & Doerr (2008); Leighton-Boyce et al. (2007)).
However, this property is transient as ash compacts after the rst rainfall and becomes crusted
(Bod et al. (2012)). This sur cial sealing obstructs surface water in ltration, which increases runo
(Larsen et al. (2009); Ondaet al. (2008)). Runo generation via ash also depends on soil
hydrophobicity (Bod et al. (2012)), ash layer thickness (Woods & Balfour (2010)), and ash physical
characteristics (Larsenet al. (2009); Woods & Balfour (2010)).

1.1.4 Soil Hydraulic Properties

A characteristic di erence between runo -generated and landslide-triggered debris ows is that
the former results from in Itration reduction, while the latter is driven by in Itration. The
observed hydrological response of this characteristic di erence is whether major runo occurs or
not. In ltration is de ned by soil hydraulic properties (SHPs) that characterize water transmission
through a soil matrix (Bras (1990)).

The primary properties of interest for vadose zone in Itration are: hydraulic conductivity K
% , sorptivity S % , and wetting front potential  [L] (A.K.A. capillary head). K describes
how well a uid will transmit through the soil matrix under variable degrees of soil saturation (Bras
(1990); Carsel & Parrish (1988)). S is the one-dimensional sorption of water into soil without the
in uence of gravity (Bras (1990)), and so is partly described by capillarity (Green & Ampt (1911)).

is the suction e ect of water at the wetting front due to dryness at lower levels (Bras (1990)). All
three properties are dependent on the state of soil saturation, which can be described by the water
content [ ]and van Genuchten soil-water retention parameters [L '] and n [ ] (van Genuchten
& Wierenga (1976)). Wild re can change the near-surface degree of saturation, so wetting front
potential, sorptivity, and hydraulic conductivity can be described by eld-saturated conditions and
denoted as s, Sts, and K¢g, respectively (Ebel & Moody (2017, 2020)).

Burning by re alters SHP values relative to the pre- re state, though alterations are not

spatially or thermally uniform. Studies by Moody & Ebel (2014) and Ebel & Moody (2020),



reported notable di erences in Ks, Sts, and, by extension, ¢s for eld-sites in Colorado.
Conversely, a physically-based model study by Rengerst al. (2019) in southern California found
that s was negligibly di erent between a measured post- re value and a soil-texture derived
unburned value. Similarly, The van Genuchten retention parameters are insigni cantly changed
relative to pre- re values (Ebel & Moody (2020)). In general, SHPs are altered due to burning, but
this also depends upon the degree of burn severity as burn severity is tied to hydrophobicity
(Shakesby & Doerr (2006); Wieting et al. (2017)). Hydrophobicity is implicitly accounted for by
Kts, Sts, and s as induced changes a ect soil structure, water transmissibility, and water
properties. Consequently, soil hydraulic properties di er not only across regions but also across
burn severities. This implies regional di erences in in ltration as in uenced by vegetation and

other environmental factors previously discussed.
1.2 Research Objectives

In ltration and its relation to surface water runo have been identi ed as a characteristic
di erence between aforementioned regionally variant debris ow initiations. Some environmental
factors are implicit in in Itration, but other potentially important factors require explicit
connections to be made. Few peer-reviewed studies have assessed Paci ¢ Northwest post- re
landscapes relative to semi-arid environments and none have conclusively demonstrated that
initiation controls and hydrologic variables are similar across these regions. | aim to inform the
underlying controls on regional variation in post- re debris ow initiation by investigating the
in uence of a range of environmental factors on post- re in ltration as modeled with eld
measurements across the western US. My study thus contributes to the larger body of PFDF

literature by:

" ldentifying broad patterns in post- re surface hydrology throughout the western US,
and may provide useful implications to future research in the following aspects:

~

Highlight key environmental features in PFDF initiation

" Improve accuracy of PFDF forecasting models

Additionally, my multi-regional study highlights methodological shortcomings and challenges that

have eluded the larger research community. To that end, three research objectives are addressed.



Create a Robust Post- re In Itration Database Develop a work ow in R to automatically

process raw in ltration time series data, record derived soil hydraulic properties, extract
environmental data, and store the information in a database.

Statistically Assess Environmental RelationshipsAssess a range of in Itration-in uencing

environmental variables to better inform a vertical in ltration model, accounting for regionally
in uential variables for both the Paci ¢ Northwest and the Southwest.

Relate Environmental Factors to Simulated Post- re In ltration Responses Simulate rainfall

partitioning using a vertical in ltration model and either: (1) Relate environmental factors to
changes in post- re in ltration, or (2) Critically assess limitations in data or methodology related

to post-wild re hydrology and debris ow predictions.



CHAPTER 2
POSTFIRE INFILTRATION DATABASE WORKFLOW

The purpose of this chapter is to describe the processes used to gather and obtain information
for later portions of my study, namely in Itration simulations and statistical analyses. A great
variety of data is needed to perform those analyses and store relevant metadata. A work ow was
made to streamline and condense processing in one platform using the langua&e which has
resulted in a nal database with a wealth of post- re hydrological measurements. The database
creation work ow is presented in this chapter and is broken into several parts. Section 2.1 discusses
eld-gathered data, including the methodology and necessary theory essential for understanding
future calculations. Section 2.3.3 presents the environmental data gathered that is also present in
the nal database. Section 2.3 presents the main functions and steps in the database creation
work ow process. Justi cation and reasoning for steps and processes in these main functions are

presented.
2.1 Field-gathered Data

The primary data for this post- re in Itration study are soil hydraulic properties (SHPs), which
are compiled from published and unpublished sources. In the case of unpublished data, | directly
collaborated with the principal investigators of the eld campaign. The data compiled for this
multi-regional study spans across the western US and comprises 36 wild re sites. Figure 2.1 (pg.
10) shows the locations and names of these re sites. Further relevant information about each re

site is tabulated in Table A.1 and is shown in Appendix A.
2.1.1 Minidisk In Iltrometer Measurements

| derived soil-hydraulic properties from surface-water in Itration measurements. Several
methods are can measure in ltration (e.g., bottomless bucket, plot-scale rainfall simulations, etc.),
however, the mini-disk in ltrometer (MDI) is a popular and widespread measuring device used in a
myriad of post- re debris ow studies (e.g., McGuire et al. (2018); Perkinset al. (2022); Raymond
et al. (2020)). The MDI is a type of tension in Itrometer where suction is applied (i.e., a pressure

head) (ho[L]), thus forcing water ow through the matrix of the underlying soil (METER (2021)).



Figure 2.1 Fire Site Map: Map of wild res included in the database where | have mini-disk

in ltrometer measurements for. Inset A shows the names for res in Oregon along with
meteorological stations used to calculate short-duration rainfall intensities. The pop-out inset map
shows the names and locations for res around the San Francisco Bay Area, CA.

The mini-disk in ltrometer is a type of tension in Itrometer where suction tension is applied (i.e., a
pressure head) fip[L]), thus constraining water ow through the matrix of the underlying soil
(METER (2021)). This means that measurements from a MDI only account for the
capillarity-driven portion of surface water in Itration (i.e., capillary in Itration) and do not capture
gravity-driven ow (e.g., ow through macropores).

Volumetric time series from the mini-disk in ltrometer is used to estimate soil hydraulic
properties (SHPs) that describe di erent aspects of water ow through soil, namely hydraulic

conductivity (K [L T 1]) and sorptivity (S [L T 2%]) (Zhang (1997a)). Soil hydraulic conductivity
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