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ABSTRACT 

 

ATMOSPHERIC RIVERS AND DEBRIS FLOWS IN CALIFORNIA  

By 

Allison M. Young 

Plymouth State University, December 2016 

 

 

Atmospheric rivers (ARs) are characterized by long, narrow bands of enhanced 

integrated water vapor (IWV) and integrated vapor transport (IVT) that are associated 

with precipitation extremes and high impact events (e.g., floods and flash floods) in 

California. California also experiences debris flows when extreme rainfall events 

mobilize debris flow source regions of particles >2 mm.   

The first part of this thesis illustrates the relationship between landfalling ARs and 

debris flows in California.  A climatology illustrates that days with DFs (e.g., DF days) 

occurred more frequently in northern California, in the winter months, and with AR 

conditions.  Composite analyses of IWV, IVT, and sea-level pressure on days with debris 

flow reports indicate that debris flows are likely related to intense precipitation in 

conjunction with landfalling ARs. The composite analyses also illustrate that along-AR 

IVT direction is important in fostering orographic processes that lead to the heavy 

precipitation necessary for debris flows.  48-h, areal averaged precipitation analyses show 

that DF days that occur on the day of or day after a landfalling AR contain significantly 

more precipitation in comparison to DF days with non-AR conditions. This result 

suggests an important role of ARs as the main atmospheric phenomenon that can lead to 

debris flows.  A landfalling AR and its associated heavy precipitation, however, do not 

guarantee the occurrence of debris flow.   
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The second part of this thesis analyzes the other two necessary ingredients (slope 

and abundance of debris) and other factors (curvature of land, lack of plant root system, 

soil characteristics, post-fire locations, etc.) that produce debris flows using a GIS 

framework.  Results indicate that debris flow source regions are most sensitive to slope 

and planform curvature, moderately sensitive to Normalized Difference Vegetation Index 

and Kw-Factor erodibility indices, and are least sensitive to hydrologic group 

classifications. The results are limited due to a low sample size in locations and times of 

debris flow. Additional data is needed in order to train a model for debris flow source 

region analyses.  A future assembly of the two products of this thesis, precipitation 

thresholds for debris flow formation and debris flow potential source regions, can be 

mobilized using the Flow-R program and overlaid with a debris flow impact map (in 

progress) to produce a set of debris flow risk analyses. 
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1.1 Preface 

a. Motivation for thesis 

 Landslides are natural phenomena that cause damage to life and property, making 

them of particular interest to government agencies such as the National Weather Service 

(NWS) and the Unites States Geological Survey (USGS).  Landslides in the U.S. cause 

an estimated 25 to 50 deaths and >$2 billion in damages annually (NOAA–USGS Debris 

Flow Task Force 2005).  These landslides impact communities in direct and indirect 

ways.  Direct costs relate to the rebuilding or replacement of damaged infrastructure post-

landslide, including highways, dams, power systems, storm drains, houses, among others.  

Indirect costs include loss of tourist revenue, adverse effects on water quality, agriculture 

and forest devastation, wildlife strain, and countless others.  The costs of landslides 

further comprise of those that will be taken care of by government entities (public costs) 

and those that property owners must deal with independently (private costs) (Flemming 

and Taylor 1980; Schuster 1996; Godt 1999).  Across landslide cost distinctions, indirect 

costs and private costs are extremely difficult to quantify due to lagged impacts and 

private information protection, respectively (Schuster 1996).  For example, closing one of 

the transcontinental rail lines in North America costs on average $10 million, but 

downstream impacts of this inability to transport goods cannot be accounted for 

accurately until well after the event (Jakob and Hungr 2005).  By extension, some private 

costs to companies that depend on the timely arrival of goods go unreported and do not 

augment the $10 million estimate.  Additionally, no exact price can be put on loss of life 

or human injury.  The overall economic impact of landslides in the U.S. must therefore be 
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greater than the annual $2 billion estimate, motivating the further study of their 

occurrence and predictability. 

 One particular type of landslide, debris flows, occurs in locations characterized by 

both steep topography and at least occasional rainfall.  A debris flow is a particularly 

dangerous type of landslide due to its speed, suddenness, destructive capabilities, and 

lack of official government warning.  Debris flows are responsible for most of the loss of 

life and economic damage attributed to worldwide natural disasters.  Historically, people 

did not reside in locations of past debris flow activity in an effort to avoid these costs.  

Recent population pressure now results in development efforts expanding into locations 

with known debris flow hazards, placing a renewed emphasis on their investigation 

(Jakob and Hungr 2005; NOAA–USGS Debris Flow Task Force 2005; Highland et al. 

2013; among others).   

b. Objectives of thesis 

 A high-impact event in this thesis is defined as moderate to heavy precipitation 

(e.g., rainfall rates of ~ 2.6–7.6 mm per hour) that leads to a flood, flash flood and/or a 

debris flow (AMS 2016). These are collectively defined as high-impact hydrologic events 

(HIHEs).  Previous work links the meteorological phenomenon known as an atmospheric 

river (AR) to HIHEs along the U.S. West Coast (e.g., Turner and Schuster 1996; Ralph et 

al. 2004, 2006; Jakob and Hungr 2005; Ralph and Dettinger 2012; Western Regional 

Climate Center 2016; among others). The occurrences of HIHEs may be obtained from 

the NCEI Storm Events Database (NCEI 2016) as reports of floods, flash floods, or 

debris flows, and subsequently linked to occurrences of ARs.  For example, a recent 

study by Skelly (2016) found that floods are commonly associated with landfalling ARs 
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in California, whereas flash floods are more commonly associated with flow patterns 

linked to the North American Monsoon.  The objective of this thesis is to (1) analyze 

debris flows and their association with landfalling ARs in California, and (2) create 

debris flow susceptibility and AR-related precipitation analyses in locations with high 

debris flow frequency.  

c. Outline of thesis 

Chapter One outlined the motivation and overarching objectives of this thesis.  The 

following section outlines the order of thesis chapters (Fig. 1.1).  This thesis is comprised 

of two parts: Part I) debris flow climatology and relationship to landfalling ARs over 

California and Part II) debris flow potential analyses and precipitation thresholds in high-

frequency debris flow areas.  Both parts include background sections (Chapters Two and 

Five, respectively), data and methodology sections (Chapters Three and Six, 

respectively), and results sections (Chapters Four and Seven, respectively).   

Chapter Two begins Part I of this thesis and features necessary information about 

debris flow processes and AR characteristics.  Chapter Three includes an overview of 

data and methodologies related to Part I explicitly.  Chapter Four includes an analysis of 

debris flow reports, as well as climatologies, composite analyses, and precipitation 

statistics for debris flow days and AR conditions.  Part II begins with Chapter Five, 

which includes a background of landslide hazard mapping and previous work related to 

debris flow hazard analyses.  Chapter Six reviews the data and methodology specific to 

Part II of this thesis.  Chapter Seven includes debris flow risk analyses for two regions 

defined by National Weather Service (NWS) county warning area (CWA) geographies 

over Monterey (MTR), California and San Diego (SGX), California. Chapter Eight 
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provides a synthesis of the two parts of this thesis and reviews their major conclusions; 

this chapter also features a brief comparison to the other two HIHE analyses (floods and 

flash floods) from Skelly (2016).  Chapter Nine discusses future work for this project, 

AR-related HIHE projects, and other project ideas. 
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1.2 Chapter figures 

 

Fig. 1.1. Conceptual outline of thesis.  
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Part I: Debris flow climatology and relationship to landfalling ARs over California 
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2. Background of debris flows, heavy precipitation, and ARs 

2.1 Background on debris flows 

 This chapter is an overview of both debris flow and AR background information 

necessary to understand the relationship and overlap in these two processes.  The 

classification process of landslides in section (a) allows for context in placing debris 

flows under their parent phenomena of landslides.  A more detailed investigation of 

debris flows explores its definition over time and reasoning behind more current, all-

inclusive terminology is contained in section (b), its triggers in section (c), and its parts, 

types, steps, and other causes in section (d).  This background chapter purposefully 

explores the debris flow side of the debris flow–AR relationship in more detail as the 

information may be helpful to many meteorologists and atmospheric scientists interested 

in this topic. 

a. What is a landslide? 

 A landslide is colloquially defined as “the movement of a mass of rock, debris or 

earth down a slope” (Cruden 1991).  Within the realm of landslide research, the term 

landslide represents a wide range of materials and movements of the earth (USGS 2016).  

Varnes (1978) created classifications that combined two terms to describe landslides; the 

first term described the material moving, and the second term described the type of 

movement (Fig. 2.1).   

 Material types are typically differentiated by the characteristics of the particles of 

the material, leading to the material types of rock, soil, earth, mud, and debris (Varnes 

1978).  Rock materials consist of hard, solid masses that were intact and in their naturally 

occurring places before experiencing the landslide movement.  Soils incorporate small 
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minerals, rocks, and organic material transported from another location or formed by 

weathering with gases or liquids filling their pores prior to landsliding.  Neither material 

specifies a designated diameter, as a variety rock sizes and a range of soil particles further 

specify the type of rock or soil rather than indicating different material entirely.  

Combinations of rock and soil lead to the other three material types, which rely heavily 

on particle size for characterization.  Earth and mud are materials where 80% of their 

particles are <2 mm or <0.06 mm respectively.  These particle size limits correspond to 

the upper limit of sand-sized particles and silt-sized particles respectively.  Finally, debris 

is characterized by many sizes of particles, where 20%–80% of the particles are >2 mm.   

 The movement of material typically includes factors related to fall, topple, slide, 

spread, and flow (Varnes 1978).  Falls, topples, and slides relate to rigid body 

deformation while slides and flows relate to non-rigid body deformation (Fig. 2.2) 

(Allison 2016; Reish and Girty 2016).  Falls describe abrupt movements of rocks and 

boulders along steep slopes and cliffs related to forces to gravity, mechanical weathering, 

or water in the pores of rocks; falls correspond to translational movement (Fig. 2.3a).  

Topples consist of the forward rotating of materials around a pivotal point due to gravity 

and/or forces exerted by fluids in cracks; topples correspond to rotational movement (Fig. 

2.3b).  Slides specifically describe mass movements where a weakly stable material 

separates from an underlying, stable material; slides can be broken into sub–categories 

based on translational or rotational movements, but they all remain forms of rigid body 

deformation (Fig. 2.3c).  Spreads describe the lateral extension of materials, usually 

triggered by the liquefaction of sediments, illustrating a distortion of the material (Fig. 

2.3d).  Flows relate to both non-rigid body deformations through the addition of water 
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(dilation) or the movement of granular material (distortion) (Fig. 2.3e).  Another 

landslide classification from Varnes (1978) is complex landslides, which combines 

multiple types of deformation and material movement from Figs. 2.2 and 2.3.   

 The USGS also provides schematics of “typical types of landslides” in the U.S. 

that can be grouped according to the type of movement (Highland 2004).  Falls (Fig. 

2.4d), topples (Fig. 2.4e), and spreads (Fig. 2.4f) have only one landslide schematic.  

Slide schematics are partitioned based on their deformation type into rotational (Fig. 

2.4a) and translational (Fig. 2.4b), with a block slide differentiated by the mass moving as 

a single unit instead of many particles (Fig. 2.4c).  Typical landslides of flow-related 

movement are debris flows (Fig. 2.4f), debris avalanches (Fig. 2.4g), earthflows (Fig. 

2.4h), and creeps (Fig. 2.4i); mudflow is not included in the USGS typical landslide 

analysis but is included in the Varnes (1978) classifications.   

 The flow category of landslide movement has many typical types of landslides 

associated with it due to the separation of flows by material type and by speed of flow.  

Qualitative descriptions of flow speed from Varnes (1978) were later revisited and given 

quantitative speed values in order to rationalize their importance in category distinctions 

(Fig. 2.5); this speed classification did not include creep, as many scientists disagreed on 

the precise numerical speed (Cruden and Varnes 1996).  Small definition specifications 

from recent developments in landslide science, and the introduction of more formal 

definitions of landslide material using post-1970s terminology resulted in a revision to 

classifications in 2013.  The new classifications are not widely accepted yet (Hungr et al. 

2014). 



  
 

10 

 

 All landslides are associated with two main processes that cause the various 

materials to move: 1) an increase in shear stress and 2) a reduction of material strength.   

Shear stress is the component of outside force that acts parallel to the imposed stress on a 

material and causes material deformation (Encyclopedia Britannica 2016a; Oxford 

Dictionary of Earth Sciences 2008a).  When force is applied to a material, the resulting 

material stress will induce elastic, plastic, or fluid material.  Elastic behavior refers to the 

material will return to its original size and shape when the force is removed, whereas 

plastic behavior refers to that permanent changes to shape and size will not reverse when 

force is removed, and fluid behavior refers to that the material will undergo a permanent 

and continuous change in shape and size even when the force is removed (Encyclopedia 

Britannica 2016b,c,d).  Natural methods that increase shear stress on materials are 

numerous, including the removal of support near the margins of and underneath a 

material (e.g. erosion, road cuts), the addition of more material to the overall load (e.g. 

rain/snow, vegetation), increase in lateral pressures (e.g. roots, hydraulic pressure), 

transitory stresses (e.g explosions, earthquakes), and regional tilting (e.g. geologic 

movements) (Cruden and Varnes 1996; Hungr 2005; Savage and Baum 2005; among 

others).   

 The characteristics of the material can impact landslide processes as well.  The 

arrangement of particles may cause low material strength or give ample room for the 

addition of fluids between pores (Cruden and Varnes 1996).  The materials of the mass 

may weaken if the total mass itself has imperfections, such as faults, joints, or contrasts in 

sediment sequencing (Cruden and Varnes 1996).  Natural changes in materials, such as 

weathering or photochemical reactions, can lead to reduced material strength.  Saturation 
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of materials through water from runoff of rain or snowmelt can also lead to a loss of 

cohesion in between material particles and result in material strength decreases (Cruden 

and Varnes 1996; Dingman 2002; Savage and Baum 2005). 

 The two main landslide processes are derived from a number of different causal 

categories; each ultimately result in one or both of the above processes (Fig. 2.6).  The 

USGS identifies that the three most typical triggers for landslides are 1) water, 2) seismic 

activity, and 3) volcanic activity (Highland 2004).  Debris flows are a rather shallow form 

of landslide in comparison to “deep-seated” landslides, such as those associated with 

seismic activity (Cruden and Varnes 1996; Highland 2004; Highland et al. 2013; among 

others).  This thesis focuses on debris flows related to water triggers: specifically, those 

related to precipitation. 

b. What is a debris flow? 

 An author in 1910 used the first iteration of the term “debris flow” to describe a 

flood with entrained sediment that changed into a viscous, lava-like flow (Hungr 2005).  

Sharpe (1938) separated the term into “debris flow” and “debris avalanche” based on the 

similarities between some debris flows and snow avalanches (Hungr 2005).  Varnes 

(1978) notes this distinction as a landslide type and additionally recognized that there is a 

spectrum of flow types based on movement speed (Fig. 2.7a) (Hungr 2005).  Hutchinson 

(1988) recombined the “debris flow” and “debris avalanche” terms and re-classified them 

with a new understanding of debris flow properties in relation to the formation 

environment.  Hutchinson (1988) was the first to refer to debris flows as “channelized” or 

“hillslope.”  Additional references to debris flows with small particle sizes as mudflows 

from the 1920s to the 1970s complicated the debris flow definition (Hungr 2005).  The 
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practice has been since abandoned, but disagreement over the many types of and 

references to flowing material has led to current debris flows being colloquially known as 

other flow types.  The USGS Fact Sheet for debris flows also refers to them as mudslides, 

mudflows, lahars, and debris avalanches, reflecting the new approach to debris flow 

classification (Highland 2004; NOAA–USGS Debris Flow Task Force 2005; Restrepo et 

al. 2008; Highland et al. 2013; among others).  Contemporary flow type landslide 

classifications can be found in Fig. 2.7b, where Hungr et al. (2001) includes all terms that 

may be confused with debris flows based on a better understanding of the material, water 

content, special conditions unique to the flow type, and velocity of the movement.   

Debris flows are commonly defined as hybrids of landslides and floods that result in a 

flowing, wet concrete-like mixture of sediment and water distinct in their mechanical 

properties from either parent phenomenon (Highland 2004; NOAA–USGS Debris Flow 

Task Force 2005; Hungr 2005; Highland et al. 2014; among others).  They can be of the 

open-slope or channelized variety (Hutchinson 1988; Cruden and Varnes 1996; NOAA–

USGS Debris Flow Task Force 2005; Hungr 2005; among others).  This thesis will use a 

broader definition that is common in other studies of debris flows that will encompass the 

mudflow, mudslide, and debris avalanche terms as well (Highland 2004; Hungr 2005; 

NOAA–USGS Debris Flow Taskforce 2005; Highland et al. 2013).  The physical flow 

processes are the same in all of these forms of landslide, but the material and speed vary 

slightly.  Mudflows and mudslides typically have smaller-sized, plastic particles, and 

debris avalanches typically exhibit more rapid movement than debris flows (Highland 

2004; Hungr 2005; NOAA–USGS Debris Flow Taskforce 2005; Highland et al. 2013).   
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c. What triggers a debris flow? 

 A trigger is a physical process that causes a near-immediate response in the form 

of a landslide, though some processes such as material or chemical weathering can cause 

slope failures when stress increases or material strength decreases over time (Weiczorek 

1996).  Debris flows generally are triggered by water influx into sediment (Weiczorek 

1996).  Understanding where the water is coming from, how water affects soil properties, 

and how water can lead to debris flows is important.  Water influx in debris flows comes 

from two main sources: rainfall and snowmelt (Wieczorek 1996; Savage and Baum 

2005).  The source of water influx can also be the result of water on roads being funneled 

into culverts, a pipe that has burst, or irrigation (Cruden and Varnes 1996; Wieczorek 

1996; Savage and Baum 2005).   

 The input of water from the soil surface into an unsaturated zone of soil is known 

as infiltration.  Infiltration rate is the speed at which water enters the soil, but it can be 

further broken down into separate factors important to the infiltration.  The water–input 

rate is the rate in which the water is added to the surface, the infiltration capacity is the 

maximum rate that infiltration can occur within the soil itself, and the depth of ponding is 

the depth of water on the surface of the soil that has not experienced infiltration.  No 

debris flows occur when the water–input rate is less than or equal to the infiltration rate at 

its infiltration capacity, and the depth of ponding is zero (Dingman 2002).   

Debris flow occurrence happens as a result of saturation of the ground from 

above, where the water–input rate is higher than the infiltration rate at capacity.  Another 

way for precipitation to cause debris flows would be to augment the ground water supply, 

thus raising the water table to the soil top and causing infiltration rates to be zero and the 
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depth of ponding to be greater than zero.  The former, saturation from above process, 

means that only partial saturation of soil is required for debris flow formation, yet the 

latter, saturation from below process, insinuates that debris flows can occur with 

complete saturation as well (Dingman 2002).  The water–input rate and the infiltration 

rate of soils in a region are therefore key to understanding debris flows.   

This study focuses on debris flow likely triggered by precipitation with an 

understanding that this could most likely result from AR phenomena (see below).  The 

water–input rate from a meteorological perspective can be described by Doswell et al. 

(1996) as:  

𝑃 = 𝑅 × 𝐷,                                                          (2.1) 

where P is the total accumulated precipitation, R is the precipitation rate, and D is the 

duration of precipitation.  While Doswell et al. (1996) described Eq. (2.1) as a factor in 

flash flood formation, Restrepo et al. (2008) and the NOAA–USGS Debris Flow Task 

Force (2005) established that both debris flows and flash floods share many similar 

formation characteristics.  Equation (2.1) can be used to aid in the understanding of the 

effects of precipitation on debris flow formation.  A higher precipitation rate (R) over a 

shorter duration of precipitation (D) could effectively result in the same total accumulated 

precipitation (P) as a lower precipitation rate (R) over a longer duration of precipitation 

(D).  The components of Eq. (2.1) characterized in the former way relate to saturation 

from above, whereas the components of Eq. (2.1) equation characterized in the latter way 

relate to saturation from below as defined by Dingman (2002). 

 Excessive infiltration via water influx affects soil strength through an increase in 

pore–water pressure after the soil becomes partially to fully saturated.  The cohesion of 

unsaturated soil particles is directly related to high surface tension forces, or the presence 
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of friction holding the soil particles together (Dingman 2002).  The frictional forces of 

another material onto the soil serve to strengthen the material and hold it in place given 

that the angle of the material is not exceeding the angle of repose, or maximum angle of a 

slope that can still hold a loose pile of soil and rock (Turner 1996; Dingman 2002; 

Savage and Baum 2005).  Pore–water pressure is a pressure that is exerted in all 

directions by a fluid held in the pores of a rock or soil (Oxford Dictionary of Earth 

Sciences 2008b; Dingman 2002; Savage and Baum 2005); it acts to oppose cohesion.   

A reduction in pore space (as pores fill with water) results in higher pore–water 

pressure exerted onto the surrounding soil particles (Oxford Dictionary of Earth Sciences 

2008b; Dingman 2002; Savage and Baum 2005).  When this pore–water pressure 

becomes too large, both the cohesion of soil particles and the frictional and gravitational 

forces keeping the material in place decrease and result in a buoyancy effect of water and 

soil particles and the destruction of shear strength in the material (Dictionary of Earth 

Sciences; Dingman 2002; Savage and Baum 2005).  This process is the most common 

way debris flows are triggered.   

d. Debris flow parts and steps 

  A debris flow has three main parts: a region of initial failure (scar), a debris flow 

track, and a zone of deposition (i.e. debris fan) (Fig. 2.8).  The initial failure is initiated 

via pathways (Hutchinson 1988).  The first pathway is to transform from a landslide into 

a debris flow (open-slope), and the second pathway is to transform from overland runoff 

into a debris flow (channelized).  The debris flow can have one or more debris flow 

surges while along the track depending on the mobilization process of the saturated 

masses during the initiation phase (Hungr 2005).  A schematic of the debris flow surge 
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illustrates the distribution of particle size of the debris (Fig. 2.9).  Larger particles of 

debris are pushed to the front of the surge (the head) while smaller particles of debris are 

found closer to the back of the surge (the tail) (Hungr 2005).  The debris fans at the end 

of debris flows are found at the base of hills and mountains, where infrastructure and 

houses may be developed on gentler slopes (Schuster 1996; NOAA–USGS Debris Flow 

Task Force 2005; Highland et al. 2013).  For example, railroad tracks were blocked by 

the debris fans of two debris flows in July 2010 in Colorado (Fig. 2.10).  The mechanics 

of the debris flow parts vary as a function of the pathway of the debris flow and thus will 

be explained in more detail when analyzing the two pathways (see below). 

i. Open-slope debris flows 

 A transformation process from a landslide to a debris flow starts with a block of 

soil on a steep slope (>15°) that mobilizes due to soil saturation (Turner 1996; NOAA–

USGS Debris Flow Task Force 2005; Sassa and hui Wang 2005).  The failed mass moves 

down the slope once there is loss of cohesion and gravitational forces take over (Fig. 

2.11a).  Colluvium deposits are mobilized as the saturated mass provides the water input 

necessary for liquefaction as the ground flattens (Figs. 2.11b,c); this process augments 

the debris that is already part of the mass (Fig. 2.11d) (Turner 1996; NOAA–USGS 

Debris Flow Task Force 2005; Sassa and hui Wang 2005).  Howard et al. (1988) refined 

the schematic from Sassa (1985) to illustrate the entire life cycle of a debris flow formed 

particularly from a soil slide (Fig. 2.12).  The schematic illustrates the initial landslide 

(Fig. 2.12a), the loss of shear strength in each block of soil on the slope as they saturate 

(Fig. 2.12b), the beginning of the flow of saturated masses down the slope (Fig. 2.12c), 

the full speed of the debris flow with separate “surges” while in the track section of the 
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overall debris flow (Fig. 2.12d), and the debris fan formation when the slope becomes 

gradual and initiates the deposition of the debris in the flow (Fig. 2.12e).  This soil slide-

to-debris flow transition is the most typical material type and movement in the open-

slope debris flow pathway (Turner 1996). 

ii. Channelized debris flows  

 A transformation process from overland runoff to a debris flow starts with large-

scale sediment entrainment (NOAA–USGS Debris Flow Task Force 2005; Hungr et al. 

2005).  Rainfall runoff or flash flooding can cause overland runoff processes on a surface 

which serve to pick up alluvium that is in preexisting channels or to erode channel banks 

(Dingman 2002; NOAA–USGS Debris Flow Task Force 2005; Hungr et al. 2005).  This 

process is known as bulking, as the augmentation of alluvium increases the overall flow 

volume, and it can lead to a hyper-concentrated flow of water (NOAA–USGS Debris 

Flow Task Force 2005; Hungr et al. 2005; Hungr 2005).  The term hyper-concentrated 

flow usually signifies the transitional processes before or after a debris flow, when water 

content is exceeding debris content in the flow (NOAA–USGS Debris Flow Taskforce 

2005; Hungr 2005).  The term illustrates the sedimentation of preexisting water flows that 

become debris flows with more entrained debris when used with phenomena at the 

beginning of the lifecycle (NOAA–USGS Debris Flow Taskforce 2005; Hungr 2005).   

The hyper-concentrated flow then transitions fully into a debris flow (Fig. 2.13).  

This debris flow type can result in the lateral spreading over channel banks due to 

damming by debris buildup or reaching the end of the channel and flatter surfaces 

(NOAA–USGS Debris Flow Taskforce 2005; Hungr 2005).  Debris fans are likely to 

occur after a channelized debris flow stops due to the buoyant nature of the water within 
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the flow encountering a shallower slope and minimizing the gravitational force acting on 

it.  Hyper-concentrated flows can also occur again at the end of channelized debris flows.  

Coarser materials of a debris flow settle to the bottom layer of preexisting streamflow 

while a top layer of sediment–water mix, now more diluted than the original mix, 

continues onward as another hyper-concentrated flow (NOAA–USGS Debris Flow 

Taskforce 2005; Hungr 2005). 

e. Other debris flow factors 

 Many debris flow factors exist in addition to the trigger mechanism.  These 

factors can be any factor that could impact slope stability, material strength, debris flow 

run-out distance, speed and duration of a debris flow, etc.  The broad categories of debris 

flow factors are soil properties, geomorphology, hydrology, vegetative cover, and recent 

fires (Turner 1996; Cannon and Gartner 2005; Sidle 2005; Highland et al. 2013).  A brief 

overview of other debris flow factors is included here with further analysis in Part II of 

this thesis. 

 Soil properties, such as the porosity or mineralogical conditions of a soil, can 

affect the strength of the soil material and the infiltration rate of the soil; these factors can 

impact debris flow initiation (Turner 1996; Dingman 2002; Iverson 2005; Hungr et al. 

2005).  For example, colluvium in arid regions is typically loose in its particle structure, 

insinuating a high porosity when dry; the soils go through hydro-compaction, or a 

collapse of the material structure that leads to a decrease in volume size when water is 

added and a temporary liquefaction as the material is swept up in the overall flow (Turner 

1996).  A highly relevant way of categorizing soils in California is via the USDA 

hydrologic soil groups (HSGs), which determines erosion potential when on a slope and 
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saturated for soil regions based on runoff curves (Soil Survey Staff 1993; Miller and 

White 1998).  HSG values of a general region range from “A” to “D” on a continuous 

scale, where “A” represents low runoff and high infiltration rates and “D” represents high 

runoff and low infiltration rates (Fig. 2.14).   Generally, potential debris flow formation 

increases in C and D HSG regions, as soils with lower infiltration rates can be 

overwhelmed more easily with even moderate precipitation rates.  All HSG types can be 

found in highly localized areas in the state of California (Fig. 2.15), as represented in 

HSG shaded maps of the San Francisco Bay area and the San Diego Bay area that display 

mostly HSG “D” in the regions (Dangermond 2014).  Additionally, the presence of shales 

and hollows beneath the soil can cause the overall material strength to decrease (Turner 

1996; Savage and Baum 2005).  The Monterey shale, known by the public for its 

association with oil, underlays numerous, smaller clay-shale basins throughout most of 

California; these basins in general are characterized by hillslopes that can provide large 

amounts of colluvium for future mobilization (Remaitre et al. 2005; Behl 2012).  Hollows 

in the San Francisco Bay area additionally made up a large percentage of the debris flow 

source regions during the large, January 1982 storm that fostered thousands of debris 

flows (Turner 1996; Godt 1999).   

Geomorphological features, such as the slope of the land or shape of the slope, 

can also have an impact on debris flow factors.  Discrete landslides on slopes ≥15° are 

typically necessary for debris flow formation in California (Ellen and Flemming 1987; 

NOAA–USGS Debris Flow Task Force 2005; among others).  Steep and small 

watersheds are particularly prone to debris flows because of their high drainage density, 

with each square kilometer handling more water at a faster rate than larger watersheds 
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with shallow, gradual slopes (Scott 1971).  Ortigao and Kanji (2010) identify that the 

typical cutoff slopes for debris flows is between 20° and 25°, though some can occur with 

shallower slopes with much more fluid materials (Takahasi 1991).  The optimal slope 

range for debris flow production is 34°–37° or 35°–38° (Ortigao and Kanji 2010; Alharbi 

et al. 2014).  Evidence also suggests that debris flow potential decreases at higher slopes 

as loose soil and debris would have already fallen down certain parts of the mountainside 

(Ortigao and Kanji 2010).  A USGS California slope map from Wills et al. (2011) 

illustrates a high spatial area of locations with slopes that qualify regions as contributors 

to debris flow formation (Fig. 2.16).    

 In terms of the hydrologic factors of debris flows, this chapter discussed the 

impact of rainfall and snowmelt previously.  Secondary hydrologic factors can impact 

debris flows as well, including evapotranspiration (ET) rates, soil water recharge, and 

antecedent rainfall.  ET encompasses any process that results in liquid or solid water 

becoming water vapor (Dingman 2002).  A system is categorized as having low ET rates 

when evaporation rates from lakes or rivers, transpiration rates from leaves, and/or 

sublimation rates from ice and snow surfaces are low, which would insinuate that the 

ecosystem as a whole holds onto water more often than releasing it back into the 

atmosphere (Dingman 2002; Sidle 2005).  A map of ET zones in California demonstrates 

the wide range of ET rates across the state and across seasons, which ultimately 

illustrates soil moisture peaks (lulls) both spatially and temporally that would be more 

(less) favorable for debris flows (Fig. 2.17).  Recharge is a process by which percolating 

water makes it to the water table, replacing any water that is being taken out by plants 

(Dingman 2002).  Recharge would thus impact the height of the water table, which in 



  
 

21 

 

turn would impact any debris flow processes related to below ground saturation 

(Dingman 2002).  Recharge rates are currently low in California, as cities are extracting 

more water than is naturally recharging due to drought conditions (Underwood 2016; 

USGS 2016b).   

Antecedent rainfall (i.e., seasonal rainfall that does not cause a high-impact 

hydrologic event) can serve as a primer for saturating the soil and can raise the water 

table; any precipitation falling in a region that is already wet will be directly contributing 

to debris flow trigger factors instead of becoming recharge or being used for 

hydrocompaction (Wieczorek and Glade 2005).  The amount of antecedent moisture 

varies based on location, season, time frame of rainfall, and other factors that make the 

exact amount of antecedent moisture hard to quantify (Wieczorek and Glade 2005).  The 

Santa Cruz Mountains in north-central California, for example, require ~28 cm of 

antecedent rainfall during a preceding 7-to-60-d period before a debris flow-producing 

storm can occur (Wieczorek 1987).  Additionally, the preceding 7-to-30-d period before a 

debris flow-producing storm usually accounts for 80% of the ~28 cm of antecedent 

rainfall and is usually twice the amount of antecedent value of non-debris flow-producing 

storms (Wieczorek 1987). 

 The role of vegetation in debris flow susceptibility relates directly to the root 

system of the plants.  Root networks have the ability to hold soil in place, stabilizing the 

ground in case of slope failures and adding to material strength (Turner 1996; Sidle 

2005).  The type of vegetation is extremely important in determining the retentive ability 

of the root system (Sidle 2005).  For example, individual roots that stretch the length of 

the stable mantle layer act as vertical anchors for shallower soil in the immediate vicinity 
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of the plant, but dense, shallow root systems can actually stabilize the upper portions of 

the soil more efficiently, providing strength to the entire layer (Sidle 2005).  Both the 

presence of grass and chaparral scrub increase slope stability in California, but grass-

covered slopes experience debris flows more frequently than chaparral-covered slopes 

because of the width, depth, and lateral spread of their roots in comparison to grass roots 

(Campbell 1975; Sidle 2005).  Canyon oaks thus dramatically increase slope stability, 

especially when they are the only plants surviving after a fire in the region (Scott 1971; 

Cannon and Gartner 2005).  Plants such as the shallow-rooted ice plant found in Southern 

California (Carboprotus edulis) can conversely absorb excess moisture in wet winter 

months, adding more weight to slopes that may be already be at risk to fail (Turner 1996).  

Deeper rooted plants can additionally aid in maximizing transpiration rates at greater 

depths, drying the deep soil and increasing overall material strength and stability (Sidle 

2005). 

 Wildfires frequently occur in southern California during summer and fall 

(Florsheim et al. 1991; Western Regional Climate Center 2016).  Debris flows in post-

fire regions are common (Florsheim et al. 1991; Turner 1996; Cannon and Gartner 2005; 

NOAA–USGS Debris Flow Task Force 2005; Highland et al. 2013; among others).  The 

soil of post-fire regions is extremely unstable due to a lack of vegetation and the 

production of a hydrophobic (water-repellant) layer of soil below the surface (Florsheim 

et al. 1991; Turner 1996; Cannon and Gartner 2005).   The hydrophobic layer is made up 

of waxy organic molecules formed from burning vegetation that is driven into the soil 

and coats individual soil molecules (Florsheim et al. 1991; Turner 1996).  This layer 

serves as a barrier for wettable soil above and underlying soil below, and the surface soil 
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can easily slide along the hydrophobic layer when frictional forces are overcome by 1) 

the buoyancy of the soil water along the impermeable layer and 2) gravity moving the 

material downslope (Fig. 2.18) (Florsheim et al. 1991; Turner 1996; Cannon and Gartner 

2005).  The soil barrier and lack of vegetation additionally foster more erosion and 

sedimentation processes; in the Santa Ynez Mountains, the processes may be an order of 

magnitude greater in post-fire locations (Wells et al. 1987).   

Post-fire debris flows are typically of the channelized variety and account for 

~75% of debris flows over the Western U.S. (Cannon and Gartner 2005; NOAA–USGS 

Debris Flow Task Force 2005; Cannon et al. 2007).  The intact hydrophobic soil layer 

directly enhances debris flow potential for up to two years after a fire, but nominal effects 

on soil composition once the hydrophobic layer is naturally broken-up and mixed into the 

soil can be felt for as long as two decades after a fire (Cannon and Gartner 2005; Rañoa 

2015).   

2.2. Precipitation and atmospheric river information 

 Augmenting an understanding of debris flow processes with knowledge of the 

triggering mechanism of heavy precipitation leads to a more holistic understanding of the 

debris flow problem in California.  This thesis explores the triggering of heavy 

precipitation in relation to atmospheric rivers (ARs). This chapter also expands upon 

similar atmospheric processes and the climate of California that may influence debris 

flows.  This thesis examines the atmospheric contributions to the debris flow problem on 

the synoptic and meso-alpha scales, and this does not go into great detail about smaller-

scale processes.   
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a. Heavy precipitation in the U.S. 

Debris flows and HIHEs are usually the result of high-intensity rainfall events 

(Highland 2004; NOAA–USGS Debris Flow Task Force 2005; Wieczorek and Glade 

2005; Restrepo et al. 2008; Highland et al. 2013; among others).  These rainfall events 

are a product of high precipitation rates, and may also contain a long duration as 

expressed in Eq. (2.1).  Many different types of weather phenomena can produce the 

precipitation rates and durations necessary for the formation of debris flows (Wieczorek 

and Glade 2005; Ralph and Dettinger 2012).  Heavy precipitation events over California 

are similar in magnitude to that of heavy precipitation events over other parts of the U.S. 

(Ralph and Dettinger 2012).  California, Texas, and the southeastern U.S. experience the 

highest spatial frequency of 72-h precipitation events with >400 mm of rain (Fig. 2.19).  

Locations recording heavy precipitation in the eastern U.S. (as determined by locations 

east of 105°W) occurred in spring, summer, and fall seasons in association with 

convective systems and hurricanes, while events of the same magnitude in the western 

U.S. almost exclusively occurred in winter in association with landfalling ARs (Fig. 

2.20). 

b. What are atmospheric rivers? 

 ARs are long, narrow corridors of enhanced integrated water vapor (IWV) and 

integrated vapor transport (IVT) that account for ~90% of all global poleward moisture 

transport (Zhu and Newell 1998; Ralph et al. 2004; Neiman et al. 2008a,b; Sodemann and 

Stohl 2013; among others).  IWV is colloquially defined as the amount of water vapor in 

a column of air (Ralph et al. 2004).  IWV is a widely accepted quantity that is used as an 

indicator of ARs (Neiman et al. 2008a; Neiman et al. 2008b; Ralph et al. 2005; Ralph et 
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al 2011; among others).  Alternatively, IVT is a vector quantity that illustrates how the 

IWV is transported by the total wind.  The IVT vector is calculated according to the 

methodology of Neiman et al. (2008) as: 

𝐼𝑉𝑇 =  
1

𝑔
∫ 𝑞𝑉𝑑𝑝,

200ℎ𝑃𝑎

1000ℎ𝑃𝑎
                                             (2.2)                  

where g is gravitational acceleration, q is the specific humidity, V is the total vector wind, 

and IVT units are kg m–1 s–1.  The IVT is also a widely accepted indicator of ARs (e.g., 

Cordeira et al. 2013; Neiman et al. 2013; Neiman et al. 2014; among others).  ARs 

typically contain IVT magnitudes ≥250 kg m–1 s–1 and IWV values ≥20 mm (Fig. 2.21) 

(Ralph et al. 2011) in an area >2,000 km long and <1,000 km wide (Fig. 2.22) (Zhu and 

Newell 1998).  AR-related precipitation contributes ~50% of the annual precipitation 

along the U.S. West Coast (Ralph and Dettinger 2012).  ARs are found in the warm 

sector of extratropical cyclones, ahead of cold fronts and along low-level jet features 

(Zhu and Newell 1998; Ralph et al. 2004; Bao et al. 2006; Stohl et al. 2008; Cordeira et 

al. 2013). ARs occur more frequently in the cold season from October to March in 

California when the climatological storm track is farthest south (Neiman et al. 2008b).   

c. What is the AR relation to orographically-induced precipitation?  

 The upslope magnitude of the IVT vector along a landfalling AR can be crucial to 

the formation of heavy precipitation (Ralph et al. 2013).  ARs that make landfall in north-

central California typically contain 75% of their water vapor transport in the lowest 2.25 

km of the atmosphere (Ralph et al. 2005).  The low-level transport of moisture from over 

the Pacific Ocean and onto the U.S. West Coast results in moist air parcels being forced 

to ascend the large mountain ranges on the California coast, which often results in 

dynamical processes related to heavy, orographic precipitation (Fig. 2.23) (Lin et al. 
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2001; Ralph et al. 2004, 2005, 2006; Neiman et al. 2008a,b; Stohl et al. 2008; Smith et al. 

2010; Ralph and Dettinger 2012; among others).  The Coastal Ranges, the Klamath 

Mountains, the Transverse Ranges, and the Peninsular Ranges are located closest to the 

coast and are often the first to be intersected by ARs; the more prominent Sierra Nevada 

Mountain Range farther inland can also induce orographic precipitation (Fig. 2.24).  The 

heaviest orographic precipitation will generally occur over slopes with the highest IVT 

magnitude near the coastal topography rather than near the inland topography, where the 

orographic precipitation has already depleted the IWV values along the AR (Minder et al. 

2008; Rutz et al. 2013, 2015). The high precipitation rate and duration thresholds needed 

to cause debris flows may therefore occur during landfalling ARs over near-coastal 

regions that experience the heaviest orographic precipitation (Rutz et al. 2013).   

 Orographic precipitation from ARs account for 20–50% of annual streamflow in 

California (Dettinger et al. 2011) and can result in HIHEs related to floods, flash floods, 

and debris flows (Ralph et al. 2006; Dettinger et al. 2011; Western Regional Climate 

Center 2016; Skelly 2016; among others).  Floods and flash floods are common to 

Southern California where watersheds are generally short, steep, and geographically close 

to major population centers. When large amounts of water are input into these 

watersheds, they are easily overwhelmed and produce floods and flash floods with major 

impacts on infrastructure and cities (Western Regional Climate Center 2016).  For 

example, a flash flood event in the Santa Ynez River watershed occurred in conjunction 

with ~2,000 kg m–1 of 72-h time integrated IVT directed towards the Transverse Ranges 

along an AR on 9 January 2005. This AR resulted in orographic precipitation that 

produced an areal average of ~40 mm of precipitation across the watershed (Skelly 
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2016).  Northern California watersheds are generally longer than Southern California 

watersheds, thus requiring more time to acquire saturation necessary for potential 

flooding (Western Regional Climate Center 2016); however, the antecedent moisture 

necessary for flooding is usually met under AR conditions across Northern California 

watersheds more often.  For example, all floods in the Russian River watershed from 

1997 to 2006 occurred with AR events, resulting in the top 80th percentile of streamflow 

at locations along the river for 70–100% of the seven AR event durations (Ralph et al. 

2006).   

d. Importance of ARs and rainfall in California  

 AR-related precipitation is important to the California water cycle despite their 

negative impacts related to HIHEs.  Dettinger (2013) emphasized the importance of ARs 

and their roles as “drought busters” in the state due to their high precipitation rates and 

winter seasonality after a long, dry, summer season.  U.S. West Coast droughts typically 

end with one abundantly wet month characterized by a few, very large storms that 

contain ARs, while droughts in other U.S. locations typically end as a gradual lowering 

of temperatures (Dettinger 2013).  California droughts end with AR storms 33–40% of 

the time, with winter season wet months resulting in busted droughts ~60–67% of the 

time in northern California through Washington and 45% of the time in central and 

southern California (Dettinger 2013).   

 ARs also contribute to water supply surplus or deficit in California watersheds 

where they can contribute up to 80% of total precipitation in a water year in California.  

Large percentages of annual precipitation can occur with just one AR event alone, such 

as 60% of total water year precipitation falling during the 8–10 February 2014 event 
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(Kawzenuk 2015).  Thus, AR precipitation is necessary in building the snowpack on 

mountains that feed many rivers in California during the spring and early summer periods 

(Minder et al. 2008).  For example, the Russian River watershed relies on ARs and 

melting snowpack to supply water for crops, sites of recreation for tourists, and habitats 

for endangered species (NOAA SARP 2013; Kennedy 2016; IWRSS and NOAA 2016).  

 The contribution of AR-related precipitation to total water-year precipitation is 

also important for reservoir recharge; many locations in the western U.S. have reservoirs 

that exhibit over-year behavior characterized by long, multiyear drawdown periods 

(Vogel et al. 1999). These over-year reservoirs have a lower reliability and a lower 

resilience than reservoirs that recharge within-year, where low reliability is a high 

measure of reservoir system failure and low resilience is a lower capacity of the system to 

recover after it fails.  This AR-related precipitation serves to recharge reservoirs across 

California on a shorter time scale.  With California reservoirs facing higher demands for 

water use, especially at times in the summer during the dry season, reservoir operators are 

becoming more and more dependent on cool-season water resource management during 

landfalling ARs and their precipitation (Dettinger et al. 2011; Dettinger 2013).   

e. Other atmospheric processes 

 This section addresses atmospheric phenomena that promote fire weather 

conditions across California, which may influence subsequent debris flows.  Recall that 

wildfires may promote future debris flows by creating regions with hydrophobic soil, 

lack of root stabilization, and post-fire debris flow source regions that initiate with less 

water input and shallower slopes than normal debris flows.   
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 Many atmospheric phenomena contribute to fire-enhancing winds in California, 

including land-sea breezes that may be enhanced by topographic wind effects (Miller and 

Schlegel 2006).   For example, both northern and southern California experiences a form 

of foehn wind that can spread wild fires (Miller and Schlegel 2006; Western Regional 

Climate Center 2016).  Foehn winds are warm, dry, high velocity winds that descend 

mountains (Miller and Schlegel 2006; Western Regional Climate Center 2016; 

Encyclopedia Britannica 2016f).  Typically, in the fall, an inland high-pressure center in 

the Great Basin of the U.S. and an offshore low-pressure center cause a strong gradient in 

pressure over California, resulting in offshore flow (Miller and Schlegel 2009; Western 

Regional Climate Center 2016).  Air from the usual leeward side of California mountain 

ranges, most notably the Coastal Ranges, the Transverse Ranges, and the Sierra Nevada 

Mountain Range, moistens and cools as it ascends the mountains, then rapidly warms and 

dries as it descends the typical windward side of the mountains (Miller and Schlegel 

2009; Western Regional Climate Center 2016).  These winds are called the “Santa Ana 

winds” across the Central Valley, Southeastern Desert Basin, and the South Coast 

(Florsheim 1991; Miller and Schlegel 2009; Western Regional Climate Center 2016).  

The Santa Ana winds occur on average 2–5 days per month from October to March in 

southern California (Miller and Schlegel 2009).  The winds are called the “Diablo winds” 

or “northers” if they occur in the Sacramento or San Joaquin Valleys in northern 

California (Miller and Schlegel 2009; Western Regional Climate Center 2016).   

 Synoptic and intraseasonal circulation patterns that influence atmospheric 

conditions that may lead to wildfires include the El Niño Southern Oscillation (ENSO), 

the Pacific Decadal Oscillation (PDO), and the Pacific/North American pattern (PNA).   
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During a positive phase of ENSO (El Niño), the Walker Circulation is typically weak, 

sea-surface temperatures (SSTs) along the equator in the Eastern Pacific are warm, and 

the thermocline is on average deeper, influencing the atmospheric patterns that may result 

in anomalously warm and dry conditions in northern California and more rain in southern 

California.  During a negative phase of ENSO (La Niña), the Walker Circulation is 

typically strong, the SSTs along the equator in the Eastern Pacific are cold, and the 

thermocline is shallower, influencing the atmospheric patterns that may result in more 

rain across northern California and less rain across southern California (Trouet et al. 

2009; Di Liberto 2014).  The PDO simply modifies ENSO intensity constructively in the 

positive phase or destructively in the negative phase (Trouet et al. 2009).  A positive 

phase of the PNA correlates with a ridge over western North America, which serves to 

deflect transient cyclones from the Pacific and to foster widespread meridional flow that 

cause dry and warm conditions in California.  A negative PNA correlates to a weak ridge 

or even trough pattern over western North America, causing wet and cold conditions in 

California (Trouet et al. 2009).  Positive phases of ENSO (El Niño), PDO and PNA have 

all been linked to an increase in fire index values such as the Haines Index, the Energy 

Release Component, and the Palmer Drought Index in northern California (Trouet et al. 

2009).  These phases are also linked to higher frequencies of dry lightning days that often 

start wildfires (Trouet et al. 2009).   
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2.3. Chapter figures 

 

Fig. 2.1. Types of landslides simplified from Varnes (1978) landslide classification chart 

as found in the USGS landslide fact sheet by Highland (2004).    

 

Fig. 2.2. Types of deformation in relation to the kinematics of structural geology adapted 

from GY403 lecture material from Dr. Allison at the University of South Alabama and 

from the Dynamic Learning Environment for visualizing stress and strain provided by Dr. 

Reish and Dr. Girty at San Diego State University: a) translation, or the movement of 

material laterally, b) rotation, or the movement of material around a pivotal point, c) 

distortion of material, or the change of its shape, and d) dilation of material, or the change 

in its volume.  a) and b) are examples of rigid body deformation whereas c) and d) are 

examples of non-rigid body deformation. 
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Fig. 2.3. Movement of landslides from Cruden and Varnes (1996) with added letters for 

reference: a) fall movement, b) topple movement, c) slide movement, d) spread 

movement, and e) flow movement. 
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Fig. 2.4. Major types of landslides grouped by movement type from the USGS Landslide 

Fact Sheet (Highland 2004). 
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Fig. 2.5. Quantitative velocity scale of landslides by Cruden and Varnes (1996) that 

accompanies landslide classifications from Varnes (1978). 
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Fig. 2.6. Checklist of landslide factors categorized by causal type from Turner and 

Schuster (1996). 
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Fig. 2.7. The continuum of flow movement classifications from a) Varnes 1978 and from 

b) Hungr et al. 2001 illustrated by Jakob and Hungr (2005). 
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Fig. 2.8. Simplified sketch of debris flow found on the California Department of 

Conservation website (Borrows and Smith 2016). 

 

Fig. 2.9. Debris flow surge schematic from a Pierson (1986) study illustrated by Hungr 

(2005).  

 



  
 

38 

 

 

Fig. 2.10. Image of debris fan blocking railroad lines from a Highland (2012) summary of 

landslides in Colorado in 2010 from the USGS.  These two debris flows occurred near the 

Durango Silverton Narrow Gauge Railroad Track in July 2010. 



  
 

39 

 

 

Fig. 2.11. Illustration of the initiation of debris flows from landslides from Sassa (1985).  

Panels (a)–(d) are explained in the text. 
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Fig. 2.12. Five stages of transformation of a soil slide to a debris flow, with panel (a)–(e) 

descriptions from Howard et al. (1998). 
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Fig. 2.13. Mobilization of alluvium resulting in a channelized debris flow with a) 

alluvium accumulation and b) alluvium mobilization. The image is adapted from an L.A. 

Times infographic (Rañoa 2015). 
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Fig. 2.14. General hydrologic soil groups in the U.S. illustrated by a) an informative HSG 

table from the 2012 Roadside Erosion Control and Management Study by Hallock et al. 

(2012) and b) a spatial distribution of HSGs in the U.S. from Miller and White (1998). 
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Fig. 2.15. Localized HSG variation maps from Dangermond (2014) of a) San Francisco 

Bay area and b) San Diego Bay area.  Colors from green to dark grey represent HSGs on 

a continuous scale of high infiltration rate to low infiltration rate soils.  Light green is 

“A”, dark green is “A/D”, light blue is “B”, dark blue is “B/D”, light orange is “C”, dark 

orange is “C/D”, and dark gray is “D”.  Areas without HSG shading represent areas 

missing one or more of the crucial variables necessary for calculating HSG.  Additional 

map features include blue water, labels of major cities, town delineations in brown dots, 

and terrain relief shading. 
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Fig. 2.16. California slope map adapted from Wick et al. (2011). 
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Fig. 2.17. Map of evapotranspiration zones in California modified from a California 

Department of Water Resources (2012) report on the California Irrigation Management 

Information System (CIMIS). 
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Fig. 2.18. Schematic diagram of post-fire debris flows by Turner (1996) to illustrate the 

effects of hydrophobic soil. 

 

Fig. 2.19. Locations of maximum 3-day precipitation totals at COOP stations during 

1950–2008.  Locations of COOP stations are color-coded according to the legend to 

represent increasing precipitation totals. The image is from Ralph and Dettinger (2012). 
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Fig. 2.20. Seasonality of extreme precipitation in the eastern and western U.S. illustrated 

by pink and blue, respectively.  Lighter shading represents frequency of events with >300 

mm of precipitation, and darker shading represents frequency of events with >400 mm of 

precipitation.  The image is from Ralph and Dettinger (2012). 
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Fig. 2.21. Examples of landfalling ARs along the U.S. West Coast illustrated by satellite-

derived integrated water vapor analyses from Ralph et al. (2011). 
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Fig. 2.22. Moisture flux vectors (kg m–1 s–1) associated with ARs on 1200 UTC 12 

October 1991 from Zhu and Newell (1998). 

 

 

Fig. 2.23. Diagram of orographic precipitation from the Encyclopedia Britannica (2015).  
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Fig. 2.24. Topographic map of California adapted from Pacific-Map.com. Red arrows 

label noteworthy mountain ranges discussed in the text. 
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3.1 Data and methodology, Part I 

a. Study period and locations 

 This study investigates occurrences of debris flows and ARs during the 10-water 

year (WY) period between October 2004 and September 2014.  The data are subdivided 

into annual, winter (October–March), and summer (April–September) periods, and across 

ten NWS CWAs in California.  For CWAs that were partially outside of the state of 

California, this study redefined the CWA area to be only the portion lying within the 

state.  The ten CWAs, and their weather forecast offices (WFOs), are Monterey (MTR), 

California, Sacramento (STO), California, Eureka (EKA), California, Reno (REV), 

Nevada, Medford (MFR), Oregon, Phoenix (PSR), Arizona, Riverside (SGX), California, 

Los Angeles (LOX), California, Las Vegas (VEF), Nevada, and Hanford (HNX), 

California (Fig. 3.1).  The data and results are also subdivided into all CWAs, northern 

California (MTR, STO, EKA, REV, and MFR), and southern California (PSR, SGX, 

LOX, VEF, and HNX) locations in order to study spatial differences in debris flows and 

ARs.   

b. Debris flow data 

 Individual debris flow reports, dates, and locations within California and CWAs 

are obtained online from the NCEI Storm Events Database (NCEI 2016).  The NCEI 

Storm Events Database is comprised of “the occurrence of storms and other significant 

weather phenomena having sufficient intensity to cause loss of life, injuries, significant 

property damage, and/or disruption to commerce” (NCEI 2016).  Individual categories of 

reported occurrences exist for debris flows as compiled by the NWS.  The NWS typically 

receives reports from emergency managers, law enforcement officials, “Skywarn” 
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spotters, NWS damage surveys, newspaper clippings, insurance companies, and the 

general public.  The robustness of the dataset and official use in the NOAA community 

make it an appropriate data source for this study.  

 There were 125 individual debris flow reports in California during the 10-year 

study period.  This study used two different methods in order to determine unique 

occurrences within the total 125 debris flow reports dataset (e.g. there may be more than 

one report per day in different CWAs).  The first method isolated unique days across 

space and time by CWA and calendar date.  For example, debris flow reports on 13 

October 2009 in both MTR and REV would count as two distinct occurrences since the 

locations were different despite occurring on the same day.  This methodology resulted in 

89 unique debris flow locations and dates, eliminating 36 overlapping locations and 

dates.  All spatial analyses of debris flows used this first dataset.  The second method 

examined unique days, irrespective of location.  In the example above, debris flows on 13 

October 2009 in MTR and REV would count as only one day and would have no specific 

location associated with it.  This methodology resulted in 84 unique debris flow dates, 

eliminating only five values of overlapping dates.  All temporal analyses of debris flows 

used this second dataset.  This study also split the 89 unique locations and dates dataset 

from the first method into northern and southern California and repeated the second 

method in order to provide data for unique dates in each half of the state.  This combined 

method resulted in 42 unique debris flow dates over northern California and 43 unique 

debris flow dates over southern California.   
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c. AR data  

Locations featuring a landfalling AR are obtained from a “catalog” produced by 

Rutz et al. (2013).  The catalog identified locations of IVT magnitudes ≥ 250 kg m–1 s–1 

within areas ≥ 2,000 km in length every six hours from 1948–2015 using the National 

Centers for Environmental Prediction (NCEP)–National Center for Atmospheric 

Research (NCAR) Reanalysis dataset on a global 2.5° latitude × 2.5° longitude resolution 

grid (Kalnay et al. 1996).  The grid points from the catalog used in this study were 

40.0°N, 235.0°E; 42.5°N, 235.0°E; 37.5°N, 237.5°E; 35.0°N, 240.0°E; and 32.5°N, 

242.5°E along the California coast.  A date was considered an “AR day” if there were AR 

conditions at any of these locations.  This study determined overlapping “DF/AR days” if 

there was an “AR day” on the day of or the day before a “DF day.”  This categorization 

attempted to correct for reporting biases of a debris flow report occurring after an AR 

event (e.g., an AR made landfall overnight and a debris flow report was filed the next 

day).  A given day was considered a non-AR debris flow day or “DF/NAR day” if there 

was not an “AR day” on the day of or the day before a “DF day.”  This study also 

catalogued DF/AR and DF/NAR days for grid points within the span of 32.5°N and 

37.5°N and 37.5°N and 42.5°N for northern and southern halves of California, 

respectively. 

d. Meteorological data  

 Composite analyses are a common tool used to diagnose the average atmospheric 

conditions across many time frames so as to better understand the common atmospheric 

features amongst the group analyzed.  Composite analyses in this study utilized data from 

the NCEP Climate Forecast System Reanalysis original reanalysis data for the October 
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2005–March 2010 and operational analyses from April 2010–September 2014 (CFSRv2) 

(Saha et al. 2010; Saha et al. 2014).  The CFSRv2 data is contained on a 3-D grid that 

spans vertically from 1000-hPa to 1-hPa on 37 isobaric levels, horizontally on a 0.5° 

latitude by 0.5° longitude grid, and temporally every six hours (Saha et al. 2010; Saha et 

al. 2014).  This study accessed data in gridded binary (GRIB) format from the NOAA 

National Operational Model Archive and Distribution System (NOMADS) website.  The 

NCAR Command Language (NCL) produced the visualizations (NCL 2016).  All 

composite analyses used the 1200 UTC data on the day of the debris flow report.   

 The above-mentioned datasets supplied meteorological variables for visualization 

(e.g. sea-level pressure) and values of IWV and IVT (recall Ch. 2).  The IWV is a 

quantity already contained in the datasets provided by NCEP.  The IVT vector is 

calculated according to the methodology of Neiman et al. (2008) (recall Eq. 2.2).  

e. Precipitation data 

 Precipitation analyses are created from NCEP Stage-IV quantitative precipitation 

estimate (QPE) 24-hr accumulated precipitation dataset.  The Stage-IV dataset is a 

combination of regional radar and gauge data precipitation estimates, known as multi-

sensor precipitation analyses (MPEs) that are produced by each regional River Forecast 

Center (RFC) in the continental United States.  The regional datasets are combined to 

create a national mosaic of 24-hr accumulated precipitation on a 4-km grid (NCEP/EMC 

2016).  This study produced analyses of areal average 48-hr precipitation that are 

calculated by adding Stage-IV data from the day of and the day before an individual “DF 

day” across individual CWAs.  Other statistics calculated include: the standard deviation 

of areal average precipitation in each CWA, the median areal average precipitation in 
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each CWA, and the climatological rank of areal average precipitation as a percentile.  

This study calculated these statistics for DF/AR days and DF/NAR days, and also 

considered how these statistics changed for 1) all days and 2) days with >0 mm of 

precipitation.   Precipitation statistics were not calculated for CWAs that did not have any 

instances of a DF days (e.g., over the PSR and VEF CWAs). 
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3.2 Chapter figures 

 

Fig. 3.1. Map of ten NWS CWA regions used in the study made in ArcMap from the 

ESRI GIS software package for use in this thesis.  The red line represents the divide 

between what this thesis defined as “northern California” (N) and “southern California” 

(S). 
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4. Results of debris flow reports and ARs 

4.1. Climatology of debris flows and ARs 

a. Climatology and analysis of debris flow reports 

 The NCEI storm events database search yields 125 debris flow reports during the 

10-WY study period.  While this study focuses extensively on unique days and locations 

of debris flows, the following analysis also explores statistics related to multiple reports 

on individual days.   

 125 debris flow reports over a 10-WY study period would yield an average of ~12 

debris flow reports each year; however, an analysis of debris flow reports broken down 

by WY illustrates year-to-year variability (Fig. 4.1a).  Half of the years (2007, 2008, 

2009, 2010, and 2012) contain <12 debris flow reports, and half of the years (2005, 2006, 

2011, 2013, and 2014) contain >12 debris flow reports.  WY 2005 contains the highest 

number of debris flow reports (29 or 23.2% of total debris flow reports), though 2006 and 

2011 also contained >20 debris flow reports occur within the water year (26 or 20.8% and 

23 or 18.4% respectively).  A large majority (88%) of the total number of debris flow 

reports occurs during only half of the years.  

 Debris flow reports also exhibit seasonality or month-to-month variability (Fig. 

4.1b).  A large majority (94 or 75.2%) of the total number of debris flow reports occurs 

during the winter months between October and May.  The highest number of debris flow 

reports (30 or 24%) occurs during the month of December.  The summer months from 

April to September contain fewer (31 or 24.8%) debris flow reports.  The fewest number 

of debris flow reports in any given month occurs during June (1 or 0.8%).  This monthly 

distribution of debris flow reports is similar to the climatology of AR-related heavy 
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precipitation in California, which is a necessary ingredient for debris flow formation 

(Ralph and Dettinger 2012; Western Regional Climate Center 2016). 

 The spatial distribution of debris flow reports is not uniform across California 

(Fig. 4.2); 70 debris flow reports (56%) are found across northern California and 55 

debris flow reports (44%) are found across southern California.  Two CWAs did not 

report a debris flow for the 10-WY period of study (PSR and VEF), which is 

hypothesized to be the result of a reporting bias; a region marked by a sparse population 

would have less of a chance of reporting a debris flow.  Three CWAs contain elevated 

numbers of debris flow reports; 47 debris flow reports (37.6%) are found in MTR, 28 

debris flow reports (22.4%) are found in SGX, and 23 debris flow reports (18.4%) are 

found in HNX.  By comparison, 27 debris flow reports (21.6%) are found within the 

remaining five CWAs.  Two of the three CWAs with the highest number of debris flow 

reports are on the coast (MTR and SGX), whereas one is farther inland (HNX).  The 

CWAs with the highest number of debris flow reports all contain major mountain ranges 

(recall Fig. 2.24).  The HNX CWA contains the lower half of the Sierra Nevada 

Mountain Range with peaks up to 4,421 m within the CWA, whereas the SGX CWA 

contains the Transverse and Peninsular Ranges with peaks of 3,506 m and 3,302 m within 

the CWA, respectively.  The MTR CWA contains parts of the Northern and Southern 

Coastal Ranges with peaks up to 1,785 m.  Prerequisite conditions for debris flows 

include a steep slope, which makes hilly or mountainous regions inherently more 

susceptible to debris flows (Ellen and Flemming 1987; NOAA–USGS Taskforce 2005; 

Ortigao and Sayao 2010; Highland et al. 2013; Alharbi et al. 2014; among others). The 

presence of these mountain ranges are important factors in the production of 
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orographically enhanced precipitation, which can increase rainfall accumulation that may 

contribute to debris flow formation (Ralph et al. 2005; Ralph and Dettinger 2012).   

b. Debris flow day and debris flow/AR day climatology 

Recall that this study introduced debris flow days (i.e., DF days) that are location-

sensitive or only include unique dates.  These DF days are compared to a list of AR days 

and refers to overlapping days as DF/AR days and non-overlapping days as DF/NAR (see 

Ch. 3).  This methodology results in two DF day datasets and four AR-related DF day 

data subsets (Fig. 4.3).  The true unique DF day dataset (N=84) separates into days 

occurring in the winter and summer, with additional DF/AR days and DF/NAR days 

designations that still reflect the total 84 DF days (Fig. 4.4).  The location-sensitive 

unique DF day dataset (N=89) further splits into northern and southern California, 

resulting in two additional DF day datasets and four additional AR-related DF day data 

subsets (Fig. 4.5).  These datasets do not match up with the total 89 DF days due to the 

extra “uniq” command used post-separation as explained in Fig. 4.5. 

 The spatial distribution of location-sensitive unique DF days illustrates 45 DF 

days (50.6%) in northern California and 44 DF days (49.4%) in southern California (Fig. 

4.6a). Three CWAs contain an elevated number of DF day reports as compared to the 

remaining CWAs: MTR contains 30 DF days (33.7%), SGX contains 23 DF days 

(25.8%), and HNX contains 18 DF days (20.2%), whereas the remaining CWAs each 

have <10 DF days (<11.2%). Landfalling ARs are present on the day of or day before 69 

of the 89 DF days (77.5%; i.e., a DF/AR day). Northern California DF/AR days are more 

common (39 of 45; 86.7%) than southern California DF/AR days (30 of 44; 68.2%). The 

MTR CWA contains the highest number of DF/AR days (28) and a large fraction of 
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DF/AR days as compared to DF days (93.3%) and far fewer DF/AR days occur over the 

SGX (13; 56.5%) CWA.  Although DF days occur with similar frequency in northern 

California and southern California, the fraction of DF/AR days is higher in northern 

California.   

 The temporal distribution of unique DF days illustrates that majority of DF days 

occur in winter (67.9%) as compared to summer (32.2%) (Fig. 4.6b). The peak months 

for DF days occur in December, January, February, March, and April; these peak months 

consist of 59 (70.2%) of the total unique DF days.  The peak months notably occur in 

mid-to-late winter, illustrating that early-winter precipitation events may only saturate the 

ground and not necessarily cause a debris flow.  A relatively large portion of the soil may 

not saturate to the point of initiating a debris flow, contributing to the antecedent 

moisture hydrologic factor discussed in Ch. 2 (Wieczorek 1987; NOAA–USGS 

Taskforce 2005; Western Regional Climate Center 2016).   With the exception of April, 

the summer months include a smaller frequency of DF days than the winter months (Fig. 

4.6b).  This decrease in DF day frequency is similar to the established precipitation 

climatology over California, where few heavy rain events occur in the summer (Ralph 

and Dettinger 2012; Western Regional Climate Center 2016).  Landfalling ARs on or 

before DF days are also more common in winter (87.7%) as compared to summer 

(51.9%). The highest number of DF/AR days occurs in December and January, whereas 

the lowest number of DF/AR days occurs in August.  

 A similar number of DF days occur in northern California and southern California 

when only looking at the unique DF days dataset that include the northern or southern 

grid points respectively (Figs. 4.6c,d).  The temporal distribution of northern California 
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unique DF days illustrates 42 unique DF days with 28 DF days (66.7%) occurring in the 

winter and 14 DF days (33.3%) occurring in the summer.  The temporal distribution of 

southern California unique DF days illustrates 43 unique debris flow days with 30 DF 

days (69.8%) occurring in the winter and 13 DF days (30.2%) occurring in the summer.  

More months are not represented in DF day frequency in northern California than in 

southern California.  Northern California did not experience any DF days in May, June, 

and August, while southern California did not experience DF days in September only.  

Considering how similar the overall winter/summer DF day distribution is between both 

regions, northern California has a much more extreme monthly distribution of DF days 

than southern California.  In northern California, the most DF days occur in December 

(10 DF days or 23.8%), and in southern California, the most DF days occur in February 

(23.3%).  This shift in peak month from December in northern California to February in 

southern California relates to the southward movement of storm tracks across the state 

during winter.  An additional hypothesis explaining this distribution is that northern 

California simply receives more precipitation than southern California in a climatological 

sense; soils therefore saturate earlier in the year in northern California than in southern 

California (Western Regional Climate Center 2016). 

 The fraction of DF/AR days is the major difference between the two regions (Fig. 

4.6c,d).  The temporal distribution of northern California unique DF/AR days illustrates 

23 unique DF/AR days (71.4%) with 25 DF/AR days (89.3%) occurring in the winter and 

5 DF/AR days (35.7%) occurring in the summer.  The temporal distribution of southern 

California unique DF/AR days illustrates 30 unique DF/AR days (53.5%) with 20 DF/AR 

days (66.7%) occurring in the winter and 3 DF/AR days (23.1%) occurring in the 
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summer.  The three lowest fractions of DF/AR days occur in the summer for both 

regions, but only southern California contains months where DF days occur but no 

DF/AR days occur (June, July, and August).  This lack of DF/AR frequency suggests that 

a different atmospheric phenomenon bringing a similar magnitude of heavy precipitation 

to southern California in the summer; the North American monsoon is typically 

associated with summertime precipitation in southern California (Means 2012).  Overall, 

DF days occur fairly equally in northern and southern California, though individual DF 

report frequency is higher in northern California than southern California.  In both 

regions, DF days are most likely to occur in the winter.  DF/AR days occur more 

frequently in northern California than southern California, though in both regions, 

DF/AR days outnumber the DF/NAR days.  Thus, the general conclusions of the 

climatology section illustrate a higher chance of a debris flow in northern California, in 

the winter, and on a DF/AR day. 

4.2. Composite analyses of DF days and subsets of data 

c. Composite analyses for DF days, DF/AR days, and DF/NAR days 

 This section of results uses the DF day (N=84) dataset in order to create lists of 

dates for all DF days, DF/AR days, and DF/NAR days. The composite analysis for all DF 

days in California (N=84) illustrates a broad ~1008-hPa cyclone located over the Gulf of 

Alaska and a broad ~1016-hPa anticyclone located over the central Pacific (Fig. 4.7a).  

This north-to-south composite SLP gradient results in fairly zonal flow over the northern 

Pacific directed towards the U.S. West Coast.  The analysis illustrates a single, large 

region of enhanced IWV values >20 mm that spans from ~40°N to ~30°N along most of 

the California coast with a westerly water vapor flux and IVT magnitudes of ~250 kg m–1 
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s–1.  The DF/AR day composite analysis (N=64) differs from the DF day composite 

analysis due to a stronger SLP gradient between the Gulf of Alaska composite cyclone 

and the central Pacific composite anticyclone; the DF/AR-day cyclone is a deeper ~1004-

hPa low-pressure system with the same broad ~1016-hPa anticyclone shown on the 

composite analysis (Fig. 4.7b).  The increase in south-to-north SLP gradient magnitude 

results in stronger onshore flow, associated with higher IVT magnitudes (~300 kg m–1 s–

1) and a more focused, filamentary region of enhanced IWV values (>20 mm) along the 

California coast.  The IWV and IVT values in these composite analyses satisfy minimum 

thresholds for AR conditions as expected for a “DF/AR day.”   

 The composite analysis of DF/NAR days (N=20) is distinctly different from the 

aforementioned DF day and DF/AR day composite analyses.  DF/NAR days occur in 

association with a composite weak ~1012-hPa cyclone over the Alaska coastline, a broad 

~1020-hPa anticyclone located over the north Pacific, and a weak inverted trough located 

over central California and western North America (Fig. 4.7c).  Significant IVT is not 

observed along the California coast, but a small region of IWV values >25 mm exists 

over the southern part of California.  Upon closer examination, the overall atmospheric 

pattern of the DF/NAR day composite analysis resembles the type-IV monsoon synoptic 

pattern as defined by Maddox et al. (1980) and the North American monsoon (Means 

2012).  Skelly (2016) found that monsoonal patterns were present in his summer-season 

flood and flash flood composite analyses for California.  Note that the atmospheric 

processes associated with floods and flash floods are similar to those associated with 

debris flows (NOAA-USGS Debris Flow Task Force 2005; Restrepo et al. 2008). This 

thesis did not set out to explore monsoonal relationships to DFs, but more information 
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about the relationship can be found in Skelly (2016).  An additional exploration of the 

similarities between this thesis and Skelly (2016), and avenues for future work can be 

found in Ch. 8. 

d. Composite analyses for DF days and DF/AR days in winter and summer  

This section of results uses the DF day (N=84) dataset in order to create lists of 

dates for all DF days in winter, all DF days in summer, DF/AR days in winter, and 

DF/AR days in summer.  The composite analysis for DF days in winter (N=57) illustrates 

a composite ~1004-hPa cyclone located along the Alaskan coastline and a broad ~1016-

hPa anticyclone over the central North Pacific (Fig. 4.8a).  The SLP gradient supports 

moist, onshore flow with IVW values >20 mm along the coast and IVT magnitudes >340 

kg m–1 s–1 along a west-southwesterly streamline that is typical of landfalling ARs.  The 

composite analysis for DF days in the summer (N=27) illustrates a predominant ~1024-

hPa anticyclone over the central North Pacific (Fig. 4.8b) with an otherwise disorganized 

flow pattern over western North America.    

 The composite analysis for DF/AR days in winter (N=50) illustrates a stronger 

AR than both the DF analysis in winter and the DF/AR analysis from the previous section 

(Fig. 4.8c).  The composite ~1004-hPa cyclone over the Gulf of Alaska is larger in size 

while the anticyclone over the Pacific remains the same.  The SLP gradient between the 

two features tightens along the coast, leading to stronger onshore flow along the 

California coast.  The location of the AR feature does not shift or change its orientation 

from the other two subsets, maintaining the original west-southwest direction; the IWV 

values are similarly >20 mm.  The IVT magnitude, however, increases to ~370 kg m–1 s–1 

along the coast.  Alternatively, the composite analysis for DF/AR days in summer (N=14) 
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illustrates a very weak AR.  The composite cyclone of 1008-hPa is small and displaced to 

the west of Washington.  The ~1020-hPa anticyclone is weaker than the DF day 

composite analysis but is stronger than the DF day and DF/AR day composite analyses in 

winter; the feature is also located to the west of the location where the anticyclones are 

located in the DF day composite analysis in summer, DF day composite analysis in 

winter, and DF/AR day composite analysis in winter.  The strongest SLP gradient 

between the two pressure features is thus not in the vicinity of the U.S. West Coast, but 

rather over the middle of the North Pacific Ocean (~35.0°N, 140.0°W).  The plume of 

moisture meets minimum AR requirements over the North Pacific Ocean with IWV 

values within the core of the AR ranging from 20–25 mm and IVT magnitudes of ~300 

kg m–1 s–1 oriented southwesterly towards the California/Oregon border (Fig. 4.8d).   

 These seasonal composite analyses further link DF days to AR phenomena with a 

relatively strong composite AR prevalent in many of the analyses, especially in the winter 

months that overlap the typical AR seasonality (Ralph and Dettinger 2012; Western 

Regional Climate Center 2016; among others).  The analysis also highlights the potential 

role of the monsoon during DF days in summer (Maddox et al. 1980; Means 2012; Skelly 

2016; Western Regional Climate Center 2016). 

e. Composite analyses for DF days and DF/AR days in northern California and 

southern California 

 

This section of results uses the location-sensitive DF day (N=89) dataset in order 

to create lists of dates for all DF days in northern California, all DF days in southern 

California, DF/AR days in northern California, and DF/AR days in southern California.  

Recall that the subsets are then run through the “uniq” process again, which is why the 

DF days in northern and southern California number of composite members do not add 
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up to 89.  Some DF days have multiple DFs in more than one location within the region 

of the state, and thus are eliminated.   

 The composite analysis for DF days in northern California (N=42) illustrates a 

strong composite ~1004-hPa cyclone over the Gulf of Alaska and the ~1016-hPa 

anticyclone over the central North Pacific, which results in stronger pressure gradient and 

onshore flow (Fig. 4.9a).  Maximum IVT magnitudes are ~400 kg m–1 s–1, and IWV 

values along the coast are 20–25 mm in a west-southwesterly-oriented moisture plume 

that manages to penetrate the coastline through the San Francisco Bay gap and fill the 

Central Valley with IWV near 38°N, 122°W.  The composite analysis for DF days in 

southern California (N=43) illustrates a large ~1016-hPa anticyclone over the central 

North Pacific that influences ridging over the Gulf of Alaska (Fig. 4.9b).  A loosely 

organized, smaller-length moisture plume meets minimum AR requirements with 

maximum IVT magnitudes of ~260 kg m–1 s–1 and IWV values >22.5 mm along the 

coast.   

 The composite analysis for DF/AR days in northern California (N=30) illustrates 

a deeper, ~1000-hPa composite cyclone centered over the Gulf of Alaska and a ~1016-

hPa anticyclone that extends closer to the North America coastline resulting in a strong 

SLP gradient and zonal, onshore flow that again fills in the Central Valley (Fig. 4.9c).  

The AR includes IVT magnitudes of ~450 kg m–1 s–1 and IWV values from 22.5 mm 

along the coast to 27.5 mm in the center of the plume.  Conversely, the composite 

analysis for DF/AR days in southern California (N=23) illustrates a weak, broad ~1010-

hPa cyclone centered over the Pacific Northwest Coast and a ~1014-hPa anticyclone 

located over the central Pacific, causing meridional flow over the ocean and a shorter-
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length composite AR (Fig. 4.9d).  The IVT magnitude along the AR is ~300 kg m–1 s–1 

and IVW values along the California coast are >22.5 mm as a result of a much weaker 

pressure gradient.  Overall, the northern California composite analyses contain higher 

IVT magnitudes and IWV values than the southern California analyses for DF days and 

DF/AR days.   

 This set of composite analyses illustrates that the composite AR direction and 

orientation play an important role in the formation and duration of heavy precipitation 

when investigating synoptic-scale phenomena.  Past studies illustrate that orographic 

precipitation maximizes when the IVT direction is perpendicular to the terrain (Ralph et 

al. 2006; among others).  The ARs from the DF-day and DF/AR-day composite analyses 

in northern California tend to have a westerly AR orientation, whereas ARs from the DF-

day and DF/AR-day composite analyses in southern California tend to have a 

southwesterly AR orientation.  Heavy precipitation in northern California may result 

from a westerly oriented AR making landfall and impinging upon any relatively north-

northwest to south-southeast oriented mountain ranges (e.g. the Coastal Ranges, Sierra 

Nevada Mountain Range), whereas heavy precipitation in southern California may result 

from a southwesterly oriented AR making landfall and impinging upon any relatively 

west-east oriented mountain ranges (e.g. the Transverse Ranges).   

4.3. Precipitation analysis  

 This study calculates areal 48-h precipitation (from here on, precipitation) 

statistics using the location-sensitive unique DF day (N=89) dataset across each 

individual CWA.  The precipitation time frame was chosen in an effort to maintain 

consistency between this analysis and the chosen time-frames of linking DF and AR 
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days.  Studies have shown that shorter time frames (1-h, 6-h, 24-h) can be used to 

quantify precipitation rate; future study methodologies for precipitation rate analyses can 

be found in Ch. 9.  Recall that the list of statistics calculated for each CWA can be found 

in Ch. 3; statistics that are compared to the full 10-WY study period are presented in the 

first half of this section, whereas statistics calculated with only days with >0 mm of 

precipitation to account for the lower bias in precipitation average caused by days with no 

rain are at the end of this section.   The number of location-sensitive unique DF days, as 

well as the DF/AR day fraction, is presented in Table 4.1 alongside the precipitation 

statistics calculated for DF day precipitation.  The MFR, EKA, and LOX CWAs 

experienced only DF/AR days, and thus DF/NAR day precipitation statistics are not 

calculated; additional caution should be used in attempting to generalize the results of the 

statistics for these CWAs as well, as the one DF/AR day may not be indicative of overall 

precipitation trends.  

Northern California contains the CWAs with the highest and lowest precipitation 

amounts and ranks on DF days.  The EKA CWA contains the highest average 

precipitation amount of 128.70 mm (99th percentile).  Since the one DF day in EKA is 

also a DF/AR day, the DF/AR day precipitation rank in the EKA CWA is also the highest 

DF/AR day precipitation rank across all CWAs (99th percentile).  The STO CWA 

contains the lowest average 48-h precipitation amount of 8.20 mm (84th percentile).  The 

STO CWA contains average precipitation ranks in the 86th and 60th percentiles for 

DF/AR days and DF/NAR days respectively.   

 All 48-h average precipitation ranks are higher on DF/AR days than on DF/NAR 

days, illustrating that CWAs experience a higher magnitude of precipitation on DF days 
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associated with landfalling ARs than with other atmospheric phenomena, such as 

monsoons.  In fact, all DF/AR-day precipitation rankings are ≥92nd percentile, while most 

of the DF/NAR day precipitation is <57th percentile.  This conclusion suggests that AR-

related precipitation may be a key ingredient in saturating the ground, destabilizing 

slopes, and increasing the chance of debris flow occurrence (Ellen and Flemming 1987; 

NOAA–USGS Taskforce 2005; Ortigao and Sayao 2010; Alharbi et al. 2014; Highland et 

al. 2016; among others).  The exception to this statement is the SGX CWA, where the 

precipitation ranking for DF/NAR days is the 87th percentile.  The best hypothesis for 

why the SGX CWA average precipitation percentile is much higher is because of the high 

impact that monsoons have in the far south of California coupled with the frequency of 

wildfires in the CWA that serves to lower the precipitation threshold needed to trigger a 

debris flow. 

4.4. Summary of results section 

 This section illustrates the relationships between DF days and ARs through the 

lens of heavy precipitation.  This study uses a climatology of debris flows and ARs, 

composite analyses of combinations of DF and DF/AR days, and 48-h, areal-averaged 

precipitation amounts and ranks/percentiles to illustrate this relationship.  The 

climatology section illustrates that DF days occur more frequently in northern California, 

in the winter months, and conjunction with landfalling AR.  The composite analysis 

section illustrates that both a region of lower SLP of varying strength located somewhere 

near the Gulf of Alaska and a region of higher SLP of varying strength located over the 

central North Pacific are common on DF days.  Most of the analyses also show a 

composite AR that meets the minimum IVT magnitude and length requirements as set by 
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Rutz et al. (2013), among others.  The ARs are strongest in the winter and in northern 

California.  The exceptions to this common pattern are found on the DF/NAR days, DF 

days in summer, and DF days in southern California, which resembles the atmospheric 

pattern for the North American monsoon (Means 2012).  Additionally, the northern and 

southern California composite analyses highlight the importance of IVT direction along 

the AR.  If the IVT direction is perpendicular to terrain features, orographic precipitation 

is maximized, which tends to produce heavy precipitation that can be beneficial in 

producing debris flows.  The precipitation statistics section illustrates that DF/AR days 

contained significantly more precipitation in comparison to DF/NAR days, illustrating 

the important role of ARs as the main synoptic-scale atmospheric phenomenon that may 

produce debris flows.   
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4.5. Chapter figures 

Table 4.1. 48-h average and median precipitation amount, standard deviation, and rank 

across CWAs for All DF Days, DF/AR Days, DF/NAR Days.  All statistics are compared 

to the full 10-WY dataset unless specifically identified as excluding 0 mm days (e.g. “no 

0s”). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CWA MFR EKA STO REV MTR HNX VEF LOX SGX PSR

Number of Events 1 1 5 8 30 18  - 3 23  - 

Percent AR Events (%) 100.00 100.00 80.00 62.50 93.33 77.78  - 100.00 56.52  - 

Avg Precip All (mm) 32.40 128.70 8.20 23.50 30.29 16.88  - 55.70 24.68  - 

Avg Precip All Std Dev (mm) 0.00 0.00 9.65 23.12 22.55 16.53  - 43.27 24.07  - 

Avg Precip All Rank (%) 98.36 99.86 84.91 98.17 97.97 96.69  - 99.67 98.49  - 

Avg Precip AR (mm) 32.40 128.70 10.23 35.92 32.03 21.46  - 55.70 33.71  - 

Avg Precip AR Std Dev (mm) 0.00 0.00 9.84 20.50 22.27 15.98  - 43.27 27.79  - 

Avg Precip AR Rank (%) 98.36 99.86 86.77 99.23 98.25 97.62  - 99.67 99.04  - 

Avg Precip NAR (mm)  -  - 0.10 2.80 5.85 0.85  -  - 12.94  - 

Avg Precip NAR Std Dev (mm)  -  - 0.00 1.10 8.27 1.28  -  - 10.77  - 

Avg Precip NAR Rank (%)  -  - 60.30 81.27 86.80 80.07  -  - 97.02  - 

Median Precip AR (mm) 32.40 128.70 10.75 44.10 31.80 19.60  - 52.00 31.40  - 

Median Precip NAR (mm)  -  - 0.10 2.80 5.85 0.35  -  - 11.15  - 

Avg Precip AR rank (no 0s) (%) 96.57 99.70 66.69 98.26 94.10 92.32  - 98.56 96.03  - 

Avg Precip NAR rank (no 0s) (%)  -  - 0.00 57.57 55.58 35.75  -  - 87.64  - 
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Fig. 4.1. a) Number of debris flow reports by water year and b) number of debris flow 

reports by month over the 10-WY study period.   
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Fig. 4.2. Number of debris flow reports per CWA represented in blue shading.    
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Fig. 4.3. Infographic of how debris flow reports are subdivided into DF days, DF/AR 

days, and DF/NAR days.  
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Fig. 4.4. Infographic of how DF days (N=84) are subdivided into DF days in winter, DF 

days in summer, DF/AR days in winter, and DF/AR days in summer.  
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Fig. 4.5. Infographic of how location-sensitive DF days (N=89) are subdivided into DF 

days in northern California, DF days in southern California, DF/AR days in northern 

California, and DF/AR days in southern California. 
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Fig. 4.6. DF day climatology charts illustrating total DF days in blue and the fraction 

related to AR conditions overlaid in white hatching: a) number of DF day and DF/AR 

day by CWA b) number of DF day and DF/AR day by month, c) number of DF day and 

DF/AR day by month in northern California, and d) number of DF day and DF/AR day 

by month in southern California. 

 



  
 

78 

 

 
 

Fig. 4.7. Composite analyses of a) DF days, b) DF/AR days, and c) DF/NAR days that 

illustrate SLP (hPa; contours), IWV (mm; shaded according to scale), and IVT (kg m–1 s–

1; vectors plotted with a magnitude >100 kg m–1 s–1). N signifies the number of composite 

members.  CFSRv2 data was used in these analyses. 
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Fig. 4.8. As in Fig. 4.7, except for a) DF days in winter, b) DF days in summer, c) DF/AR 

days in winter, and d) DF/AR days in summer. 
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Fig. 4.9. As in Fig. 4.7, except for a) DF days in northern California, b) DF days in 

southern California, c) DF/AR days in northern California, and d) DF/AR days in 

southern California. 
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Part II: Debris flow potential analyses and precipitation thresholds in high-frequency 

debris flow areas 
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5. Background on landslide hazard analyses  

5.1 Background on landslide hazard analyses  

The reason for this additional background section is to ensure that meteorologists 

and atmospheric scientists understand the wide variety of debris flow hazard analyses 

investigated before pursuing the methodology chosen in this thesis.  In general, loss of 

life and damage caused by landslides are the dominant factors motivating landslide 

hazard analysis research (Jakob 2005).  The ultimate goal for these projects is to be able 

to provide information and assessments of the scientific components of landslide 

locations, formation, process, and effects to individuals that seek to mitigate them.  Many 

different methodologies for landslide hazard analyses exist in the realm of landslide 

science.  This chapter provides an overview of the types of landslide hazard analyses that 

were examined before choosing a debris flow hazard analysis to pursue in this thesis.  

The methodologies selected and sections of the chapter are based on a) the type of hazard 

map, b) the evaluation method used in the hazard map analysis, c) the temporal and 

spatial size of the data, and d) the scientific approach.  A brief overview of e) the 

processes and assumptions common in specifically debris flow hazard analyses and f) the 

USGS debris flow hazard analysis upon which this thesis bases most of its methodology 

are found at the end of this chapter.  Improvements on the USGS slope and curvature 

methodology, such as the inclusion of vegetation characteristics, soil erodibility, soil 

runoff, etc. as motivated by papers explored in this chapter, can be found in Ch. 6.  
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a. Types of maps 

i. USGS identified map types 

The USGS lists many different types of landslide hazard maps under this general 

term; the desired application of a hazard map directly influences the hazard conclusions 

that are drawn from it (USGS 2016c).  The main types of hazard analyses recognized by 

the USGS include 1) landslide inventory maps, 2) landslide susceptibility maps, 3) 

landslide potential maps, and 4) landslide risk maps.  A landslide inventory map 

illustrates past locations of landslides in an effort to use past frequency as an indicator of 

future frequency and hazard.  These maps do not highlight risk or possibility, but rather 

spatially show a landslide inventory dataset (Fig. 5.1).  A landslide susceptibility map 

illustrates future landslide likelihood based on regional characteristics of a location such 

as prior failures in an area, rock or soil strength, and steepness of slope (Fig. 5.2).  A 

landslide potential map combines a susceptibility map with an analysis of the likelihood 

of a triggering event, such as earthquakes or excessive rainfall.  These maps show not 

only the potential of landslide occurrence but also the probability of it traveling 

downslope a given distance (Fig. 5.3).  A landslide risk map analyzes the potential loss of 

life or damage to property along locations indicated in a landslide potential map.  These 

maps address the question of the consequences and impacts of landslides in a given area.   

The CA Geological Survey (part of the California Department of Conservation) also 

includes landslide zone maps, which show areas deemed to have a potential for higher 

landslide frequency by geoscientists with the specific actions that non-geoscientists need 

to take when planning in these zones as mandated by California laws (Fig. 5.4).  
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Landslide risk analyses allow scientists and civilians to gain a better understanding of and 

be better prepared for landslides.  

ii. Example of landslide risk map 

An initiative by the National Civil Defense Authorities of Cuba to assess disaster 

preparedness, response, and risk reduction led to the creation of a landslide risk 

assessment of the entire country (Abella and Van Westen 2007).  The objective of the 

analysis was to provide a preliminary, large-scale assessment that could locate areas for 

additional analyses and pilot projects.  The study used a multi-criteria approach based on 

an analytical hierarchical process, an approach that has proven to be successful in studies 

with similar objectives and data availability constraints (Australian Geomechanics 

Society, Sub-committee on landslide risk management 2000; Abella and Van Westen 

2007).   

The two main components that are funneled into the risk analysis are the hazard 

index (which combines condition factors and trigger factors) and the vulnerability index 

(which combines social, economic, environmental, and physical factors).  The hazard 

index focuses on natural factors that could cause landslides, while the vulnerability index 

focuses more on the impacts of landslides in specific regions.  The study reduced the 43 

originally identified factors that could impact debris flows down to 10 due to data 

redundancy and low data quality across the country (Abella and Van Westen 2007).  The 

final condition factors included slope angle, geology, and land use, and the final trigger 

factors included storm tracks and maximum daily rainfall for a 100-year return period for 

precipitation-related landslides, as well as past locations of landslides and maximum peak 

ground acceleration with a 100-year return period for earthquake-related landslides (not 
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explained in depth since not related to debris flows).  The final social, economic, 

environmental, and physical factors included population, production, protected areas, 

housing quality, and road density respectively.  All factors were combined and weighted 

via GIS procedures with many different types of composite maps considered before the 

final landslide risk map was created.  The results were subsequently summarized by full 

area, physiographic region, provincial area, and municipal area in order to provide a risk 

assessment at different spatial levels.  Abella and Van Westen (2007) illustrate a 

“textbook” example of a landslide risk map analysis in this Cuban study (Fig. 5.5). 

b. Types of evaluation methods 

Three primary approaches to evaluation methods in landslide hazard analyses 

strongly influence the hazard map field, though most analyses utilize multiple 

combinations of evaluation methods (Savage and Baum 2005).  An empirical approach 

relies heavily on multivariate statistics and correlations between locations of steep slopes, 

past slope failures, weak soil strengths, proper basin morphology, etc. (Guzzetti et al. 

1999, Carrera et al. 1999).  An empirical-based probabilistic approach analyzes a factor 

such as historical records of occurrence and predicts the temporal and spatial probability 

of future occurrence based on past experiences (Coe et al. 2004).  A purely analytical 

approach relies heavily on computer models (e.g., SINMAP, SHALSTAB, and TRIGRS) 

in order to compute values at each gird point from equations like seepage or infiltration 

rates via an infinite slope analysis; this analysis results in a numeric value for the relative 

stability of a slope (Savage and Baum 2005).   

Other studies recognize additional evaluation methods.  Ahmed (2014) broke 

hazard analyses into the most popular probabilistic and statistical techniques as well as, 
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deterministic and heuristic techniques (Ahmed 2014).  A heuristic approach, where 

researchers determine the susceptibility of an area based on geomorphic characteristics 

and experts assign weights to a series of parameters necessary for the hazard map, proved 

to be a great fit for a landslide susceptibility analysis in Bangladesh.  The study examined 

the Chittagong Metropolitan Area (CMA), which experiences extreme precipitation, 

rapid urbanization, and improper land use such as illegal alterations of hills, 

deforestation, and agricultural practices; all of these factors have been linked to an 

exacerbated landslide vulnerability (Khan et al. 2012).  Ahmed (2014) created a GIS 

landslide susceptibility analysis for CMA through Multi-Criteria Decision Analyses 

(MCDA).   

The MCDA study included nine different landslide causal factors and, when 

necessary, categorized them into five different classes using the Natural Breaks (Jenks) 

method of grouping for data-specific classifications (Ahmed 2014).  The nine factor 

layers included: 

1. A landslide inventory map, 

2. A land cover map, 

3. An average annual precipitation map, 

4. A Normalized Difference Vegetation Index (NDVI) map, 

5. An elevation map, 

6. A slope map, 

7. A Euclidean Distance map to roads, 

8. A Euclidean Distance map to rivers and water bodies, and 

9. A soil permeability map.   
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The overlap of areas of high and medium landslide susceptibility of the MCDA models 

demonstrated 83% and 95% colocation with past event locations, making them “in 

satisfactory agreement” (Fig. 5.6) (Ahmed 2014).  This study demonstrated the 

effectiveness of the heuristic approach in landslide hazard analyses. 

c. Temporal and spatial data size 

The temporal and spatial size of a dataset influences the approach that a landslide 

hazard analysis scientist takes in meeting project goals and objectives.  An event-based 

analysis of landslides is possible with a smaller temporal scale.  For example, ~300 

landslides (defined as “any failure of materials, both natural and engineered, that 

impacted the built environment”) occurred during the winter of 1997 and the spring of 

1998 in the San Francisco Bay region (Godt 1999).  A landslide inventory of the events 

spanning the two seasons assigned the ~$150 million in direct costs to 10 California 

counties (Fig. 5.7) (Godt 1999).  The landslide locations highlighted areas of highly 

localized or widespread landslide occurrences.  Interviews conducted with government 

officials and private citizens determined that direct private and public costs were 

relatively equal in locations that saw widespread, significant damage, and counties with 

intense, localized landslide activity contained higher private or public costs depending on 

the damage location (Godt 1999).  These types of event-based landslide hazard analyses 

can be helpful in post-event evaluations, but any major analysis of future hazard is 

limited by the small sample size of the data. 

More localized variables can be factored into a landslide hazard analysis with a 

smaller spatial scale.  For example, a study of the small, Kawauchizawa watershed in 

Japan used variables particular to the type of soil that were directly measured at multiple 
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locations in the watershed instead of estimated based on average conditions across the 

area (Fig. 5.8) (Zhao and Tamura 2003).  These data allowed for more accurate 

hydrological modeling, slope failure modeling, debris supply modeling, etc. (Zhao and 

Tamura 2003; Jakob 2005).  These computations for more detailed equations over a small 

watershed take the same time as the computations of simplified equations over a much 

larger region; depending on the analysis, the benefits of the detailed analysis may be 

outweighed by the detriment of a longer computation time (Zhao and Tamura 2003; 

Jakob 2005).  Additionally, the results of these types of small-scale analyses are typically 

not generalizable and are costly to undertake for such a small area (Jakob 2005).  Thus, 

landslide hazard analyses on a larger, regional scale allow for a general understanding of 

the landslide risk in a region before targeting smaller, high risk areas for more detailed 

analyses (Harp et al. 2006; Abella and Van Westen 2007; Horton et al. 2008; Alharbi et 

al. 2014; B. Ahmed 2014; Morgan et al. 2014; among others).   

The issues of temporal and spatial data limitations are diminished by the 

availability of remotely sensed data.  For instance, high levels of precipitation over the 

Faifa Mountain area in Saudi Arabia make the area particularly susceptible to debris 

flows, though other landslide hazards include earthquake-induced processes along 

fracture planes (Alharbi et al. 2014).  Due to limited observational data across the region, 

a recent debris flow hazard analysis placed an emphasis on remotely sensed data and a 

few field observations.  Steeper slopes and less vegetation, both of which have been 

proven to be conducive to debris flow occurrence, were remotely sensed with DEM data 

and NDVI data, respectively.  The study calculated a correlation between NDVI value 

and slope.  Slope and NDVI values at locations of site-verified and satellite-verified 
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debris flows were plotted and categorized on a continuous scale from low to very high 

susceptibility (Fig. 5.9).  The classification was applied to each cell in the map, with an 

additional set of masks placed on the map for 1) slopes ≥30° when located in a valley, 

illustrating an absence of debris, and 2) locations of terraces, illustrating artificial slope 

reinforcement.  The model-identified areas were compared to Google Earth images, 

yielding 82% overlap of debris flow prone locations and 99% overlap of non-debris flow 

prone locations.  Note that these results contained many false alarms that were directly 

related to DEM resolution.  Intersections of modeled debris flows with houses and roads 

were 100% accurate out of 670 intersections and 60% accurate out of 75 intersections as 

compared to site-visit evaluations.  In the future, more site-calculated intersection rates 

could allow for a generalization of findings over a larger area.  This study provides a 

promising methodology for debris flow susceptibility analyses in locations with data 

limitations (Alharbi et al. 2014). 

d. Scientific approaches to landslide hazard analyses 

 The three primary scientific approaches to landslide research are related to 

geology, hydrology, and climatology.  The factors included in each approach is specific 

to the scientific field investigating the phenomenon, which is especially true for debris 

flow hazard analyses (Fig. 5.10) (Wilson 2000).  The geotechnical approach includes 

material properties of a slope (e.g. friction, slope steepness, cohesion, etc.) expressed as a 

factor of safety, whereas the hydrological approach focuses on permeability, hydraulic 

conductivity, and/or transmissivity.  The climatological approach investigates 

precipitation triggers of debris flows in the context of the long-term average precipitation 

of an area, or the climate.   
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i. Geotechnical approach example 

FEMA declared Seattle a good fit as a “Project Impact” city due to two years of 

flooding and landslides from 1996 to 1997.  Debris flows had proven to be the most 

common landslide type in the city, and the city became the subject of a government-

sponsored shallow-landslide hazard map project.  This analysis heavily utilized GIS as a 

means of calculating Factors of Safety (FS) for each cell on a map of Seattle.  FS is the 

ratio of the forces resisting slope movement to the forces driving it; FS values greater 

than 1.0 indicate low landslide potential while those less than 1.0 indicate high landslide 

potential (Harp et al. 2006).   

The study calculated FS using an infinite-slope analysis, where slope segments in 

each grid are treated as rigid friction blocks without interacting at the edges with other 

sections of slope and estimated the ratio of forces resisting slope movement to the ratio of 

forces fostering that movement.  Due to limitations related to soil hydraulic-property data 

and to a wide variety of intensity/duration combinations of precipitation that foster 

shallow-landslide development, the study determined that the layers necessary to estimate 

the FS value of each map cell were 1) a geologic units map, 2) shear-strength data with 

values of cohesion and friction angle for each geologic unit, and 3) a slope map created 

from DEM data.  A sample FS map for the southwest portion of the Magnolia area in 

Seattle can be found in Fig. 5.11.  The FS map predicted debris flow initiation points with 

a 90% accuracy when compared to a landslide location database of >100 years of 

landslide locations.  This analysis, however, failed to consider urban features that 

reinforce or weaken slopes, and failed to accurately predict runout lengths (Harp et al. 

2006). 
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ii. Hydrological approach example 

The San Francisco Bay region of California experienced thousands of debris 

flows during 3–5 January 1982, many of which transformed from soil slips and slides 

(Ellen and Fleming 1987).  Ellen and Fleming (1987) analyzed the transformation 

process by making the assumption that the strength of a slurry (slip or flow) was 

proportional to the water content of the soil.  The study utilized four types of mobility 

indices, from a combination of past studies and new research, to examine the role of 

water content on soil particles.   

The mobility index (MI) was simply the ratio of saturated water content of the soil 

to the water content needed for the flow of that soil, where an MI >0.85 resulted in a soil 

slide becoming a debris flow.  The approximate mobility index (AMI) was the ratio of 

saturated water content of undisturbed soil to its liquid limit, where an AMI >1 was 

holding more water than their liquid limit and will flow.  The steady state approach 

utilized the concept of a void ratio, which was high for loose soils that have more voids, 

and the concept of confining stress, which related to the strength of soil at different 

degrees of water content.  Soils with different characteristics plotted against water 

contents to create a line of best fit that could be used to predict the steady state of soils, 

and above the point of steady state, debris flows can be expected.  The possible means 

approach used three factors, initial state, steady-state, and minimum void ratio for flow, 

on a state diagram to identify different degrees of mobilization and speeds of possible 

debris flows.  While all mobility indices were successful at debris flow prediction, the 

availability of data necessary for the analyses was low, and the surplus of specific values 

related to soil types and water content would not be readily observed or monitored with 
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the time constraints necessary for mobilization prediction (Ellen and Fleming 1987).  

Ellen and Fleming (1987) determined that the AMI had variables that were easiest to 

gather in an acceptable time frame, making it the most convenient approximation in 

determining mobilization. 

iii. Climatological approach example 

Determining the precipitation threshold of a slope necessary to act as a debris 

flow trigger falls under the climatological approach to debris flow hazard analyses 

specifically.  Many past studies worked under the assumption that as time passes, the 

landscape is able to adapt to the long-term precipitation average such that “average” 

conditions result in a balance between infiltration and evaporation or runoff, and maintain 

slope stability (Wilson 2000).  Any amount of precipitation over the average amount 

results in over-saturation, flash floods, and slope failures, while any amount of 

precipitation under the average amount results in drought.  Thus, mean annual 

precipitation (MAP) is considered proportional to precipitation rate thresholds that may 

induce debris flows.  Under intense rainfall, however, the drainage rate of the soil is more 

closely linked to steepness of a slope, thickness of surface soil layer, and soil 

permeability.  The drainage density is therefore related to the transmissivity of the soil 

surface layer and the frequency of storms with enough precipitation to saturate the slopes.  

Precipitation rate threshold values are thus necessary for debris flow prediction (Wilson 

2000).   

In addition to the rain rate issue, MAP does not hold true for localized variations 

in precipitation.  The U.S. West Coast region contains localized variations in 

precipitation due to 1) orographic lifting that causes more precipitation on the windward 
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side of a mountain and a rain shadow on the lee side of a mountain, and 2) the mean 

atmospheric pattern that causes more precipitation over the Pacific Northwest as 

compared to over southern California during winter.  The parameter of rainy day normal, 

or RDN, attempts to normalize MAP between locations by dividing the MAP of a given 

location by the number of rain days (#RD).  Wilson (2000) generalized that storms with 

daily rainfall amounts 14 to 20 times greater than the location RDN were typically 

associated with triggering debris flows along the U.S. West Coast (Fig. 5.12a). 

 The process outlined by Wilson (2000) proved successful because rainfall due to 

precipitation on the West Coast is almost exclusively related to wintertime storms along 

the North Pacific storm track.  These storms produce precipitation amounts that are 14 to 

20 times greater than the location RDN, which correlates to precipitation amounts with a 

~50-year return interval.  Alternatively, locations such as Honolulu, Hawaii and Ponce, 

Puerto Rico experience precipitation that is linked to many different phenomena.  Both 

sets of locations can use a reference storm that represents a shorter, fixed return interval 

and multiply by a triggering coefficient to estimate precipitation thresholds for triggering 

a debris flow.  Wilson (2000) demonstrated that storms with a 5-year return interval are 

optimal references for precipitation over all locations, tropical and along the U.S. West 

Coast. For example, the upper-limit of debris flow-producing 24-h precipitation is 

approximately twice the 5-year return interval amount and the lower-limit of debris flow-

producing 24-h precipitation is ~1.33 times the 5-year return interval amount (Fig. 

5.12b).  This estimation process can additionally be used in locations where shorter time-

spans of data collection exist, as only ~30 years of data is necessary to begin quantifying 

the 5-year return interval of precipitation (Wilson 2000). 
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 e. Debris flow hazard analysis  

 Debris flow hazards are distinct from all landslide hazards in that factors such as 

earthquake potential, liquefaction rates or soil, and others do not have to be taken into 

account; a more specific analysis of this particular type of landslide allows for more 

specificity in the factors and analyses that cause flow-type movements.  Debris flow 

hazard analyses usually span all types of hazard maps, all types of evaluation methods, 

both large and small temporal and spatial resolution, and all three types of scientific 

approaches.  The limitations in debris flow analysis consistently relate to the small-scale 

mechanical, geologic, and hydrologic variations in natural slopes that may not be 

quantifiable without extremely high-resolution data on all surfaces.  Despite the inherent 

limitations, debris flow hazard analyses provide useful insight into the scientific 

processes of debris flows and their impacts on society. 

 The three main critical criteria of debris flows are 1) sediment availability, 2) 

water input, and 3) slope gradient (Takahashi 1981; Rickenmann and Zimmerman 1993; 

among others).  All debris flow hazard analyses address these three factors through data 

or through assumptions.  For example, debris flow susceptibility maps utilize data layers 

such as elevation, slope, geologic units, etc. to explain sediment availability and slope 

gradient, but use the assumption that sufficient water is saturating the soil in order for 

debris flows to mobilize and fulfil the water input criteria (Hermanns et al. 2015; 

Stalsberg et al. 2015; among others).  By contrast, precipitation threshold maps illustrate 

the water input necessary for debris flow initiation with data layers but use the 

assumption that necessary slopes and sediment must be present for a debris flow to occur 

to address the other two critical factors (Wilson 2000).   



  
 

95 

 

Minder et al. (2008) combined many approaches of debris flow hazard analysis in 

the mountainous terrain of Washington.  The study did not classify storm-scale hazards, 

and focused on local, spatial variations in rainfall that could relate to a climatological 

susceptibility of an area to a shallow landslide.  Modeled precipitation rates for a 7-year 

study period yielded a map of maximum 24-h average rainfall rates at each grid point and 

interpolated them across the area (Fig. 5.13a).  The rainfall rate map identified local 

variations in terrain when coupled with a model of soil and slope properties; these data 

and methodology resulted in a more realistic shallow landslide susceptibility analysis as 

compared to an analysis of generalized, region-wide rainfall rates coupled with the model 

of soil and slope properties.  The susceptibility was expressed by change in critical 

cohesion values of the soil as calculated by the equations in the SHALSTAB model (Fig. 

5.13b). 

 f. The USGS San Francisco Bay Landslide Folio 

The USGS San Francisco Bay Landslide Folio used susceptibility maps and 

precipitation threshold maps in order to address all critical criteria.  A series of debris 

flow source area maps for each county in the San Francisco Bay region (Ellen et al. 1997) 

are used in conjunction with 6-h and 24-h rainfall threshold maps for the San Francisco 

Bay region (Wilson and Jayko 1997) in order to provide a more holistic understanding of 

general debris flow hazards.  The reports detailing these steps are available online at 

http://pubs.usgs.gov/of/1997/of97-745/.   The debris flow source maps incorporate 

hillslope steepness (≥20°) and planform curvature (≤0.01 including negative numbers to 

account for concave slopes).  These parameters were calculated in GIS from DEM grids 

for 30-m cells.  These values were determined from two calibration areas where historic 

http://pubs.usgs.gov/of/1997/of97-745/
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debris flows occurred over San Mateo County and Marin County from the January 1982 

storm (Fig. 5.14).  The source maps were subdivided by county, including Alameda, 

Contra Costa, Marin, Napa, Santa Clara, Santa Cruz, San Francisco, San Mateo, Solano, 

and Sonoma Counties.  The study explained that multiple source regions can be triggered 

in a single debris flow event and conversely certain debris flow source regions can 

remain intact (Fig. 5.15).  Man-made slopes, such as cut slopes for highways, are also 

susceptible to debris flows, but the sources are not explicitly accounted for on the map.  

The map also excludes flow paths from the source areas illustrating its project goal as a 

general assessment of debris flow hazard rather than a prediction of hazards at a specific 

site.  The source regions identified via the GIS analysis overlapped with the calibration 

area debris flow source regions 82% of the time but only 53% of the time in relation to 

events identified from the January 1982 storms (Ellen et al. 1997).  Additional variables 

included in the susceptibility analysis (e.g. those from Ch. 2 and Ch. 5) were considered 

in order to improve the validation percentages and are explored in Ch. 6.   

 The precipitation threshold maps normalize precipitation values across the San 

Francisco Bay region via RDN (Wilson and Jayko 1997).  RDNs for the 6-h, 12-h, 18-h, 

and 24-h time periods on days with storms during January 1982 that produced debris 

flows and on other days that did not produce debris flows illustrate a distinct difference in 

magnitude.  A line of best fit separating the two datasets illustrates that 6-h periods of 

debris-flow producing storms produced precipitation at 8.5 times the RDN value (Fig. 

5.16).  The values increase as time frames increase such that 10.4 (12.3, 14.2) times the 

RDN illustrates 12-h (18-h, 24-h) precipitation amount.  Dividing a pre-existing map of 

mean annual precipitation (MAP) by a map of #RDs from point sources that were 
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interpolated to the entire area provided a calculation of the spatial distribution of RDN 

change in GIS.  Wilson and Jayko (1997) identified that estimates of the interpolation are 

less precise north of 38° due to a very sparse rain-gage network.  The RDN map was then 

multiplied by a factor of 8.5 and 14.2 in order to calculate the 6-h and 24-h precipitation 

thresholds for debris flow activity, respectively.  The precipitation threshold maps (Figs. 

5.17 and 5.18) were thus usable as long as the assumption of minimum soil-moisture 

requirements for antecedent soil moisture was met via early season rainfall.  The study 

also establishes that the likelihood of a storm surpassing the threshold in a given location 

is much higher than the likelihood of a debris flow occurring at the exact spot identified; 

additional parameters such as soil type or slope could aid in more accurately predicting 

locations of debris flow formation.  These climatology-based maps should be used in 

conjunction with geotechnical-based maps from Ellen et al. (1997) to more accurately aid 

emergency response planning efforts.   

 The data and methodology used for this thesis will include the USGS landslide 

folio requirements of slope, curvature and precipitation thresholds and additionally 

examine vegetation, soil erodibility, soil infiltration, and more due to a qualitative 

analysis of the categorizes of debris flow factors covered by papers in this chapter (e.g., 

Ellen et al. 1997; Wilson and Jayko 1997; Wilson 2000; Zhao and Tamura 2003; Harp et 

al. 2006; Abella and Van Westen 2007; Cannon et al. 2007; Horton et al. 2008; Minder et 

al. 2009; Ahmed 2014; Alharbi et al. 2014; Morgan et al. 2014; and Stalsberg et al. 

2015).  This thesis will also include masks of certain land cover types.  More detail about 

the data and methodology for Part II of this thesis can be found in Ch. 6. 
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5.2   Chapter figures  

 

Fig. 5.1. A temporal landslide inventory map example for Monte Castello di Vibio in 

Umbria, Italy from Guzzetti et al. (2012) that illustrates landslides as a function of the 

time when they occurred.  Colors show landslides of different ages: (1) relict landslides, 

(2) very old landslides, (3) landslides older than 1941, (4) active landslides in 1941, (5) 

active landslides in 1954, (6) landslides in the period 1955–1976, (7) active landslides in 

1977, (8) landslides in the period 1978–1984, (9) active landslides in 1985, and (10) 

landslides mapped in the field in winter 2010. 
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Fig. 5.2. A map of “Susceptibility to Deep-Seated Landslides in California” from Willis 

et al. (2011) where California landslide susceptibility is a function of rock strength and 

slope class. 
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Fig. 5.3. A simplified version of an official USGS landslide potential map created by 

Alyson Hurt of NPR (2014) to show the combination of high landslide occurrence and 

high landslide susceptibility, illustrating the inclusion of data related to landslide triggers. 
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Fig. 5.4. California Geological Survey map of the Hollywood, California area illustrating 

the legal mitigation requirements in liquefaction and earthquake-induced landslide zones. 
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Fig. 5.5. Maps of Cuba from Abella and Van Westen (2007) illustrating a) model 

inclusion of socio-economic factors in addition to typical landslide hazard factors and b) 

a resulting map of landslide risk. 
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Fig. 5.6. Example of heuristic approach MCDA model performance analysis from Ahmed 

(2014).  Relative Operating Characteristic (ROC) curves show model improvement over 

the random assignment line of 0.5 via the area under the line.  A perfect model would 

possess an ROC value of 1, or perfect discrimination between debris flow and non-debris 

flow areas. 
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Fig. 5.7. Event-based landslide hazard map example showing a) an inventory map of 

landslides in the San Francisco Bay area and the direct monetary costs in the pie charts 

for public (black) and private (white) types and b) a zoomed-in USGS landslide inventory 

map for Contra Costa County.  The maps were featured in the Godt (1999) analysis of the 

winter 1997 and spring 1998 storms.    
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Fig. 5.8. Example of watershed-scale landslide hazard map showing a) the location of the 

Kawauchizawa watershed in Japan, b) a factor of safety map that utilized unit weights of 

saturated soils, soil internal friction angle, slope, and soil cohesion coefficients unique to 

the watershed with a 400-year return period heavy precipitation amount, and c) the final 

debris flow hazard map based on localized characteristics.  The maps were featured in the 

Zhao and Tamura (2003). 
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Fig. 5.9. Example of remotely sensed data used in a landslide hazard map from Alharbi et 

al. (2013) illustrating NDVI versus slope values for the debris flows that were verified in 

the field or by examination of Google Earth images.  The regression line (black) that 

separates points prone to debris flows (below line) from those that are not prone to debris 

flows (above line) and susceptibility levels below the regression line expressed as a 

function of distance from it. 
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Fig. 5.10. Three scientific approaches to debris flow hazard analyses from Wilson (2000).  

Including the related parameters for deep-seated landslides and volcano-induced 

landslides would produce a full landslide analysis with the three scientific approaches. 
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Fig. 5.11. Example of a geotechnical landslide hazard approach from Harp et al. (2006) 

showing debris flow susceptibility analysis for the southwest portion of the Magnolia 

area in Seattle based on calculations of static factor of safety (FS) for each cell. 
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Fig. 5.12. Climatological landslide analysis map showing a) a plot of peak 24-hr rainfall 

from storms triggering debris flows versus rainy day normal values at gauges along the 

U.S. West Coast, and b) a plot of peak 24-hour rainfall from storms triggering debris 

flows versus 5-year reference storm values for gauges in a) plus in Hawaii and Puerto 

Rico.  The maps were featured in Wilson (2000). 
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Fig. 5.13. Figures from Minder et al. (2009) illustrating multiple approaches in landslide 

hazard analysis.   Shading represents a) max. 24-hr rain rate according to the color bar 

and b) change in critical cohesion values according to the color bar.  The Black Knob 

weather station in labeled with a grey star, and locations of gauges are in grey circles. 
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Fig. 5.14. Example of Ellen et al. (1997) USGS debris flow source region maps from the 

San Francisco Bay Landslide Folio in Marin County, CA with water shaded in light blue 

shading, bathymetry lines in dark blue, topography in hillshade, major roads in brown, 

county outlines in black outline, predicted debris flow source regions in shaded pink, and 

locations of source regions of debris flows from the January 1982 storm in black dots. 
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Fig. 5.15. Perspective view of debris flows from the January 1982 storm (yellow) in 

relation to potential source areas (pink).  This figure is located on every map created by 

Ellen et al. (1997) for the USGS San Francisco Bay Landslide Folio.  The numbers refer 

to hazards in locations 1) near the base of steep hills, 2) near the mouths of steep sidehill 

drainage, and 3) in and near the mouths of canyons that drain the steep terrain. 
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Fig. 5.16. “Rainfall Thresholds for Debris Flow Activity” from Wilson and Jayko (1997) 

in the USGS San Francisco Bay Landslide Folio. 
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Fig. 5.17. 6-h rainfall thresholds for debris flow activity in the San Francisco Bay region 

from Wilson and Jayko (1997) in the USGS San Francisco Bay Landslide Folio. 
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Fig. 5.18. 24-h rainfall thresholds for debris flow activity in the San Francisco Bay region 

from Wilson and Jayko (1997) in the USGS San Francisco Bay Landslide Folio. 
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6. Data and methodology, Part II 

6.1 Data and methodology, Part II 

 a. Debris flow data 

 The array of landslide hazard analyses discussed in Ch. 5 allow for further 

investigation of debris flow potential in the MTR and SGX CWAs, which is motivated by 

their high numbers of debris flow reports and unique DF days.  The MTR CWA 

contained 47 debris flow reports and 30 unique, location-sensitive (N=89) DF days, 

whereas the SGX CWA contained 28 debris flow reports and 23 unique, location-

sensitive (N=89) DF days over the 10-y period of study from Part I. A high frequency of 

debris flow reports after August 2012 additionally motivated the study of these two 

CWAs; the NCEI Storm Events Database began reporting exact debris flow location 

coordinates after this date.  The NCEI Storm Events Database spatially categorized debris 

flow reports before August 2012 into NWS zones, without specific coordinates of where 

they occurred; the large spatial scale of the debris flow reports before August 2012 

resulted in unusable debris flow reports at smaller scales.  The debris flow report 

locations (33 debris flow report locations out of the 125 debris flow reports) allowed for a 

precise examination of debris flow factors at the exact locations of debris flow 

occurrences, which was critical for attempts at model validation (Table 6.1).  The MTR 

and SGX CWAs had a high number of debris flow report locations (11 debris flow report 

locations and nine debris flow locations, respectively) on a high number of unique debris 

flow days (five unique DF days and nine unique DF days, respectively).   

 

 



  
 

117 

 

b. Software and geographical data 

 Part II heavily relied on key software, tool descriptions, and boundary datasets.  

ESRI GIS ArcMap 10.4.1 (here on, GIS) was used to visualize and analyze all spatial 

data (ESRI 2016).  Note that the “ESRI ArcGIS Search Results” documentation supplied 

all tool descriptions presented in this chapter, the CWA boundaries are obtained from the 

AWIPS Shapefile Database (NWS 2009), and this thesis identified and used only the 

portion of CWA boundaries contained within the California border (see Part I). 

 c. Map analysis framework 

This section provides an overview of the way in which debris flow factors and 

datasets combined in order to show the need for certain datasets and spatial analyses.  

Sections (d), (e), and (f) explore these datasets and spatial analyses on a factor-by-factor 

basis.  The analyses for Part II included two types of maps (debris flow potential source 

areas and precipitation threshold maps) and three iterations of these maps.  This iteration 

approach allowed for an analysis of the impact of additional factors of debris flow hazard 

at each step in the model process (here on, factor sensitivity analysis).  Iteration One (Fig. 

6.1) included maps for both the MTR and SGX CWAs that illustrated debris flow 

potential following a methodology similar to the San Francisco Bay Area Landslide Folio 

and debris flow precipitation thresholds following a methodology similar to Wilson 

(2000).  Sections (d), (e.i.), and (e.ii) provide additional detail about datasets and GIS 

processes for Iteration One.   

 Iteration Two of these maps (Fig. 6.2) added debris flow factors from a selection 

of papers discussed in Ch. 5 (Table 6.2).  The additional debris flow factors originated 

from a subjective categorization of factors from these papers (Tables 6.3).  In total, 13 
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different debris flow factor categories existed.   Dataset unavailability (mitigation, 

historic), complexity of equations (sediment availability), and scientific advancement 

(elevation) excluded four of the debris flow factors categories.  The historic factor 

category was included at the end of the Part II analysis in an attempt to validate the 

models through locations of debris flow report locations; the category was not included in 

any layers within the debris flow potential source area analyses.  Sections (d) and (e) 

detail the debris flow factors included and the GIS processes used to combine the layers.  

Iteration Three of the maps (Fig. 6.3) accounted for lower threshold values of slope and 

precipitation in post-fire regions, but all other analyses remained the same as those in 

Iteration Two.  Sections (e) and (f) explore the lower slope and precipitation values.  The 

future work chapter (Ch. 9) discusses the societal factors. 

d. GIS precipitation threshold data and methodology 

 The San Francisco Bay Area Landslide Folio precipitation threshold analyses 

(Wilson and Jayko 1997) were successful due to the fact that one main meteorological 

factor (winter storms) was responsible for the precipitation in the area (Wilson 2000).  

Winter storms and monsoonal impacts, however, dually control SGX precipitation.  

Wilson (2000) revised the Wilson and Jayko (1997) methodology so as to include 

locations with more than one meteorological factor for precipitation.  Wilson (2000) 

discovered that multiplying a 5-year reference storm 24-h precipitation amount by a value 

of 4/3 (1.33) created a precipitation threshold value that conformed to established 

threshold amounts for debris flows on the U.S. West Coast as well as two tropical 

locations in Hawaii and Puerto Rico (recall Fig. 5.12).  Five-year recurrence 24-h 

precipitation amounts for the state of California existed in a GIS raster file form from the 
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Precipitation Frequency Data Server (PFDS) via the Hydrometeorological Design Studies 

Center.  A network of >8,000 weather stations across California and directly over the 

California border supplied 24-h precipitation data to create a long-term annual maximum 

series (AMS) of 24-h precipitation.  The PFDS published datasets of partial duration 

precipitation frequency estimates for varying durations using a regional influence 

approach.  The 5-year recurrence of 24-h precipitation amount had units of mm (Perica et 

al. 2014); data are available online.     

e. Debris flow potential map layers and methodology 

 This section examines the debris flow factors included in the debris flow potential 

analysis (Table 6.3).  These factors include: i) slope, ii) curvature, iii) NDVI, iv) Kw-

Factor soil erodibility index, v) hydrologic soil group, vi) land cover, and vii) previous 

two years of post-fire locations.  These factors excluded the possibility of “double 

counting” or correlated debris flow factors.  For example, using an NDVI raster file and a 

land use polygon file to identify areas of vegetation would result in twice the weight 

value for the vegetation factor in the debris flow factor overlay analysis.  NDVI thus 

represented the vegetation factor and land use masks excluded locations with no debris.   

i. Slope  

 10-m DEM data constituted the base dataset for the slope analysis (USGS 2016f).  

The GIS mosaic-to-new-raster tool combined DEM files for each CWA into one file.  

The GIS slope tool from the surface toolset of the spatial analyst toolbox calculated the 

maximum rate of change in elevation value from one cell to its eight neighbors; the 

steepest downhill descent was the value assigned to the raster grid box.  The GIS slope 

tool resulted in a slope raster layer in degrees, as per author specification.  Iteration One 
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maps used a slope threshold ≥20°, similar to the methodology of Ellen et al. (1997).  

Iteration I maps were thus created through a binary classification system.  Chapters 2 and 

5 illustrated that a range of debris flow values needs to be considered with decreasing 

impact farther away from the mid-30° values.  Slopes in the mid-30° range exhibited the 

highest debris flow potential, slopes from 20°–50° exhibited moderate debris flow 

potential, and slopes beyond those thresholds exhibited very little debris flow potential.   

ii. Curvature 

 The curvature GIS tool (spatial analyst) used the mosaicked DEM files for each 

CWA.  The outputs of the GIS curvature tool included a profile curvature raster layer and 

a planform curvature raster layer.  Profile curvature relates to movement on a parallel 

surface to the direction of maximum slope, affecting acceleration or deceleration of flow 

(Fig. 6.4).  Planform curvature relates to movement on a surface perpendicular to the 

direction of maximum slope, affecting the convergence or divergence of flow (Fig. 6.5).  

This thesis did not focus on debris flow speed or runout distance, and thus only 

investigated planform curvature.  The upper threshold of planform curvature from Ellen 

et al. (1997) was +0.01; values of planform curvature decreased from the upper threshold 

value to include zero (straight surfaces) and negative values (channelized or converging 

materials).  The curvature factor for Iteration One remained unchanged; however, 

curvature was placed on a continuous scale where debris flow potential increased as 

curvature values decreased for Iterations Two and Three. 

iii. Normalized Difference Vegetation Index (NDVI) 

 Root networks of plants have the ability to hold soil in place, thus reinforcing the 

ground in case of slope failures (Turner and Schuster 1996).  Normalized Difference 
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Vegetation Index (NDVI) maps display greenness (relative biomass) via satellite sensors 

that absorb the wavelengths of light reflected by plants.  The NOAA Land Processes 

Distributed Active Archive Center (LP DAAC) distributes data from the Moderate 

Resolution Imaging Spectroradiometer (MODIS) instrument on both the Terra and Aqua 

satellites; the LP DAAC allowed for the download of pre-made NDVI raster files for a 

16-day time spans ending on 30 October 2016.  Resulting NDVI values ranged from 1 to 

−1 with typical values of barren rock or soil <0.1, sparse vegetation 0.2–0.5, and dense 

vegetation 0.6–0.9 (Sounny-Slitine 2012; USGS 2016d).    The decision to use the most 

recent NDVI raster file stemmed from the goal of developing a predictive model of debris 

flows in the future.  

iv. Kw-Factor soil erodibilty 

 The soil Kw-factor served as a proxy for sediment availability.  The soil Kw-

factor illustrates erodibility of the whole soil by water, including rock fragments.  The 

unitless values of the Kw- factor increase as soil becomes more erodible.  The USDA 

identifies soils with a Kw-Factor <0.2 as having soil particles that are resistant to 

detachment, while those >0.2 are much less resistant.  Soils with a Kw-Factor >0.4 are 

extremely silty and, thus, are extremely erodible (Natural Resources Conservation 

Service 2016).  Kw-Factors existed on a continuous scale, with high Kw-Factor values 

related to high debris flow potential.  The Geographic Soil Survey Database (SSURGO) 

provided 10-m resolution, county downloads (sub-county downloads if a very large 

county) of Kw-Factor data as a GIS polygon shapefile (Soil Staff Survey et al. 2016a).  

The SSURGO dataset labels areas of similar soil type with a “musym” or Map Unit 

Symbol as well as a “mukey” or Map Unit Key that corresponds to various tabular 
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datasets that link to the spatial areal locations; the “chorizon” table contains information 

on soil erodibility indices.  The SSURGO dataset has a known gap in data coverage in the 

southeast part of the SGX CWA; a lower resolution dataset from version two of the State 

Soil Geographic Database known as the U.S. General Soil Map (STATSGO2) filled the 

gap (Soil Survey Staff et al. 2016b).  The merge GIS tool (data management) combine 

values from the STATSGO data file within a polygon file of the SSURGO gap area.  The 

same process used to quantify soil erodibility with SSURGO applied to the STATSGO 

dataset. 

v. Hydrologic Soil Group (HSG) 

 The same data (SSURGO) and methodology for the Kw-Factor analysis of soil 

hydrologic properties can also diagnose debris flow potential (Soil Staff Survey et al. 

2016a; Soil Staff Survey et al. 2016b).  The spatial soil dataset accessed the HSG value of 

each section of soil through the “muggatt” table in an effort to quantify the critical 

criteria of water input (see Ch. 2).  HSG groups range from “A” to “D” with combination 

areas represented by the dominant HSG (“A”, “B”, or “C”) combined with “D” HSG 

group (see Fig. 2.14).  HSG “A” represents soils with high infiltration rates and low 

runoff rates, while HSG “D” represents soils with low infiltration rates and high runoff 

rates; thus, “C” and “D” soils pose more of a threat of debris flow potential than “A” and 

“B” soils.  HSG existed on a continuous scale as outlined above. 

vi. National Land Cover Dataset (NLCD) 

 The National Land Cover Dataset (NLCD 2011) is the most recent Multi-

Resolution Land Characteristics Consortium (MRLC) product to apply the typical 16-

class land cover classification scheme across the U.S. (Homer et al. 2015).  The dataset is 
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available at 30 m resolution.  The NCLD 2011 dataset masked locations with absolutely 

no debris flow potential.  The high and medium intensity developed areas (with 50–79% 

and 80–100% impervious surface coverage respectively) as well as open water locations 

(with <25% vegetation or soil coverage over identified open water) masked areas where 

no debris is available, making debris flow generation impossible (MRLC 2016). 

vii. Previous two years of post-fire locations 

 The California Department of Forestry and Fire Protection (CalFire) catalogs of 

fire perimeters in the state since 2015 are the official source of GIS files with fire location 

polygons (Department of Forestry and Fire Protection 2016).  These fire location 

boundaries separate into wildfires and prescribed burns, though prescribed burn areas are 

not available for three counties in MTR (Alameda, Contra Costa, and San Francisco 

counties).  Values of less steep slope and lower .precipitation thresholds within these 

boundaries are capable of triggering debris flows.  Under post-fire conditions, slope 

values as low as 15° may trigger a debris flow, with an absolute cutoff of 8°–10° when 

deposition of debris flow material occurs (Takahasi 1991; Ortigao and Kanji 2010; 

Ahlstrom 2013).  Precipitation thresholds were found to decrease from 1.33 times the 5-

year recurrence interval of 24-h precipitation amount to roughly the 2-year recurrence 

interval; the 2-year recurrence interval data originated from the same source as the 5-year 

reference storm data (Cannon et al. 2007).  The Con GIS tool (spatial analyst) substituted 

lower, post-fire influenced thresholds in to the same models used in Iteration Two to 

create Iteration Three of maps.  A proposed methodology for investigating hourly-to-sub-

hourly precipitation rates, which have also been linked to post-fire debris flows (Cannon 

et al. 2008; Staley et al 2013; among others), can be found in Ch. 9. 
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f. Methodology for combining debris flow factors 

 The GIS reclassification tool individually reclassified debris flow factor layers, 

which changed input raster file values to index values on a scale determined by the 

author.  The scale values related higher reclassification values to a higher potential of 

debris flows from the individual factor.  The reclassification process followed the scales 

outlined in each factor section.  Slope values from 30° to 39° reclassified highest, with 

decreasing values above and below as slopes became gentler or too steep to hold debris.  

The curvature reanalysis reclassified lower curvature values as higher reclassification 

values on a continuous scale.  Positive values of NDVI resulted in lower reclassification 

values than negative values of NDVI, and values in between varied on a continuous scale.  

A higher Kw-Factor value had a higher reclassification value, and reclassification values 

decreased on a continuous scale as Kw-Factor values decreased.  The lowest 

reclassification value described HSG “A” and the highest reclassification value described 

HSG “B”; other HSGs followed suit on a continuous scale.  The Dual HSG groups of 

“A/D”, “B/D”, and “C/D” reclassified in the same way as the HSG “D” category, as these 

soils behave like HSG “D” when saturated.   

 The heterogeneity of values in each layer illustrated the impact each layer would 

have on a potential model; a larger heterogeneity of debris flow factor values would 

result in higher model sensitivity to that particular debris flow factor.  The additional 

debris flow factors (NDVI, Kw-Factor, and HSG) then augmented the slope and 

curvature analysis from Ellen et al. (1997) individually in an effort to illustrate spatially 

where the largest spread of model debris flow potential values was located.  These model 

heterogeneity values illustrated locations of high debris flow factor sensitivity.  The GIS 
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weighted overlay tool then equally weighted and overlaid debris flow factor layers to 

calculate spatially-explicit debris flow potential.  Iterations Two and Three maps used 

these layers for debris flow potential. 
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6.2 Chapter tables 
 

Table 6.1. List of debris flow reports that include coordinate locations from the NCEI 

Storm Events Database.  Blue shading shows debris flow report locations in MTR and 

SGX used in Part II Analyses. 
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Table 6.2. Review of selected Ch. 5 journal articles with factor categories and datasets 

included in their respective susceptibility analyses.  Colors alternate to show different 

papers. 
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Table 6.3. Factor categories, frequency in papers from Ch. 5, and dataset used for this 

thesis color-coded according to water-related (blue), geology-related (orange), societal-

related (yellow), vegetation-related (green), and other (grey) factor types.  Acronyms 

explained in sections (c), (d), (e), and (f). 

 

 

 
 

 

 

  

Factor Category Frequency in Papers Dataset for this Thesis

Water Input 10 Preciptiation Threshold maps

Slope 9 Slope

Soil 8 Kw Soil Erodibility

Societal 8 Social, Economic, Environmental, and Physcial factors

Historic 4 N/A- validation with small dataset of debris flow report locations

Elevation 4 N/A- usually an attempt to quantify another factor in this list

Geomorphic 3 Curvature

Vegetation 3 NDVI

Hydrologic 2 HSG

Sediment Availability 1 N/A- too complex to quantify, proxy is soil erodibility

Fire 1 Past 2-y fire locations

Mask 1 Land Use

Mitigation 1 N/A- not readily available in GIS dataset
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6.3 Chapter figures 

 

 
 

Fig. 6.1. Schematic depiction of Iteration One with a) debris flow potential source area 

maps and b) debris flow-producing precipitation thresholds following the methodology 

from Ellen et al. (1997) and Wilson and Jayko (1997) from the San Francisco Bay 

Landslide Folio and from Wilson (2000). 
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Fig. 6.2. Schematic depiction of Iteration Two with a) debris flow potential source area 

maps and b) debris flow-producing precipitation thresholds including additional factors 

as in the methodology of Horton (2008), Harp et al. (2006), Alharbi et al. (2014), Ahmed 

et al. (2014), among others. Land Cover was used as a mask not a layer in the analysis 

and is shown in light blue. 
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Fig. 6.3. Schematic depiction of Iteration Three with a) debris flow potential maps and b) 

debris flow-producing precipitation thresholds both including post-fire location threshold 

decreases since 2015 in orange. 
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Fig. 6.4. Profile curvature raster values illustrating a) the surface is upwardly convex with 

a negative value, b) the surface is upwardly concave with a positive value, and c) the 

surface is linear with a value of zero.  Schematic from (ArcMap 2016). 

 

 

 
 

Fig. 6.5. Planform curvature raster values illustrating a) the surface is laterally convex 

with a positive value, b) the surface is laterally concave with a negative value, and c) the 

surface is linear with a value of zero.  Schematic from (ArcMap 2016). 
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7. Results of GIS debris flow potential and precipitation threshold map analyses 

a. GIS factor layer descriptions and layer value distributions 

 This section outlines the percentage of the MTR and SGX CWA areas that 

contain factors within certain categories of debris flow potential in each layer mentioned 

in Ch. 6 (e.g., the percentage of total area of the CWA with slope values from 30° to 40° 

that would yield a higher debris flow potential in comparison to other slope values).  All 

GIS-produced analysis maps for the MTR and SGX CWA presented data with a “full 

map extent” reference display resolution of 1:2,381,009 and 1:1,557,631, respectively.   

 The slope layers over the MTR and SGX CWAs spanned from ~0° to 86° and ~0° 

to 80°, respectively, with low values of slope occurring with the highest frequency in 

both CWAs.  The Northern and Southern Coast Ranges in the MTR CWA and the 

Transverse and Peninsular Ranges in the SGX CWA exhibited the highest values of slope 

(Fig. 7.1).  The MTR (SGX) slope value distribution consisted of ~39% (~57%) non-

debris flow producing slopes that spanned from 0° to 10° (Takahasi 1991; Ortigao and 

Kanji 2010; Ahlstrom 2013). In other words, the MTR CWA contained a higher 

percentage of slope values that could be associated with debris flows than the SGX 

CWA.  The methodology of Ellen et al. (1997) that investigated slopes >20° illustrated 

that ~35% (~24%) of MTR (SGX) CWA pixels contained slopes that could potentially 

produce debris flows.  Recall that slopes from 33° to 38° are most likely to produce 

debris flows (Ch. 2 and Ch. 6); ~10.3% (~7.8%) of the MTR (SGX) CWA contained 

slope values from 30° to 40°.   

 The planform curvature (here on, curvature) layers over the MTR and SGX 

CWAs spanned from –90.6 to 127.8 and from –649.8 to 188.2 units, respectively, where 
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positive curvature (e.g., divergent flow) occurred more frequently than negative curvature 

values (e.g., convergent flow) in both CWAs.  The distribution of curvature values >0.01 

(Ellen et al. 1997) over the MTR CWA contained ~80% non-debris flow producing areas, 

whereas the SGX CWA contained ~50% non-debris flow producing areas.  This 

difference suggests that the SGX CWA contains a larger relative area conducive to debris 

flows than the MTR CWA based on topographic curvature.  The high percentage of non-

debris flow producing curvature values, especially over the MTR CWA, could be used as 

an important relationship in future debris-flow susceptibility models.  Note that landscape 

with the high variability of curvature values and convergent or divergent flow occurred 

over locations with complex mountainous terrain over each CWA (e.g., the Northern and 

Southern Coast Ranges over the MTR CWA and the Transverse and Peninsular Ranges 

over the SGX CWA; Fig. 7.2). 

 The NDVI layers over the MTR and SGX CWAs spanned from –0.20 to 1.00 in 

both CWAs.  The MTR (SGX) CWA contained non-debris flow producing dense 

vegetation NDVI values of 0.55 to 1.00 over ~30% (~9%) of its area, moderate debris 

flow producing sparse vegetation NDVI values of 0.55 to 0.15 over ~65% (~63%) of its 

area, and high debris flow producing barren land NDVI values of –1.00 to 0.15 over ~5% 

(~29%) of its area.  Both CWAs contain the highest percentage of area in the moderate 

debris flow potential, but the NDVI values suggests that the SGX CWA contains a larger 

area conducive to debris flows as compared to the MTR CWA.  Note that NDVI values 

were highest in northern and eastern portions of the MTR CWA and in southern and 

central portions of the SGX CWA (Fig. 7.3).  The distinction in spatial distribution could 

be used as an important relationship in future debris-flow susceptibility models. 
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 The HSG in both CWAs included A, B, C, D, Dual (including A/D, B/D, C/D), 

and No Data categorizations.  The MTR (SGX) CWA contained ~20% (~31%) of its area 

in lower debris flow potential categories (A and B, recall Ch. 2 and Ch. 6) and ~70% 

(~52%) of its area in higher debris flow potential categories (C, D, and Dual, recall Ch. 2 

and Ch. 6).  The high percentage of debris flow producing HSG values, especially over 

the MTR CWA, makes this factor less important for a relationship in future debris-flow 

susceptibility models.  Higher variability of HSG soils occurred in the mountainous 

terrain of both CWAs (Fig. 7.4).  Data were unavailable for ~9% of pixels in the MTR 

CWA and ~16% of pixels in the SGX CWA despite using the STATSGO dataset to fill 

the SSURGO gap in the SGX CWA.  Areas without HSG data computed the debris flow 

potential index without the addition of the HSG factor.    

 The Kw-Factor layers over the MTR CWA and the SGX CWA spanned from 0.00 

to 0.49, and from 0.00 to 0.43, respectively.   The MTR (SGX) CWA contained ~46% 

(~50%) of its area in lower debris flow potential category values from 0.00 to 0.20 (e.g., 

low erodibility), ~52% (~49%) of its area in moderate debris flow potential category 

values from 0.20 to 0.40, and ~2% (~1%) of its area in high debris flow potential 

category values >0.40 (e.g., high erodibility).  The high percentage of moderate debris 

flow producing Kw-Factor values could make this factor less discriminative when added 

to a model in future debris-flow susceptibility models, but the low percentage of high 

debris flow producing Kw-Factor values could be used as an important relationship in 

future debris-flow susceptibility models.  Note that the Kw-Factor values near the San 

Francisco Bay, in the Northern Coast Mountains, regions near the SGX coast, and the 

Peninsular Ranges were in the highest debris flow potential category (Fig. 7.5)   
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 Land cover data masked 8.68% (7.01%) of the MTR (SGX) CWA (Fig. 7.6).  

These masks eliminated areas where debris was not available and thus no debris flow 

formation would be expected.  The post-fire locations comprised ~25% (69%) of the area 

of the MTR (SGX) CWA (Fig. 7.7).  Recall that these locations illustrated the percentage 

of area in each CWA where lower values of slope and precipitation thresholds replaced 

the normal values of slope and precipitation in Iteration Three of the maps.  The higher 

percentage of post-fire locations across the SGX CWA suggested a potentially higher 

frequency of debris flow potential areas due to a decrease in the slope and precipitation 

thresholds.  The precipitation threshold layer was not included in an analysis of value 

distribution as all pixels represented values of high debris flow potential; the layer 

analysis can be found in the second half of section (b). 

b. Iteration One  

 The locations where optimal slope and curvature values overlapped (>20° and 

>+0.01, respectively) contained ~15% (~10%) of the area of the MTR (SGX) CWA 

(Figs. 7.8).  Locations of debris flow potential spatially overlapped with regions of 

complex terrain over both CWAs.   

 The 24-h precipitation threshold values across the MTR and SGX CWAs spanned 

from ~52 mm to ~320 mm and from ~41 mm to ~406 mm, respectively (Fig. 7.9); higher 

precipitation thresholds occurred over the mountains.  The lowest third of the total 

precipitation threshold values contained ~68% (~88%) of the area of the MTR (SGX) 

CWA.  The middle and upper third contained ~31% and ~1% (~11% and ~1%), of the 

area of the MTR (SGX) CWA, respectively.  The skew of the SGX CWA precipitation 

thresholds towards lower values as compared to the MTR CWA precipitation thresholds 
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suggests that the SGX CWA may require less precipitation in order to trigger a debris 

flow.   

 Iteration One of debris flow susceptibility and precipitation threshold maps (Fig. 

7.10) are qualitatively similar to the San Francisco Bay Landslide Folio (Fig. 5.18).  For 

example, Contra Costa and Alameda counties (Fig. 7.11) contained potential debris flow 

source regions over central and western parts of the county and over central and 

southeastern parts of the county, respectively.  These potential debris flow source 

locations and regions of highest precipitation overlapped with similar regions identified 

in the San Francisco Bay Area Landslide Folio (Fig. 7.12; Ellen et al. 1997). The 

precipitation threshold map also compared well with the Wilson and Jayko (1997) 

precipitation threshold maps from the San Francisco Bay Landslide Folio despite using 

an updated methodology from Wilson (2000) (Fig. 7.13).  This process served to lend 

credibility to the overlay analysis approach to debris flow susceptibility modeling and led 

to the motivation to fine-tune the model by adding more variables. 

c. Iteration Two  

i. Statistical analyses of the NDVI, HSG, and Kw-Factor models 

 Recall that Iteration Two of the debris flow potential maps called for the analysis 

of adding the NDVI, HSG, and Kw-Factor reclassified layers individually to the slope 

and curvature reclassified layers in three weighted overlay analyses to illustrate the 

impact each factor had the final Iteration Two debris flow potential map (factor 

sensitivity analysis).  Iteration Two factor sensitivity analyses of the NDVI model, the 

HSG model, and the Kw-Factor model categorized debris flow potential maps via a 

weighted overlay analysis.  Values separated into 0, 1, 2, and 3 were in the low debris 
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flow potential category, 4, 5, and 6 were in the moderate debris flow potential category, 

and 7, 8, and 9 were in the high debris flow potential category.  Recall that these 

categories of low, moderate and high debris flow potential refer to the combination of 

debris flow-producing values within each factor layer.  Note that a category 0 

classification actually dictates no debris flow potential, though it is included in the low 

debris flow potential category.  The reclassification of NDVI, HSG, and Kw-Factor 

combined in the equal weighted overlay with the slope and curvature reclassification 

values yielded high percentages of moderate debris flow potential and low percentages of 

high debris flow potential across both CWAs (Table 7.1).    The low percentage of high 

debris flow producing weighted overlay values, especially with the NDVI and Kw-Factor 

models, could be used as an important relationship in future debris-flow susceptibility 

models. 

 ii. Spatial analysis of the NDVI, HSG, and Kw-Factor models 

 The NDVI (Figs. 7.14a, 7.15a), HSG (Figs. 7.14b, 7.15b), and Kw-Factor (Figs. 

7.14c, 7.15c) models equally weighted overlay analyses across both CWAs in order to 

highlight different areas of high debris flow potential as compared to those areas identify 

in Iteration One.  The NDVI model reinforced high debris flow potential in the far north 

Northern Coast Ranges and the eastern Peninsular Ranges.  The Kw-Factor model 

reinforced high debris flow potential in the Northern Coast Ranges, the northern half of 

the Southern Coast Ranges, the western Transverse Range, and the southern Peninsular 

Range.  The HSG model reinforced high debris flow potential across all mountainous 

regions; this high overlap suggests that the HSG layer spatially corresponded with the 
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Iteration One analysis or the values were uniformly distributed across the layer and did 

not make an impact on the reclassification values across the CWAs.  

 iii. Analysis of reclassification value range 

 The cell statistics tool in GIS identified the largest range of category values for 

the three model maps (Fig. 7.16a).  Overall, all three model category values were in full 

agreement (0 category value difference) across ~7% (~5%) of the MTR (SGX) CWA.   

The model category values were in moderate agreement (1–3 category value difference) 

across ~85% (~90%) and were in disagreement (5–6 category value difference) across 

~7% (~5%) of the MTR (SGX) CWA.  The map of disagreement illustrated a novel 

approach to debris flow hazard analyses.  In addition, regions of high disagreement on the 

map could be very important to determining the locations of future, localized studies that 

determine the cause of such disagreement.   

 Spatially, the locations in agreement were in locations of low or no debris flow 

potential (e.g., land completely flat or experiences diverging flow instead of converging 

flow).  The locations not in agreement were in the mountainous regions in both CWAs 

where the slope and curvature analyses already identified high debris flow potential but 

the category values increased or decreased due to the addition of the NDVI, HSG, and 

Kw-Factor layers (Fig. 7.16b,c).   The high percentage of locations in agreement could be 

used as an important relationship in future debris-flow susceptibility models. 

 iv. Analysis of Iteration Two final maps 

 Recall that the final maps of Iteration Two of the debris flow potential combined 

slope, curvature, NDVI, HSG, and Kw-Factor as reclassified layers in an equal weighted 

overlay analysis; an additional mask of category of zero values based on the locations of 
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open water and high to medium development additionally contributed to the weighted 

overlay analysis.   The final maps of Iteration Two included values of 0–3 for low debris 

flow potential, values of 4–6 for moderate debris flow potential, and values of 7–9 for 

high debris flow potential; no category 9 values were calculated in either CWA.  The 

MTR (SGX) CWA contained ~20% (~24%) of its area in the low debris flow potential 

categories, ~77% (~72%) of its area in the moderate debris flow potential categories, and 

~3% (~4%) of its area in the moderate debris flow potential categories (Fig. 7.17).   

 Regions of high debris flow potential category values illustrated only portions of 

high debris flow potential mountainous areas identified in Iteration One.  The near-coast 

Northern Coast Ranges, inland Southern Coast Ranges, western Transverse Ranges, and 

eastern Peninsular Ranges constituted the regions of high debris flow potential values 

(Figs. 7. 18a,b).  The distribution in the Northern Coastal Ranges illustrated influence 

from high NDVI and Kw-Factor values, the distribution in the Southern Coastal Ranges 

illustrated the influence of high Kw-Factor and HSG values, and the distribution in the 

Peninsular Ranges illustrated the influence of high NDVI, HSG, and Kw-Factor values.   

The precipitation threshold maps remained unchanged from Iteration One (Figs. 7.18c,d). 

d. Iteration Three  

 Recall that the third iteration of maps took into consideration lower values of 

slopes and lower precipitation thresholds necessary for debris flow formation in post-fire 

locations.  Recall, values of 0–3 comprised low debris flow potential, 4–6 comprised 

moderate debris flow potential, and 7–9 comprised high debris flow potential.  The GIS 

analyses did not identify any locations of the highest category of debris flow potential 

(9).  The MTR (SGX) CWA contained ~20% (~23%), ~77% (72%), and ~3% (~5)% of 
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its area in low, moderate, and high debris flow potential category values. The highest 

percentage of category values for both CWAs was again in the moderate debris flow 

range. 

 The post-fire-adjusted precipitation threshold values across the MTR and SGX 

CWAs spanned from ~33 mm to ~316 mm, and from ~25 mm to ~348 mm, respectively 

(Fig. 7.19b). Many locations of high precipitation thresholds from Iterations One and 

Two decreased due to the collocated post-fire locations in some of the more mountainous 

terrain across both CWAs. The MTR (SGX) CWA contained ~65% (~93%), ~30% 

(~6%), ~5% (~1%) of its area in the lowest, middle, and highest third of precipitation 

threshold values, respectively. The precipitation threshold analysis suggests that the SGX 

CWA needs less precipitation to mobilize a debris flow than the MTR CWA.  The larger 

magnitude of precipitation threshold that favors lower values in the SGX CWA in 

comparison to the MTR CWA relates to the larger percentage of post-fire locations in the 

SGX CWA. 

 Spatially, the locations of high debris flow potential across both CWAs again 

overlapped the mountainous terrain of each CWA (Figs. 7.20a,b).  The locations of high 

debris flow potential did not change from Iteration Two; while the percentage of area 

within the high debris flow potential category increased, the regions of high debris flow 

potential remained the same.  Newly identified locations of high debris flow potential 

overlapped with regions of moderate debris flow potential from Iteration Two that were 

in post-fire regions in this iteration.  The locations of “high” precipitation thresholds in 

both CWAs (Figs. 7.20c,d) consistently occurred in the mountainous regions of the 
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CWAs, but the magnitude of “high” precipitation values in the mountains regions related 

directly to the colocation of a post-fire region.  

e. Comparison of Iterations One, Two, and Three 

 The average 24-h precipitation thresholds from Iteration One and Iteration Two 

were ~135 mm (5.3 in.) over MTR and ~106 mm (4.2 in.) over SGX, whereas the 

precipitation thresholds from Iteration Three were lowered to ~122 mm (4.8 in.) over 

MTR and ~82 mm (3.2 in.) over SGX.  Additionally, the MTR (SGX) CWA contained 

~85% (~90%) of locations in the no debris flow potential category and ~15% (~10%) of 

total pixels in the debris flow potential category for Iteration One.  The MTR (SGX) 

CWA contained a distribution of values of ~20% (~24%) in the low debris flow potential 

category from 0–3, ~77% (~72 %) in the moderate debris flow potential category from 4–

6, and ~3% (~4%) in the high debris flow potential category from 7–9 for Iteration Two.  

The MTR (SGX) CWA consisted of ~20% (~23%) in the low debris flow potential 

category from 0–3, ~77% (~72%) in the moderate debris flow potential category from 4–

6, and ~3% (~5%) in the high debris flow potential category from 7–9 for Iteration Three. 

 Iteration One contained the highest debris flow potential categorization in the 

debris flow-producing category.  Iteration Two contained the lowest number of high 

debris flow potential categorization in both CWAs; this iteration of debris flow potential 

maps was the most discriminant in terms of high debris flow potential.  Iteration Three 

contained the same number of high debris flow potential categorization in the MTR 

CWA and a higher number of high debris flow potential categorization in the SGX CWA.  

The reason why the Iteration Three debris flow potential map in the SGX CWA was less 

discriminant was due to a higher percentage of the CWA in post-fire regions; lower 
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values of slope resulted in more inclusion in the high debris flow potential category.  

Future work will include an analysis of adding various weights to the five layers and 

preferentially weighing the slope and curvature values since the other three factors only 

serve to slightly modify the debris flow potential categories that they designate.  The 

future work weighted overlay analyses will necessitate more observation points to train 

the models so as to best fit the data distribution.  This study made an attempt at model 

validation for each iteration using the debris flow report locations mentioned at the 

beginning of this chapter. 

 The Iteration One, Two, and Three categorizations at debris flow report locations 

illustrated a similar trend to the overall pixel distribution.  The MTR CWA contained 11 

debris flow report locations, and SGX contained nine debris flow report locations (Fig. 

7.21).  Only one debris flow report location in the MTR CWA (ID 30) corresponded to a 

high debris flow potential value (Categorization 7, 8, or 9) using both Iterations Two and 

Three.  Three debris flow report locations (ID 3, 10, and 11) experienced a high debris 

flow potential value using either iteration.  Only one debris flow report location in the 

SGX CWA (ID 11) corresponded to a high debris flow potential value using Iteration One.  An 

analysis of the point locations of debris flow reports in the MTR and SGX CWAs showed 

moderate (or “yes”) debris flow potential categories for Iterations Two and Three (Iteration One) 

on average.  The iterations of models created in this thesis were overall consistent in their 

identification of locations of debris flows in the moderate debris flow categories.  The 

consistent moderate classification may indicate that the model needs to be more selective 

so as to only indicate high debris flow potential locations or that the debris flow report 

locations only consisted of debris flows in moderate debris flow potential locations.   Ch. 9 
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will focus more on future work and the inclusion of more point locations for debris flows to 

validate and train more accurate models.    
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7.2  Chapter tables 

 

Table 7.1. Distribution of values in debris flow potential categories when performing a 

weighted overlay analysis with the NDVI model (green), the HSG model (blue), and the 

Kw-Factor model (orange). 

 

  
 

 

 

 

 

  

Category of Debris 

Flow Potential

MTR (SGX) NDVI model 

(% of CWA)

MTR (SGX) HSG model 

(% of CWA)

MTR (SGX) Kw-Factor 

model (% of CWA)

Low debris flow 

potential (1–3) ~35 (~28) ~30 (~47) ~38 (~36)

Moderate debris 

flow potential (4–6) ~63 (~69) ~61 (~44) ~56 (~61)

High debris flow 

potential (7–9) ~2 (~3) ~8 (~9) ~6 (~3)
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7.3  Chapter figures 

 
Fig. 7.1. Slope layer maps for spatial distribution of slope data for a) MTR and b) SGX. 

Slope values range from high to low with red representing steep slopes and green 

representing shallow slopes. 

 

 
Fig. 7.2.  Same as Fig. 7.2 but for the curvature layer.  Curvature values range from 

positive to negative with red representing convergent flow and blue representing 

divergent flow. 
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Fig. 7.3. Same as Fig. 7.2 but for the NDVI layer. NDVI values range from positive to 

negative with green representing dense vegetation and brown representing barren land. 

 

 
Fig. 7.4. Same as Fig. 7.2 but for the HSG layer.  HSG values range from A to D with 

light blue representing low runoff and dark blue representing high runoff.  Turquoise 

represents dual hydrologic groups and grey illustrates areas with no data. 
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Fig. 7.5. Same as Fig. 7.2 but for the Kw-Factor layer.  Kw-Factor values range from 

high to low values with dark brown representing highly erodible areas and light brown 

representing less erodible areas. 

 

Fig. 7.6. Identification of mask locations in a) MTR and b) SGX based on land cover 

classifications of open water, high intensity development, and medium intensity 

development. 
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Fig. 7.7. Locations of prescribed burns and wildfire areas for a) MTR and b) SGX to be 

used in Iteration Three analyses. 
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Fig. 7.8. First map iteration process of combining the reclassified slope layers with a 20° 

threshold value for a) MTR and b) SGX and the reclassified curvature layers with a +0.01 

threshold value c) MTR and d) SGX in a weighted overlay to highlight where optimal 

debris flow potential source areas in e) MTR and f) SGX. 
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Fig. 7.9. Result of multiplying 5-year recurrence of 24-h precipitation values by 1.333 

according to Wilson (2000) for a) MTR and b) SGX.  c) shows the percent of pixels in 

MTR (black) and SGX (gray) in each precipitation threshold range in each third of the 

range of precipitation. 
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Fig. 7.10. Iteration One of a) MTR debris flow potential source areas, b) SGX debris flow 

potential source areas, c) MTR precipitation thresholds, and d) SGX precipitation 

thresholds. 



  
 

153 

 

 
Fig. 7.11. Close-up of Iteration One debris flow source area map showing Contra Costa 

and Alameda counties. 
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Fig. 7.12. Adapted combination map of Contra Costa and Alameda counties from the 

Ellen et al. (1997) San Francisco Bay Landslide Folio Map identifying potential debris 

flow source regions. 
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Fig. 7.13. Precipitation threshold maps from a) close-up of the MTR map from this thesis 

and b) an adapted version of the map from Wilson and Jayko (1993). 
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Fig. 7.14. MTR reclassification maps of the weighted overlay of slope and curvature with 

a) NDVI in green, b) HSG in blue, and c) Kw-Factor in orange.  The outline colors 

correspond to the colors of the bars in Fig. 7.15. 
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Fig. 7.15. Same as 7.16 but with SGX. 
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Fig. 7.16. The a) frequency of the difference in category values between the NDVI, HSG, 

and Kw-Factor addition models, and the corresponding spatial analyses for b) MTR and 

c) SGX.  Black colors represent MTR and grey colors represent SGX. 
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Fig. 7.17. Frequency of reclassification values expressed as pixel percentages in MTR 

(Black) and SGX (grey) for Iteration Two final map of debris flow potential source areas. 
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Fig. 7.18. Iteration Two of a) MTR debris flow potential source areas, b) SGX debris 

flow potential source areas, c) MTR precipitation thresholds, and d) SGX precipitation 

thresholds. 
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Fig. 7.19. Iteration Three a) percent of pixels in reclassification categories and b) percent 

of pixels in precipitation threshold ranges for MTR (black) and SGX (grey).   
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Fig. 7.20. Iteration Three of a) MTR debris flow potential source areas, b) SGX debris 

flow potential source areas, c) MTR precipitation thresholds, and d) SGX precipitation 

thresholds. 
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Fig. 7.21. Summary of Debris Flow Potential Source Region Classifications of Debris 

Flow Report Locations for a) MTR and b) SGX according to Iteration One (Orange 

Labels for Yes or No Debris Flow Potential), Iteration Two (red line), and Iteration Three 

(maroon line). 
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8. Summary and Discussion of Results 

This thesis aimed to illustrate a relationship among ARs, heavy precipitation, and 

debris flows over California. This goal of this chapter is to summarize the evidence that 

supports whether or not 1) ARs are capable of producing the heavy precipitation 

necessary for debris flow formation, and 2) debris flow hazard analyses are useful in the 

study of precipitation thresholds and debris flow potential source areas.  

a. Summary of Part I  

 Part I of this thesis compared a 10-year dataset of debris flow reports over 

California CWAs from NCEI (2016) to a dataset of AR dates and locations along the 

U.S. West Coast (Rutz et al. 2013; see Chapter 3).  Days with debris flows (i.e., DF days) 

occurred more frequently over northern California, during winter, and when AR 

conditions were present along the coast.  These DF days occurred in association with 

variable intensity regions of lower SLP over the Gulf of Alaska and higher SLP over the 

central Pacific that facilitated onshore water vapor flux over California.  The corridor and 

magnitude of water vapor flux most resembled an AR during winter and over northern 

California with IVT magnitudes >250 kg m-1 s-1 that spanned >2,000 km.  Landfalling 

ARs on DF days over northern California contained a more westerly orientation as 

compared to landfalling ARs on DF days over southern California that contained a more 

southwestern orientation; these respective orientations favored heavy orographic 

precipitation along windward slopes of the Coastal and Transverse mountain ranges, 

respectively.  The heavy orographic AR-related precipitation resulted in high, CWA-

averaged 48-h precipitation amounts on DF days; DF/AR days contained significantly 
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higher precipitation amounts as compared to DF/NAR days. These results illustrate the 

likely important role of ARs in triggering winter debris flows. 

 The results that compare ARs and debris flows complement similar results by 

Skelly (2016) that compare ARs and floods and flash floods. These results may be 

combined to create a comprehensive analysis of HIHEs and their relationships with ARs 

over California.  There were a total of 1,415 HIHE reports (floods, flash floods, and 

debris flows) for the 10-year study period and 364 unique HIHE days (e.g., an average of 

10 HIHE days per year).  The 1,415 HIHE reports are associated with 395 flood reports, 

895 flash flood reports, and 125 debris flow reports over California that occurred on 126, 

260, and 84 unique days, respectively.  Accordingly, ~34.6%, ~71.4%, and ~23.1% of 

days in the study period had at least one flood, flash flood, and debris flow report, 

respectively. These percentages do not add to 100.0% as some flood, flash flood, and 

debris flow days overlapped.  Days with flood reports occurred more frequently over 

northern California, during winter, and on days with AR conditions along the coast, 

whereas days with flash flood reports occurred more frequently over southern California, 

during summer, and on days without AR conditions along the coast.  Days with debris 

flow reports occurred more frequently over northern California, during winter, and on 

days with AR conditions along the coast.   

 Composite analyses of HIHE days and HIHE/AR days illustrate a similar 

synoptic-scale atmospheric flow pattern that also compares favorably to composite 

analyses of DF days and DF/AR days. A majority of these analyses (especially on days 

with flood and debris flow reports) illustrate a westerly (over northern California) or 

southwesterly (over southern California) corridor of water vapor flux resembling a 
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landfalling AR between regions of lower SLP over the Gulf of Alaska and higher SLP 

over the central Pacific. A minority of these analyses on days with flash flood reports 

illustrates a more southerly corridor of water vapor flux associated with the North 

American monsoon.  The composite analysis IVT magnitudes was >100 kg m-1 s-1 higher 

1) on HIHE days associated with landfalling ARs as compared to HIHE days without a 

landfalling AR, 2) on DR/AR days as compared to flood/AR days and flash flood days, 

respectively, and 3) for analyses over northern California as compared to southern 

California.  As such, higher CWA areal average 48-h precipitation occurred more 

frequently on HIHE/AR days as compared to HIHE/NAR days for all CWAs on debris 

flow days, 90% of CWAs on flood days (excluded PSR), and 66% of CWAs on flash 

flood days (excluded REV, MFR, and PSR).  All occurrences of extreme precipitation 

(e.g., areal average 48-h precipitation >90th percentile) occurred on HIHE/AR days.  

These comparative composite and statistical analyses emphasize the role of ARs in 

producing HIHE over California and the similarities between synoptic-scale flow patterns 

that produce heavy precipitation leading to floods, flash floods, and debris flows.   

b. Summary of Part II  

 Part II of this thesis focused on GIS-based debris flow hazard analyses derived 

from a variety of datasets in order to create a debris flow potential map and a 

precipitation threshold map over the MTR and SGX CWAs.  The first iteration of these 

analyses, Iteration One, was derived from datasets that included slope, curvature, and 

precipitation thresholds, whereas the second iteration, Iteration Two, was derived from 

datasets that included slope, curvature, NDVI, HSG, Kw-Factor, and precipitation 

thresholds with land cover masks for locations of no debris.  The third iteration, Iteration 
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Three, included all datasets from Iteration Two, but also accounted for lower slope and 

precipitation thresholds in post-fire locations from the last two years.   

The precipitation threshold maps in Iteration One and Iteration Two used the 

average 24-h precipitation thresholds derived from methodology of Wilson (2000), 

whereas Iteration Three used the 2-year recurrence of 24-h precipitation amounts in post-

fire locations derived from Cannon et al. (2007).  The average 24-h precipitation 

thresholds from Iteration One and Iteration Two were ~135 mm (5.3 in.) over MTR and 

~106 mm (4.2 in.) over SGX, whereas the precipitation thresholds from Iteration Three 

were lowered to ~122 mm (4.8 in.) over MTR and ~82 mm (3.2 in.) over SGX.  The 

debris flow potential source region analyses were also included in all three iterations. The 

analysis from Iteration One illustrated that ~15% (~10%) of the area of the MTR (SGX) 

CWA contained enhanced debris flow potential, whereas the analysis from Iteration Two 

and Iteration Three yielded values of ~18% (18%) and ~20% (~21%), respectively.  

 The different iterations were more sensitive to the inclusion of NDVI, HSG, and 

Kw-Factor values.  For example, the HSG factor over both CWAs tended to place a 

larger percentage of CWA area into higher categories of debris flow potential, while the 

NDVI factor over MTR and the Kw-Factor over SGX tended to place more pixels into 

the lower categories of debris flow potential, making them more sensitive.  The analysis 

of different models from Iteration Two produced the highest agreement in debris flow 

potential in regions that did not experience debris flows (e.g., land completely flat or 

experiences diverging flow instead of converging flow) and produced the lowest 

agreement in debris flow potential in mountainous regions over both CWAs (e.g., the 

Northern and Southern Coast Ranges over MTR and the Transverse and Peninsular 
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Ranges over SGX). The analysis from Iteration One identified high debris flow potential 

in these latter locations in association with the slope and curvature analyses, but the 

additional NDVI, HSG, and Kw-Factor layers reduced this potential in Iteration Two.  

The NDVI factor augmented the debris flow potential in the Northern Coast Ranges, the 

Transverse Ranges, and the eastern portion of the Peninsular Ranges, while the Kw-

Factor augmented the debris flow potential of the Northern Coast Ranges, the northern 

portion of the Southern Coast Ranges, and the Peninsular Ranges; the HSG did not serve 

to augment the debris flow potential of a specific mountain range over others, and thus 

does not seem to be a discriminating factor in debris flow potential region identification.   

 The results from this thesis suggest that factor weights should be applied to the 

various iterations in future analyses. These weighted-overlay analyses should include the 

highest weights for slope and curvature values in order to identify mountainous regions, 

the second highest weights for NDVI and Kw-Factor values in order to isolate regions of 

mountainous terrain with better debris flow potential, and the lowest weights for the HSG 

factor.  These weighted analyses should also be validated with more debris flow report 

locations.  This approach is explored further in Ch. 9. 

c. Final Summary 

 Both Part I and Part II of this thesis collectively illustrate a relationship among 

ARs, heavy precipitation, and debris flows over California.  These relationships may be 

conceptually summarized from an ingredient-based perspective as follows:   

 A debris flow may be more likely to occur when 24-h precipitation amounts over 

California are greater than the 24-h precipitation thresholds identified in Part II 

(e.g., greater than ~122 mm over MTR, on average) 
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 Landfalling ARs in California frequently cause higher precipitation amounts than 

aforementioned precipitation thresholds  

 Precipitation amounts associated with debris flows in California are on average 

~15 times higher in association with landfalling ARs as compared to those that 

occur in the absence of landfalling ARs    

 ~77% of debris flow days in California occur in association with a landfalling AR 

along the California coast 

 Landfalling ARs that produce debris flows over MTR tend to have a westerly, 

more-upslope orientation relative to the Coastal Ranges, whereas landfalling ARs 

that produce debris flows over SGX tend to have a southwesterly, more-upslope 

orientation relative to the Transverse and Peninsular ranges that likely enhances 

upslope water vapor flux and orographic precipitation  

 Heavy AR- or non-AR-related precipitation above the precipitation threshold do 

not always result in a debris flow; a steep slope and surplus of debris are critical 

factors for debris flows   

 The lack of a stabilizing, vegetative root system and the presence of a 

hydrophobic soil layer in post-fire locations aid in debris flows formation 

 A combination of AR-related precipitation, steep slopes, surplus of debris, lack of 

significant vegetation, and presence of a hydrophobic soil layer can lead to debris 

flow formation  
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9. Future Work 

 The methodology used in Part I of this thesis is applicable in other locations and 

additional water years.  The NCEI Storm Events Database for debris flow reports during 

the same 10-year period of study recorded >50 debris flow reports over Colorado, >25 

debris flow reports over Washington and Utah, and ≥1 debris flow report in 17 other 

states in addition to 78 debris flow reports over the San Juan CWA (SJU) in Puerto Rico 

(NCEI Strom Events Database 2016).  Debris flow reports are also common over the 

Appalachian Mountains (Schuster 1996; Jakob and Hungr 2005; Highland et. al. 2013; 

among others) with >25 reports over North Carolina during the 10-year period (NCEI 

Strom Events Database 2016).   International debris flow hazards also exist over other 

locations of mountainous terrain and high rainfall; Ch. 5 identified many countries that 

have performed landslide and debris flow hazard analyses. Other examples include Italy 

(Schuster 1996; Guzzetti et al. 1999; Guadagno and Revellino 2005), Canada (Schuster 

1996; Rollerson et al. 2005), Guatemala (Coe et al. 2004), New Zealand (Schuster 1996; 

McSaveney and Davies 2005), and Venezuela (García-Martínez and López 2005). 

Investigating the percentage of debris flows influenced by ARs and other phenomena 

(e.g., hurricanes and severe thunderstorms) in other locations over the western U.S., 

eastern U.S., and other countries is possible using the methodologies described by this 

thesis.  

Future work should also aim to extend the study period beyond 10 years in order 

to obtain a larger population of DF days, DF/AR days, and DF/NAR days.  The larger 

population will also eliminate issues with having a small number of members in a 

composite analysis (e.g., NAR days and summer DF/AR days).  Additional analyses 
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should also focus on sub-synoptic and mesoscale analyses in order to better understand 

the role of water vapor flux orientation and intensity along ARs and orographic 

precipitation in triggering debris flows.  For example, an investigation of AR orientation 

on days with debris flows over a given watershed may provide an indication as to the 

optimal orientation for high-impact orographic precipitation.  A climatology of AR 

orientation on DF/AR days in northern and southern California may also prove useful in 

development of debris flow warning systems (NOAA-USGS Debris Flow Taskforce 

2005; Hecht 2016).  AR strength, or more specifically the magnitude of IWV or IVT 

along an AR, may also serve to indicate the threshold of IWV or IVT necessary to 

produce the heavy precipitation that causes debris flows.  

 This thesis had also aspired to investigate 6-, 12-, and 24-h precipitation amounts 

on days with debris flows; however, time constraints limited analyses to an investigation 

of 48-h precipitation (e.g., on the same timescale of the AR on the day of or day before 

the debris flow report). Future work should apply similar methodologies from this thesis 

using observed 6-h (1-h, if available) precipitation amount in order to better resolve 

processing occurring on “debris flow time scales.”  For example, future work could look 

at time-integrated precipitation amounts that span some period (e.g., 6, 12, or 24-h) 

relative to the time of highest IVT magnitudes located upstream of the debris flow report 

or the time of the debris flow (if available). This future study would result in 24-h, 6-h, 

and 1-h precipitation thresholds over a given area that are known to be related to debris 

flows. 

Avenues for future work related to Part II of this thesis can be partitioned into four 

categories: 1) acquire additional data for more iterations and validation of existing 
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models, 2) create event-based precipitation threshold maps, 3) use Flow-R to mobilize 

debris flow source regions, and 4) visualize a full debris flow risk map via the 

methodology of Abella and Van Westen (2007). 

a. Additional data 

 Past debris flow locations can be indicative of current and future debris flow 

prone-locations; a spatial distribution of the debris flow frequency, if available, is 

therefore a beneficial layer to add to a susceptibility analysis (Harp et al. 2006, Ahmed 

2014; Morgan et al. 2014; among others).  Additionally, both locations and times of past 

debris flows will allow for the acquisition of slope, curvature, NDVI, HSG, Kw-Factor, 

and precipitation amount point values that are known to result in debris flows.  These 

values can distinguish between other locations that do not experience debris flows but 

may share similar landscape characteristics.  Processes such as the comparison of NDVI 

to slope from the methodology of Alharbi et al. (2014) also become possible with more 

instances of debris flow locations from which to draw a statistical relationship between 

the two factors.  Lastly, weight assignments in a weighted-overlay analysis become 

justifiable once statistical relationships between factors are determined, and iterations of 

truly weighted overlay analyses instead of equally weighted overlay analyses can account 

for more specific identification criteria of debris flow source regions (Ahmed 2014).   

 Datasets with locations of debris flows are often collected sporadically after 

impactful events or analyzed over a small geographic region with a high frequency debris 

flows.  For example, an extensive dataset of locations of landslides exists for Alameda 

and Contra Costa counties in California following the 1997–1998 El Niño (Godt 1999).  

A similar extensive list of post-fire debris flows in the Transverse Ranges of southern 
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California exists through compilation of peer-reviewed publications, USGS reports, and 

newspaper articles that mention times and locations of debris flows (Oakley 2016).  Both 

datasets are very specific to the purpose of the study being conducted.  One possible 

source of a more robust dataset of debris flow location and time data includes a 

forthcoming California landslide dataset from a partnership with Scripps Institute of 

Oceanography.  Another dataset of citizen-reported debris flows (referred to as 

mudslides) is collected through a mobile app called mPING from the National Severe 

Storms Laboratory (NSSL), though quality control may pose an issue to studies using this 

dataset (NSSL 2016).  The most preferential and extensive debris flow dataset will 

combine all of these sources and others developed in the future. 

 Other datasets crucial to the maintenance of the debris flow potential model 

include NDVI raster files updated and supplied to GIS for reclassification as current 

layers are updated on a regular basis.  The Soil Survey maps additionally proceed through 

new iterations every couple of years, with an emphasis on filling in the SSURGO “data 

gaps” in the near future; GIS can reclassify the HSG and Kw-Factor raster files as new 

layers become available.  Additional datasets that investigate the antecedent moisture 

within California soils can be beneficial for future iterations of models, though a known 

lack of monitoring of this hydrological variable will make finding a dataset difficult. 

b. Event-based precipitation thresholds 

 Precipitation threshold map analyses from this thesis provide one indication of 

how much 24-h precipitation needs to occur for debris flow formation.  This thesis did 

not investigate how often the precipitation on AR and NAR days reaches these 

thresholds, which would be a rather straight-forward future analysis.  This avenue of 
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future work would add a predictive element to the debris flow potential map.  For 

instance, precipitation thresholds that are forecasted to be met or exceeded on a given day 

can result in a GIS highlighting those source areas for end users that need to warn the 

public of debris flow potential.  This endeavor will combine Parts I and II of this thesis 

and take the first steps in making the products of Part II of this thesis operational. 

c. Flow-R mobilizations 

 Another important next step for creating operational products is to use the GIS-

identified debris flow source regions as part of a mobilization program called Flow-R.  

Flow-R stands for the Flow path assessment of gravitational hazards at a Regional scale 

and is a Matlab model that processes GIS-based regional datasets in order to output 

larger-scale susceptibility assessments of debris flows (Horton et al. 2013).  The model 

consists of two steps, both of which are based on data acquired from a DEM dataset: 1) 

user-selected variables and user-inputted map layers identify source areas, and 2) debris 

flows propagate from the source areas based on flow direction and friction algorithms.   

As a reminder, three critical criteria are needed for initial debris flow formations: 

terrain slope, water input, and sediment availability (Rickenmann and Zimmerman 1993; 

Takahashi 1981; among others).  DEM data can provide slope, curvature, and upslope 

contributing area for each grid cell to the Flow-R model.  The model allows for the input 

of map layers that identify sediment availability, land use maps to aid in removing 

inaccurate source areas, and other parameters thought to be important to the user.  The 

extension of this thesis will use the debris flow source region map layer from the next 

generation of weighted overlay analyses specified to only locations that can see event-

based precipitation above the threshold values.  
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The source areas used in step two of the model combine with user-customizable 

spreading and friction parameterization schemes.  This mobilization step can additionally 

utilize three different ways of mobilizing debris based on depth of analysis and run-time 

constraints: 1) the “overview” setting triggers and propagates only sources identified at 

the top of each catchment basin, 2) the “quick” setting triggers only sources identified at 

the top of each catchment basin but propagates all cells, and 3) the “complete” setting 

triggers and propagates every source area identified.   

Three, well-known debris flow events with very different characterizations of 

debris flows were used to calibrate Flow-R (Horton et al. 2013).  Additional case studies 

of events using the Flow-R model include debris flows located in Switzerland (Horton et 

al. 2008; Jaboyedoff et al. 2012), Pakistan (Horton et al. 2009; Horton et al. 2011), Italy 

(Blahut et al. 2010; Lari et al. 2011), France (Kappes et al. 2011; Kappes et al. 2012), 

Norway (Fischer et al. 2012), and Argentina (Baumann et al. 2011).  A U.S. study also 

relied heavily on Flow-R for mobilizing debris flows in Colorado, though Flow-R 

remains more popular abroad (Morgan et al. 2014).  Flow-R can also evaluate other 

natural hazards, such as floods, hyperconcentrated flows, rock falls, and avalanches.  The 

versatility, customizability, and free availability of the model make it an extremely 

important operational debris flow prediction tool. 

d. Risk map analysis 

 Datasets similar to those used in Abella and Van Westen (2007) could create a 

debris flow risk index for the MTR and SGX CWAs through the creation of impact maps.  

The methodology of Abella and Van Westen (2007) demonstrated that four main 

categories of impact exist: 1) social impact factors, 2) economic impact factors, 3) 
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environmental impact factors, and 4) physical impact factors.  Social impact factors take 

into account the human aspect of debris flow occurrence in an attempt to highlight areas 

where injury and loss of life can occur.   Economic impact factors take into account the 

impacts of debris flows occurring in areas that significantly contribute to overall 

economic vitality, such as a halt in shipments or a decrease in the economic influx of an 

area due to clean-up efforts.  Environmental impact factors account for debris flow 

impacts on plants, animals, and park lands.  Physical impact factors account for debris 

flow impacts in relation to road density and housing density, attempting to account for 

road closure and number of houses adversely affected.  GIS data on the smallest spatial 

scale available can quantify these factors of vulnerability and clip them to the areas of 

study.  An example of these data and this methodology is provided below. 

i. Social impact factors 

 The social impact factors include population density and social vulnerability 

index within the two CWAs.  The population density factor demonstrates the number of 

people affected by a potential debris flow, and the Social Vulnerability Index (SVI) 

illustrates the ease of evacuation or recovery should a debris flow occur.  The SVI data 

combines socioeconomic status, household composition and disability, minority status 

and language, and housing and transportation factors in determining vulnerability 

(Flanagan et al. 2011).  Population data at the US census block spatial level from the 

2010 Census is available from the U.S. Census Bureau Website (U.S. Census Bureau 

2016a).  SVI data at the U.S. census block spatial level from 2014 is available from the 

Agency for Toxic Substances and Disease Registry website (Centers for Disease Control 

et al. 2016).  The GIS polygon-to-raster tool can transform both datasets from GIS 
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polygon files to raster files.  The process assigns a cell value based on the value of the 

polygon that encompasses the maximum area within the cell.  The new raster files can 

designate high vulnerability indices and high population locations as high impact areas 

through the GIS reclassify tool.   

ii. Economic impact factors 

 Economic impact factors use data collected from the U.S. Economy Census 

economy-wide key statistics and summary statistics for counties (U.S. Census Bureau 

2016b).  The data includes number of industry establishments, values of sales, shipments, 

receipts, revenue or business done (here on, economic value), annual payroll, and number 

of employees.  The GIS reclassify tool can place the economic value factor on a 

continuous scale after being transformed from a polygon file to a raster file in the same 

manner that the population dataset was converted.  High values of economic value can 

designate a high impact value should a debris flow occur.  Additionally, debris flow-

impacted agriculture lands pose a significant financial issue for farmers, destroying crops, 

farm instrumentation, etc.  The value of sales of farmlands is available from the U.S. 

Department of Agriculture (USDA) 2012 Census of Agriculture on a county-basis (U.S. 

Department of Agriculture 2016).  The same process used for creating the economic 

value raster file can apply to the agriculture lands layer. 

iii. Environmental impact factors 

 Environmental impact factors are comprised of protected areas, easement areas, 

and areas of high species endemism.  A loss of a protected or easement area due to a 

debris flow can pose irreparable harm to species habitats and the provision of critical 

ecosystem services to society.  California protected areas and easements in GIS shapefile 
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form are available from the National Gap Analysis Program (GAP) Protected Areas 

Dataportal (U.S. Geological Survey GAP 2016).  The polygon shapefile can become a 

density raster file that illustrates locations of protected areas and easements.  The 

biodiversity hotspot factor quantifies the diversity and uniqueness of species of plants and 

animals in an area.  The dataset is available from the educational website 

Biodiversitymaping.org which accumulates data from BirdLife International, the 

International Union for the Conservation of Nature (IUCN), NatureServe, and the USGS.  

Endemic richness, or the uniqueness of biodiversity to the specific areas in California, is 

available in raster form for amphibians, birds, fish, mammals, reptiles, and trees (Jenkins 

et al. 2015).  A discussion determined that for the purposes of this study, only plant 

endemism was necessary for a proxy of all biodiversity.   

iv. Physical impact factors 

 Physical impact factors include debris flow impacts on infrastructure, such as 

houses, roads, and railways.  The number of housing units divided by the area of U.S. 

census tracks from the 2010 census calculates the housing density factor via the GIS 

raster calculator (U.S. Census Bureau 2016c).  The same process as outlined with the 

population factor can convert the housing density original polygon file to a raster file.  

Locations of non-residential buildings can additionally quantify the impact of debris 

flows on all structures, but a robust dataset does not exist.  The California Department of 

Transportation (Caltrans) provided railway data and road data.  The GIS line density tool 

can calculate railway line and road density.  The GIS reclassify tool can designate higher 

density regions as creating more impacts from debris flows. 
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v. Methodology for Combining Impact Factors 

 High values for individual factors in the impact section of the maps relate to a 

high overall impact of debris flows.  Future work can reclassify all impact factors on a 

continuous scale with higher density or commonality of location equating to higher 

values of impact.  The GIS weighted overlay tool can combine the reclassified layers 

with equal weights to illustrate a debris flow impact map.  The future work of this thesis 

can also create an operational debris flow risk map; forecasted areas of precipitation 

surpassing the threshold values can indicate which debris flow source regions will 

mobilize, which can lead to the mobilization of those debris flow source regions and an 

assessment of the highest risk they can impose on an event-by-event basis. 
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