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ABSTRACT

This thesis presents a method to estimate economic risk from post-fire debris
flows. This method combines new geographic information system data-extraction
strategies that expand on previously existing post-fire debris-flow hazard models to
quantify damages and economic risk from individual burned basins and/or entire burned
areas. The method was used to model damage and economic risk from post-fire debris
flows based on two storm-scenarios at three case-study sites in the western United
States. Charts comparing damage, risk given storm occurrence, and annual risk show
that for a given basin, damage and economic risk associated with the 10-year storm are
moderately higher than for the 2-year storm, assuming that the storm will occur.
However, when the annual probability of the storm is included in the calculation, risks
associated with the 10-year storm are significantly less than those associated with the
2-year storm.

For each of the three case-study sites, results from all basins were combined to
create site-wide estimates of damage and risk. Site-wide estimates were compared and
contrasted with each other using graphical analysis; the hypothesis that intensity of
development is a significantly more important contributor to economic risk than debris-
flow hazard was tested using one-way analysis of variance. Results of graphical
analysis suggest that differences in intensity of development and value of elements-at-
risk are important, but results of the statistical analysis indicate that there is insufficient
evidence at a significance level of 0.1 to support the hypothesis with the limited data set

used.



Debris-flow runouts for the studies described in this thesis were modeled using
LAHARZ (Schilling, 1998). The LAHARZ model utilizes a pair of semi-empirical
relationships between debris-flow volume and the cross-sectional (LAHARZ A
parameter) and planimetric (LAHARZ B parameter) areas inundated by a lahar or debris
flow to model the expected runout and footprint in a GIS. Uncertainty in these
parameters, as well as uncertainty in the location of the onset of debris-flow deposition
can have significant influence on the expected damages from a modeled debris-flow
event. A sensitivity analysis was performed by modeling damage and risk on a subset
of three basins from one of the case-study sites in order to quantify how uncertainty in
the input parameters to the LAHARZ model influences estimated damages and
associated economic risk. Evaluated parameters included debris-flow volume, LAHARZ
A and B parameters, and location of onset-of-debris-flow deposition. Results of the
analysis indicate that variability of estimated damages resulting from uncertainty in the
debris-flow volume model and planimetric area (LAHARZ B parameter) greatly exceed
the variability observed between the 2-year- and 10-year-storm baseline models. The
location of onset of deposition also strongly influenced the estimated damages;
however, variability in cross-sectional area of flow (LAHARZ A parameter) had relatively
little influence on estimated damages for the basins considered in the study. At the
locations evaluated, the greatest damage occurred when onset of deposition started at
the basin mouth; however, relatively large damages were estimated even when onset of
deposition started several kilometers upstream from the basin mouth. Results of the

sensitivity analysis suggest that future research aimed at reducing uncertainty in debris-



flow volume estimates, the LAHARZ B parameter, and location of onset of deposition
could significantly improve risk estimates based on these models.

Emergency managers need to make rapid decisions to ensure sufficient time for
selection, design, and implementation of mitigation measures before a possible debris-
flow triggering storm occurs, which can be as little as a few weeks after a fire. Prior
work to by others has aimed to address these issues; however, previously developed
post-fire risk-management frameworks do not provide specific guidance regarding
estimation of debris-flow occurrence or runout, and procedures developed to specifically
evaluate post-fire debris-flow hazard often provide little to no information about
expected runout and lack specific guidance for quantitative evaluation of risk. The work
described in this thesis makes several new contributions to the existing frameworks.
Specifically, the method described in this thesis expands on previously existing post-fire
debris-flow hazard models by adding quantitative assessment of damage and economic
risk, and adds to previously existing post-fire risk management frameworks by providing
methods for evaluating debris-flow specific damages. The method described in this
thesis can be used to model damage and economic risk for individual basins and entire
burned areas in a period of days to weeks following a fire; these modeled damages and
estimated risk values then provide inputs to a new model that can be used to select
cost-optimized debris-flow management strategies, and can help emergency managers
allocate funds to reduce economic risk from post-fire debris flows. Use of the method to
evaluate modeled damages and estimated economic risks at a case-study site identified
several key areas of research that can be studied in the future to reduce uncertainty in

the modeled results and improve future versions of the method.
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CHAPTER 1

INTRODUCTION

Debris flows rush down canyons and onto unconfined debris fans where they can
deposit significant volumes of mud and debris. When they occur near populated areas,
these events can result in loss of human life, destruction of property, structures, and
infrastructure, and degradation of habitat and water quality. In burned areas, debris
flows are often triggered by relatively small rainstorms falling on drainage basins
(basins) that would have been unlikely to generate debris flows before the fire, creating
new hazards to downstream communities. Increasing population density in the
wildland-urban interface combined with observed increases in wildfire occurrence and
intensity in recent decades (Cannon and DeGraff, 2009; DeGraff, 2014) are expected to
exacerbate the problem, resulting in increased debris-flow activity near populated areas
and an associated increase in risk of debris-flow damage to local communities.

The short time frame between the preparatory event (the fire) and the trigger (a
relatively common rainfall event) means that emergency managers need to make rapid
decisions regarding requests for emergency funding, allocation of emergency budgets,
and design/selection of post-fire mitigation measures. Post-fire debris flows can be
triggered on time scales ranging from a few days to two years or more after the fire
(DeGraff, 2014), by relatively frequent (less than 2 year-recurrence) storms (Cannon et
al., 2008). With this in mind, DeGraff (2014) states that risk assessments must take
place quickly to ensure sufficient time for selection, design, and implementation of

mitigation measures before a possible triggering storm occurs, which can be as little as



a few weeks after the fire. According to DeGraff (2014), Burned Area Emergency
Response (BAER) crews are directed to identify elements-at-risk and proposed
mitigation measures within as little as 10 days after containment of a fire.

The rapid emergency-response aspect of post-fire debris-flow risk management
requires different strategies and methods than those commonly employed for managing
risk from other types of debris flows - e.g., landslide-generated debris flows, volcanic
debris flows (lahars), or large rock avalanches. Procedures specifically developed for
evaluating post-fire debris-flow-hazard have been developed (e.g., Cannon et al.,
2010b; Gartner et al., 2008). However, these procedures focus on estimating the
probability and magnitude of a debris-flow event; they provide little to no information
about expected runout or damages, and lack specific guidance for quantitative
evaluation of risk. Existing post-fire risk-management frameworks have also been
developed (e.g., Calkin et al., 2007; Robichaud et al., 2007); these frameworks discuss
evaluation of post-fire risk associated with a broad range of threats including “erosion
hazards” but do not provide specific guidance regarding risk associated with debris-flow
runout. Additional work is therefore needed to develop simple and consistent methods
for rapidly identifying and valuing elements-at-risk in order to guide allocation of funds to
reduce risks associated with debris flows after a fire.

This thesis presents development of a model which combines previously existing
post-fire debris-flow hazard models and new geographic information system (GIS) data
extraction strategies to estimate economic risk from post-fire debris flows. The resulting
damage and economic-risk estimates are used as inputs to a natural-hazard-

management framework based on optimization techniques, which was concurrently



developed by another student, Vitaliy Krasko, from the Division of Economics and
Business at the Colorado School of Mines. The thesis is organized into three technical
chapters and a unifying summary presenting conclusions and recommended future
work. The technical chapters summarize methods for estimating damage and risk from
post-fire debris flows, evaluate results from three case-study sites, and explore
sensitivity of the process to uncertainty in the input models.

Chapter 2 provides a review of existing post-fire risk-management-frameworks
and debris-flow hazard models and describes methods used to combine existing
models, identify and value elements-at-risk from post-fire debris flows, and estimate
damage and risk for specific rainfall scenarios. Chapter 2 also presents results and
discussion of modeled damages and risks from three case-study sites in the western
United States and a brief discussion of how the results of this work are used in the
optimization framework developed in parallel by Vitaliy Krasko.

Chapter 3 presents an analysis of damage and economic risk modeling results
for the three case-study sites discussed in Chapter 2. For each site, results from all
basins are combined to create site-wide estimates of damage and risk. These site-wide
estimates are compared and contrasted with each other using graphical and statistical
methods to explore how development in the wildland-urban interface affects estimated
damage and economic risk from post-fire debris flows.

Chapter 4 presents methods and results from sensitivity analyses performed on
three basins from case-study Site 1 to quantify how uncertainty in the input parameters

influences the results of this model. This analysis identifies several variables that have



significant influence; further study to reduce uncertainty in these parameters may
improve future post-fire debris-flow risk modeling efforts.

Chapter 5 summarizes results and discussions from the three technical chapters,
discusses limitations of the methods, and presents recommendations for additional

research.



CHAPTER 2
MODELING POST-FIRE DEBRIS-FLOW

DAMAGE AND ECONOMIC RISK

This chapter describes methods to model damage and estimate risk from a range
of possible post-fire debris-flow scenarios. The results of this analysis, along with
estimates of effectiveness of common debris-flow mitigation techniques and erosion-
control best-management-practices serve as inputs to models developed collaboratively
by another student, Vitaliy Krasko of the Division of Business and Economics at the
Colorado School of Mines, to guide allocation of emergency management funds and
selection of cost-optimized debris-flow management strategies following wildfire. This
chapter presents background and literature review of relevant model inputs, describes
methods, and presents results and discussion of modeled damages and estimated risks
from three case-study sites in the western United States. A significant portion of the
methods description presented in this section is from a paper that Vitaliy and | are
preparing, that will describe the methods for modeling damage and estimating risk, and
present application of the results to optimization modeling; however, that collaborative
paper provides detailed discussion of optimization methods and results to illustrate
application of the method, whereas this chapter focuses on analysis of damage and

risk, which form the inputs to the optimization model.



2.1 Introduction

Debris flows can be generated in recently burned basins by relatively small
rainstorms with recurrence intervals of 2-years or less, creating new hazards to
downstream communities (Cannon, 2001; Cannon and Gartner, 2005; Cannon et al.,
2010b; Cannon et al., 2008). Additionally, increasing population density in the wildland-
urban interface combined with observed increases in wildfire occurrence and intensity in
recent decades (Cannon and DeGraff, 2009; DeGraff, 2014) are expected to lead to
increased debris-flow activity near populated areas. Because these debris flow events
can be triggered on time scales ranging from a few days to two years or more after a
fire (DeGraff, 2014), by relatively frequent (less than 2 year-recurrence) storms (Cannon
et al., 2008), emergency managers need to make rapid decisions regarding requests for
emergency funding, allocation of emergency budgets, and design/selection of post-fire
mitigation measures. The rapid emergency-response aspect of post-fire debris-flow risk
management requires different strategies and methods than those commonly employed
for managing risk from other types of debris flows - e.g., landslide-generated debris
flows, volcanic debris flows (lahars), or large rock avalanches.

Existing post-fire debris-flow-hazard-assessment procedures (e.g., Cannon et al.,
2010b; Gartner et al., 2008), are often limited to estimating probability and magnitude of
a debris-flow event. These assessments do not usually include runout modeling or
estimates of expected downstream damages. Existing post-fire risk-management
frameworks (e.g., Calkin et al., 2007; Robichaud et al., 2007) discuss evaluation of post-
fire risk associated with a broad range of threats including: threats to natural

ecosystems (e.g., invasion of noxious weeds); threats to water quality and drainage



structures (soil erosion and deposition); and threats to life-safety, structures, and
infrastructure (landsliding). These frameworks indicate that “erosion hazards” need to
be considered, but they do not provide specific guidance regarding evaluation of debris
flows. Additional work is therefore needed to develop simple, rapid, and consistent
methods for identifying and valuing elements-at-risk from post-fire debris flows.
Furthermore, a model is needed that connects this debris-flow risk assessment to the
management response, and guides the land manager to use the most effective mix of
mitigation strategies based on the physical characteristics of the area and elements-at-
risk, as part of the larger post-fire risk management process.

The following sections present methods to rapidly identify and assign values to
elements-at-risk from a range of possible post-fire debris-flow scenarios and methods to
integrate these results with representative mitigation techniques. Methods to optimize
mitigation decisions for burned areas using the results of damage and economic-risk
estimates are also briefly summarized. The methods described have been developed
to allow implementation over a period of a few days to weeks in order to fit the timing of
post-fire emergency management. This is a new and unique method of evaluating post-

fire debris-flow mitigation options.

2.2 Background

The methods presented in this thesis build from a combination of several
previously-existing post-fire debris-flow-hazard models. The following sections provide
a review of prior research, an overview of how pre-existing models are combined, and a

discussion of key decisions made when utilizing pre-existing models.



2.2.1 Frameworks for Post-Fire Hazard and Risk

Methods for assessing post-fire debris-flow hazard have been developed over
the past decade and are now commonly performed following wildfires in the western
United States (e.g., Cannon et al., 2010a; Tillery et al., 2011). The scope of these
assessments is often limited to estimating probability and volume of potential debris
flows and labeling the relative hazard posed by each basin on a map; few assessments
include modeling of debris-flow runouts and when they do, the analysis is usually limited
to production of hazard zoning maps delineated by runout polygons. These hazard
assessments are an important component of post-fire debris-flow hazard management;
however, they alone do not provide enough information to select appropriate treatment
technologies. To effectively understand the debris-flow hazard posed by a specific
drainage basin, practitioners must also consider the effectiveness and cost of treatment
options, and the nature of downstream values-at-risk in order to select the appropriate
treatment technology (Napper, 2006).

The United States Forest Service (Forest Service) has developed methods for
estimating cost (Napper, 2006) and effectiveness of post-fire treatments (Napper, 2006;
Robichaud et al., 2010) using results from historical project data; however, the
necessary task of identifying and assessing downstream values-at-risk is more
complicated. To this end, Calkin et al. (2007) describe a framework developed by the
Forest Service specifically for assessing post-fire values-at-risk. While this framework
indicates that debris-flow hazards may exist and that associated values-at-risk should
be considered, it does not specify how to identify features affected by debris flows or

how to assign values to them.



The framework described by Calkin et al. (2007) utilizes the Erosion Risk
Management Tool (ERMiT, Robichaud et al., 2007), which is based on the Water
Erosion Prediction Project (WEPP, Flanagan and Livingston, 1995). According to the
documentation (Robichaud et al., 2007), ERMIT processes a series of individual WEPP
runs using ranges of possible rainfall, burn severity, and soil properties to estimate rain-
event hillslope-erosion rates in probabilistic terms following a fire. The program
produces probability of exceedance for specified storm-event hillslope-sediment-
delivery-rates in units of tonnes/hectare (t/ha) under untreated (baseline) conditions,
and under several mitigation regimes including: seeding, mulch (several application
intensities), and log-erosion barriers/straw wattles at specified design spacing.
Robichaud et al. (2007) state that the program can be used to select mitigation methods
and application rates once the limit of acceptable likelihood of a given event-erosion
rate is determined; however, in the context of debris flows, it is unclear how the given
mass-based event-erosion-rate translates to debris-flow runout and inundation. Further,
Santi et al. (2008) report that less than 10% of volume of post-fire debris flows in their
dataset was derived from hillslope erosion and rill formation with the remaining more
than 90% of the volume derived from in-channel erosion, suggesting that calculating
erosion hazards at the hillslope scale may miss a significant portion of the basin-wide
debris-flow hazard. Therefore, additional work is needed to develop methods
specifically for identifying and assigning values to elements-at-risk from post-fire debris

flows.



2.2.2 Estimating Post-Fire Debris-Flow Probability and Volume

Methods of estimating probability and volume for post-fire debris flows in
southern California and the intermountain western United States have been described
by several researchers, including Rupert et al. (2008), Gartner et al. (2008), (Cannon et
al., 2008), Cannon et al. (2010b), and (Staley et al., 2013). These methods commonly
utilize regression analyses of local geologic, hydrologic, and burn severity
characteristics of specific burned basins. The use of a given set of probability and
volume equations is generally limited to the region for which a particular model was
derived. For example, Cannon et al. (2010b) describe several models for probability
based on data from 388 burned basins, for use in the intermountain western United
States, and Cannon et al. (2010b) and Gartner et al. (2008) describe a single model for
volume based on data from 53 burned basins in Colorado, Utah, and California, that is
applicable to both the intermountain west and southern California. Models may be
revised or superseded as additional data is obtained (e.g., USGS, 2014). Additionally,
new models may be developed to more effectively model unique site conditions.

Rainfall data related to debris-flow generation is developed from several sources.
Cannon et al. (2008) describe rainfall conditions that led to post-fire debris flows in
southwestern Colorado and southern California. Staley et al. (2013) discuss recently
revised methods for estimating intensity/duration thresholds in southern California.
Rainfall intensity and depth recurrence interval data can be downloaded from the
National Oceanic and Atmospheric Administration (NOAA) online precipitation
frequency data server (NOAA, 2013). Single precipitation intensity/depth values for a

specific recurrence interval storm may be selected for a region, or a Geographic

10



Information System (GIS) grid of expected intensity distribution may be downloaded for
more precise estimation.

Burn severity data are either generated from satellite imagery, or by Burned Area
Emergency Response (BAER) personnel on the ground (Parsons et al., 2010). Satellite
burn severity data are readily available online. The BAER imagery support data
download site (Forest Service, 2013) now provides soil burn severity data following
fires. Users should be aware that older data or preliminary data from this website, such
as the burned area reflectance classification (BARC) that was available prior to 2012,
reflect vegetation burn severity and not necessarily soil burn severity. Soil burn severity
data include both the loss of vegetation and impacts to soil characteristics (e.g.,
reduced infiltration rates of burned soils). Additionally, because preliminary data are
usually collected shortly after a fire, they may capture transient features such as clouds
or residual smoke that affect the digital image interpretation. Field verification of BARC
imagery is used to address these issues. As discussed by Parsons et al. (2010),
satellite burn severity data must be field verified and edited to generate soil burn
severity data (which may be more useful for debris-flow calculations). This process may
result in changes to the reported burn severity classifications. Field verification may be
performed by BAER teams. Parsons et al. (2010) provides a description of field
methods to map burn severity on the ground, and to ground truth BARC data
immediately following a fire.

An alternative source of burn severity data is the Monitoring Trends in Burn
Severity (MTBS) website (MTBS, 2014). Similar to the preliminary BARC data, MTBS

data reflects vegetation burn severity, not soil burn severity. MTBS data is typically
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collected approximately 1-year following a fire in order to observe the site near the
maximum vegetation growth season (MTBS, 2014; Parsons et al., 2010). Because
these data are collected on a less critical time scale, image quality and interpretation is
often better than that used for the BARC data. Drawbacks of these data for debris-flow
hazard and risk assessments are that the data do not reflect soil impacts (e.g., reduced
infiltration rates), and the data are usually not available for at least a year following the
fire.

Several models for predicting probability and volume have been developed by
various investigators. A particular regression model may have been derived using a
specific type of burn severity data (i.e. BARC, soil burn severity, or MTBS). Experience
running models with different data sources suggests that while differences between
these different sources may be subtle in some cases, they can be dramatic in others. It
is therefore important to know the source of the burn severity data used for analysis,
and what data were used to derive the specific model that will be used to predict
probability and volume. For emergency debris-flow hazard analysis, soil burn severity
data obtained from the responsible local or federal agency or field verification of the
downloaded BARC data are usually the best option, but in some cases preliminary
BARC data must be used. For longer-term studies, MTBS data may be more
appropriate if those data were used to derive the model. In some cases, it is not clear
which burn severity data source was used to derive the model, or that data source may
not be available. If this is the case, the user should be aware that there could be

unquantified error in the probability and volume calculations.
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2.2.3 Modeling Debris-Flow Runout

Rickenmann (2005) discusses a broad range of methods for evaluating landslide
runout, some of which may be useful for post-fire debris-flow modeling. One relatively
simple model to evaluate debris-flow runout is the GIS based computer program
LAHARZ (lverson et al., 1998; Schilling, 1998). The program utilizes a pair of semi-
empirical relationships between planimetric and cross-sectional areas inundated by a
lahar or debris flow to model the expected runout and footprint of the flow in a GIS.

The LAHARZ program was initially developed by the USGS to model lahars in
volcanic terrain. It has subsequently been modified to model non-volcanic debris flows
and rock avalanches (Griswold and lverson, 2008), and post-fire flows (Bernard, 2007).
Magirl et al. (2010) describe use of the program to analyze large debris flows in Arizona
and Witt et al. (2012) describe use of the program for hazard assessment in North
Carolina. Berti and Simoni (2007) describe development of a computer code that is
conceptually similar to LAHARZ, but features more control in unconfined channel
reaches (i.e. on fans) and the ability to batch model a range of planimetric and cross-
sectional areas to account for uncertainty in the inundation area regression models.

Alternative methods that are sometimes used for modeling debris-flow runouts
include Flow-R and FLO-2D (Horton et al., 2013; Jakob et al., 2013, respectively).
These programs have the ability to model more complex flow relationships than the
simple space-filling model of LAHARZ. However, as Magirl et al. (2010) point out, some
of the key parameters necessary to operate more complex flow models may be difficult
to estimate, and may vary over space and time during a debris flow, especially under

post-fire conditions where debris flows often form from channel erosion and may not
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have a predictable explicit source location. Further, calibration of input parameters for
these models may require levels of time and effort that conflict with the need for rapid

hazard assessment after a fire.

2.2.4 Estimating Cost and Effectiveness of Selected Mitigation Methods

The methods described in this thesis were developed in support of a larger
project whose goal is to develop optimized natural-hazard-management of post-fire
debris flows. A major aspect of that work includes attempting to quantify the cost and
debris-flow-specific effectiveness of various mitigation strategies. Significant previous
work has been done to estimate costs and effectiveness of post-fire erosion control and
debris-flow management techniques (e.g., deWolfe, 2006; deWolfe and Santi, 2009;
deWolfe et al., 2008; Napper, 2006; Prochaska et al., 2008; Robichaud et al., 2010).
The post-fire debris-flow risk model described in this thesis provides unique curves of
damage and risk as functions of debris-flow volume for each basin which are used as
inputs to an optimization model. In order to integrate selected mitigation methods into
the optimization framework, it is necessary to frame the cost per unit application and
effectiveness as either a unit reduction in debris-flow volume, or a unit reduction in
probability of occurrence in order to complete the optimization process. Some
refinement of the information presented by Robichaud et al. (2010) and Napper (2006)
is necessary to meet this need. Discussion of specific methods to achieve these goals

is provided in Section 2.3.5.
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2.2.5 Calculating Risk

A broad range of studies on application of risk-management strategies to
landslides and debris flows has previously been published (e.g., Archetti and Lamberti,
2003; Corominas et al., 2013; Dai et al., 2002; DeGraff, 2014; DeGraff et al., 2007; Fell
et al., 2005; Fuchs et al., 2007; Fuchs et al., 2008; Jakob et al., 2013; Jakob et al.,
2012; Lee and Jones, 2004; van Westen et al., 2006). These studies cover a broad
range of scales, complexity, and potential assets, or elements at risk. When attempting
to use risk-management strategies as decision tools, it is important to identify the scope
of the study and the elements at risk considered. Following Lee and Jones (2004)
common groupings of elements at risk include: people (loss of life, physical impairment,
psychological impact); buildings, structures, services, and infrastructure; property;
activities; and the environment.

Potential loss of human life and associated human-life risk are critical factors to
consider when making natural-hazard management decisions, and often drive natural-
hazard mitigation decisions. However, the exposure and vulnerability of humans in a
post-fire debris-flow setting is extremely difficult to estimate. Because the number of
people present and amount of time they spend in the hazard zone is unknown, the
estimation is difficult for a presumably random event (e.g., a landslide-generated debris
flow). Further, due to common safety practices in the western United States, it is even
more difficult to assess for a post-fire debris-flow event. Safety alerts, news bulletins,
and/or mandatory evacuations are commonly enacted when probable debris-flow
triggering storms are expected in recently burned areas, further complicating the human

exposure and vulnerability estimate. Finally, Calkin et al. (2007) state that “the
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significance of protecting human life and safety is assumed self-evident. Therefore, it is
not included in calculations to justify treatments.” Since the goal of the model described
in this thesis is to guide selection of cost-optimized natural-hazard-management
strategies, loss of human life is not included in the current model.

This focus of the study described in this thesis is limited to evaluating damages
to structures, cleanup of mud and debris deposited on roadways and trails, impacts due
to lost access to camping, hiking, and off-road trails, loss of recreational value to
streams, and damages associated with lost-volume in lakes and reservoirs.

For a specified magnitude landslide event with a given probability of occurrence,
specific risk can be calculated as follows (Lee and Jones, 2004):

Rs = P(H) * Xk=1(Ex * Vi * Exy) (2.1)
Where: R is the specific risk associated with a slide of magnitude H, P(H) is the
probability of the slide of magnitude H occurring in a given time period, E is value of
threatened items (elements at-risk) of category k (e.g., residences, roads, etc.)
threatened by the slide of magnitude H, Vi is the vulnerability (proportion of Ex reduced
by event) of items of category k to the slide of magnitude H, Exy is the exposure
(proportion of total value likely to be present at the time of the event) of items of
category k to the slide of magnitude H, and n is the total number of categories (k).

If the vulnerability (V) is integrated into the damage estimate and exposure is
assumed to be complete (Exx = 1), Equation 2.1 can be re-written for a given basin and
estimated volume as:

R, = (P, * D) (2.2)

Py = (Ppr * Psiorm) (2.3)
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Where: R, is the specific risk associated the basin for the modeled volume scenario
expressed in units of cost, Pa is the total annual probability of a debris-flow occurring, D
is the total modeled damage (cost), Ppr is the probability of a debris-flow occurring
given the occurrence of the modeled storm, and Psiom is the annual probability of the
storm occurring (0.5 for a 2-year recurrence storm).

Economic risk values calculated for each basin using Equations 2.2 and 2.3 can
be utilized in an optimization framework to develop cost-optimized responses to
individual basins under a given assumed rainfall scenario. Additionally, the basins can
be ranked in order from least to greatest risk in order to guide targeted allocation of

emergency-management funding to the riskiest basins.

2.3 Methods

The process of identifying the optimal cost-constrained mitigation response for
each recently burned basin consists of six steps outlined in Figure 2.1. Steps 1-5in
Figure 2.1 form the core of the model described in this thesis, and are the focus of this
chapter. Steps 1-4 have been grouped into (a) for modeling a single storm scenario,
and (b) for modeling multiple storm scenarios in order to prepare damage vs. volume
curves. Methods to complete steps 1-5 are described in the following sections. Step 6
is the subject of fellow student Vitaliy Krasko’s research, and will be discussed in more

detail in an upcoming collaborative paper (Vitaliy Krasko, personal communication).
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Figure 2.1. Post-fire debris-flow hazard reduction optimization process.

2.3.1 Estimation of Debris-Flow Probability and Volume

Probability (p) and Volume (v) are estimated following equations described by
Cannon et al. (2010b). Details of model development and validation can be found in
that paper. Common sources of input data and an example using the models to
evaluate economic risk from post-fire debris flows were discussed in Section 2.2.2 and
McCoy et al. (2014). A brief overview of the models is provided below for clarity. It
should be noted that other p and v models also exist and any of them could be used in
the process described in this thesis.

Volumes predicted using the empirical regression models described above may
exceed reasonable values when compared to historical observations. This is especially

true for cases of high-intensity low-recurrence interval storms, or where site conditions
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lead to large upper bounds of uncertainty in modeled debris-flow volume. In order to
manage this artifact of the empirical models, we limit the upper bound for reasonably
expected post-fire debris-flow volume to 500,000 cubic meters (m®) based on records of
post-fire debris-flow activity compiled by Santi and Morandi (2013). There are various
methods available to account for uncertainty in the predicted volume; however, the use
of these methods significantly complicates the optimization process. Because the
purpose of this chapter is to describe the combined natural hazard- / optimization-
modeling process, analysis of uncertainty in the model parameters and the influence on
results is beyond its scope. Therefore, for natural-hazard models that form inputs to the
basic optimization model discussed herein, it is assumed that the probability of debris-
flow occurrence given occurrence of a storm will apply to the modeled volume - i.e. if a
debris flow occurs, it will be of the volume modeled, limited to the previously stated

upper bound.

2.3.2 Modeling Debris-Flow Runout

Debris-flow runout for each scenario was modeled in ArcGIS (version 10.0,
ESRI, 2010) using the LAHARZ program (lverson et al., 1998; Schilling, 1998).
LAHARZ utilizes a pair of semi-empirical relationships between the cross-sectional and
planimetric areas inundated by a lahar or debris flow to model the expected runout and
footprint in a GIS. The program was initially developed by the USGS to model lahars in
volcanic terrain, and has been subsequently calibrated for non-volcanic debris flows and
rock avalanches by Griswold and Iverson (2008), and for post-fire debris flows by

Bernard (2007).

19



Selecting an appropriate location for onset of deposition for post-fire debris flows
can be difficult. Bernard (2007) briefly discusses some of the difficulties in locating the
onset of deposition for post-fire debris flows; the author mentions that recent debris
flows visible on aerial imagery could be used to identify the location, but does not
provide any positive guidance for how to model the onset point for areas that have not
recently experienced debris flows. Brock (2007) compared various methods of locating
the point of onset of deposition for debris flows in unburned areas with observations
from burned areas following two fires that occurred in 2003; she notes that none of
methods for debris flows in unburned areas provided adequate results for the burned
basins. Brock (2007) did develop a method for locating the point of onset of deposition
for post-fire debris flows in southern California, but the method was specifically
calibrated to two mountain ranges and does not cover any of the areas used in this
study. Furthermore, the method was developed using a 2-meter (m) resolution digital
elevation model (DEM); Brock (2007) indicates that the method would not work using a
10-m DEM, which was the best resolution available for the sites discussed in this thesis.

Because of the lack of consistent methodology available for locating the point of
onset of deposition, debris-flow deposition was assumed to begin at the pour-point used
to define the basin for the sites discussed in this thesis. This point was either located
directly above a feature of interest or coincided with the edge of the burned area, a
noticeable change in slope, or both. Debris-flow runouts were modeled for a range of
plausible volumes to generate curves of damage vs. debris-flow volume from each

basin as discussed in the following sections.
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2.3.3 Identifying and Valuing Features Intersected by Debris-Flow Runout
Features (residences, roads, streams, and trails) intersected by the modeled
debris-flow runout were identified in ArcGIS; the following paragraphs briefly summarize
methods for identifying and valuing features intersected by modeled runouts. Sections
2.3.3.1 through 2.3.3.3 discuss methods of identifying intersected features. Section
2.3.3.4 discusses assumptions for estimating damage costs for intersected features and
Section 2.3.4 discusses development of curves of damage vs. volume from each basin,
which were used for optimization modeling. Finally, Section 2.3.5 discusses methods
used to estimate cost and effectiveness of selected debris-flow mitigation techniques

and post-fire erosion-control best-management-practices.

2.3.3.1 Identifying Point Features

Point features (residences and campsites) were located using a variety of
publicly available data sources. Vulnerability of residences was estimated as 30% of
median home value as described below. Vulnerability of campsites was assumed to be
1 (i.e. complete loss-of-access was assumed if the campsite buffer was intersected).
Exposure of all point features was assumed to be 1.

Where available, assessor’s parcel maps were used to locate residences in
ArcGIS. The centroid of each parcel was automatically located in ArcGIS using spatial
analyst tools, and a 20-m-diameter circular buffer was created around the parcel
centroid or digitized point to approximate the extent of the structure. Where parcel
maps were not available, residences were located on aerial imagery. A point was

placed over the approximate center of structures near potential debris-flow runout
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areas, switching between imagery in ArcGIS and Google Street View to limit the
catalogued structures to those that were most likely residences. A 10-m-diameter
circular buffer was created around the point. The smaller diameter buffer was based on
improved spatial control on the location of the structure using the aerial imagery. Where
applicable, campsites were identified to support evaluation of cost associated with lost
access. Campsites were located in ArcGIS as points using a shapefile provided by the
National Park Service (Andrew Valdez, Personal Communication). A 40 m-radius
circular buffer was placed around each point to represent the generalized area of the
campsites.

The intersect tool was used in ArcGIS to identify structure or campsite buffers
that were intersected by the runout footprint. A point feature was considered damaged
if the modeled runout intersected any part the buffer. The dissolve tool was used to
clean up extracted buffers so that no point feature was counted more than once per
modeled runout. McCoy et al. (2014) provide an example of the process, including a
schematic showing intersected features. The lack of easily obtainable statistics related
to economic impacts to homeowners from post-fire debris flows makes it difficult to
assess vulnerability of residences. Therefore, vulnerability of residences was estimated
by multiplying the median home value by an assumed damage multiplier of 0.30 (30%)
based on expert opinion (P. Santi, personal communication). This estimate is not based
on any quantitative studies, but is considered by to be a reasonable estimate on
average (L. Highland, personal communication). Because of the limited data available,
this assumption cannot be readily validated. We chose to use a coefficient of median

home value to represent vulnerability of residences to debris-flow impact because
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modeling debris-flow depth and impact energy, cataloguing home construction type, and
estimating explicit damages would require more complex runout models and survey
time than the methods described in this paper. Alternative methods could provide more
precise and accurate estimates of damages, but would be difficult to implement in an

emergency management situation.

2.3.3.2 Identifying Linear Features

Major linear features (roads, railroads, and streams) were located using
TIGER/Line® shapefiles (Census, 2012). Additional local linear features (4x4 trails and
hiking trails) were digitized in ArcGIS from aerial photos or from georeferenced national
park maps available online. Vulnerability and exposure of all linear features was
assumed to be 1 - i.e. the full unit value of damage will be counted for all intersected
lengths.

The ArcGIS intersect tool was used to identify linear features intersected by the
runout footprint. Lengths of linear features from each category (roads, railroads,
streams, 4x4 trails) that fell within the footprint of a given modeled debris-flow runout
were summed and multiplied by unit values (Section 2.3.3.4) to evaluate damage.
Hiking and 4x4 trails are evaluated using two different methods for comparison
purposes. The direct damage method assumes that the damaged trails will be cleaned
up shortly following the debris flows, and defines trail damage as the cost of sediment
removal for the impacted area. The lost access method assumes that trails will remain
inaccessible and defines their damage as the lost recreational value of the entire length

of trail beyond the impacted part.
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Lost access to trails was evaluated using ArcGIS network analyst tools. The
linear features were digitized into ArcGIS as described above. Each feature was given
flow-directionality, assuming the goal of users was to traverse from one region to
another. A geometric network was built assuming “source” and “sink” nodes for the
“‘upstream” and “downstream” ends of the network, respectively. A range of debris-flow
runout scenarios for varying debris-flow volume issuing from each basin was checked
for intersection with the feature. The ArcGIS intersect tool was used to locate the points
of intersection; the “downstream” point was then manually located for each debris-flow
runout scenario that resulted in an intersection with that linear feature. Linear features
were split at the point of intersection, and the length of feature “upstream” of the
intersection was identified and multiplied by the unit access value (Section 2.3.3.4) to

quantify value of lost access.

2.3.3.3 Identifying Lakes and Reservoirs

Potential impacts to lakes and reservoirs were identified manually in ArcGlIS.
Lakes and reservoirs were identified from aerial images, from boundaries drawn on
National Park Service Maps, or from large scale features identified using the “fill” tool in
ArcGIS; boundaries of the features were digitized for further analysis. Vulnerability and
exposure of all lakes and reservoirs was assumed to be 1.

As discussed in Section 2.3.3.4, damage cost estimates differ between small and
large reservoirs. Therefore, features were qualitatively classified as either “small” or
“‘large”; however, a rigorous definition was not developed to divide these two categories.

A range of debris-flow runout scenarios for varying debris-flow volume was modeled for
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each basin that emptied toward a lake or reservoir. For each basin, scenarios were
checked to identify the minimum debris-flow volume required for the modeled runout to
reach the boundary of the lake or reservoir. This volume was subtracted from the
subsequent larger debris-flow volumes to arrive at a modeled “impact volume” to the
water body. Due to potential complexity in modeling complete-reservoir-filling
scenarios, volumes that exceeded estimated lake or reservoir volumes (for small water

bodies) were ignored.

2.3.3.4 Estimating Damage Costs

Table 2.1 shows estimated unit values for features intersected by debris-flow
runout footprints in ArcGIS. The “site” column in Table 2.1 (Page 27) refers to the three
case-study sites described in Section 2.3.7. In practice all dollar figures mentioned in
this study should be inflation adjusted to a common year so that their marginal costs
and benefits may be equated during optimization; for consistency during method
development, unit costs presented in Table 2.1 were estimated based on various
publicly available sources published over a range of years and were adjusted to 2012
United States Dollars (USD) using the Consumer Price Index (CPI) (BLS, 2013). The
following paragraphs describe the bases for these values.

Values of residential structures at Site 1 (Section 2.3.7) were estimated by
census block group using median home values from a pre-existing map based on the
2010 United States census. The map was accessed from ArcGIS Online through
ArcGIS (ArcMap, ESRI, 2010) on February 27, 2013. Polygons of census block group

were digitized in ArcGIS using the map boundaries and median home values were
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manually assigned to the new polygons based on the values shown on the map. The
median home value of each census block polygon was applied to parcel centroids
falling within the polygon. Values of residential structures at Site 3 (Section 2.3.7) were
estimated by identifying a residential structure within or near a debris-flow runout using
aerial imagery in ArcGIS, manually locating and recording Zestimate® values from
Zillow.com for a range of nearby residences, averaging the results, and applying the
average to the intersected structure. As stated in Section 2.3.1, damage from a
modeled debris flow was estimated as 30% of the median home value for each
structure intersected by a modeled debris-flow runout; the sum of the damages from all
structures intersected by a single modeled debris-flow runout was calculated to estimate
total damage to residences from each scenario.

Direct damage to infrastructure (roads and railroads) was quantified per unit
length based on construction cost guides (e.g., Means, 1999a; Means, 1999b) and
some assumptions of feature width and debris-flow deposit depth. Road damage was
estimated as $81.86/m assuming $8.19/m? for soil removal, a 10-m-wide roadway, and
a 1-m-thick deposit. Damage to highways (at Site 3) was estimated as $109.75/m
assuming $8.19/m? for soil removal, a 13.4-m-wide roadway in each traffic direction,
and a 1-m-thick deposit. Railroad damage was estimated as $143.38/m, assuming
$61.52/m of track repair + $81.86/m of soil removal (based on a 10-m-wide track bed,
and a 1-m-thick deposit). 4x4-trail-damage was estimated as $32.76/m assuming
$8.19/m? for soil removal, a 4-m-wide roadway, and a 1-m-thick deposit. Hiking trail
damage was estimated as $8.19/m, assuming $8.19/m? for soil removal, a 1-m-wide

trail, and a 1-m-thick deposit.
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Table 2.1. Unit values for features intersected by debris-flow runout in ArcGIS.

Feature Site | Unit | Unit Cost Reference
Residences - direct damage 1 . . ArcGIS Online
(repair) ,3 | unit varies .

Zillow.com
Roads - direct damage 13 linear $81.86 |(Means, 1999a)
(sediment removal) "™ | meter ' ’
Highways - direct damage 3 linear $109.75 (Means, 1999a)
(sediment removal) meter ' ’
Railroad - direct damage linear
(track repair and 1,3 meter $143.38 |(Means, 1999a)
sediment removal)
(Srgg;?;t'igr']r)e"t damage 12,3 :'T:‘eetz: $3.28 (Holmes et al., 2004)
4 x 4 trail - direct damage linear
(sediment removal) 2 meter $32.76 (Means, 1999a)
4 x 4 trail - lost access 2 :Ir?eetzrr $1.58 |(Deisenroth et al., 2009)
Hiking trail - direct damage 2 linear $8.19 |(Means, 1999a)
(sediment removal) meter ' ’
Hiking trail - lost access 2 :'T:‘;Z: $3.39 |(Bowker et al., 2007)
Camp site - lost access 2 unit | $7,007 |(National Park Service, 1995)
Small reservoir - direct cubic
damage (sediment removal) 1.3 meter $4.25  (Crowder, 1987)
Large reservoir - direct
damage (sediment control cubic
design and sediment 3 meter $1.42  (Crowder, 1987)

removal)

Soil removal costs were derived from Means (1999a) assuming bulk excavation

of clayey soils with scraper, assuming 450 m haul distance; this cost is not significantly

different from the cost using a front-end loader with a 1 m® bucket. Railroad track repair

costs were derived from Means (1999a) assuming resurfacing and realigning additional

track with crushed stone ballast. Costs assume local disposal of excavated materials

and do not include costs for loading trucks, transporting excavated soils, or disposal.

Costs for mobilization of equipment, or local variability in unit costs are also not
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included. The depth of innundation was estimated based on an assumption that on a
flat open surface (e.g. a road) the deposit from an average post-fire debris flow would
generally not exceed 1-m. More detailed estimates are not available from the model
because LAHARZ does not provide an estimate of deposit thickness. Direct damage to
streams was estimated at $3.28/m based on the value of lost ecosystem services
following based on values presented by Holmes et al. (2004).

Value of lost access for hiking and 4x4 trails was estimated following methods
outlined by Bowker et al. (2007) and Deisenroth et al. (2009). Value of lost access to
hiking trails was estimated as $3.39/m, using an estimated value of $1/mile per trip
based on values presented by Bowker et al. (2007), and assuming approximately 2% of
visitors to Great Sand Dunes National Park and Preserve hike into high country. This
assumes 33 trips per day for 7 days a week for 26 weeks of the year. Lost access to
4x4 trails was valued at $1.58/m assuming an average value to users of $7/mi per trip
based on values presented by Deisenroth et al. (2009), and assuming an average of 2
trips per day for 26 weeks. Lost access to campsites was valued at $7,007 per
campsite per year, assuming an average cost of $38.50/day for use based on values
presented by National Park Service (1995), and assuming full usage 7 days/week for 26
weeks.

Value of lost reservoir capacity due to sedimentation from debris flows was
estimated based on values presented by Crowder (1987). Crowder (1987) indicates
that sedimentation to reservoirs can be controlled by building extra capacity, preventing
sediment from settling in the reservoir, dredging to remove sediment, and replacing lost

capacity with new construction. When converted to 2012 USD, the estimated unit cost
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of removing sediment by dredging (Crowder, 1987) is approximately $4.25/m>.
However, Crowder (1987) states that dredging is only feasible in small lakes and
reservoirs - although he does not provide a quantitative distinction for small vs. large
reservoirs - suggesting that dredging may cost 3 to 8 times more than building
replacement capacity, not including cost for disposal of dredge spoils. Crowder (1987)
additionally states that broadly calculating economic damages from dredge costs alone
would lead to overestimates of damage and suggests instead using combined costs
from dredging, inclusion of sediment storage volume into new reservoirs, and
construction of replacement storage. Because of the relatively high cost of dredging,
the unit cost for sedimentation decreases dramatically using the combined costs of
dredging, in-reservoir sediment-storage-capacity, and new dam construction, to
approximately $1.42/m*in 2012 USD based on the estimates provided by (Crowder,
1987).

For this study, two classes of reservoir, small reservoirs and large reservoirs
were qualitatively selected based on visual observation from aerial imagery. The
dredging-only costs were applied to small reservoirs. The combined costs of dredging,
in-reservoir storage, and new capacity were applied to the large reservoir. No attempt
was made to develop quantitative criteria for distinguishing between the two classes;
however, for reference, the small reservoirs at Site 1 and Site 3 have surface areas of
approximately 15 and 6 acres, respectively, while the large reservoir at Site 3 has a

surface area of approximately 130 acres.
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2.3.4 Preparing General Damage vs. Volume Curves

To support optimization modeling and analysis of multiple debris-flow scenarios,
a range of plausible debris-flow volumes and associated runouts were modeled for each
basin. The quantity of intersected features was summed for each single runout model,
and multiplied by the associated unit value. The resulting damages from each feature
were then summed to estimate the total damage cost associated with a debris flow of
given volume issuing from a given basin. The process was repeated for the range of
debris-flow scenarios. The resulting data can be fit with a continuous monotone
function in order to express damage cost as a function of debris-flow volume in each

basin as input to an optimization model (Vitaliy Krasko, Personal Communication).

2.3.5 Estimating Cost and Effectiveness of Selected Mitigation Methods

The following sections briefly describe design and cost assumptions for the
modeling described in this thesis. This list is not a comprehensive review of post-fire
debris-flow mitigation techniques, but is instead a list of representative techniques
supplied as inputs for proof-of-concept modeling. Key assumptions are summarized in
Table 2.2. In practice, all dollar figures mentioned in this study should be inflation
adjusted to a common year so that their marginal costs and benefits may be equated

during optimization.

2.3.5.1 Straw Wattles
Straw wattles and contour felled log erosion barriers (LEBs) are hillslope

treatment options aimed at reducing erosion, slowing overland flow of water, and

30



supporting recovery of vegetation. Straw wattles are used in areas where LEBs are not
practical (e.g., chaparral environments, Napper, 2006); however, both treatments have

similar functionality.

Table 2.2. Cost and effectiveness assumptions for selected mitigation strategies.

Parameter Assumed value Reference
Straw wattle cost per km? of application at (Napper, 2006)
full density (USD 2012) $1,261,452
Mulching cost per km? of application at (Napper, 2006)
full intensity (USD 2012) $293,289
Check dam cost (each) (USD (2012) $478.59 (Napper, 2006)
Debris basin cost per m® (Standard-Examiner, 2011)
of capacity (USD 2012) $21.14

(LA Times, 2009)

Probability reduction from straw wattles

across full basin at full density 85% )
Propability r_eductipn from mulching full 90% i
basin at full intensity

Backfill angle for straw wattles (degrees) 5 -
Backfill angle for check dams (degrees) 0 -

Straw wattles range in size from 10 - 30 feet (3.048 - 9.144 m) long, and are 9 -
12 inches (0.229 — 0.305 m) in diameter (Napper, 2006). It is commonly recommended
that wattles be installed in a staggered overlapping pattern, with 12 to 18 inches of
overlap (Napper, 2006). Napper (2006) suggests spacing successive rows of wattles
between 20- to 50-feet (6.096 m to 15.24 m) apart. Based on this spacing, a single acre
can accommodate between 4 and 11 rows of 11 wattles each, or 44 — 110 wattles per
acre. This range of application density is consistent with the upper range of LEB
application density recommended by the United States Forest Service, and utilized at

the Lemon Dam site (deWolfe et al., 2008).
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The cost of straw wattle application ranged from $1,100 to $4,000 per acre of
application in year 2000 — 2003 USD (Napper, 2006). Assuming that cost can be
related to application density, the higher end of the cost range ($4,000 per acre) was
assigned to the higher end of the density scale (110/wattles per acre) and modeled cost
is allowed to decrease linearly with respect to density, and therefore effectiveness.

It is expected that installation of straw wattles will retard rainfall-runoff response,
therefore reducing the likelihood of channel scour and debris-flow generation. Wattles
also trap some sediment, potentially reducing the erosive power of the runoff as it
enters channels. Studies to quantitatively evaluate the effectiveness of these methods
at reducing hillslope erosion have previously been performed (e.g., Robichaud et al.,
2010; Robichaud et al., 2008); however, quantitative effects with respect to reducing
probability of debris-flow occurrence at the basin scale are as-yet unclear. For this
study, it was assumed that installing straw wattles or LEBs would result in an 85%
reduction in probability of debris-flow occurrence relative to the untreated condition.
This estimate is not based on any quantitative studies of basin-wide debris-flow-specific
hazard reduction, although it is consistent with observations reported in deWolfe et al.

(2008). Volume of sediment retained per wattle can be calculated using Equation 2.4.

d2

V=1L« 2(tanB—-tana)

(2.4)
Where:

V = volume of sediment retained per wattle (m?)

L = length of wattle (m)

d = diameter of wattle (m)

a = angle of soil backfilled behind wattle (°)

B = slope angle (°)

Figure 2.2 illustrates these features.
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Figure 2.2. Key parameters for calculating volume of sediment trapped per unit width
behind a straw wattle, log erosion barrier, or check dam.

Straw wattles are most commonly applied on slopes ranging in steepness from
20 — 50% (Napper, 2006). For volume estimation purposes, a 20-foot (6.096 m)-long by
9-inch (0.229 m)-diameter “design wattle” was selected. Using Equation 2.4 with a
presumed backfill angle (a) of 5°, and slope angles of 20% — 50% (11° — 27°) yields unit
volumes ranging from 0.38 to 1.5 m®wattle. Total area available for wattle application
in each basin is determined in ArcGIS by identifying areas with moderate to high burn
severity and slope angles between 20% and 50%. The slope angle used in calculating
volume reduction is the average slope angle in the straw wattle application area of that
basin. It is assumed that the entire application area would be covered with wattles at

some density up to 110 wattles per acre when straw wattles are used.

2.3.5.2 Straw Muich

Straw mulch has mixed effectiveness at reducing likelihood of debris-flow
occurrence, and the treatment is most effective when applied evenly with care (deWolfe
and Santi, 2009; deWolfe et al., 2008). Cost of hand-application of straw mulch ranged

from $500 -$1,200/acre between the years 2000 and 2003. Straw mulch can be applied
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aerially (dropped from helicopters) more cheaply than hand-applied mulch, but also less
effectively (deWolfe and Santi, 2009; Napper, 2006). Cost of aerial straw mulch
application ranged from $250 -$930/acre between the years 2000 and 2003. Probability
reduction was presumed to be related to application density/quality and therefore cost;
however, the quantitative effects of straw mulch with respect to reducing probability of
debris-flow occurrence are as-yet unclear. For this study, it was assumed that complete
mulch coverage in applicable zones would result in a 90% reduction in probability of
debris-flow occurrence relative to the untreated condition. This estimate is not based on
any quantitative studies of basin-wide debris-flow-specific hazard reduction, but is also
consistent with observations reported in deWolfe et al. (2008). Straw mulch is effective
on slopes up to 65% (Napper, 2006). Maximum area for application was determined in

ArcGIS by selecting areas burned at moderate and high severity, with slopes up to 65%.

2.3.5.3 Check Dams

Check dams are placed in series within channels to intercept eroded sediment
(deWolfe and Santi, 2009; deWolfe et al., 2008; Napper, 2006). Volume of intercepted
sediment can be estimated using Equation 2.4, with d = check dam height instead of
wattle diameter. Estimates of check dam cost from 2000 — 2003 ranged from $150 —
$600 each depending on construction material (logs, rock, or straw-bales) and size.
The middle of this range was used in this study.

Check dams are commonly more effective near the upper reaches of a channel,
where the material can be captured before generating larger debris flows (deWolfe and

Santi, 2009); however, check dams may be placed in series along many accessible
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reaches of channel as needed. The maximum number of check dams can be
calculated by dividing the minimum spacing between check dams by the total available
length of channel. deWolfe (2006) suggests that check dams be installed in channels
with gradients less than 47% (25°). This criterion was used to evaluate the maximum
length of channel available for installation of check dams in ArcGIS. The minimum

check dam spacing can be estimated using Equation 2.5 (deWolfe, 2006).

. d (2.5)

- (tanB-tana)

Where:

S = minimum spacing between check dams (m)
d = height of check dam (m)

a = angle of soil backfilled behind check dam (°)
B = slope angle (°)

A design check dam was assumed to be constructed approximately 12 m long
and 2.5 m high. These measurements are consistent with log crib check dams
(deWolfe, 2006) and are within the range of commonly used off-the-shelf VX series
flexible-ring-net debris-flow barriers that perform a similar function (Geobrugg, 2013).
As an example, using Equation 2.5 with the assumptions of a = 0° and 3 = 25° (steepest

slope), length of 12 m, and height of 2.5m results in an estimated 80 m® of captured

sediment per check dam.

2.3.5.4 Debris Basins

Debris basins are emergency retention basins for controlling debris volume when
a threat to human life and property is present (Napper, 2006). Debris basins are placed
at canyon mouths or upstream of critical structures to capture the debris flow. Ideally, a

debris basin would be designed to capture the entire expected debris-flow volume;
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however, available space and alluvial fan geometry may limit available storage volume.
Design, construction, and maintenance of in-channel treatments (e.g., debris basins,
check dams, debris racks) are site- and condition-specific processes. Extrapolation of a
design-cost scenario from one design volume or project location to other locations
and/or debris volumes could lead to significant errors in estimated costs but is
sometimes necessary when local data are unavailable. The following cost values have
been provided for generalized cost-estimation and comparison purposes with the caveat
that actual designs may vary significantly.

The cost associated with debris basins includes two major factors: 1 — design
and construction, and 2 — maintenance and cleanout. Cost estimates are provided
below for design and construction of a debris basin near Salt Lake City, Utah, and
cleanout of debris basins in Los Angeles, California. Design and construction of a
debris basin near Salt Lake City, Utah was estimated (prior to completion) as
$2,250,000 (year 2011 dollars) with a design capacity of 220,000 cubic yards (yd®) of
debris (Standard-Examiner, 2011). This gives a cost per volume of approximately
$10.23/yd® in 2011 dollars. Los Angeles debris basins estimated $10/yd> (year 2009
dollars) for cleanout (LA Times, 2009). The cost is assumed to be $21.14/yd>, or
$27.65/m* (2012 USD) for combined design, construction, and cleanout.

The ideal utilization of these values would be base cost of debris basin
construction and cleanout of design basin volume, followed by cleanout of subsequent
debris-flow volumes. Since this level of detail is beyond the scope of the project, the

estimates can be combined to provide a single cost per volume of debris basins. The
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combined value will lead to an overestimate of cost for repeated debris-flow events in

the same basin.

2.3.5.5 No Mitigation

The no mitigation option has been included for analysis of the economic impact
assuming that a given basin is left as-is after a fire. As suggested, this option results in
no change to damages, and does not require any cost for implementation. Some cost
could be allocated in future studies to account for measures such as community hazard
education and early-warning-system design and installation. The no mitigation option is

only valid where loss of human life is unlikely.

2.3.6 Optimization Model

The results of the methods discussed in Sections 2.3.1 through 2.3.5 provide
inputs to a model that optimally selects mitigation strategies and minimizes potential
damages from post-wildfire debris flows for an entire burned area comprising multiple
hydrologic basins. This model has been developed by another student, Vitaliy Krasko
and is discussed in more detail in an upcoming collaborative research paper
(VitaliyKrasko, Personal Communication); the following paragraphs describe the basic
elements.

The objective of the model is to minimize expected debris-flow damages from a
single-basin event that occurs with probability p, and generates a debris flow of volume

v, resulting in economic damages (including market and non-market values) of d.
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Values of d for a specific debris-flow volume in a specific basin are derived from the

debris-flow damage vs. volume curves (Section 2.3.4).

The mitigation strategies, which can consist of various specific options, are
categorized into three main sets of actions:

e Prevention effort — includes slope treatments (e.g. mulching, log erosion barriers),
that act to reduce the probability of a debris-flow event.

e Reduction effort — includes channel mitigation treatment (e.g. check dams, debris
basins), that intercepts debris in the event of a debris-flow occurrence and effectively
reduces volume conditional on occurrence.

e Protection effort — includes construction of features (e.g. deflection walls, sandbag
barricades) with the intent of protecting specific structures or elements-at-risk to
effectively reduce the damage to elements-at-risk in the model.

The optimization model seeks to minimize damage while balancing a finite natural-

hazard-management budget with the summed product of the costs and efficacies of

mitigations in each of the three preceding categories. This is achieved through
optimization techniques (Vitaliy Krasko, Personal Communication).

Several optimization models have been developed (Vitaliy Krasko, Personal
Communication); one model can address optimal budget allocation for mitigating a
single basin for a single storm event, and a second model minimizes expected damages
while allocating resources over multiple basins. These models can also identify
situations where partial application of multiple strategies is most effective, and situations
where one strategy is clearly dominant and application of additional strategies does not

add significant value.
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2.3.7 Description of Three Sites for Case Study

As an example of the optimization process, the methods and models described in
previous sections were implemented for studies of three diverse areas vulnerable to
post-fire debris flows: Site 1 — Santa Barbara after the 2009 Jesusita fire (Cannon et al.,
2010a), Site 2 — Great Sand Dunes National Park after the 2010 Medano fire (Friedman
and Santi, 2014), and Site 3 — Colfax and Las Animas Counties after the 2011 Track fire
(Tillery et al., 2011). Figure 2.3 shows the location of these sites.

Santa Barbara, California (Site 1) is a populated urban area with drainage basins
prone to post-fire debris flows located just north of the city. With human settlement
encroaching on the wildland-urban interface, this area has the greatest quantity and
most-valuable elements-at-risk, and provides the greatest motivation for mitigation.
Seventeen basins were delineated for study. Great Sand Dunes National Park (Site 2)
in south-central Colorado provides a study of mitigation that would solely protect non-
market values. While the park is free of residences and other structures, it contains
recreation value, which can be measured by enthusiasts’ willingness to pay for access
such as hiking, camping, and 4x4 trails. Fifty-five basins were delineated for study. The
area in Colfax County, New Mexico and Las Animas County, Colorado burned by the
2011 Track fire (Site 3) is by far the largest of the three selected areas in terms of size
and demonstrates diversity in terms of elements-at-risk. While there are some
residences the area also contains reservoirs, streams, roads, and railroad tracks
sparsely distributed across a large area. Forty-nine basins were delineated for study.

For each of these sites, digital terrain data (10-m horizontal resolution) was

downloaded from National Elevation Dataset (NED) (Gesch et al., 2002). All GIS
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datasets were projected to North American Datum of 1983 (NAD 1983) Universal
Transverse Mercator system (Zone 11N for California, Zone 13N for Colorado and New
Mexico). Soil characteristics were downloaded from the Natural Resource Conservation
Service (NRCS) web soil survey and analyzed in ArcGIS using the soil data viewer
extension (Soil Survey Staff, 2014). The burn severity map for Site 1 and Site 2 was
downloaded from the BAER imagery support catalog (Forest Service, 2013). Burn
severity data for Site 3 was provided by the USGS (E. Locke, personal communication).

Precipitation data were downloaded from NOAA (2013).

,+(2) MEDANO

{

\ iy 5 ‘J. X1 TG§p
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N
Homeryy 200100 0 200 Miles

Figure 2.3. Location of modeling study sites in the western United States. Topographic
base map layer from ArcGIS Online, accessed in ArcMap 10.0 (ESRI, 2010).

Equations 2.6 through 2.8 show the specific probability and volume models used

in this study. These models are from Cannon et al. (2010b) and Cannon (personal
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communication). New models (e.g., USGS, 2014) are continually being developed as
additional data is collected and modeling techniques evolve. The methods described in
this study are flexible enough that they will be applicable using newer models as they
are developed. Mitigation strategies were evaluated using optimization models (Vitaliy
Krasko, Personal Communication).

The probability for the Intermountain western United States (Sites 2 and 3) is defined as

(a) = exp(—0.7+0.03a;—1.6a5+0.06a3+0.2a4—0.4a5+0.07 ) (2.6)
p 1+exp(—0.740.03a1—1.6a,+0.06a3+0.2a4—0.4a5+0.07 atg) )

and the volume for all study sites is defined as

v(a) = a§0'6) * exp(7.5 + 0.7\/a_8 + 0.2\/a_9) (2.7)
where «a; is the percent of basin area with slope greater than or equal to 30%, «a, is the
ruggedness (change in basin elevation divided by the square root of basin area), a5 is
the percent of basin area burned at moderate or high severity, a, is the percent soil clay
content, a: is the percent liquid limit of the soil, a, is the average storm intensity in
millimeters per hour, a- is the size of the basin area with slopes greater than or equal to
30% in square kilometers, ag is the size of the basin area burned at moderate or high
severity in square kilometers, and «, is the total 1-hour storm rainfall in millimeters.

For southern California (e.g., Jesusita fire Site 1), the probability model (S.

Cannon, Personal Communication) is defined as

(a) _ eXp(—3.82+0.002a10+0.022a11+0.026a12—0.022a13—0.020a14+0.016a15) (2 8)
p 1+exp(—3.82+0.002a49+0.0220t11+0.026a12—0.022a13—0.020a1,+0.016a15) '

where a,, is the elevation range in meters, a,; is the percent of basin area burned with
slopes over 50%, «a,, is the percent of basin burned at high severity, a, is the standard

deviation of slope, a;, is the storm duration in hours, and a;; is the total 15 minute
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storm rainfall in millimeters. Note that parameters a, and a, are determined by the
storm scenario, while all of the other parameters are related to physical parameters
unique to each basin.

Economic risk was calculated for each basin for each storm scenario using
Equations 2.2 and 2.3. Damage functions (relating damage to debris-flow volume) for
optimization modeling were defined for each basin using the methods outlined in
Sections 2.3.2 through 2.3.4. The effects of selected mitigation strategies were
included for optimization modeling based on the assumptions stated in section 2.3.5.
Optimal mitigation strategies for the three study sites were found for a 2-year storm and
a 10-year storm based on the debris-flow modeling and associated damage and risk

estimates.

2.4 Results and Discussion

This section presents results and discussion of damage and risk modeling for the
1-hour-duration, 2-year and 10-year recurrence interval rainfall scenarios at the three
case-study sites. Section 2.4.1 discusses damage and economic risk from the specific
storm scenarios. Section 2.4.2 discusses relationships between damage and debris-
flow volume for a range of plausible debris-flow volumes at each of the sites. Section

2.4.3 briefly summarizes optimization results.

2.4.1 Damage and Economic Risk
Table 2.3 shows results of 1-hour-duration, 2-year and 10-year recurrence

interval storms for the 3 case-study sites. The results in Table 2.3 are summed for all

42



basins at each site, representing total expected damage associated with debris flows

from the entire burned area.

Table 2.3. Site features and estimated damages (2012 USD) from 1-hr-duration, 2-yr-
and 10-yr- recurrence storm scenarios.

Feature Site 1 Site 2 Site 3
(Jesusita Fire) (Medano Fire) (Track Fire)
2-yr 10-yr 2-yr 10-yr 2-yr 10-yr
storm storm storm storm storm storm
Residences $29,011,432 | $31,311,626 - - $0 $0
Roads
(streets and/or $116,016 $132,758 -- -- $125,374 | $151,834
highways)
‘[‘)’i‘:‘e;rgfmage - - $25931 | $37,872 - -
x4 Trails - - $166,876 | $210,050 | - -
Lost Access ’ ’
Railroads $0 $0 -- --
Hiking Trails
Direct Damage B B $1,586 $1,732 B B
Hiking Trails

Lost Access - - $767,581 | $767,604 - -

Camp Sites -- -- $126,126 | $133,133 -- --

Small Lakes/

S Lake $27.625 $34,850 - - $14,875 | $22.950

Iliarge Lakes/ - - - - $500,550 | $661,578
eservolirs

Streams $23,800 $27,396 $27,935 $32,293 | $20,860 | $26,020

(T:;a:'ogt"‘;ige‘;s) $29.178,873 | $31,506,630 | $181,578 | $205,030 | $704,698 | $923,021

Total Damage

(wilost access) -- -- $1,116,035 | $1,182,684 - -

Figure 2.4 through Figure 2.7 show damage and risk for individual basins at each
of the sites. Tabulated data for all of the basins at all of the sites for the 2-year and 10-
year storm scenarios are included in Appendix C. Site 2 is the only site with damages
from lost access to linear features (hiking and 4x4 trails) in addition to direct damage
(cleanup) costs for these features; damage totals for Site 2 in Table 2.3, and in Figure

2.5 and Figure 2.6 present two alternative sets of results: 1) accounting for lost access,
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to 4x4 and hiking trails and 2) ignoring lost access. This distinction was made because
of the dramatic increase in damages caused by the inclusions of lost access, and
because in many cases cleanup of the impacted feature is significantly less expensive
than either the cost of lost access or the cost of mitigation measures.

Details of how damages and risk are distributed across all basins at each of the
sites are shown on Figure 2.4 through Figure 2.7. Each figure presents results from
both the 2-year and the 10-year rainfall scenarios. These figures reveal some
interesting results.

Considering all of the sites, damages at Site 1 are an order of magnitude larger
than either Site 2, or Site 3 under any of the conditions. Site 1 is also the only location
where residences were intersected by the modeled debris-flow runouts and the
inclusion of these features appears to have a dominating influence on the resulting
damage. Considering the individual sites, Figure 2.4 through Figure 2.7 show that the
majority of the damage reported in Table 2.3 is caused by only a few basins at each
Site. The basins with the highest potential damage and/or highest risk can be identified
by plotting the data graphically as shown on Figure 2.4 through Figure 2.7, or ranking
the basins at each site by risk from lowest to highest (included in Appendix C data). For
Site 2, Table 2.3 and Figure 2.5 and Figure 2.6 illustrate the dramatic increase in
damages caused by lost access to hiking and 4x4 trails relative to direct cleanup costs,
suggesting that the recreational value of hiking and 4x4 trails outweighs the cost of trail
cleanup. This notable increase occurs because when debris flows cross a hiking or 4x4
trail, they can eliminate access to a large portion of “upstream” trail while only directly

impacting a relatively small stretch of trail. This suggests that for remote sites with
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limited use like Site 2, it is likely more cost-effective to clean up the affected trails after a
debris flow than to implement any specific debris-flow mitigations designed to prevent
lost access from occurring.

Figure 2.4 through Figure 2.7 also highlight the relationships between damage
and risk at the various sites. One interesting characteristic to observe on these figures
is that the relative difference in damage caused by the 2-year and 10-year rainfall
scenarios is small, but the risk values vary significantly. An especially important
observation is the difference between calculated risk assuming that the given storm
occurs, and the calculated annual risk that includes the probability of storm occurrence.
Unsurprisingly, if one assumes that the given storm does occur, and assume that risk is
only related to the probability that a debris flow will be generated (Risk Given Storm),
the 10-year storm scenario has higher risk than the 2-year scenario. However, in any
given year, the 10-year storm has less chance of occurring than the 2-year storm. If
one reasonably assumes that annual risk is related to the joint probability of occurrence
of the storm and occurrence of the debris flow generated by the storm (Annual Risk),
the results change dramatically. Review of the charts shows that the Annual Risk
associated with the 10-year storm is significantly lower than the risk from the 2-year
storm even though the expected damage, and Risk Given Storm are higher for the
same basin.

The preceding observations highlight the importance of distinguishing between
risk, or the combined likelihood of an event occurring and generating damage, and the
pure consequences of that event occurring. Increasingly rare large events (e.g. 10-, 50-

, 100-, 1000-year-recurrence) are significantly less likely to occur than smaller events
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2-year Rainfall Scenario
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Figure 2.4. Debris-flow damage and risk modeling results from Site 1 for the 1-hour
duration, 2-year (top) and 10-year (bottom) rainfall scenarios.
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Site 2

2-year Rainfall Scenario (no lost access)
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Figure 2.5. Debris-flow damage and risk modeling results from Site 2, ignoring lost
access for the 1-hour duration, 2-year (top) and 10-year (bottom) rainfall scenarios.
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Site 2
2-year Rainfall Scenario (with lost access)
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Figure 2.6. Debris-flow damage and risk modeling results from Site 2, including lost
access for the 1-hour duration, 2-year (top) and 10-year (bottom) rainfall scenarios.
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2-year Rainfall Scenario
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Figure 2.7. Debris-flow damage and risk modeling results from Site 3 for the 1-hour
duration, 2-year (top) and 10-year (bottom) rainfall scenarios.
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(e.g. 2-, 5-year recurrence) and therefore the annualized-risk associated with these
events is lower. However, if a rare large event does occur during the period when the
burned area is susceptible to debris flows, the consequences could be significant.
Therefore, it is critical for practitioners to consider not just the total annual risk, but also

the potential consequences of rare large events when developing mitigation strategies.

2.4.2 Damage vs. Volume Curves

The optimization model discussed Sections 2.3.6 and 2.4.3 utilizes functions
expressing damage as a function of debris-flow volume. The model leverages the
knowledge of how decreasing the expected debris-flow volume affects the expected
damages. To generate these functions, runout is modeled for a range of plausible
debris-flow volumes and damages are estimated for each model run. Curves are then
fit with a continuous monotone function in order to express damage cost as a function of
debris-flow volume in each basin as input to an optimization model. This section
presents plots of the damage vs. volume data for selected basins from each of the three
case study sites and discusses noteworthy characteristics of each. Curve fitting for
continuous monotone functions was performed by Vitaliy Krasko as part of his research
(Vitaliy Krasko, Personal Communication) and is not discussed further in this thesis.

Figure 2.8 through Figure 2.11 present charts of damage plotted against debris
flow volume for four selected basins at each of the three case-study sites. As can be
seen from the figures, there are a broad range of relationships. The shape and
magnitude of the plots are influenced by the distribution of elements at risk. Figure 2.8

(Page 52) shows that several basins (e.g. Basin 1 and Basin 7) have little to no damage
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up to a threshold value where damage rapidly increases. In Basin 1 for example, the
modeled runout only affects streams until a volume of approximately 11,000 m*, when
the flow begins to affect roadways. The damage slowly increases, affecting
incrementally greater lengths of stream and roadways, until the flow begins to impact
residences at a volume of approximately 143,000 m®. In contrast, modeled flow from
Basin 15 begins impacting residences with as little as 33,000 m>, but experiences a
significant jump in damage at approximately 150,000 m* as the flow intersects a
relatively dense distribution of residences.

Figure 2.9 (Page 53) and Figure 2.10 (Page 54) present selected results from
Site 2. Figure 2.9 shows results ignoring lost trail access and Figure 2.10 shows results
of the same basins including lost trail access. As can be seen in the figures, including
lost trails tends to amplify the damage and compress the graph shape, essentially
obscuring the contribution of the other factors to damage.

Figure 2.11 shows results from Site 3. Basin 1 empties directly into a large
reservoir and the consistent linear increase in damage with debris-flow volume is a
direct result of this as no other features are intersected and modeled reservoir impacts
are directly proportional to debris-flow volume. Basin 10 only affects streams until flow
volume is approximately 5,800 m?, at which point the flow begins to intersect a railroad
line. The flow runs parallel to the railroad track and damages increase in a semi-linear
manner until a volume of approximately 116,000 m®, when the flow begins to impact
residences leading to the sharp jump shown in Figure 2.11. Basins 15 and 22 both

intersect streams and roadways at small volumes and then empty into small reservoirs,
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leading to the flat to gently increasing low-volume response that transitions into a semi-

linear relationship at higher volumes.
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Figure 2.8. Damage vs. volume in four basins at Site 1..

Once the runout modeling and data extraction are completed, it is relatively
simple to generate plots of damage vs. volume. Fitting monotone functions to the data
can be a complex task; however, visual inspection of the charts is relatively simple and
can allow relatively rapid evaluation of damage characteristics that can be used when
planning mitigation methods. For instance, if significant damage break-points can be
identified, it may be possible to design a system to reduce the debris-flow volume below
that break-point, for example, by using staged check dams higher up in a basin, instead

of attempting to capture or control the entire flow. Such analysis could be used in
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parallel with and in support of other techniques like the optimization modeling

summarized in Section 2.4.3.
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Figure 2.9. Damage vs. volume in four basins at Site 2 ignoring lost trail access.

2.4.3 Optimization Modeling

Optimization modeling is the topic of another student’s research. This section
briefly summarizes results of optimization modeling from the 1-hour-duration 2-year and
10-year storm scenarios at the three case-study sites as an example of how the
methods developed in this thesis are applied.

Figure 2.12 (Page 55) and Figure 2.13 (Page 56) summarize optimal mitigation
budgets calculated for each of the three case-study sites. Due to significant difference
in damage costs and therefore mitigation budgets, Site 1 is plotted on a separate chart

from Sites 2 and 3. Optimal budgets shown in Figure 2.12 and Figure 2.13 were
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Figure 2.10. Damage vs. volume in four basins at Site 2 including lost trail access.
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Figure 2.11. Damage vs. volume in four basins at Site 3.
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Optimal Mitigation Budget
for Modeled Scenarios at Site 1

$800,000

$600,000 -

$400,000 -

Site 1 Budget (USD)

$200,000

2-yr storm 10-yr storm
Storm Scenario

$0 -

E Site 1

Figure 2.12. Optimal mitigation budgets for 1-hour-duration 2-yr and 10-yr storm
scenarios at case-study site 1.
provided by Vitaliy Krasko, these budgets represent the point where marginal benefit of
mitigation is balanced by marginal cost of application (Vitaliy Krasko, Personal
Communication). Spending more than the optimal budget would lead to a greater
decrease in the expected damages, but the cost of mitigation would outweigh the
benefit (reduced loss), conversely. These results assume that the marginal benefit is
equivalent to the reduction in expected damage given occurrence of the specified storm
(i.e., these values currently assume that the storm occurs, and thus ignore the annual
probability of storm occurrence).

As described in Section 2.3.6, the optimization models are capable of evaluating
composite strategies comprising partial application of multiple mitigation methods. Of

the options described in Section 2.3.5, the dominant mitigation strategy identified for all
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sites and storm scenarios is installation of check dams, for all sites and storm scenarios
(Vitaliy Krasko, Personal Communication). The optimization models can also be used
to evaluate the cost of effective application, and the relative merits of various single-

mitigation-method strategies applied to an entire burned area.
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Figure 2.13. Optimal mitigation budgets for 1-hour-duration 2-yr and 10-yr storm
scenarios at case-study sites 2 and 3.

A comparison of the effects of using a single (non-combined) mitigation strategy
for the 10-year storm scenario at Site 1 indicated that check dams are by far the most
cost-effective mitigation option given the modeling assumptions, followed by mulching
(Vitaliy Krasko, Personal Communication). Debris basins are commonly designed and
constructed for long-term community protection from randomly generated debris-flow

events; however, using the assumptions stated in Section 2.2.4, they are not cost-
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effective as a direct post-fire response for the major basins analyzed (Vitaliy Krasko,
Personal Communication). For the modeling described above, check dams show
significant reduction in damage at mitigation budgets less than approximately $300,000
— $400,000, but debris basins are not a cost-effective option until the available

mitigation budget reaches close to $800,000 (Vitaliy Krasko, Personal Communication).

2.5 Concluding Comments

This chapter described methods to model post-fire debris-flow damages and
estimate associated economic risk that combine several existing natural-hazard models
with new procedures to identify and value elements-at-risk, and briefly summarized
methods to integrate the results into an optimization model to guide allocation of
emergency management funds and selection of debris-flow management strategies.
This method and the associated optimization model have the potential to transform the
way hazard managers approach debris-flow mitigation decisions following wildfires.

The method is subject to some limitations, primarily related to uncertainty of the
input parameters, including: debris-flow volume, LAHARZ fitting parameters, location of
onset of deposition, and uncertainty in estimates of debris-flow mitigation and erosion-
control best-management-practice effectiveness with respect to reducing volume and
probability of debris-flow occurrence. Additional limitations include the inability to
account for avulsion and channel migration, debris-flow deposit depth or impact energy,
and deposition on convex fan surfaces using the current runout model. Some of these
limitations, such as uncertainty in effectiveness of debris-flow mitigation and erosion-

control best-management—practices may require additional research aimed at directly
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quantifying these parameters specifically for basin-scale debris-flow control. However,
the process is flexible and many of these limitations could be addressed by, for
instance, using newer, more accurate models to estimate volume as they become
available.

Another important limitation of the method is that it currently does not consider
the injury or loss of life. This aspect is not considered here because methods used to
account for spatially static structures cannot be as easily applied to people, who move
around in the city. For a completely random debris-flow occurrence, assumptions can
be made about the likelihood of people being present in residences or other structures
when the debris flow hits, and the statistical value of a life could be applied. However,
the occurrence of the fire sets up a condition where debris flows may be expected under
a predictable set of rainfall intensity and duration conditions (Staley et al., 2013). Public
notifications and evacuation orders can be issued when storms are expected that could
exceed threshold values for debris-flow generation (Santi et al., 2011). This activity
significantly decreases the likelihood that people will be present when a debris flow
occurs, relative to a completely random event. With additional study, it may be possible
to account for the human-life-risk aspect of post-fire debris flows in this framework; this

would essentially result in an increase to damages associated with certain structures.
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CHAPTER 3
COMPARISON OF DAMAGE AND ECONOMIC RISK FROM

POST-FIRE DEBRIS FLOWS AT 3 CASE-STUDY SITES

This chapter analyzes results of damage modeling and economic risk estimation
for the three case-study sites discussed in Chapter 2. For each site, results from all
basins are combined to create site-wide estimates of damage and risk. The site-wide
estimates are compared and contrasted with each other using two methods: 1)
graphical methods to explore how intensity of development in the wildland-urban
interface affects estimated damage and economic risk, and 2) statistical methods to test
the hypothesis that intensity of development has more influence on estimated risk than

debris-flow volume.

3.1 Introduction

Economic risks from post-fire debris flows result from the combined influences of
geologic, climatic, and economic characteristics of a site. As discussed in Section
2.2.1, debris-flow hazard assessments often focus on identifying basins with the
greatest debris-flow hazard (volume and probability), which are related to the geologic
and climatic characteristics. Because a small debris flow that intersects several
structures or other high-value features may result in significantly more damage than a
large debris flow that inundates relatively small stretches of roadway or trail, it is

hypothesized that intensity of development may have greater influence on risk than
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debris-flow volume or probability from a cost standpoint. Qualitative interpretation of the
modeling results from the three case-study sites discussed in in Section 2.3.7 supports
this hypothesis.

The case-study sites each have vastly different intensities of development in the
wildland-urban interface. Site 1 is a populated urban area with intense human
settlement that exposes residences, roads, railroads, a small reservoir, and streams to
potential post-fire debris flows. Site 2 is free of residences and developed
infrastructure, but contains recreation value as measured by enthusiasts’ willingness to
pay for access to hiking, camping, and 4x4 trails. Site 3 comprises residences, roads,
railroad tracks, large and small reservoirs, and streams. Table 3.1 summarizes the

elements-at-risk present at each case-study site.

Table 3.1. Summary of elements-at-risk present at each case-study site.

Feature Sit_e 1 _ Site 2 _ Site 3
(Jesusita Fire) (Medano Fire) (Track Fire)

Residences X X
Roads
(streets and/or X X
highways)
4x4 Trails X
Railroads X X
Hiking Trails X
Camp Sites X
Small Lakes/
Reservoirs X X
Large Lakes/ X
Reservoirs
Streams X X X

As shown in Table 3.1, the elements-at-risk exposed to potential debris flows at
Site 3 are similar to those at Site 1. However, the intensity of development in the

wildland-urban interface is dramatically different between these two sites. At site 1, a
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relatively high density of residences and surface streets is located near the mouths of
the potential debris-flow-generating basins. At Site 3, railroad tracks, a highway, and
large- and small-reservoirs are present near the basin mouths, but relatively few
residences or surface streets are located there.

The goals of this chapter are to: 1) explore the influence of differing development
in the wildland-urban interface on modeled damage and estimated risk by comparing
and contrasting differences between the case-study sites and 2) statistically test the
hypothesis that intensity of development has more influence on estimated risk than
debris-flow volume. This is achieved by graphical analysis of a series of charts, and by
application of one-way analysis of variance ANOVA. Section 3.2 describes methods,

Section 3.3 discusses results, and Section 3.4 provides concluding comments.

3.2 Methods

Two primary forms of analysis were performed on results from the 2-year and 10-
year storm scenarios discussed in Chapter 2: 1) graphical analysis by comparison of
charts, and 2) statistical analysis using one-way ANOVA. Graphical analyses were
performed to rapidly and qualitatively evaluate the influence of intensity of development
within the wildland-urban interface on modeled damage and estimated risk. ANOVA
was performed to provide quantitative results to compare with the qualitative evaluation
performed using the graphical methods, and for use in statistical hypothesis testing.
Estimated debris-flow volume (volume), probability of debris flow given storm
occurrence (probability), damage, and economic risk (risk) for the 2-year and 10-year

storm scenarios were compiled for each basin at each case-study site. Because
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damage and probability are unique to each basin, risk was calculated for each basin
before compiling the results. To compare how site-specific intensity of development
and the elements-at-risk affect the results, each case-study site was considered a single
sample and the individual basins were treated as replicates of that sample. Annual
probability of rainfall occurrence scales the risk results uniformly at all sites; for
simplicity, debris-flow probability and associated economic risk were calculated
assuming that the given storm will occur once during the period of concern.

Additionally, lost-access to hiking and 4x4 trails was excluded from the Site 2 results
because, as discussed in Chapter 2, it was not considered in the natural-hazard-
management model. Figure 3.1 shows results from Chapter 2 modeling.

As stated by Kachigan (1991), distributions of data that are not symmetrical in
form, but rather have a tail towards the higher or lower end are referred to as “skewed”
distributions, with the direction of skew being the direction of the distribution’s tail.
Figure 3.1 shows that volume, damage, and risk are all strongly skewed toward the
higher values (i.e. they have a large amount of low values and a distinct tail toward the
higher values). Because of the strong skew, the results were transformed prior to
analysis; volume was transformed using the natural logarithm (In) for consistency with
the original model (Cannon et al., 2010b; Gartner et al., 2008), and damage and risk
were transformed with the logarithm of base 10 (log1o). Probability results were only
used in graphical analysis and were not transformed. The following sections summarize

methods for graphical and statistical analyses, respectively.
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Figure 3.1. Boxplots showing results of 2-yr and 10-yr storm scenarios. Clockwise from top left: debris-flow volume (m?),
damage (USD), probability of occurrence, and risk given storm occurrence (USD). “S1”, “S2”, and “S3” indicate Sites 1, 3,
and 3, respectively.
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3.2.1 Graphical Comparison

Graphical analysis consisted of plotting the data on various styles of charts and
evaluating the charts visually to identify relationships and trends in the datasets. Charts
prepared for this study include:

e Box plots of transformed volume, probability, transformed damage, and transformed
risk.

e Scatter plots of transformed risk vs. transformed volume and transformed risk vs.
probability.

e Stacked bar charts showing total damage for each case-study site broken out by
element-at-risk. Three charts are included: all data, no lost residences, no lost
residences or large lakes/reservoirs.

Based on observations made during preparation of the bar charts, additional sub-

datasets with residences and large lakes/reservoirs removed were prepared to evaluate

how this affects the comparisons.

3.2.2 Statistical Analysis

Statistical analyses were performed on five sets of data: transformed volume,
transformed volume ignoring large lakes/reservoirs, transformed risk, transformed risk
ignoring residences, and transformed risk ignoring residences and large lakes. The
additional volume dataset was divided out because several basins at Site 3 only flow
into large lakes/reservoirs and removing this element from the risk dataset required

removing the associated volume.
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Statistical analysis was performed using ANOVA. Guidelines for performing
ANOVA can be found in standard introductory texts on statistical analysis (e.g., Davis,
2002; Kachigan, 1991; Ott and Longnecker, 2010). The basic process involves
comparing the variability of results within a sample (case-study site) to the variability
between samples (case-study sites) to concurrently evaluate whether sample sets are
different from each other. As stated by Ott and Longnecker (2010), if the variability
between the samples is large relative to the variability within the samples, it can be
concluded that the corresponding population means are different. ANOVA checks for
this difference using a statistical F-test; results of the F-test are compared to a pre-
determined level of significance (a) to determine whether there is statistically sufficient
evidence to conclude that the samples are different.

As stated by Davis (2002), the following key assumptions are necessary when
using ANOVA:

e Each set of replicates represents a random sample from different populations.

e Each parent population is normally distributed.

e Each parent population has the same variance.

The three case-study sites are assumed to represent different populations. The
following methods were used to check compliance of the data sets with the second and
third assumptions.

The data sets were each checked for normality using the “graphical summary”
function in Minitab statistical software (Minitab, 2013). This produces a fitted histogram
for each of the datasets and provides the Anderson-Darling statistic, which indicates

how well the data fit a normal distribution. The Anderson-Darling test is a form of
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hypothesis test based on the hypothesis that the data follow an assumed distribution;
the better the distribution fits the data, the smaller this statistic will be (Minitab, 2013). A
p-value for the Anderson-Darling test is provided as part of the data output; if the p-
value is lower than the pre-determined a value chosen (0.1), the hypothesis is rejected
and it is concluded that the data do not fit the assumed distribution (i.e. the data are not
normally distributed).

Each pair of datasets was checked against each other for equal variance by
performing an F-test in Minitab. P-values for the F-tests were provided in the Minitab
output, critical F-values were calculated using the “Graph Probability-Plot Distribution”
function in Minitab for a = 0.1 and the appropriate degrees of freedom for each test
based on the Minitab output. Calculated F-statistics for each pair of tests were
compared to the critical F-value, and the p-value was checked. If the calculated F-
statistic was less than the critical F-value, and/or the p-value exceeded 0.1, the data
were assumed to be from populations with the same variance, otherwise the data were
assumed to be from populations with differing variance, and therefore unrelated to each
other. If any of the data sets for a proposed ANOVA run failed the normality check, or if
any pair of the data sets for the proposed ANOVA run failed the F-test check, it was
concluded that the sites were different for that characteristic and ANOVA was not run.

One-way ANOVA was performed on the remaining data sets with a = 0.1 (90%
confidence) using Minitab. Critical F-statistics for each ANOVA run were calculated in
Minitab. For a given ANOVA run, calculated F-statistics greater than the critical F-
values and/or p-values less than 0.1 indicated a statistically significant difference

between the three sites at a=0.1. The goal was to test the hypothesis that intensity of
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development has more influence on estimated economic risk than debris-flow volume

does, by comparing ANOVA results for volume to ANOVA results for risk using the

following criteria:

e |If the results indicate that there is not a statistically significant difference in the
debris-flow volume between the sites, but there is a statistically significant difference
in risk, it will support the hypothesis.

e |If the results indicate that either there is a statistically significant difference in debris-
flow volume between the sites, or there is not a statistically significant difference in

risk, then there will be insufficient evidence to support the hypothesis.

3.3 Results and Discussion
This section presents results and provides discussion. Section 3.3.1 discusses
results of the graphical comparison. Section 3.3.2 presents results of the statistical

analysis.

3.3.1 Graphical Comparison

Figure 3.2 presents box plots showing transformed results. With the exception of
probability at Site 3, the box plots show relatively little difference between the 2-year
and 10-year storm scenarios within each site, but large differences between the sites.
The probability results shown on Figure 3.2 are significantly skewed for Site 1 compared
to the other sites. This could be an artifact of the different probability model used at
Site 1 compared to the other two sites, but there is currently no definitive explanation.

Volume, damage, and risk are all distinctly higher for Site 1 than for Sites 2 and 3.
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Similarly, each of these characteristics appears to be higher at Site 3 than Site 2, but
the relative differences between these two sites is much smaller than either of their
differences with Site 1.

Figure 3.3 and Figure 3.4 present scatterplots of transformed risk vs. probability
and transformed volume for the 2-year, and 10-year storm scenarios, respectively. For
each storm scenario, trend lines were fit to the data for each of the sites and for all sites
combined. The data are fairly scattered, but do show a slight upward trend for each of
the sites and storm scenarios for both volume and probability on a by-site basis and
across all sites.

Figure 3.5, Figure 3.6, and Figure 3.7 present untransformed results of damage
and risk for the 2-year and 10-year storm scenarios. The data are plotted as stacked
bar charts indicating the source of damages. As shown in Figure 3.5, estimated
damages and risk at Site 1 are significantly higher than at the other two sites and are
dominated by damage to residences.

Figure 3.6 shows what happens when damages associated with residences are
removed from Site 1; when residential damage is ignored, the overall damages and risk
given occurrence of storm drop dramatically. Ignoring residential damage, the results
from Site 1 are very similar to Site 2 for both storm scenarios and the chart becomes
dominated by impacts to large lakes and reservoirs at Site 3. Figure 3.6 also shows the
dramatic influence of the differing probability of occurrence given storm between the 2-

year and 10-year scenarios.
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Figure 3.2. Boxplots showing transformed results of 2-yr and 10-yr storm scenarios. Clockwise from top left: In(debris-
flow volume), log10(damage), probability of occurrence, and log10(risk given storm occurrence). “S1”, “S2”, and “S3”
indicate Sites 1, 3, and 3, respectively.
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Figure 3.3. Scatterplots of transformed results for 2-yr storm scenario showing debris-
flow volume (top) and probability (bottom) vs. transformed risk.
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10-yr Storm

¢ S51,10yr & S2,10yr = 83, 10yr ——Linear (All 10yr)
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Figure 3.4. Scatterplots of transformed results for 10-yr storm scenario showing debris-
flow volume (top) and probability (bottom) vs. transformed risk.
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Figure 3.5. Damage (top) and risk (bottom) by feature for each case-study site.
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Figure 3.6. Damage (top) and risk (bottom) by feature for each case-study site,
excluding residences.

Figure 3.7 shows that calculated damages and risk are similar for all three case-

study sites after removing the effects of the two most influential elements-at-risk from
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the analysis. This process resulted in removing eight basins from Site 3 that drained
directly into large lakes and reservoirs. While the eight basins removed included the
two basins with the largest debris-flow volume, the other basins removed were of
intermediate size; further, no basins were removed from Site 1. These dramatic
changes in damage and risk compared to change in the debris-flow volumes illustrate

the strong influence that the elements-at-risk have on the results.
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Figure 3.7. Damage (top) and risk (bottom) by feature for each case-study site
excluding residences and large lakes.
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3.3.2 Statistical Analysis

The following sections discuss results of the statistical analyses. Section 3.3.2.1
discusses tests of the key assumptions required for ANOVA. Section 3.3.2.2 discusses
results of the ANOVA performed on datasets that passed the tests discussed in Section

3.3.2.1.

3.3.2.1 Testing Key Assumptions for ANOVA

Figure 3.8 and Figure 3.9 present graphical summaries used to evaluate
normality of the transformed volume and risk data, respectively. Table 3.2 presents
summary statistics and results of the statistical normality tests for each data set, and
Table 3.3 present results of the statistical tests for equal variance between the paired
data sets.

Figure 3.8 and Table 3.2 show that Site 1 is the only one of the three complete
transformed volume datasets that meets the criteria for normality; interestingly, the
reduced dataset for transformed volume at Site 3 (ignoring large lakes and reservoirs)
does meet the normality criteria. Table 3.3 shows results of testing for equal variance
between paired datasets. The table shows that each pair of the complete data sets for
transformed volume has equal variance at a = 0.1. However, as shown in Table 3.3,
the variance of the reduced volume dataset from Site 3 is statistically different from that
of Site 1. Because several of the transformed volume datasets are non-normal, they do
not meet the assumptions required for ANOVA at a = 0.1. However, according to the

Minitab help manual (Minitab, 2013), non-normal datasets can be analyzed if the

75



sample size is at least 15 to 20. Therefore, complete transformed volume data sets

were analyzed using one-way ANOVA.

Site 1 In(vol m"3) Site 2 In(vol m~3)
Anderson-Darling Normality Test Anderson-Darling Normality Test
A-Squared 0.46 A-Squared 1.08
P-Value 0.232 P-Value 0.007
Mean 8.9669 Mean 7.5738

StDev 1.4589 StDev 1.1640
Variance 2.1284 Variance 1.3549
Skewness  0.131103 Skewness  0.494805
Kurtosis -0.561426 Kurtosis -0.804750
N 17 N 55
Minimum 6.2146 Minimum 5.9915
1st Quartile 8.1626 1st Quartile 6.3969

: ™ Median 8.5942 Median 7.3778
3rd Quartile 10.3754 3rd Quartile 8.2687

6 7 8 9 ks u Maximum  11.3084 ° 7 8 ° b Maximum 100816
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90% Confidence Interval for Median 90% Confidence Interval for Median
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90% Confidence Intervals 1.1380 2.0682 90% Confidence Intervals 1.0070 1.3855
Mean Mean I ——
Medan{ 1 Median
84 86 88 9.0 92 94 96 70 72 74 76 78 80
Site 3 In(vol m"3) Site 3 In(vol m"3) No Large Lakes
Anderson-Darling Normality Test Anderson-Darling Normality Test
A-Squared 1.05 A-Squared 0.44
P-Value 0.009 P-Value 0.277
Mean 8.1008 Mean 7.8650
StDev 1.2844 StDev 0.9840
Variance 1.6498 Variance 0.9682
Skewness  1.14140 Skewness 0.454181
Kurtosis 1.57982 — Kurtosis -0.092051
N 49 N 41
Minimum 6.2146 Minimum 6.2146
1st Quartile  7.0466 1st Quartile 6.9078
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Figure 3.8. Graphical summary of volume data used in statistical comparison of 2-yr
storm scenarios between the case-study sites. The volume data for Site 3 with “no
large lakes” appears different from the other Site 3 dataset because eight basins from
Site 3 that drained directly into large lakes and reservoirs and therefore caused no other
damages were removed from the data set. Key parameters are also listed in Table 3.2.
As shown on Figure 3.9 and in Table 3.2, transformed risk values from each of
the sites and modified scenarios meet normality criteria. Table 3.2 shows that variance
of transformed risk for the complete data set from Site 1 is statistically different from the

complete data sets at Sites 2 and 3. However, the reduced data sets (ignoring

residences and/or ignoring large lakes and reservoirs) do meet the criteria for equal
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variance between each of three pairs of sites. Based on these results, no further testing
was performed on the complete data sets for transformed risk. One-way ANOVA was

performed on each of the two reduced data sets for transformed risk.

Site 1 Log10(Risk Given 2-yr Storm) Site 1 Log10(Risk Given 2-yr Storm Ignoring residences)
Anderson-Darling Normality Test Anderson-Darling Normality Test
A-Squared 0.33 — A-Squared 0.19
P-Value 0.480 /'\ P-Value 0.880
Mean 3.9150 Mean 2.7929
StDev 1.7813 StDev 1.0297
Variance 3.1729 Variance 1.0603

Skewness 0.20289% Skewness  -0.337315
Kurtosis -0.939028 Kurtosis -0.244286
N 16 N 15
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1st Quartile 2.3677 1st Quartile 2.2068
Median 3.6151 Median 2.7490

5.7675
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Site 3 Log10(Risk Given 2-yr Storm) Site 3 Log10(Risk Given 2-yr Storm Ignoring Large Lakes)
Anderson-Darling Normality Test Anderson-Dariing Normality Test
A-Squared 0.32 A-Squared 0.51
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Figure 3.9. Graphical summary of risk data used in statistical comparison of 2-yr storm
scenarios between the case-study sites. Key parameters are also listed in Table 3.2.
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Table 3.2. Statistical parameters and results of normality tests. Shaded cells indicate
datasets that do not pass test for normality at a = 0.10.

Statistical Parameters Anderson-Darling

Dataset Case-Study Site Normality Test

Min. | Mean | Median | Max. | St. Dev. | Var. | A-Squared | P-Value

1 6.21 | 8.97 8.59 11.31 1.46 2.13 0.46 0.23
In(vol. m®) 2 5.99 | 7.57 7.38 10.08 1.16 1.35 1.08 0.007
3 6.21 | 8.10 7.86 11.92 1.28 1.65 1.05 0.009
IN(vol. M’ o 1g, iakes) 3 6.21 | 7.87 7.86 10.48 0.98 0.97 0.44 0.277
1 0.85 | 3.92 3.62 6.79 1.78 3.17 0.33 0.48

log1o(Riskotal) 2 0.00 | 2.20 2.20 4.05 0.93 0.87 0.29 0.61
3 0.00 | 2.47 2.54 4.68 1.02 1.05 0.32 0.52

10910(RiSkno residences) 1 0.85 | 2.79 2.75 4.42 1.03 1.06 0.19 0.88
log1o(Riskno ig. Iakes) 3 0.00 | 2.27 2.18 3.85 0.95 0.90 0.51 0.19

Table 3.3. Results of equal variance tests. Shaded cells indicate datasets that do not
pass test for equal variance.

Dataset Comparison DF1 | DF2 | F-Statistic | F-Critical | P-Value
Site 1 vs. Site 2 16 54 1.57 1.60 0.22
In(vol. m®) Site 1 vs. Site 3 16 48 1.29 1.62 0.53
Site 2 vs. Site 3 48 54 1.22 1.43 0.48
Site 1 vs. Site 2 16 54 1.57 1.60 0.22
In(vol. m* Ig. lakes) Site 1 vs. Site 3 no lake 16 40 2.20 1.65 0.04
Site 2 vs. Site 3 no lake 54 40 1.40 1.48 0.27
Site 1 vs. Site 2 15 52 3.63 1.62 0.001
log1o(Riskiotal) Site 1 vs. Site 3 15 45 3.03 1.64 0.004
Site 2 vs. Site 3 45 52 1.20 1.45 0.53
Site 1 no res. vs. Site 2 14 52 1.21 1.64 0.59
log10(Riskno residences) Site 1 no res. vs. Site 3 14 45 1.01 1.66 0.92
Site 2 vs. Site 3 48 54 1.22 1.43 0.48
Site 1 no res. vs. Site 3 no lake 14 37 1.18 1.69 0.65
log10(Riskno ig. 1akes) Site 1 no res. vs. Site 2 14 52 1.21 1.64 0.59
Site 2 vs. Site 3 no lake 37 52 1.02 1.47 0.92

3.3.2.2 ANOVA Results

Table 3.4 presents results of the one-way ANOVA runs using the complete
transformed volume data sets and the two reduced data sets for transformed risk.
Figure 3.10 shows the residuals plots from these runs. As shown in Table 3.4, the
transformed volume data from the three sites are statistically different at a = 0.1.
However, results of the ANOVA testing are inconclusive for both modified risk data sets.

In both cases, the F-statistics are nearly identical to the critical F-values, and the p-
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values are both very close to 0.1. The residual charts shown on Figure 3.10 do not

suggest any issues with the analysis.

Table 3.4. Results of one-way ANOVA comparing volume and economic risk at 3 case-

study sites.
Volume (all sites)
Source DF SS MS F-Statistic F-Critical P-Value
Factor 2 26.35 13.17 8.34 2.348 0.000
Error 118 186.41 1.58
Total 120 212.76
Economic Risk (Site 1 no residences, Site 2, Site 3)

Source DF SS MS F-Statistic F-Critical P-Value
Factor 2 4.61 2.305 2.380 2.351 0.097
Error 111 107.41 0.968
Total 113 112.02

Economic Risk (Site 1 no residences, Site 2, Site 3 no large lakes)
Source DF SS MS F-Statistic F-Critical P-Value
Factor 2 4,193 2.096 2.310 2.355 0.104
Error 103 93.403 0.907
Total 105 97.596

The results of the ANOVA show that there are statistical differences in volume

between the sites. Grouped results in Minitab indicate that the volumes at Site 1 are

significantly different from the volumes at Sites 2 and 3. Based on the data shown on

Figure 3.1, this is not surprising; however, it complicates interpretation of the results.

Because Site 1 has the largest volumes, and the highest-valued elements-at-risk, it is

not possible to definitively state whether the larger damage and risk at Site 1 is more-

strongly influenced by volume or values-at-risk.

The ANOVA results also suggest that there are differences in risk between the

reduced risk data for the three case-study sites when large lakes/reservoirs are

considered, but not when they are ignored. This result is consistent with observations

of the charts shown on Figure 3.6 and Figure 3.7, but based on the p-vales and critical

F-values, differences in risk cannot be confidently distinguished at a = 0.1. Based on
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results of the statistical testing, there is insufficient evidence to support the hypothesis

that intensity of development has more influence on estimated risk than debris-flow

volume.
ANOVA for Economic Risk (Site 1 No Residences, Site 2, Site 3) ANOVA for Economic Risk (Site 1 No Residences, Site 2, Site 3 No Large Lakes)
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Figure 3.10. Residuals from one-way ANOVA runsSite 1 No residences, Site 2, Site 3),
top right (Site 1 no residences, Site 2, Site 3 no large lakes), bottom (volume). Analysis
performed on In transformed volume data and logg transformed risk data.

3.4 Concluding Comments

Economic risks from post-fire debris flows result from the combined influences of
geologic, climatic, and economic characteristics of a site. Qualitative interpretation of
the modeling results from the three case-study sites discussed in in Section 2.3.7
suggested that while geologic and climatic characteristics strongly affect hazard, they

might have relatively little influence on risk when compared to intensity of development
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and value of elements-at-risk exposed to potential debris flows. This chapter presented
a study to explore the influence of differing development in the wildland-urban interface
through graphical analysis and one-way ANOVA.

Graphical analysis showed that residential damage dominated risk at Site 1,
resulting in risk values that were at least an order of magnitude larger than either of the
other sites. When residential damage was ignored, the risk at this site dropped
significantly and Site 3, which was dominated by impacts to large lakes and reservoirs,
became the highest-risk site. When impacts to large lakes and reservoirs were ignored,
similar site-wide risk was estimated for each of the three sites. Ignoring impacts to large
lakes and reservoirs at Site 3 resulted in removing eight basins from the data set,
including the two basins with the largest debris-flow volume. However, the other basins
removed were of intermediate size and no basins were removed from Site 1 or Site 2.
Ignoring the two most influential elements-at-risk from the data sets led to dramatic
changes in damage and economic risk compared to relatively minor changes in debris-
flow volumes, illustrating the strong influence that the elements-at-risk have on the
results.

Prior to performing the analysis discussed in this chapter, it was assumed that
the statistical analysis would expand on the results observed in the graphical analysis
and support the hypothesis that intensity of development has more influence on
estimated risk than debris-flow volume. The one-way ANOVA results do suggest that
there are differences in risk given storm occurrence between the reduced risk data for
the three case-study sites when large lakes/reservoirs are considered, but not when

they are ignored. This result is consistent with observations of the charts shown on
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Figure 3.6 and Figure 3.7. However, based on the p-vales and critical F-values, these
differences cannot be confidently distinguished at a = 0.1. ANOVA performed on the
volume data sets indicated that the volumes across the case-study sites are significantly
different. Therefore, it was not possible to evaluate whether statistically similar volumes
resulted in statistically different risks. Graphical analysis supports the interpretation that
Site 1 has statistically higher volume than the other two sites, but Site 1 also has the
highest-valued elements-at-risk, which complicates the interpretation of these results.
Differences in intensity of development and value of elements-at-risk appear to
be important based on graphical analysis, but statistical analysis indicated that there is
insufficient evidence using a = 0.1 to support the hypothesis that intensity of
development is a significantly more important contributor to economic risk than debris-
flow volume is. This study was based on results from three sites. Between these three
sites, the site with the largest debris-flow volumes also had the highest-valued
elements-at-risk so it is difficult to distinguish between these two factors. Future studies
utilizing larger number of sites with diverse intensity of development and/or value of

elements-at-risk may provide more conclusive results.
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CHAPTER 4
SENSITIVITY OF POST-FIRE DEBRIS-FLOW HAZARD AND RISK

MODELS TO UNCERTAINTY OF INPUT PARAMETERS

Chapter 2 presented a method to model damage and estimate economic risk
from post-fire debris flows. Chapter 4 presents methods and results from sensitivity
analyses performed on three basins at Site 1 to quantify how uncertainty in the input
parameters to the runout model influences the results of the method. This analysis
identifies several variables that have significant influence; further study to reduce
uncertainty in these parameters may improve future post-fire debris-flow risk modeling
efforts. It is anticipated that the information presented in this chapter will form the basis

for a peer-reviewed journal article.

4.1 Introduction

The method for modeling damage and estimating risk from post-fire debris flows
described in Chapter 2 utilizes several pre-existing hazard models as inputs to predict
debris-flow probability and volume, and to model runout. The method assumes that if a
debris flow occurs, the flow will be of the modeled volume, onset of deposition will begin
at the basin mouth (or notable downstream change in slope), and the cross-sectional
and planimetric areas of flow will match the modeled LAHARZ parameters as calibrated
for post-fire debris flows. These simplifications are necessary to support development

of the optimization framework in its current form. In reality however, the modeled values
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of volume (Cannon et al., 2010b; Gartner et al., 2008) and LAHARZ parameters
(Bernard, 2007) represent best-fit relationships generated by regression analysis and
each is subject to its own uncertainty. Additionally, while placing the onset of debris-
flow deposition near canyon mouths or directly above features of concern may provide
conservative estimates of hazard and risk from a safety perspective, the practice may
lead to overestimation of expected damages and excessive spending on unnecessary
mitigation measures.

Uncertainties in the debris-flow volume model (Cannon et al., 2010b; Gartner et
al., 2008) and calibrated LAHARZ model (Bernard, 2007) are reported by the respective
authors. Friedman (2012) and Friedman and Santi (2014) compare predictions from 3
models of debris-flow probability and 1 model of debris-flow volume to field data at a
single site to evaluate their effectiveness. Possible locations for onset of deposition are
discussed by Brock (2007) and Bernard (2007). However, the effect of uncertainty in
these parameters on modeled damage and estimated risk has not previously been
quantified.

This chapter presents a sensitivity analysis performed on three basins at Site 1 to
quantify how uncertainty in the modeled debris-flow volume, LAHARZ A and B
parameters, and location of onset of deposition affect modeled damage and risk from
post-fire debris flows. The relative influence of these uncertainties on estimated
damage and risk is compared to differences between the 2-year and 10-year storm
scenarios discussed in Chapter 2. Because uncertainty in the individual component
models was quantified in the previous studies listed above, this study focuses on

evaluating how these uncertainties influence estimated damage and risk.
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4.2 Background
The following sections provide brief summaries of uncertainties in each of the key

modeling parameters.

4.2.1 Debris-Flow Volume

The debris-flow volume model presented by Cannon et al. (2010b) and Gartner
et al. (2008) is most often used to evaluate hazards to within an order of magnitude. A
common practice is to create hazard classes based on order-of-magnitude ranges of
volume for a given rainfall scenario. Combined probability and volume hazard classes
are then used to map relative hazard posed by post-fire debris flows along a portion of a
mountain front. Examples of this process can be seen in Cannon et al. (2010a) and
Tillery et al. (2011). This process is useful for generally identifying basins that pose
high hazard of debris-flow generation, but it is difficult to apply these classes to damage
or risk calculations.

An alternative is to calculate a specific volume for each storm scenario and
account for uncertainty by calculating additional associated volumes within reasonable
bounds using either the standard error of the regression model at a selected confidence
interval as was done in a case study described by McCoy et al. (2014), or by using a
single order of magnitude as a bound for the range as described by Magirl et al. (2010).
Volume bounds for the study described in this chapter were defined using a 95%
prediction interval about the modeled value using the standard error reported by

Cannon et al. (2010b).
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4.2.2 LAHARZ Parameters

The LAHARZ program (lverson et al., 1998; Schilling, 1998) was initially
developed by the USGS to model lahars in volcanic terrain. The program utilizes a pair
of semi-empirical relationships between cross-sectional area (A parameter) and
planimetric area (B parameter) to model the area inundated by a lahar or debris flow

and map the expected runout in a GIS. Figure 4.1 illustrates these features.

Figure 4.1. lllustration of LAHARZ A and B parameters. Figure from lverson et al.
(1998).

LAHARZ was initially calibrated for lahars, but subsequent researchers have
modified the program to calibrate the model for non-volcanic debris flows and rock
avalanches (Griswold and Iverson, 2008), and post-fire flows Bernard (2007) by

changing the A and B parameters to fit these respective datasets. For each type of
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flow, the investigators recorded field evidence of maximum inundated cross-sectional
area, measured planimetric area of the deposit, and fit the data to a regression model.
The modeled value for the A and B parameters for a given type of flow represents the
best fit of the data; uncertainty in the regression can be accounted for by calculating
several different values of the A and B parameters using the reported standard error.
Bernard (2007) suggests that error reported for LAHARZ A and B parameters
calibrated specifically for post-fire debris flows could be used to model variable flow
conditions to account for uncertainty in the model. Upper and lower bounds of LAHARZ
parameters for this study were defined using 95% prediction intervals about the

modeled A and B parameters using the standard error reported by Bernard (2007).

4.2.3 Onset of Deposition
Griswold and Iverson (2008) discuss conditions for onset of debris-flow

deposition for landslide-generated debris flows, volcanic debris flows (lahars), and rock
avalanches. However, onset of deposition of post-fire debris flows depends on more
complex processes and is more difficult to predict (Bernard, 2007; Brock, 2007). Brock
(2007) compares various methods for locating the onset of deposition of debris flows in
unburned areas with observations from burned areas following two fires that occurred in
2003; she notes that none of methods used for debris flows in unburned areas provided
adequate results for the burned basins. Bernard (2007) also discusses difficulties in
locating the onset of deposition for post-fire debris flows; he notes that recent debris

flows visible on aerial imagery could be used to estimate the onset location in similar
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basins nearby, but did not discuss locating onset of deposition for areas that have not
recently experienced debris flows.

Brock (2007) presents a method to estimate the point of onset of deposition for
post-fire debris flows in southern California. However, the method was specifically
calibrated to two mountain ranges and does not cover any of the areas used in this
study. Additionally, the method was developed using a 2-meter (m) resolution digital
elevation model (DEM). Brock (2007) discusses testing the model on lower resolution
spatial data and indicates that the method would not work adequately using a 10-m
DEM, which is the best resolution available for consistent application at the three sites
discussed in this thesis.

Without more specific information, onset of deposition is commonly assumed to
occur where channel gradient rapidly decreases, or where the channel loses
confinement. Because of the lack of consistent methodology available for locating the
point of onset of deposition, debris-flow deposition for the modeling discussed in
Chapter 2 was assumed to begin at the pour-point used to define the basins. This point
is generally located either directly above a feature of interest, or coincides with the edge
of the burned area, at a noticeable change in slope, or both. Actual onset of deposition
may vary depending on local conditions. For this study, several additional locations for
onset of deposition were modeled within 1-2.5 kilometers (km) upstream and

downstream of the originally modeled point.
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4.3 Methods
The following sections describe methods for establishing baseline conditions and
evaluating the effects of uncertainty in debris-flow volume, LAHARZ A and B

parameters, and location of onset of deposition.

4.3.1 Establishing Baseline Conditions

The sensitivity analysis described in this chapter was performed on the 3 highest-
risk basins from Site 1, as determined from the results of the 1-hour-duration, 2-year
and 10-year recurrence storm scenarios discussed in Chapter 2. The 17 basins at Site
1 were ranked in order of decreasing risk for the 2-year and 10-year recurrence storms;
rankings for both scenarios were compared to each other to ensure that the results
were consistent. Damage and risk estimates for the 3 highest-risk basins (Basins 9, 11,
and 14) were selected and recorded as baseline values for both storm scenarios.
Individual modeling parameters were modified as described in the following sections

and results from the modified model runs were compared to these baseline values.

4.3.2 Modeling Variability in Debris-Flow Volume and LAHARZ Parameters
Assuming a normal distribution, approximate upper and lower bounds for a 95%

prediction interval (Pl) can be estimated by adding and subtracting twice the residual

standard error of regression to the modeled value. Bounds for the 95% PI of the debris-

flow volume and LAHARZ A and B parameters were estimated as follows:

Modelgs;, = [Model - 2*S] (4.1)

Modelysy = [Model + 2*S] (4.2)
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where S is standard error of the regression, Model represents the base-equation for the
given model, and Modelys. and Modelysy are the lower and upper bounds, respectively
of a 95% prediction interval about the modeled value.

Cannon et al. (2010b) report a residual standard error of 0.90 for their volume
prediction model; with this value, Equation 2.7 was rewritten as follows to express a
95% prediction interval:

In(v(a)) = 0.6in(a;) + 7.5+ 0.7,/ag + 0.2,/ag + 1.8 (4.3)

+95%PI
where « is the size of the basin area with slopes greater than or equal to 30% in
square kilometers, ag is the size of the basin area burned at moderate or high severity
in square kilometers, and «, is the total 1-hour storm rainfall in millimeters, and v is
debris-flow volume (m®).

For each basin and storm scenario, seven different volumes were estimated
ranging from the lower to the upper 95% prediction bound using equation 4.3. Volumes
were rounded to the nearest 100 m>. Because the goal of this study was to evaluate
the influence of uncertainty in the model, upper limits for volumes were not restricted;
modeled values for the 3 basins ranged from 3,700 to 619,500 m®. Runout was
modeled for each scenario using the modified LAHARZ program calibrated by Bernard
(2007) with all LAHARZ parameters and location of onset of deposition fixed at the
baseline values. Damages were estimated following the methods discussed in Chapter
2 and results were plotted for comparison with other parameters.

Uncertainty in LAHARZ A and B parameters was estimated using the following
relationships reported by Bernard (2007) based on analysis of data from 22 post-fire-

debris-flow generating basins in Southern California:
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log,0(A) = —0.587 + 0.398log,,(v) (4.4)
log.0(B) = 0.872 + 0.806log,,(v) (4.5)
where A is the LAHARZ parameter representing cross-sectional area of the debris flow
(m?), B is the LAHARZ parameter representing planimetric area of the debris flow (m?),
and v is debris-flow volume (m?).

Based on charts presented by Bernard (2007), the standard error for the
LAHARZ A parameter is 0.223226, and the standard error for the LAHARZ B parameter
is 0.447528. Using these values, equations 4.4 and 4.5 were rewritten as follows to
express 95% prediction intervals:
log,9(A)s9sp; = —0.587 4+ 0.398log,,(v) + 0.447 (4.6)
log,o(B)s9sp; = 0.872 4+ 0.806log,,(v) + 0.895 (4.7)

For each basin and storm scenario, nine different values ranging from the lower
to the upper 95% prediction bound were calculated for each LAHARZ parameter using
equations 4.6 and 4.7. For each basin and storm scenario, runout was modeled for
each iteration of each LAHARZ parameter (A or B), with the other LAHARZ parameter,
debris-flow volume, and location of onset of deposition fixed at the baseline values.
Damages were estimated following the methods discussed in Chapter 2 and results

were plotted for comparison with other parameters.

4.3.3 Modeling Variable Onset of Deposition
Baseline conditions for onset of debris-flow deposition were assumed to begin at
locations used for the models described in Chapter 2. Review of previous studies (e.qg.,

Bernard, 2007; Brock, 2007; Griswold, 2004; Griswold and lverson, 2008; Santi et al.,
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2006) suggest several possible methods to identify alternative locations for onset of
deposition including reduction in channel gradient, loss of channel confinement, and
identification of a bedrock step. Based on the discussion by Brock (2007), the 10-m-
resolution DEM used in this study does not have the necessary resolution to identify a
bedrock step. Brock (2007) states that previous researchers found onset of deposition
of debris flows from unburned areas at gradients ranging from 3- to 35-degrees,
indicating difficulties in identifying onset of deposition based solely on gradient. Loss of
confinement could be assumed to occur near the basin mouth, but a rigorous definition
of loss-of-confinement was not available in the literature and was not investigated for
this study.

Because of the difficulty identifying specific alternative locations for onset of
deposition, several alternative locations were arbitrarily chosen both upstream and
downstream of the baseline position to evaluate the effects on estimated damage and
risk. Figure 4.2 (Page 94) shows the selected locations plotted on a hillshade map
showing slope angles in degrees. For each basin and storm scenario, runout was
modeled for the different alternate locations of onset of deposition, with debris-flow
volume and LAHARZ parameters fixed at the baseline values. Damages were
estimated following the methods discussed in Chapter 2 and results were plotted for

comparison with other parameters.

4.4 Results and Discussion
This section presents results of the sensitivity analyses and provides discussion.

Section 4.4.1 discusses baseline conditions, Section 4.4.2 discusses results of
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Figure 4.2. Map showing modified locations for onset of deposition. The red point shows the location of the baseline
onset of deposition. The blue points show additional locations for onset of deposition modeled for this study; the labeled
values indicate the distance (m) downstream from the baseline position (negative numbers are located upstream from the
baseline). The blue lines show the location of flow paths generated using hydrology tools in ArcGIS. Ranges of slope
angles in degrees are also shown for reference.
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modeling variability in debris-flow volume and LAHARZ A and B parameters, and
Section 4.4.3 discusses modeling variability in location of onset of deposition.
Variability in damage resulting from modification of model parameters (Sections 4.4.2
and 4.4.3) are compared to the differences between the baseline 2-year and 10-year
storm scenarios (Section 4.4.1).

Differences in risk associated with differing probability between the 2-year and
10-year storms are briefly discussed in Section 4.4.1. However, because the goal of
this study is to evaluate the relative influence of uncertainty in the model parameters
and calculated probability is not affected by any of these parameters, discussion in
Sections 4.4.2 and 4.4.3 is limited to differences in damage associated with each
modified condition. This simplification does not affect the discussion because
calculating risk for each scenario with constant probability would only serve to scale the
results. Results of risk calculations for these scenarios are included in the data set

presented in Appendix C.

4.4.1 Baseline Conditions

Table 4.1 compares results of damage and risk for the 3 highest risk basins at
case-study Site 1. Table 4.1 shows an across-the-board increase in volume of 26%
between the 2-year and 10-year storm scenarios for each of the three basins, which
results in an associated increase in damage ranging from 0.04% to 12% and an
increase in risk given occurrence of the storm of 9% to 29%. However when annual risk
is considered, there is a 74% to 78% decrease in risk due to the decreased likelihood of

the larger storm occurring in any given year.

94



Table 4.1. Comparison of baseline results from 2-year and 10-year storm scenarios.

Por Risk Annual
Basin ID v‘z:_::sr;' e Tota(IUDsaDn;age Pstorm | Given A:r?ll:al Given Storm Risk
Storm (USD) (USD)
9 2-yr 22,200 $6,577,601 0.5 0.285 0.142 $1,873,465 $936,733
10-yr | 27,900 $7,366,795 0.1 0.329 0.033 $2,423,772 $242,377
Rel. Change 26% 12% -80% 16% -17% 29% -74%
11 2-yr 81,500 $13,176,037 0.5 0.473 0.236 $6,231,160 $3,115,580
10-yr | 102,400 $13,609,067 0.1 0.525 0.052 $7,142,978 $714,298
Rel. Change 26% 3% -80% 11% -78% 15% -T7%
14 2-yr 66,700 $4,362,363 0.5 0.582 0.291 $2,540,646 $1,270,323
10-yr | 83,900 $4,363,975 0.1 0.632 0.063 $2,757,862 $275,786
Rel. Change 26% 0.04% -80% 9% -78% 9% -78%

4.4.2 Variability in Debris-Flow Volume and LAHARZ Parameters

Figure 4.3 shows results of varying debris-flow volume and LAHARZ parameters.

Table 4.2, Table 4.3, and Table 4.4 present results for the lower and upper 95%

confidence bounds of each modified parameter for each of the basins for the 2-year

recurrence scenario. As shown on Figure 4.3, uncertainties in debris-flow volume and

planimetric area (LAHARZ B parameter) have significant influence on estimated

damages, while maximum inundated cross-sectional area (LAHARZ A parameter) has

relatively little influence. Similarly, Table 4.2 and Table 4.4 show that modifying volume

and LAHARZ B parameters within the 95% prediction limits leads to relative changes

ranging from -80% +371% and -100% to +954%, respectively. In contrast, modifying

the LAHARZ A parameter (Table 4.3) only leads to relative changes ranging from -32%

to +18%.

Comparing these values in Table 4.2, Table 4.3, and Table 4.4 to those

presented in Table 4.1, shows that the influence of uncertainty in the estimate of debris-
flow volume and LAHARZ B parameter exceeds the differences between the 2-year and

10-year baseline storm scenarios, suggesting that further research to reduce
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uncertainty in debris-flow volume estimates and planimetric area for post-fire debris

flows could significantly improve future risk models that utilize the LAHARZ program.
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Figure 4.3. Results of varying debris-flow volume and LAHARZ model parameters.
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Table 4.2. Effects of varying debris-flow volume on estimated damage.

Total
BASIN ID Msutl(:islzgr V%I#Q € Damage Relative Change
(USD)
-2.0 3,700 $1,315,157 -80%
9 0.0 22,200 $6,577,601 0%
2.0 134,300 $17,435,408 165%
-2 13,500 $2,175,454 -83%
11 0 81,500 $13,176,037 0%
2 493,000 $37,746,108 186%
-2.0 11,000 $1,279,850 -711%
14 0.0 66,700 $4,362,363 0%
2.0 403,500 $20,551,375 371%

Table 4.3. Effects of varying LAHARZ A parameter on estimated damage.

Std Err LAHARZ Total _
BASIN ID Multiplier A-Paragneter Damage Relative Change
(m?) (USD)
-2 5 $7,734,773 18%
9 0 14 $6,577,601 0%
2 39 $5,491,898 -17%
-2 8 $9,693,576 -26%
11 0 24 $13,176,037 0%
2 66 $10,656,087 -19%
-2 8 $2,981,564 -32%
14 0 22 $4,362,363 0%
2 61 $4,565,856 5%
Table 4.4. Effects of varying LAHARZ B parameter on estimated damage.
Std Err LAHARZ Total .
BASIN ID Multiplier B-Paragneter Damage Relative Change
(m”) (USD)
-2 3,150 $529,806 -92%
9 0 24,535 $6,577,601 0%
2 192,298 $36,603,899 456%
-2 9,032 $3,596 -100%
11 0 70,351 $13,176,037 0%
2 551,399 $58,917,620 347%
-2 7,678 $321,882 -93%
14 0 59,810 $4,362,363 0%
2 468,781 $46,000,349 954%
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Figure 4.4 (Page 99), Figure 4.5 (Page 100), and Figure 4.6 (Page 101) show the
modeled runout footprint for the baseline and + 2*standard error models. Figure 4.4
shows that with increasing volume, the debris flow extends farther down-channel and
inundates more area, causing greater damage on the fan. As shown on Figure 4.5,
increasing the cross-sectional area of flow while keeping other factors the same leads to
a decrease in down-channel influence; depending on the channel geometry and
distribution of nearby features, this can lead to either a decrease or an increase in
damage. Finally, Figure 4.6 shows that increasing planimetric area while holding the
other factors constant extends the flow significantly farther down-channel, while adding
moderate increases to the width of the flow. This result is likely strongly influenced by
channel geometry, and may be biased by the limited ability of LAHARZ to account for

unconfined flow on fans.

4.4.3 Variability in Onset of Deposition

Figure 4.7 shows results of varying onset of deposition. Table 4.5 and Figure 4.8
(Page 104) show results of varying onset of deposition for the 2-year storm scenario, for
the farthest upstream, baseline, and farthest downstream location at each basin.

Figure 4.7 shows some interesting trends. Each of the basins shows relatively
little damage when onset is located higher up in the basins; damage increases with
distance downstream to near the canyon mouth (baseline position) and decreases
again downstream from this point. The runout footprints shown in Figure 4.8 help

explain these observations. For onset of deposition starting higher up in the basins, the
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Figure 4.4. Modeled debris-flow runout illustrating variability from uncertainty in debris-

flow volume for -2*S (top), baseline (middle)

and +2*S (bottom).
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Figure 4.5. Modeled debris-flow runout illustrating variability from uncertainty in

LAHARZ A parameter for -2*S (top), baseline (middle)

and +2*S (bottom).
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Figure 4.6. Modeled debris-flow runout illustrating variability from uncertainty in
LAHARZ B parameter for -2*S (top), baseline (middle), and +2*S (bottom).
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Figure 4.7. Results of varying onset of deposition.

debris flow needs to travel farther to reach areas with concentrated distribution of

assets. It is interesting that the downstream onset locations also show decreasing

damage relative to the baseline; there is no clear explanation for this observation.

Another item to note is that while all basins show significant decrease in damage with

distance upstream from the baseline, only Basin 9 shows a drop-off in damage

approaching $0 within the first kilometer. Basins 11 and 14 still show significant




damage even with onset of deposition located more than 2 km upstream from the mouth
of the canyon. Comparing Table 4.5 to Table 4.1 suggests additional research to

constrain location of onset of deposition could improve future models.

Table 4.5. Effects of varying location of onset of deposition on estimated damage.

Distance Total
BASIN ID Downstream Damage Relative Change
(m) (USD)
-1,740 $5,122 -100%
9 0 $6,577,601 0%
1,071 $3,554,487 -46%
-2,698 $7,728 -100%
11 0 $13,176,035 0%
954 $7,666,570 -42%
-2,509 $26,232 -99%
14 0 $4,362,363 0%
1,060 $1,527,977 -65%

4.5 Concluding Comments

The preceding analysis indicates that variability of estimated damages related to
uncertainty in the existing debris-flow volume and planimetric area models greatly
exceeds the variability observed between the 2-year- and 10-year-storm baseline
models. This suggests that future research aimed at reducing uncertainty in these
parameters may significantly improve risk estimates based on these models. The
modeling also showed that variability in cross-sectional area of flow (LAHARZ A
parameter) had relatively little influence on estimated damages for the basins
considered in this study. It is unclear if this result would be experienced broadly, but in
general, uncertainty in the cross-sectional area appears to be distinctly less important

than uncertainty in the other parameters studied.
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Figure 4.8. Modeled debris-flow runout illustrating variability in onset of deposition for —
farthest up-basin (top), baseline (middle), farthest down-basin (bottom). Differences in
runout shape with scenario are due to differing channel geometries.
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Variability in the location of onset of deposition also strongly influenced the
estimated damages. Based on the locations evaluated in this study, the greatest
damage occurred when onset of deposition started at the basin mouth. It should be
noted however, that relatively large damages were estimated even when onset of
deposition started several kilometers upstream from the basin mouth. This suggests
that further studies to constrain the location for onset of deposition would be helpful for
future modeling.

Bernard (2007) suggests that using upper-half prediction intervals (+60%, +80%,
or +95%) for the LAHARZ parameters will lead to safer and more conservative designs.
Additionally, Brock (2007) states that when uncertainty leads to multiple possible
locations for onset of deposition, downslope locations are generally preferable for
modeling purposes because they result in a more conservative inundation model.
Protection of human life and health is of utmost importance; but when considering
biases towards conservatism it is important to recognize that the solution is
conservative with respect reducing losses. These same solutions are non-conservative
from a standpoint of cost to design and construct, or restriction of land use. To some
extent, these biases could potentially be reduced by running Monte-Carlo type
simulations where many model runs are realized with a broad range of input parameters
simultaneously varied within reasonable limits with assumed distributions, to evaluate
the most common combination conditions and expected damages. This could be a
useful application of future versions of the model; however, this technique is not feasible

with the current methods described in this thesis.
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CHAPTER 5

SUMMARY AND RECOMMENDATIONS

The following sections summarize results from Chapters 2, 3, and 4, present

limitations of the method, and provide recommendations for future research.

5.1 Summary

In burned areas, debris flows are often triggered by relatively small rainstorms
falling on drainage basins that would have been unlikely to generate debris flows before
the fire, creating new hazards to downstream communities. Emergency managers need
to make rapid decisions to ensure sufficient time for selection, design, and
implementation of mitigation measures before a possible triggering storm occurs, which
can be as little as a few weeks after a fire. Previously developed post-fire risk-
management frameworks do not provide specific guidance regarding estimation of
debris-flow occurrence or runout, and procedures developed to specifically evaluate
post-fire debris-flow-hazard often provide little to no information about expected runout
or for quantitative evaluation of risk.

This thesis presented a method to estimate economic risk from post-fire debris
flows, which utilizes new GIS data extraction strategies to expand on previously existing
post-fire debris-flow hazard models. This method quantifies damages and economic
risk from individual burned basins and/or entire burned areas comprising multiple

basins. The methods described in this thesis can be employed in a period of days to
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weeks following a fire to identify the highest-risk basins at a given site, guide requests
for and allocation of emergency management funds, and support selection of cost-
optimized debris-flow management strategies. This is a new and unique method that
has the potential to transform the way emergency managers evaluate post-fire debris-
flow risk.

Chapter 2 provided a review of existing post-fire risk-management-frameworks
and debris-flow hazard models, described the new methods, and discussed results from
application of the method to three case-study sites. Damage predictions for entire
burned areas ranged from $181,578 for the 2-year storm at Site 2 to $31,506,630 for
the 10-year storm at Site 1. Charts comparing damage, risk given storm occurrence,
and annual risk were presented. These charts showed that for a given basin, damage
and economic risk associated with the 10-year storm is moderately higher than that
associated with the 2-year storm assuming that the storm will occur; however, when the
annual probability of the storm is included in the calculation, risks associated with the
10-year storm are significantly less than those associated with the 2-year storm.
Methods were provided for estimating unit cost and effectiveness of common post-fire
debris-flow mitigation and erosion-control-best-management practices for use in an
optimal natural-hazard-management model.

Chapter 3 analyzed how differing development in the wildland-urban interface
influences site-wide damage and economic-risk modeling results at the three case-
study sites discussed in Chapter 2. For each site, results from all basins were
combined to create site-wide estimates of damage and risk. These site-wide estimates

were compared and contrasted with each other using graphical analysis and one-way
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ANOVA. Preliminary review of the modeling results suggested that while geologic and
climatic characteristics strongly affect hazard, they might have relatively little influence
on risk when compared to intensity of development and value of elements-at-risk
exposed to potential debris flows. This led to the hypothesis that intensity of
development is a significantly more important contributor to economic risk than debris-
flow volume is. Results from Chapter 3 show that differences in intensity of
development and value of elements-at-risk appear to be important based on graphical
analysis, but there is insufficient evidence using a = 0.1 to statistically support the
hypothesis. However, this study was based on results from only three sites. Between
these three sites, the site with the largest debris-flow volumes also had the highest-
valued elements-at-risk so it is difficult to distinguish between these two factors. Future
studies utilizing larger number of sites with diverse intensity of development and/or
value of elements-at-risk may provide more conclusive results.

Chapter 4 presented a sensitivity analysis performed on a subset of three basins
from case-study Site 1 to quantify how uncertainty in the input parameters influences
the results of the model described in Chapter 2. This analysis indicated that variability
of estimated damages resulting from uncertainty in the debris-flow volume and
planimetric area models greatly exceed the variability observed between the 2-year-
and 10-year-storm baseline models. Variability in cross-sectional area of flow (LAHARZ
A parameter) had relatively little influence on estimated damages for the basins
considered in the study. It is unclear if this result would be experienced broadly, but in
general, uncertainty in the cross-sectional area appears to be distinctly less important

than uncertainty in the other parameters studied. Variability in the location of onset of
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deposition also strongly influenced the estimated damages. Based on the locations
evaluated in Chapter 4, the greatest damage occurred when onset of deposition started
at the basin mouth; however, relatively large damages were estimated even when onset
of deposition started several kilometers upstream from the basin mouth. Results of the
sensitivity analysis suggest that future research aimed at reducing uncertainty in debris-
flow volume estimates, the LAHARZ B parameter, and location of onset of deposition
may significantly improve risk estimates based on these models.

Chapter 4 also discussed conservatism in modeling. Bernard (2007) suggests
that using upper-half prediction intervals (+60%, +80%, or +95%) for the LAHARZ
parameters will lead to safer and more conservative designs. Additionally, Brock (2007)
states that when uncertainty leads to multiple possible locations for onset of deposition,
downslope locations are generally preferable for modeling purposes because they result
in a more conservative inundation model. Protection of human life and health is of
utmost importance; but when considering biases towards conservatism it is important to
recognize that the solution is conservative with respect reducing losses. These same
solutions are non-conservative from a standpoint of cost to design and construct, or
restriction of land use. To some extent, these biases could potentially be reduced by
running Monte-Carlo type simulations where many model runs are realized with a broad
range of input parameters simultaneously varied within reasonable limits with assumed
distributions, to evaluate the most common combination conditions and expected
damages. This could be a useful application of future versions of the model; however,

this technique is not feasible with the current model.
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5.2 Limitations

The quality of the estimates is tied to the methods used to calculate debris-flow
probability and volume, the methods used to model runout, assumed location of onset
of deposition, and the assumptions used to identify and value the elements-at-risk. As
was shown in Chapter 4, the greatest variability in estimated damages is related to
uncertainty in the volume model, uncertainty in the LAHARZ B parameter, and
uncertainty in locating the onset of deposition. This uncertainty can be addressed using
multiple model runs and reporting ranges for damage or risk estimates. Future models
that expand on this method may address this uncertainty through Monte-Carlo type
simulations.

Because of the requirement for rapid assessment, runout modeling was
performed using a simple technique that does not provide estimates of energy or flow
depth, cannot model on unconfined convex fan surfaces, and does not account for
potentially complex debris-flow behavior such as avulsion, or redirection upon
encountering features such as channel obstructions or structures. However, the
method is modular, and as the ability to more rapidly implement more precise runout
models for post-fire debris-flow conditions evolves, a new model could be easily
integrated into the existing framework.

The method described in this thesis is currently limited to estimating economic
aspects of post-fire debris-flow impacts. While potential loss of human life and
associated human-life risk are critical factors to consider when making natural hazard
management decisions, evaluating human-life risk from post-fire debris flows is very

difficult. Public notification and debris-flow early-warning systems based on rainfall-
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duration thresholds (e.g., Cannon et al., 2008; Staley et al., 2013), and in some cases
mandatory evacuation of potentially threatened areas, are common practices when
potential debris-flow triggering storms are expected near recently burned areas. These
practices reduce potential losses of human life by evacuating people from the hazard
zone; however, as Santi et al. (2011) discuss, people do not always evacuate the area
even when warned of an event, making it difficult to quantify the remaining human-life
risk. Additionally, Calkin et al. (2007) state that “the significance of protecting human
life and safety is assumed self-evident... therefore, it is not included in calculations to
justify treatments.” In contrast, the exposure of fixed objects (e.g., structures,
infrastructure, streams, lakes and reservoirs) remains unchanged by warnings and the
expected damages can be balanced with costs of mitigation systems. Since the initial
goal of the model described in this thesis was to provide economic risk assessment in
support of selecting cost optimized hazard-management strategies, loss of human life
was not included. Future work to develop these estimates could be done by expanding
on the methods described herein.

Debris-flow mitigation effectiveness is not backed by hard data because of a lack
of such data in literature. Many site-specific physical studies (e.g., Robichaud et al.,
2010; Robichaud et al., 2013a; Robichaud et al., 2008; Robichaud et al., 2013b) have
been performed to evaluate the effectiveness of post-fire erosion control treatments.
However, most of these studies were performed to evaluate erosion control on the
hillslope-plot or small catchment scale, and not directly to evaluate debris flows. While
sediment eroded from hillslopes contributes to debris-flow volume, and likely contributes

to debris-flow initiation, it cannot necessarily be assumed that a given effectiveness of
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hillslope-erosion reduction directly translates to effectiveness at debris-flow prevention.
As Santi et al. (2008) discuss, less than 10% of volume of post-fire debris flows in their
dataset was derived from hillslope erosion and rill formation. The remaining more than
90% of the volume was derived from in-channel erosion, a process that is potentially
affected by application of erosion-control best-management-practices, but is not directly
evaluated by plot and hillslope scale studies. Additional studies focused specifically on
the relationship between application of erosion-control best-management-practices on
hillslopes and generation of debris flows at the basin-scale may significantly improve
confidence in the analysis. Additional studies to evaluate how uncertainties in the
mitigation parameters affect the optimization results may help guide further research to
reduce these uncertainties. However, that study requires use of the optimization model

and is therefore beyond the scope of the work described in this thesis.

5.3 Future Research Opportunities
The following bullet points outline potential future studies that could improve the
methods described in this thesis.

e Field-based research aimed at reducing uncertainty in debris-flow volume estimates,
the LAHARZ B parameter, and location of onset of deposition may significantly
improve accuracy of damage and risk estimates.

e Developing methods to perform Monte-Carlo type simulations based on assumed
distributions for the volume model, LAHARZ parameters, and unit damages for the
elements-at-risk may improve future risk modeling based on the method described in

this thesis.
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The current method does not include risk of injury or loss of human life. Accounting
for this would require estimating the likelihood of severe injury or death given impact
by a debris-flow of given magnitude, estimating likelihood that people would be
present in a given structure or vehicle at the time of impact, and developing risk-
tolerability curves. Future work to address these issues could allow future models to
include human life risk.

Future work to calibrate flow parameters from more complex runout models for post-
fire debris flows could improve risk estimates by accounting for potentially complex
debris-flow behavior such as avulsion, or redirection, and by accounting for factors
that cause damage like impact energy or deposit depth.

A study to evaluate how uncertainty in the unit effectiveness of post-fire erosion-
control-best-management-practices affects optimization modeling could guide future
field studies.

Field studies performed to specifically estimate unit effectiveness of post-fire
erosion-control-best-management-practices at reducing debris-flow occurrence or

magnitude at the basin scale could improve future modeling efforts.
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APPENDIX A

BASIN CHARACTERISTICS FOR 3 CASE-STUDY SITES

Tables A-1 through A-3 present physical characteristics of the hydrologic basins at sites
1 through 3, respectively; these characteristics are used with rainfall intensity and
duration estimates to calculate probability and volume of post-fire debris-flow

occurrence.
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Table A-1. Site 1 Basin Characteristics.

Area Buﬁrzzz at éﬁr?iiigt éﬁﬁiﬁigt T&ﬁﬁiﬁ’ Clay | Liquid . Elev.
B‘:‘S'N ""2’2';0'/:‘* Mod. & High High Mod. & High | wiSlope | Content | Limit Rung:;:ess Range f:'s'fj;’é
(kmz) Sevz. Sev. Sev. 250% (%) (%) (m)
(km®) (%) (%) (%)
1 0.27 0.16 17 52 14 175 275 0.72 395.3 14
2 0.34 0.41 25 91 20 175 275 0.65 431.9 14
3 0.71 0.65 16 77 15 226 26.1 0.58 535.0 13
4 0.43 0.19 0 35 19 26.5 25.0 0.38 283.4 16
5 4.0 3.9 20 81 47 20.7 26.2 0.41 904 4 21
6 0.02 0.00 0 0 0 15.0 25.0 0.24 115.8 9.3
7 0.40 0.39 0 46 9.2 17.0 25.0 0.25 228.2 14
8 0.56 0.66 0.5 42 73 213 26.2 0.23 284.0 15
9 20 24 35 88 35 205 335 0.38 619.7 19
10 0.44 0.38 41 50 21 35.6 455 0.25 213.9 19
T 6.0 6.0 31 83 51 233 295 0.35 946.3 23
12 0.48 0.54 14 81 23 28.4 28.2 0.27 2218 16
13 0.20 0.09 0 22 5.7 435 52.6 0.28 176.0 13
14 5.1 53 38 86 59 193 276 0.41 1,025 26
15 438 46 36 73 41 217 285 0.39 981.8 21
16 15 14 44 92 72 175 275 0.52 648.4 21
17 0.07 0.03 0 32 9.7 433 523 0.41 134.0 14
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Table A-2. Site 2 Basin Characteristics.

Area Area % Basin 7 Basin A
w/Slope Burned .at w/Slope Burned ?t Clay ngu!d Basin
BASIN ID >30%, Mod. & High >30%, Mod. & High/ Content| Limit Ruggedness
e Sev. == Sev. %) | (%) |~-99
(km?) 2 (%)
(km®) (%)

1 2.1 1.2 87 51 14.6 22.5 0.69
2 1.3 0.86 86 57 13.9 22.5 0.73
3 0.45 0.02 75 29 11.2 22.5 0.72
4 3.8 0.26 90 6.0 14.6 22.5 0.53
5 0.18 0.004 86 2.0 13.0 22.5 0.84
6 14 1.2 88 80 15.1 22.5 0.81
7 0.24 0.29 82 99 15.0 22.5 0.94
8 0.33 0.005 95 1.4 15.0 22.5 0.90
9 0.54 0.07 94 12 15.0 22.5 1.0
10 0.28 0.14 85 44 15.0 22.5 1.3
11 0.49 0.16 95 31 15.1 22.5 1.1
12 0.33 0.29 98 88 15.0 22.5 1.1
13 0.35 0.38 93 100 15.0 22.5 1.0
14 3.9 0.45 88 10 15.2 22.5 0.42
15 0.31 0.32 96 98 15.2 22.5 1.3
16 0.50 0.35 97 66 15.1 22.5 1.1
17 3.2 1.3 91 38 15.2 22.5 0.59
18 0.77 0.18 85 20 15.2 22.5 0.39
19 0.79 0.49 85 53 15.0 22.5 0.55
20 0.40 0.36 77 68 15.0 22.5 0.50
21 0.12 0.12 85 83 15.0 22.5 1.3
22 0.73 0.78 93 98 15.1 22.5 0.96
23 0.11 0.10 99 89 15.0 22.5 1.1
24 0.14 0.13 97 95 15.0 22.5 1.1
25 0.12 0.14 89 100 15.0 22.5 1.4
26 0.14 0.09 92 61 15.0 22.5 0.81
27 0.08 0.05 98 68 15.0 22.5 1.1
28 0.03 0.05 70 100 15.0 22.5 0.99
29 0.26 0.17 88 58 15.0 22.5 1.0
30 0.04 0.04 83 80 15.0 22.5 1.0
31 0.1 0.11 97 97 15.0 22.5 0.80
32 0.09 0.10 95 100 15.0 22.5 0.80
33 0.14 0 75 0 15.0 22.5 0.63
34 0.05 0.001 47 0.9 15.0 22.5 0.40

123




Table A-2 continued

Area % Basin
férlea B;\Jnrn:d&at "/olgfsin B;\Jnrnotlad&at Clay |Liquid Baci
w/Slope od. w/Slope od. S asin
BASIN ID 230"/3 High 230%p High CorOItent L|:n|t Ruggedness
(km?) | Sev. (%) Sev. (%) | (%)
(km?) (%)

35 0.03 0.001 94 1.7 15.0 225 1.5
36 0.04 0.03 73 58 15.0 225 1.3
37 0.04 0.002 94 4.8 15.0 22.5 1.4
38 0.03 0.01 95 41 15.0 225 1.9
39 0.02 0.02 94 98 15.0 22.5 2.3
40 0.03 0.01 85 14 15.0 225 1.2
41 0.01 0.03 42 92 15.0 22.5 1.1
42 0.02 0.02 99 100 15.0 22.5 1.3
43 0.03 0.03 97 100 15.0 225 1.3
44 0.05 0.05 98 96 15.0 22.5 1.2
45 0.03 0.03 0 91 15.0 225 1.0
46 0.03 0.01 96 33 15.0 22.5 1.1
47 0.03 0.003 90 7.3 15.0 225 1.2
48 0.04 0.002 76 2.8 15.0 225 1.2
49 0.05 0.04 86 67 15.0 22.5 0.79
50 0.02 0.01 60 56 15.0 225 0.67
51 0.02 0.04 41 81 15.0 22.5 0.55
52 0.09 0.03 60 17 15.0 225 0.43
53 3.6 0.10 74 2.0 15.4 22.5 0.44
54 1.8 0.04 90 1.9 15.2 22.5 0.68
55 6.1 0.74 83 10 15.2 225 0.40
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Table A-3 Site 3 Basin Characteristics.

Area Area % Basin 7 Basin A
w/Slope Burned .at w/Slope Burned ?t Clay ngu!d Basin
BASIN ID| " 30% Mod. & High| " 30% Mod. & High/ Content| Limit Ruggedness
2000 sev. | =2 | sev. %) | (%) |~-99
(km?) 2 (%)
(km®) (%)

1 5.5 10.7 43 83 33.8 38.4 0.14
2 0.49 1.4 35 100 25.7 32.0 0.32
3 2.0 4.0 30 60 35.4 40.4 0.17
4 5.3 11.2 40 84 36.8 40.1 0.13
5 0.68 1.6 33 77 31.1 37.3 0.26
6 0.04 0.20 20 95 28.6 34.9 0.68
7 0.09 0.24 33 88 29.5 35.7 0.60
8 0.10 0.24 41 96 29.5 35.7 0.63
9 1.8 4.8 14 37 34.9 40.6 0.14
10 0.80 1.5 49 93 37.7 38.6 0.17
12 0.67 3.0 20 92 34.0 39.8 0.25
13 0.31 0.60 46 89 34.3 40.5 0.41
14 0.44 2.1 11 51 34.9 41.0 0.23
15 0.46 2.3 5.5 28 35.7 41.8 0.19
16 0.22 0.43 33 66 29.6 35.8 0.42
17 0.03 0.31 8.8 96 27.5 33.7 0.54
18 0.03 0.18 15 87 34.3 40.4 0.65
19 0.05 0.23 9.1 41 34.8 41.0 0.48
20 0.05 0.31 13 74 34.4 40.5 0.58
21 0.14 0.45 8.8 27 34.6 40.5 0.20
22 0.41 0.80 17 34 33.2 39.4 0.28
23 0.14 0.19 35 50 31.1 37.3 0.55
24 0.26 0.70 34 94 30.1 35.4 0.43
25 0.19 0.86 15 67 32.2 37.8 0.37
26 0.68 2.1 18 55 33.0 38.6 0.25
27 0.08 0.32 21 82 31.7 37.9 0.59
28 0.14 0.47 28 97 30.9 37.1 0.51
31 0.48 0.60 25 32 31.8 38.0 0.23
32 0.1 0.22 46 92 25.7 32.0 0.57
33 0.03 0.31 7.8 78 27.8 33.2 0.19
34 0.21 0.35 30 50 27.0 33.3 0.42
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Table A-3 continued

Area % Basin
Area |Burned at|% Basin |Burned at Clay |Liquid _
BASIN ID Vﬂg'gope Mod. &  wiSlope | Mod.& | o biont! Limit Basin
2 30% High 2 30% High o o Ruggedness
(km?) | Sev. (%) Sev. (%) | (%)
(km?) (%)

35 0.13 0.52 20 79 27.3 329 0.20
36 0.09 0.27 30 96 26.0 32.2 0.27
37 0.15 0.73 18 84 32.9 36.0 0.19
38 0.04 0.12 34 94 25.7 32.0 0.86
39 0.25 0.57 25 58 27.2 334 0.37
40 0.03 0.14 20 93 26.1 32.4 0.91
41 0.19 0.70 25 90 26.0 32.3 0.41
42 0.04 0.13 17 61 28.6 34.9 0.77
43 0.08 0.68 10 93 26.4 32.7 0.40
44 0.59 2.0 30 98 37.1 38.3 0.11
45 0.02 0.13 15 94 26.8 33.1 0.89
47 0.12 0.49 21 88 27.8 33.8 0.45
48 0.14 0.74 18 98 28.2 34.3 0.39
49 0.04 0.10 26 69 35.9 37.6 0.55
50 0.04 0.16 24 98 37.7 38.6 0.29
51 0.17 0.63 27 99 37.2 39.0 0.45
52 0.01 0.16 4.9 61 32.1 37.7 0.53
53 0.01 0.08 59 35 35.4 41.6 0.72
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APPENDIX B
CALCULATED DEBRIS-FLOW PROBABILITY AND VOLUME
FOR 1-HOUR DURATION, 2-YEAR AND 10-YEAR RAINFALL

SCENARIOS AT 3 CASE-STUDY SITES

Tables B-1 through B-6 present results of post-fire debris-flow probability and volume
calculations for the 1-hour duration, 2-year and 10-year recurrence rainfall scenarios at

each of the three case-study sites.

Table B-1. Site 1 Calculated probability and volume for 1-hr, 2-yr recurrence storm.

BASIN ID Raln(i:.zlr!n-;-Otal Pstorm PDF Given Storm PDF Tot. (\r,:;)
1 26 0.5 0.10 0.05 3,000
2 26 0.5 0.14 0.07 4,100
3 26 0.5 0.09 0.05 7,200
4 26 0.5 0.06 0.03 4,100
5 26 0.5 0.37 0.18 46,300
6 26 0.5 0.03 0.02 500
7 26 0.5 0.04 0.02 4,500
8 26 0.5 0.05 0.02 6,200
9 26 0.5 0.28 0.14 22,200
10 26 0.5 0.06 0.03 4,700
11 26 0.5 0.47 0.24 81,500
12 26 0.5 0.08 0.04 5,400
13 26 0.5 0.04 0.02 2,400
14 26 0.5 0.58 0.29 66,700
15 26 0.5 0.48 0.24 58,000
16 26 0.5 0.54 0.27 14,500
17 26 0.5 0.04 0.02 1,100
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Table B-2. Site 1 Calculated probability and volume for 1-hr, 10-yr recurrence storm.

BASIN ID Raln(i:.zlrl‘,;;-c,tal Psstorm PDF Given Storm PDF Tot. VDE:;:%;IOW
1 39 0.1 0.12 0.012 3,800
2 39 0.1 0.17 0.017 5,200
3 39 0.1 0.11 0.011 9,000
4 39 0.1 0.07 0.007 5,200
5 39 0.1 0.42 0.042 58,200
6 39 0.1 0.04 0.004 600
7 39 0.1 0.05 0.005 5,600
8 39 0.1 0.06 0.006 7,800
9 39 0.1 0.33 0.033 27,900
10 39 0.1 0.07 0.007 5,900
11 39 0.1 0.52 0.052 102,400
12 39 0.1 0.10 0.010 6,800
13 39 0.1 0.05 0.005 3,000
14 39 0.1 0.63 0.063 83,900
15 39 0.1 0.53 0.053 72,900
16 39 0.1 0.59 0.059 18,300
17 39 0.1 0.05 0.005 1,400

128




Table B-3. Site 2 Calculated probability and volume for 1-hr, 2-yr recurrence storm.

BASIN ID Raln(i;zlrl‘,;;-c,tal Pstorm PDF Given Storm PDF Tot. VD?::%;IOW
1 20 0.5 0.30 0.152 15,100
2 20 0.5 0.33 0.166 9,900
3 20 0.5 0.01 0.004 3,000
4 20 0.5 0.04 0.020 14,100
5 20 0.5 0.01 0.006 1,700
6 20 0.5 0.71 0.354 11,600
7 20 0.5 0.83 0.417 2,800
8 20 0.5 0.02 0.011 2,400
9 20 0.5 0.03 0.017 3,700
10 20 0.5 0.10 0.049 2,700
11 20 0.5 0.09 0.045 3,800
12 20 0.5 0.75 0.376 3,300
13 20 0.5 0.87 0.433 3,600
14 20 0.5 0.06 0.031 16,100
15 20 0.5 0.79 0.396 3,200
16 20 0.5 0.47 0.233 4,400
17 20 0.5 0.23 0.116 20,100
18 20 0.5 0.10 0.052 5,100
19 20 0.5 0.39 0.194 6,300
20 20 0.5 0.58 0.288 3,900
21 20 0.5 0.53 0.266 1,600
22 20 0.5 0.87 0.434 6,800
23 20 0.5 0.78 0.392 1,500
24 20 0.5 0.82 0.409 1,700
25 20 0.5 0.76 0.380 1,600
26 20 0.5 0.45 0.226 1,700
27 20 0.5 0.49 0.247 1,100
28 20 0.5 0.77 0.387 600
29 20 0.5 0.30 0.150 2,600
30 20 0.5 0.60 0.301 800
31 20 0.5 0.90 0.449 1,500
32 20 0.5 0.90 0.452 1,300
33 20 0.5 0.02 0.009 1,400
34 20 0.5 0.01 0.006 700
35 20 0.5 0.01 0.004 600
36 20 0.5 0.16 0.080 800
37 20 0.5 0.01 0.006 600
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Table B-3 continued

Rainfall Total VDebrisFlow

BASlN ID aln(;m)o a I:’storm PDF Given Storm |:’DF Tot. DE:;%;IO
38 20 0.5 0.05 0.024 600
39 20 0.5 0.45 0.223 400
40 20 0.5 0.02 0.011 600
41 20 0.5 0.42 0.208 400
42 20 0.5 0.83 0.413 400
43 20 0.5 0.83 0.414 600
44 20 0.5 0.82 0.409 800
45 20 0.5 0.19 0.093 600
46 20 0.5 0.10 0.049 600
47 20 0.5 0.02 0.008 600
48 20 0.5 0.01 0.004 700
49 20 0.5 0.50 0.252 800
50 20 0.5 0.23 0.115 400
51 20 0.5 0.48 0.242 500
52 20 0.5 0.04 0.020 1,200
53 20 0.5 0.03 0.013 11,800
54 20 0.5 0.03 0.014 7,300
55 20 0.5 0.06 0.029 23,900
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Table B-4. Site 2 Calculated probability and volume for 1-hr, 10-yr recurrence storm.

BASIN ID Raln(i;?]Irln';'otal Pstorm PoF Given Storm PoF Tot. VDE:;%;IOW
1 32 0.1 0.50 0.050 19,200
2 32 0.1 0.53 0.053 12,600
3 32 0.1 0.02 0.002 3,800
4 32 0.1 0.09 0.009 17,900
5 32 0.1 0.03 0.003 2,100
6 32 0.1 0.85 0.085 14,700
7 32 0.1 0.92 0.092 3,500
8 32 0.1 0.05 0.005 3,000
9 32 0.1 0.08 0.008 4,700
10 32 0.1 0.20 0.020 3,400
11 32 0.1 0.19 0.019 4. 800
12 32 0.1 0.88 0.088 4 200
13 32 0.1 0.94 0.094 4,600
14 32 0.1 0.13 0.013 20,400
15 32 0.1 0.90 0.090 4,100
16 32 0.1 0.67 0.067 5,600
17 32 0.1 0.41 0.041 25,400
18 32 0.1 0.21 0.021 6,500
19 32 0.1 0.59 0.059 7,900
20 32 0.1 0.76 0.076 4,900
21 32 0.1 0.73 0.073 2,000
22 32 0.1 0.94 0.094 8,600
23 32 0.1 0.89 0.089 1,900
24 32 0.1 0.91 0.091 2,200
25 32 0.1 0.88 0.088 2,000
26 32 0.1 0.66 0.066 2,200
27 32 0.1 0.69 0.069 1,400
28 32 0.1 0.89 0.089 800
29 32 0.1 0.50 0.050 3,300
30 32 0.1 0.78 0.078 1,000
31 32 0.1 0.95 0.095 1,900
32 32 0.1 0.96 0.096 1,700
33 32 0.1 0.04 0.004 1,700
34 32 0.1 0.03 0.003 900
35 32 0.1 0.02 0.002 700
36 32 0.1 0.30 0.030 1,000
37 32 0.1 0.03 0.003 800
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Table B-4 continued

Rainfall Total VDebrisFlow

BASlN ID aln(;m)o a I:’storm PDF Given Storm |:’DF Tot. DE:;%;IO
38 32 0.1 0.10 0.010 800
39 32 0.1 0.65 0.065 600
40 32 0.1 0.05 0.005 700
41 32 0.1 0.62 0.062 500
42 32 0.1 0.92 0.092 600
43 32 0.1 0.92 0.092 700
44 32 0.1 0.91 0.091 1,100
45 32 0.1 0.35 0.035 700
46 32 0.1 0.20 0.020 800
47 32 0.1 0.04 0.004 700
48 32 0.1 0.02 0.002 800
49 32 0.1 0.70 0.070 1,100
50 32 0.1 0.41 0.041 500
51 32 0.1 0.68 0.068 600
52 32 0.1 0.09 0.009 1,500
53 32 0.1 0.06 0.006 15,000
54 32 0.1 0.06 0.006 9,200
55 32 0.1 0.12 0.012 30,300
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Table B-5. Site 3 Calculated probability and volume for 1-hr, 2-yr recurrence storm.

BASIN ID Ram(ﬁlrln-;btal Pstorm PoF Given Storm PoF Tot. VD'Z::%;IC’W
1 29 0.5 0.23 0.115 145,900
2 29 0.5 0.55 0.274 8,000
3 29 0.5 0.03 0.015 32,700
4 29 0.5 0.21 0.105 150,900
5 29 0.5 0.10 0.051 10,200
6 29 0.5 0.16 0.078 1,100
7 29 0.5 0.15 0.075 1,800
8 29 0.5 0.25 0.127 1,900
9 29 0.5 0.00 0.002 35,600
10 29 0.5 0.55 0.277 11,000
12 29 0.5 0.11 0.057 14,100
13 29 0.5 0.13 0.063 4,500
14 29 0.5 0.01 0.003 9,100
15 29 0.5 0.00 0.001 9,600
16 29 0.5 0.06 0.029 3,300
17 29 0.5 0.18 0.090 900
18 29 0.5 0.03 0.017 900
19 29 0.5 0.00 0.001 1,200
20 29 0.5 0.02 0.008 1,300
21 29 0.5 0.00 0.001 2,600
22 29 0.5 0.00 0.002 5,800
23 29 0.5 0.01 0.007 2,200
24 29 0.5 0.30 0.152 4,200
25 29 0.5 0.03 0.015 3,800
26 29 0.5 0.02 0.008 11,600
27 29 0.5 0.05 0.026 1,800
28 29 0.5 0.19 0.093 2,600
31 29 0.5 0.01 0.003 5,900
32 29 0.5 0.41 0.205 2,000
33 29 0.5 0.15 0.073 1,000
34 29 0.5 0.03 0.017 3,100
35 29 0.5 0.21 0.105 2,600
36 29 0.5 0.48 0.238 1,700
37 29 0.5 0.23 0.115 3,100
38 29 0.5 0.26 0.128 1,000
39 29 0.5 0.05 0.025 3,900
40 29 0.5 0.16 0.080 900
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Table B-5 continued

Rainfall Total VDebrisFlow

BASlN ID aln(;m)o a I:’storm PDF Given Storm I:’DF Tot. DE:;%;IO
41 29 0.5 0.29 0.145 3,600
42 29 0.5 0.02 0.009 900
43 29 0.5 0.23 0.114 2,000
44 29 0.5 0.51 0.254 10,300
45 29 0.5 0.13 0.066 700
47 29 0.5 0.19 0.095 2,400
48 29 0.5 0.28 0.139 3,000
49 29 0.5 0.08 0.038 900
50 29 0.5 0.39 0.195 1,000
51 29 0.5 0.31 0.156 3,200
52 29 0.5 0.01 0.006 500
53 29 0.5 0.001 0.0004 500
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Table B-6. Site 3 Calculated probability and volume for 1-hr, 10-yr recurrence storm

BASIN ID Ram(ﬁlrln-;btal Pstorm PbF Given Storm PoF Total (\;,?3!:)
1 46 0.1 0.50 0.050 192,900
2 46 0.1 0.80 0.080 10,600
3 46 0.1 0.09 0.009 43,200
4 46 0.1 0.47 0.047 199,500
5 46 0.1 0.27 0.027 13,500
6 46 0.1 0.38 0.038 1,400
7 46 0.1 0.37 0.037 2,300
8 46 0.1 0.53 0.053 2,500
9 46 0.1 0.01 0.001 47,100
10 46 0.1 0.80 0.080 14,500
12 46 0.1 0.30 0.030 18,600
13 46 0.1 0.32 0.032 6,000
14 46 0.1 0.02 0.002 12,000
15 46 0.1 0.004 0.0004 12,700
16 46 0.1 017 0.017 4,400
17 46 0.1 0.42 0.042 1,200
18 46 0.1 0.10 0.010 1,200
19 46 0.1 0.01 0.001 1,600
20 46 0.1 0.05 0.005 1,800
21 46 0.1 0.01 0.001 3,500
22 46 0.1 0.01 0.001 7,700
23 46 0.1 0.05 0.005 2,900
24 46 0.1 0.59 0.059 5,600
25 46 0.1 0.09 0.009 5,000
26 46 0.1 0.05 0.005 15,400
27 46 0.1 0.15 0.015 2,300
28 46 0.1 043 0.043 3,400
31 46 0.1 0.02 0.002 7,800
32 46 0.1 0.70 0.070 2,600
33 46 0.1 0.36 0.036 1,300
34 46 0.1 0.10 0.010 4,100
35 46 0.1 0.47 0.047 3,500
36 46 0.1 0.75 0.075 2,300
37 46 0.1 0.50 0.050 4,100
38 46 0.1 0.53 0.053 1,400
39 46 0.1 0.14 0.014 5,100
40 46 0.1 0.38 0.038 1,100
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Table B-6 continued

Rainfall Total V,
BASIN ID am(:\m)o a Pstorm PbF Given Storm PoF Total (n?g)
41 46 0.1 0.57 0.057 4,700
42 46 0.1 0.06 0.006 1,300
43 46 0.1 0.49 0.049 2,700
44 46 0.1 0.77 0.077 13,600
45 46 0.1 0.34 0.034 900
47 46 0.1 0.44 0.044 3,200
48 46 0.1 0.56 0.056 3,900
49 46 0.1 0.21 0.021 1,200
50 46 0.1 0.68 0.068 1,300
51 46 0.1 0.60 0.060 4,300
52 46 0.1 0.04 0.004 700
53 46 0.1 0.003 0.0003 600
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APPENDIX C

SUPPLEMENTAL ELECTRONIC FILES

The attached Microsoft Excel 2010 files present results of damage and risk

modeling. The following table summarizes the data included in the files.

File Name

Description

C1_Damage vs Volume_All Sites.xlsx

Contains results of damage vs. volume for all
model runs of all basins at all case-study sites.
This data is used to create damage vs. volume
curves during optimization modeling.

C2_Damage and Risk 2_yr 10_yr Storms.xIsx

Contains results of damage and risk
calculations for all basins at all case-study
sites for the 1-hour-duration, 2-year and 10-
year recurrence storms.

C3_Variability Results.xIsx

Contains results of damage and risk
calculations for all modified scenarios for the
three basins at case-study Site 1.
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