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ABSTRACT

Santa Monica Mountains National Recreation Area M8XWRA), in southern
California, is subject to Santa Ana wind eventsalihtan lead to destructive fires.
Population growth within the wildland-urban inteséahas been accompanied by
dramatic increases in fire loss and associated. GIgIMNRA uses fire spread
modeling to inform fire management and outreachggmms. Existing models use
prevailing wind inputs, but recent advancementsehawabled fine-scale landscape
modeling of surface wind, without the need for supmputers. This project
investigates whether these surface, or griddedd wiputs can improve the accuracy
of fire spread predictions. In recreating a histdie, gridded wind inputs showed
superior performance to prevailing wind inputs.i#® fhazard index map was created
for all of SMMNRA, incorporating 1) how rapidly ar®) how frequently different
areas in the landscape burned in fire simulati@nsguhistoric ignition locations and
gridded wind inputs. According to our model, thghest hazard is located between
Simi Valley, Thousand Oaks and Calabasas. The mud8iential factors in
determining hazard were wind speed and the disténoce ignition location. The
method developed by this project could be usedotmd and efficiently allocate
resources for education strategies, mitigation nregsand land preservation.
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ACRONYMS & DEFINITIONS

CDF — California Department of Forestry and FiretBction

CWPP — Community Wildlife Protection Plan is a play federal, state and local
agencies designed to identify priority actions feitdlife prevention and
overall fire safety on both private and public land

Defensible space — area around structures whereetatemn modification is
maintained in order to slow the rate and intensityadvancing wildfires,
prevent the spread of fire from structure to theawnding environment and
provide room for firefighters to work

DEM - digital elevation model; a model that repréasetopography or terrain; also
known as a digital terrain model (DTM)

FARSITE - Fire Area Simulator, a fire spread anovgh simulator model

Fire hazard — based on factors such as fuel, slogdire weather

Fire risk — considers the potential for damage thasefactors such as the ability of a
fire to ignite the structure, the flammability dfet construction material, and
mitigation measures such as defensible space, ihgildesign, ignition
resistant building materials and ignition resisteomstruction techniques that
reduce risk

GIS — geographic information system; integratesdisdlays geographic information
with spatial data

HIZ — home ignition zone; usually defined as theaawithin 100 feet of a structure

Indefensible locations — areas that firefighterf miost likely not be able to defend
without loss of life

LFM — live fuel moisture

MRT — Mountains Restoration Trust

NPS — National Park Service; SMMNRA is a part asthgency which cares for
natural, cultural and recreational sites across Uh8.; overseen by US
Department of the Interior

NWS — National Weather Service, formerly known las Weather Bureau and is a
part of NOAA

RAM - random-access memory; a form of computer dteage

RAWS — Remote Automated Weather Stations

SAW - Santa Ana wind

SMM - Santa Monica Mountains

SMMC - Santa Monica Mountains Conservancy

SMMNRA — Santa Monica Mountains National Recrea#ora, part of the National
Park Service; our client

USFS — U.S. Forest Service, an agency under theAltB&t administers that nation’s
forests and grasslands

WindWizard — a gridded wind model that providesomfation on the effect that
topography has on local wind flow at the 100- t@-3@eter scale

WUI — wildland-urban interface
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|. EXECUTIVE SUMMARY

Wildfires in southern California threaten million$ homes, and suppression
costs in the western United States have risen t@ ri@n $1 billion annually (Joint
Fire Science Program, 2007). Wildfires spread uralespecific set of conditions
dictated by three major factors: vegetation, weaadmel topography. The largest and
most costly wildfires in southern California ar@ven by high winds (Keeley &
Zedler, 2009). Santa Monica Mountains National Batton Area (SMMNRA) is
dominated by chaparral and coastal sage scrub ategettypes, which provide an
abundance of highly ignitable fuels (Witter et 2D07). The area’s steep terrain, with
major canyons running northeast to southwest, rsdeove to rapid fire spread.
Additionally, seasonal patterns of high temperatulew relative humidity and high-
speed off-shore SAWSs increase fire hazard. Thermeatation of fire hazard is
associated with factors such as fuel, slope aedifeather.

SAWSs occur seasonally when a cool, dry air mass ftiee interior western
United States flows towards the Pacific Coast. BEiremass sinks, compresses,
strengthens and warms, desiccating vegetationramdasing fire hazard (Westerling,
et al., 2004). Multi-day SAW events, occurring nipdtetween late September and
December, are the primary drivers of fire behaunsouthern California (Dennison
et al., 2008). However, most conceptual modelsiref tiazard (developed for other
ecosystems) do not place emphasis on extreme winditons. In some portions of
SMMNRA, canyons with high fuel loads line up withet prevailing north to
northeasterly SAWs (Radtke et al., 1982). In suokas, it will be particularly
important to identify the spatial distribution afh intensity surface winds in order to
fully understand the fire hazard.

There are two major objectives of this study: 1) determine whether
incorporating surface wind increases the accurddyre spread model predictions,
and 2) to identify the spatial pattern of relative hazard in SMMNRA based on fire
spread modeling that incorporates surface windsy &hown as gridded winds.
Gridded wind takes topography into account so wWiatl speed and direction values
vary across the landscape. This is different framrently used prevailing wind
inputs, which assume a uniform wind direction ampetesl across the landscape.
Hazard index maps based on fire spread modeling baen previously prepared,
such as those the state of California adopted 08 Z6RAP-CDF, 2009). However,
none of the methods previously used have incorpdraridded wind. A more
accurate model of the spatial pattern of fire sppreader strong wind conditions
could help managers in multiple jurisdictions imggofire management practices,
long-term land use planning in the region, educasind outreach programs. To date,
geographic variability in wind intensity in SMMNRAas been incorporated into
post-fire analysis, but not in large-scale plannidge to the expense and
computational intensity of gridded wind modelingartbined with other factors, such
as topography, vegetation and weather, informationvind intensity can be used to
identify areas which face higher fire hazard, idesrto facilitate a more effective



allocation of fire management and educational ressu Due to future land
development potential, knowledge of areas with éidire hazard will be important
to determine where development should be avoidddmEMMNRA.

Prior to conducting simulations, we analyzed treimdsourly wind direction
and speed during SAW events within the past fowargeas recorded by nearby
weather stations. We also collected fuel moistae drom the same set of weather
stations. The Missoula Fire Sciences Laboratory\WwandWizard, a gridded wind-
modeling program, for SMMNRA. The Missoula Fire &wes Laboratory ran the
wind model based on four wind directions (0°, 4907, 337.5°) at two different
speeds (15 miles per hour (mph) and 25 mph). Irdition from the National
Weather Service (NWS) currently serves as the esér wind data. WindWizard
provides finer-scale results than the NWS with@gjuiring high intensity computing
power, and its validity can be checked againsohstl wind data. The WindWizard
simulations were used to create a map of griddedisvduring Santa Ana conditions
in SMMNRA. Additional data for the study area, mding slope, aspect, elevation
and a vegetation map, were provided by SMMNRA.

To evaluate the effectiveness of gridded wind, esygared to prevailing
wind, we used HFire, a fire spread model, to rderdae 2007 Corral Fire. Gridded
wind showed promise in recreating a historic fir@ren accurately than can be
accomplished using prevailing wind inputs; howevesults were limited by only
having eight wind grids to work with.

Additional fire simulations were conducted throughdhe study area to
construct an overall hazard index map. Fire haratdx values were based on how
frequently, and how quickly, a given location butna simulated fires from many
different ignition points using the four directidveind grids. Only one grid was used
for a 24-hour period in each simulation. Based be fire hazard index maps
produced using gridded wind, the area between $falley, Thousand Oaks and
Calabasas has the highest relative fire hazardirwBiMMNRA. Changes in wind
speed had the largest effect on the magnitude petthsarrangement of modeled fire
hazard. A sensitivity analysis revealed that spdi&ribution of modeled fire hazard
was most sensitive to distance from the nearestiognpoint, which accounted for
approximately 20 percent of the variation in haz#p&0.0001). Fixed inputs,
including topography and the fuel model map, weds® dound to be significant
predictors of fire hazard, according to a multipdgression analysis. Furthermore, a
low R-squared value (0.2417) showed that the maellts have a low probability of
being replicated by simply summing the inputs.

We have also identified several improvements tlmatlcc be made to our
model. To further validate the use of wind gridse WindWizard outputs could be
compared with field measurements (i.e., measurimgd vdirection and speed on
ridgetops and in canyons). A longer period of SA®adwould increase confidence
that the model is capturing climate variations suxh the El Nifio-Southern
Oscillation, which is a climate pattern that masiteas weather disturbances in the
Pacific Ocean roughly every five years. Finally, aralysis of ignition points, with
respect to time of day and association with padiclandscape features, could also

2



refine the probability space used for randomizimggition conditions. Further
refinement of the model and confirmation of itswecy will allow land managers to
assess the physical and economic effects of spesdenarios and management
strategies. These studies could assist in seleetmy implementing management
strategies which would facilitate coordination beén stakeholders concerned with
human community and natural resource protectidghervicinity of SMMNRA.
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[l. PROBLEM STATEMENT

The Santa Monica Mountains National Recreation ABRMMNRA), part of
the U.S. National Park Service (NPS), is a unigoeation because of its rich
biodiversity and proximity to one of the fastesbwing regions in the country.
SMMNRA spans a highly urbanized area from Los Aagelo Ventura County,
characterized by an extensive wildland-urban iatf(WUI). This complex mosaic
of public land, residential neighborhoods and geva-holdings within multiple
jurisdictions, complicates fire management coortiomain the region

SMMNRA'’s current fire management plan incorporagears of observation
and data on the relationship between topograpley,/éads and weather. These three
“fire hazard elements” influence fire behavior aack used to determine the fire
hazard level in a given area. However, current agxainputs do not address the fine-
scale geographic variability of wind events, sushihe Santa Ana winds (SAWS), but
rather assume similar conditions across a large. Akhile long-term residents and
local fire personnel may be aware of the variabbisAW patterns and the location
of major wind corridors, this information has noeelm formally documented.
Geographic wind variability has not been incorpedainto models because of the
difficulty and expense of accurate modeling of suodcally variable winds.
Previously, SMMNRA lacked the resources to incogp@iboth the spatial variability
of wind intensity and the portion of the WUI mosilnerable to structure loss and
other damage into its models. However, a recentyebbped wind model,
WindWizard, has provided an inexpensive alternatovether gridded wind models
and can be used to model conditions in SMMNRA.

Wildfire hazard in SMMNRA is highest during latensmer to early winter,
and this risk increases during SAW events. Wheregpdead, high intensity SAWs
occur in conjunction with antecedent drought angetation dieback, the potential for
multiple wildfires across southern California inases.
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[1l. SIGNIFICANCE

Southern California’s shrublands can collectively dbnsidered a high fire
hazard area. The costs of fire damage continueutpaoe fire prevention and
suppression resources because of the increasing Wadked with these resource
constraints, land managers are looking for morer@ppate offensive strategies.
Knowledge about which parts of the WUI routinelyperence the most extreme fire
weather conditions could yield important informati@bout the locations of the
greatest potential for structure loss. SMMNRA isd@eal case study for this analysis,
and the methods and information produced by thigept could be transferable to
other high fire hazard areas.

SMMNRA has experienced some of the most damagag in the state. The
SAWs interacting with mountainous topography creatamplex surface wind
patterns that have driven many large, uncontraldbks. This combined with an
increasing population living within the WUI has cpincated fire management issues.
Gridded wind inputs have been used in conjunctiah We spread modeling as a
method for analyzing the likelihood of an area lmgnand the rate at which it will
burn (FRAP-CDF, 2007). The pioneering aspects effifoject include the use of
gridded wind in the HFire program to produce figzard index maps, which have
traditionally considered only prevailing wind. Atidnal uses for the model include
the analysis of alternative management scenaridés Tould be useful for
SMMNRA, as well as other jurisdictions in efficigngllocating limited funding for
fire management programs.

V. OBJECTIVES

The purpose of this project is to recommend how SR can use gridded
wind modeling in conjunction with fire spread madgl for fire management,
outreach and resource allocation in high fire hdzaeas. The principle objectives of
this study are to:
incorporate WindWizard output into the fire spreaddel, HFire;
attempt to validate the model based on a histoeceivent at a local scale;
produce a fire hazard index map for SMMNRA managers
assess the sensitivities of HFire / WindWizard &ydomizing ignition points
and varying wind grids.

PowbdPE
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V. LITERATURE REVIEW

Wildfire History in California and the Western U.S.

In the past, wildfire suppression was the primarg policy in the United
States. Numerous devastating fires around the 11200® the public perception that
all fires were deleterious (Dombeck et al., 2004Qwever, research has shown that
fire suppression can lead to far more damagings.fifdherefore, in recent years,
prescribed burning has become one popular methdileoimanagement. Prescribed
burns apply fire under specific weather condititms predetermined area to reduce
fire hazard (Wade & Lunford, 1988). This method pesven effective in coniferous
forests, but is not as successful in chaparralcmadtal scrub ecosystems (Keeley &
Fotheringham, 2001), particularly under high windnditions (Wardell-Johnson,
2009). In spite of these two policies, wildfiressauthern California have continued
to become more frequent and destructive.

Wildfires occur naturally throughout the westernitdd States, but can be
particularly devastating when combined with denseld, drought conditions and
urban development. The intensity, severity and coftfires have increased
exponentially as the population density within thigdland-urban interface (WUI)
has increased. Table 1 demonstrates this trenchenSanta Monica Mountains
between 1977 and 2007, during which populationdstgancreased.

Table 1: Large fires in the Santa Monica Mountains, 1977-2007.

Fire Date Cost of Fighting (S)/
Hectare
Topanga Canyon 11/14/1977 493.84
Carlisle (near Encinal Canyon) 11/15/1977 494.43
Kanan (from Agoura Hills to Pacific Ocean) 10/23/1978 543.64
Dayton Canyon (N of LA County to Pacific Ocean) 10/9/1982 555.98
Sherwood (in/around Westlake Village) 6/30/1985 568.49
Green Meadow (largely to west in Ventura 10/23/1993 597.25
County)
Old Topanga (S of Calabasas to Pacific Ocean) 11/2/1993 597.28
Calabasas (Calabasas to Pacific Ocean) 10/21/1996 791.86
Topanga (118 Freeway to Calabasas) 9/28/2005 1,737.71
Pacific (Trancas Canyon near Pacific Coast Hwy.) 1/6/2006 7,417.58
Canyon Fire 10/21/2007 503.44
Corral Canyon 11/24/2007 1,563.29

Source: CDF (2007), Los Angeles County Burn Area Recovery Task Force Report (2007); CAL FIRE
(2007)



The Fire Regime in Southern California

Fire intensity and severity are based on threenfagtors (known as the fire
triangle): vegetation (fuel loads, live fuel moiguevels), weather and topography
(Figure 1).

weather Topography

Figure 1: The fire triangle. Three factors that drive fire.

The Santa Monica Mountains (SMMs), about 90,00Qdres (222,395 acres) in size,
is dominated by dense chaparral and coastal sagé segetation that burns in
intense, stand-replacing fires (Witter et al., 200/here has been extensive debate
over what constitutes a ‘natural’ fire regime iruwern California. Historical fire
regimes in chaparral ecosystems such as the SMdMsarwell documented because
these fires generally burn or destroy all biomdssva the ground, and the fire return
interval is estimated to be about 50 to more tHahyears (Conard & Weise, 1998).

Nevertheless, there is some information about déleéofs that influenced fire
history in the Santa Monica Mountains (i.e., lars®,uvegetation, topography and
climate) to make inferences about the past firemedConard & Weise, 1998). Early
work in the 1980’'s argued that the pre-suppresRistoric fire regime in the southern
California chaparral ecosystem differed substdgtimbm the modern fire regime.
Some researchers hypothesized that fire suppresmboies altered the historic
regime of frequent, small fires that fragmented tieparral landscape into a
patchwork of young and old fuels (i.e., fine-graige patch mosaic model), which
used to prevent the occurrence of large-scale {iRedtke et al., 1982, Minnich
1983). However, more recently, fire ecologists harmgued that the southern
California fire regime has remained largely unchethand that large landscape-scale
fires were, and are, driven by SAWs (Keeley & Zedk®09).

Unigue Conditions that Contribute to Fire in South€alifornia
Wind and Weather

Southern California has a Mediterranean climateragttarized by variable
winter and spring precipitation and a dry summet fafi. Most experts agree that the
fire season in southern California tends to occuthie fall, coinciding with SAW
events and low fuel moisture levels, which folldve thot summer season. SAWs are
a seasonal event, resulting when a cool, dry agsnflaws from the interior western
United States towards the Pacific Coast (FigurA)revious study indicated that an
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average of 20 SAW events occur each season, wah keating roughly 1.5 days
(Raphael, 2003).

Figure 2: Santa Ana winds in southern California. Source: NOAA (2008).

The sinking air compresses and warms, producingoag dry, warm, foehn-
like wind that can decrease fuel moisture leveld arcrease the chance of fires
(Westerling et al., 2004). From late SeptemberughoDecember and sometimes
even into February, SAWs are the primary driversha fire regime in southern
California, outweighing all other factors (Denniseinal., 2008). Clarke et al. (2008)
found that wind speed was more than three times nmfluential in predicting fire
size than fine dead fuel moisture and wind directio

While most ignitions result in manageable firessnaall percentage of fires
that coincide with the SAWs become large, uncolabdé, regional threats (Keeley
& Fotheringham, 2001). The month of October alooeoants for 25 percent of the
total area burned in southern California from 18%50@ugh 2007 (Moritz el al., 2010).
Large wildfires during SAW events have consisteottgurred in areas experiencing
high fire weather severity (Moritz el al., 2010 & fire-prone region under high
winds, an ignition is likely to result in a largenstoppable wildfire. Additionally,
both the unique topography and vegetation of theteéE&onica Mountains are
conducive to fire spread (Keeley & Zedler, 2009).

Topography

The SMMs are a part of the Transverse Rangesrfi@intain ranges running
east to west). This geographic configuration igipalarly important in the eastern
part of the SMMs, where the canyons are paralleth® north to northeasterly
direction of the SAWs (Radtke et al., 1982). Aseauit of this topography, winds

11



tend to channel up and down the canyons, creatindittons conducive to rapid fire
spread (Radtke et al., 1982).

Vegetation

The SMMs are dominated by fire-prone vegetationp&ent of SMMNRA
consists of chaparral and 20 percent is composembadtal sage scrub community
types. Both of these communities burn readily bseaaf the high-density and
continuity of vegetation, small twig and stem semd a high proportion of dead
biomass (Witter et al., 2007). Furthermore, manyth@f common shrubs in these
systems, such as chamis&dénostoma fasciculatymcontain volatile oils which,
when combined with low fuel moisture, make for ertely flammable fuels (Rundel
& Parson, 1979).

Living and dead vegetation will both burn in wardny conditions, but how
quickly they ignite, in addition to how long andviadot they burn, depends on plant
size as well as horizontal and vertical structRandall, 2003). Live fuel moisture
(LFM) is the water content of live vegetation apercentage of the dry biomass
(Dennison et al., 2008). Many fire managers use L&Via measure of fire hazard
because the moisture of both live and dead fuelst he exhausted before actual
combustion occurs (Dennison et al., 2008). Given dlimatic patterns in southern
California, LFM normally begins to decline follovgnthe spring rains, becoming
increasingly lower through the dry summer and fiile LFM may eventually reach a
critical level that increases the risk of largedfiles. Most importantly, the timing of
the lowest LFM occurs during the same time of ydsat SAWs occur most
frequently in the SMMs. Under these conditions @hhwinds and extremely dry
fuels, rates of fire spread can increase signiflggBeer, 1991).

Concerns with Increasing Fire Frequency

Given the short fire return interval in SMMNRA, neagers face the daunting
task of protecting natural resources, as well s dnd property. The number of
anthropogenic ignitions in the vicinity of SMMNRA considerably higher than the
number of natural ignitions (Figure 3). Previousdss have shown that more fires
occur along the WUI than in remote areas becauslerapogenic ignitions are
concentrated near human infrastructure (Pyne, 2@0M Keeley et al., 2004;
Syphard, Clarke et al., 2007; Syphard, Radeloéf.e2007)
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Figure 3: Percentage of wildfire ignitions for the Santa Monica Mountains by source, 1982-2008.
Source: SMMNRA

There are many natural resource impacts assocvwatbdwildfires. As fire
frequency increases, the persistence of nativeystams (e.g., chaparral) is put at
risk. For example, fires in the same area over tstiore intervals can result in
significant decreases in biodiversity and increasason-native species composition
(Keeley, 2005). Post-fire intrusion of herbaceoos-native species in SMMNRA,
which provide more fine surface fuels earlier ire tiear, further contributes to
increased fire frequency and a longer fire seaa®previously documented (Witter et
al., 2007). An increase in herbaceous non-nativeciep can create a positive
feedback loop, which in turn alters the plant comityuand leads to type conversion
of native shrubland to non-native grassland (Sypleaal., 2007).

Wildland-Urban Interface & Fire Hazard

SMMNRA, the study site, has a large, sprawling WTHe population of Los
Angeles County, where most of SMMNRA is located;r@ased 18.5 percent from
1980 to 1990, 7.4 percent from 1990 to 2000, a®dp&rcent from 2000 to 2008
(United States Census Bureau, 2010). This resuited increased number of people
living within the WUI. Similarly, nearby Ventura Qaty grew 13 percent from 1990
to 2000 and 6 percent from 2000 to 2008 (UnitedeSt&ensus Bureau, 2010). The
natural scenic beauty of the area and its proxitaitynetropolitan Los Angeles and
Ventura has resulted in SMMNRA having some of tlghést land and home values
in the nation (Los Angeles Almanac, 2008).

Structures close to dense vegetation are likelpedost in fires driven by
high winds (Troy & Romm, 2007). According to thetMal Hazard Disclosure Law
(Assembly Bill (AB) 1195), passed in 1998, all hosedlers are required to fill out a
form disclosing to potential buyers whether thesidence is in a statutory wildfire
zone (Troy & Romm, 2007). Despite this informationrrent WUl homeowners may
remain ignorant of, or may not acknowledge thatythee likely to be personally
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affected by, the risks inherent in living in thdsgh fire hazard areas (Huggett Jr.,
2003).

The Grass Valley Fire in October of 2007 in the 8amardino Mountains is
one example of a fire that occurred in close pratyito a dense residential area. Dry
SAWSs blowing over rugged terrain of chaparral andifer forests provided perfect
conditions for the Grass Valley Fire (Cohen & Straf 2008). Sparks from the fire
moved south, igniting residential vegetation andessl homes. The post-fire
evaluation concluded that the destruction of alnZ3® homes resulted from fire
spreading structure to structure. Given that omtyh®mes showed signs consistent
with being engulfed by a high intensity wildfirdwet Grass Valley Fire illustrates that
homes within the WUI may be threatened more byra@adiignition from embers than
by direct ignition from fire (Cohen & Stratton, 28)0 Thus, it is important to note
that residences not immediately adjacent to chapanr coastal sage scrub also
experience a high risk of wildfire. Greater distaritom chaparral and coastal sage
scrub does not necessarily mean a residence imaearisk when fires occur.

The Role of Education and Fire Policy in the WitdlaUrban Interface

The Grass Valley Fire also demonstrates the needhforoved fire education
and policy. When destructive fires occur, suchhase in 2003 and 2007, the usual
response is to spend more state and federal monefir® resources and fuel
treatment projects. However, the increased budget firefighting and fuels
treatments has not decreased the number of daméggsgn California. Similarly,
current policy is focused on fighting fire, insteafdlearning to live with it (Stephens
et al., 2009). In contrast, the recently endorsedtralian policy of ‘Stay or Go’ (or
‘Prepare, stay and defend, or leave early’) hagltex$ in reductions of loss and life
and property, until the devastating fires that ocaliin February 2009 (Table 2).

Table 2: Life and property losses in major Victorian bushfires, Australia.

Types of Losses 1939 1983 2003 2009
Fatalities 71 47 1 210
Houses destroyed 650 2000+ 41 2029
Area burnt (hectares) 1.5 million 200,000 1.12 million 400,000

Source: Tibbits & Whittaker (2007); Esplin (2009)

Australia Comparison

At the beginning of each fire season, fire autiesiin Australia encourage
residents to decide whether they will prepare, st&y defend their property, or leave
before the fire threatens their area (Tibbits & YWaker, 2007). If residents decide to
stay, they need to adequately prepare their prppdrough fuel management,
appropriate home protection measures, and enstiv@yghave both the physical and
psychological resources to actively defend theapprty from embers throughout the
fire event (Stephens et al., 2009). The Australgolicy is based on several
assumptions: 1) the fire front will pass quickly;Hbuses can survive and protect the
occupants; 3) well-prepared houses can be suctigsséfiended from bushfires and;
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4) wind-blown embers are the most common sourd¢®ofe ignition (Stephens et al.,
2009; Tibbits & Whittaker, 2007). Additionally, &rauthorities must emphasize that
‘stay and defend’ means staying and defending tio@guty until the fire passes.
Residents should not keep late evacuation as aonopécause studies have shown
that twice as many deaths occurred in vehiclesubirothe open than inside houses
(Handmer & Tibbits, 2005). Lastly, it is importat@t recognize that the Australian
policy of ‘Stay or Go’ is not the same as ‘sheiteplace’ (Stephens et al., 2009). The
‘Stay or Go’ policy emphasizes active homeowneninement, as opposed to the
much more passive and consequently dangerouseshelplace’ idea.

The ‘Stay or Go’ policy has worked in Australia,tbbe success of the policy
is contingent on proper education about the poliogrough preparation before a fire
and an effective early warning system (Stephera. e2009). The Australian policy
could be effective in certain areas of Califorrbat only with revision of the current
system. There is a need for stronger partnershipvda® communities and fire
authorities, agency and community support of thicposubstantial education and
outreach about the policy and the risks and choingslved, and communities
willing to accept responsibility for their own safgMcCaffrey & Rhodes, 2008).
However, as the statistics from the 2009 Austrabashfires show (Table 2), when
extreme fire conditions exist (i.e., low fuel moist levels, high winds, hot
temperatures) (Victorian Bushfires Royal Commissig009), fires can and will
devastate the landscape and destroy property aweks lidespite successful
implementation of fire policies.

Options for Mitigating Fire Damage in the WUI

Many WUI residents do not understand the ecosystenvhich they have
chosen to live, nor do they believe they will béeaffed, especially if a fire has
already occurred relatively recently (Gardner et87). Many residents incorrectly
assume that wildfires only affect residences altregedges of the WUI; however,
many destroyed homes are a result of ignition fiomaller flames or from wind-
blown embers (Cohen & Stratton, 2008). Structurggiecan play an integral part in
structure ignition and fire spread, as observedth@ 2007 Grass Valley Fire.
Additionally, maintenance of defensible space ig/\mportant in the WUI. The area
within 100 feet of the home is considered the “hdgmation zone” (HIZ), the most
important area to manage (Sutherland, 2004). The dsually falls within private
property, and management is therefore the respbtsilof the homeowner.
However, there are numerous resources that edboateowners on how to create a
perimeter around infrastructure in order to prowadgefensible space from which fire
fighters can safely protect structures and minimiziglfire spread (State Board of
Forestry and Fire Protection, 2006).

There are also guidelines available for constomcind landscaping, such as
the Firewise Construction Checklist (National FReotection Association, 2009).
These may include choosing a fire safe locationnw construction, or using non-
combustible materials, such as slate, clay tileetal roofing, in place of traditional
materials. Retrofits on existing homes are alsosipbs such as installing wire
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screens with mesh one-eighth of an inch or lessemts in order to exclude sparks
(National Fire Protection Association, 2009). Chogsappropriate plantings and
regularly maintaining vegetation in the HIZ canoalgreatly reduce fire hazard
(Sutherland, 2004). However, under extreme fireddtns, and especially during
SAW events, these guidelines do not guarantee thsidences will remain

undamaged. Without strict requirements, an actual hay be needed to make
residents fully recognize the danger. For instanoe, study found that willingness to
pay for fire-resistant roofing was highest in thetyears following a fire (Huggett

Jr., 2003).

The Existing Planning Framework in SMMNRA

There are three major planning documents that haisgliction over land use
within SMMNRA: the Los Angeles County General Plahe Ventura County
General Plan and the Los Angeles County Coasta Rian. There are many smaller
planning units covered in each of these major uoftsn with their own planning
documents. Land use policy maps set the total nuwfenits that can be placed on a
parcel of land governed by a planning document.irgpistandards affect how the
land can be used, and other regulatory agencyipslinay also impact the number of
structures that can be placed on a property.

There is potential for additional development witt8MMNRA in both Los
Angeles and Ventura Counties. Although the Los Aeg€ounty General Plan states
that new development is most acceptable in “anegsffom natural hazards” (County
of Los Angeles VI-49), this excludes fire hazarchlyOsites with a high hazard of
flooding or unstable soils are not considered dmpadble according to the Los
Angeles County General Plan (County of Los Ang&leg9). The Ventura County
Fire Protection District also discourages develapima High Fire Hazard Areas
(Ventura County Planning Division, 2005); howewamstruction may still proceed.

In communities in the vicinity of SMMNRA, there avarying requirements
for fire protection, creating inconsistent policiesross the landscape. Ventura
County’s Area Plans contain policies for residenicedigh Fire Hazard Areas, such
as requirements for non-combustible roofs, landsgalpns that use fire retardant
plant material, ensuring adequate access for watdrother firefighting purposes,
and clearing brush within 100 feet of a structameg in some cases, 200 feet. Even
within the same county, local jurisdictions useoinsistent fire management policies.
For example, within Ventura County, the Area PléarsLake Sherwood, Oak Park,
Thousand Oaks and Piru are consistent with thewar€ounty General Plan’s fire
policies, while Lake Sherwood/Hidden Valley Areza¥ are consistent with the
Santa Monica Mountains Comprehensive Plan (Ven@ioanty Planning Division,
2005). Within Los Angeles County, many communiteethere to the County fire
requirements, including a brush clearance requintmiel00 feet from structures and
200 feet in High Fire Hazard Areas. However, somieschave adopted much more
stringent ordinances, such as the City of AgoursHivhich has provisions for new
construction, as well as required retrofits conemntrwith alterations of existing
structures (City of Agoura Hills, 2009).
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Fire Management and Coordination in SMMNRA

Fire management is the range of human activitiash sas suppression of
ignitions or modification of fire behavior, thateaimplemented to protect human life
or property or to modify ecosystem properties (§avibnica Mountains National
Recreation Area, 2005). SMMNRA has a large, sprayWUlI, in which the primary
concern is development on private in-holdings witthe park. Another issue is the
build-up of brush which provides fuel loads forefirThe objectives of a fire
management plan in a chaparral ecosystem such dNEM are: 1) to contain
wildfires strategically within easily defended baolamies; 2) to maintain a chaparral
fire regime that fosters healthy, sustainable estesys in wildland areas; and 3) to
prevent anthropogenic ignitions and to prevent fivédspread into urban areas
(Conard & Weise, 1998).

The year 2005 marked the publication of the FinaVvibnmental Impact
Statement for a Fire Management Plan for SMMNRAth/he adoption of the new
plan, SMMNRA has moved toward implementing a ne® fhanagement policy. The
plan attempted to meet the three objectives ddldeby Conard and Weise (1998)
listed above. The SMMNRA Fire Management Plan adtex moving away from
prescribed burning to create an age-class mosatt,t@vard the development of
strategically placed fuel management zones. Intaddifuel management in and
around the WUI is also emphasized (Santa Monicartons National Recreation
Area, 2005).

Prescribed burning is the application of a con¢ilfire to a predetermined
area (Natural Resources Conservation Science, 2b0&)lation to fire management,
the purpose of prescribed burns is to control unalele vegetation, remove debris
and to reduce wildfire hazards. Limits of presadil®irning include: the risk of a
prescribed burn spreading to adjoining lands; #u that prescribed burns often take
place near potential hazards such as roads, resslenwindbreaks, flammable
conduits, electrical power poles and transmissioest the compounded respiratory
problems due to the smoke from a prescribed burd;umplanned intrusion of wind
potentially leading to a large unplanned fire. Unegtreme conditions, such as that
of SAWSs, even young fuels will support an intenge, fwhich is a problem that
prescribed burning cannot remedy (Keeley & ZedBfi09). As a result of these
limitations and research that has shown fuel mcakibn does not decrease fire
hazard (Keeley, 2002), especially during SAW eveSBIMNRA has eliminated
their prescribed burning program.

Currently, as part of the development of a new aegli Santa Monica
Mountains Community Wildlife Protection Plan (CWP) federal, state and local
agencies, public meetings have been occurring IMSRA to help homeowners
identify how to better protect their homes. Thstfgeries of thirteen public meetings
took place in October 2009. The second series bfipuneetings took place in
January 2010. The CWPP is designed to identify ripyicactions for wildfire
prevention and overall fire safety on both privated public lands. The plan will
include approximately 52,609 hectares (130,000 saced land. Homeowners,
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landowners, agencies and service providers thaete@s conduct business in the area
are included in the process. Ultimately, the g@ata provide a blueprint for fire
hazard reduction projects to increase communitetgafThis could include fuel
reduction, or non-fuels related projects such agraging homes to be more fire-
resistant (McGrath, 2009).

Fire Spread Modeling as a Tool
Rothermel’s Equation

The Rothermel fire spread equation (Rothermel, 19%2a mathematical
model for predicting the direction and rate of fagread in models of wildland fuels.
It is used for hypothetical fires and forecastiig tbehavior of active wildfires.
Rothermel’'s model is composed of a nonlinear seteqbiations that relate
environmental input parameters such as fuel type, moisture, terrain and wind to
describe the fire environment.

The heat from a fire dehydrates potential nearbgl filhrough internal
radiation and convection. Continual heating rateesperatures until the fuel starts to
burn and release combustible gases. When thereuffgient gas to support
combustion, the gas is ignited by flames and treedpreads to a new position. In no-
wind fires the surrounding fuel temperature risksvly and ignites when the fire
approaches within one or two inches of the fuek Turel temperature is higher than
the surrounding air temperature, so convectiveihgatr direct flame contact occurs
only when the fire reaches the fuel.

In a wind-driven fire, the temperature of the surrding fuel rises faster even
when the fire is farther away. Wind acceleratesfldue in the prevailing direction,
causing the flame to make contact with more paaéritiel at further distances.
Additionally, wind can transport flames into sumoling areas. The air temperature
in this case is higher than the fuel temperatures Tindicates the presence of
convective heating and radiation from the flameadidition to internal radiation and
convection. Conversely, in a wind-driven fire oslaped terrain, these same factors
come into play. The wind as well as convectionjatan and internal radiation all
work to spread the fire uphill.

Rothermel’s model reduces fire behavior into sdveamnponents: the heat
required for ignition, propagating flux, reactiontensity, the effect of wind and
slope, approximate rate of spread, heat sink hieptesignition, heat sink effective
bulk density, heat source reaction intensity, lseairce reaction velocity, heat source
moisture damping coefficient, mineral damping cioeght, physical fuel parameters,
wind coefficient and slope coefficient. Rothermdile spread equation defines rate
of spread as the heat received by fuels aheadedirthdivided by the heat required
to ignite the fuels. Shown below is the equatianréde of spread of the flaming front
of a fire, which is based on multiple other equadio

_Ig E(1+ dyw+ Dg)

R
Py Qig
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Where:

« R =rate of spread of the flaming front

+ |r =reaction intensity

- & = proportion of the reaction intensity that heatjacent fuel particles to
ignition

« @y = dimensionless multiplier accounting for the effef wind in increasing
the proportion of heat that reaches adjacent fuels

« ®g = dimensionless multiplier accounting for the effef slope in increasing
the proportion of heat that reaches adjacent fuels

- py =oven dry fuel per cubic foot of fuel bed (Ib/ft)

« & = dimensionless number accounting for the proportf a fuel particle that
is heated to ignition temperature at the time flagntombustion starts (near
unity for fine fuels and decreases toward zeraiakdize increases)

- Qi = heat of pre-ignition, or the amount of heat regplito ignite one pound
of fuel (Btu/lb)

Rothermel’s fire spread equation is the basis fasthcomputerized fire spread
models used in the United States today.

How Fire Spread Models are Used

Fire spread models are commonly used to determio@ ko protect
communities within the WUI. Fire spread models barused to determine where the
landscape should be altered (i.e., prescribed ptwrdecrease fire hazard, how much
defensible space is required to protect a structowreo guide real-time decision-
making. One such model, known as the Wildland-Urbaterface Evacuation
(WUIVAC) model, is used to determine an evacuatiogger or a point on the
landscape, that when crossed by a wildfire, sigtizds$ the threatened community
needs to begin evacuation (Dennison et al., 20B@prmation from fire spread
models can also be used for educational purposelshave been used to aid in the
development of the Fire Information Engine Toolkitveloped by the Center for Fire
Research and Outreach at the University of CalidprBerkley. This web-based
toolkit is intended for a wide variety of users luding homeowners, decision
makers, fire operations and researchers, and casdzkat the local, community and
regional scale (Kearns et al., 2007). More recerthanges in fire behavior and
severity due to climate change are also being at@duusing fire spread modeling.
However, it is important to keep in mind that whit@dels can be useful, they are an
oversimplification or approximation of reality asdnnot reflect all reality (Burnham
& Anderson, 2002).

Currently, fire ecologists and researchers at SMMNRe fire spread models
in the following ways (Taylor, 2009):

» to calculate expected fire behavior adjacent tacstires to determine how

much defensible space is necessary to protect them;
» to identify locations where fire behavior is exmettto be especially
severe;
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* to illustrate expected conditions for future witgs (i.e., for future
planning purposes);

» to assess the potential value of proposed fuel ficaton projects; and

* to develop educational materials for public fireieation programs.

This project specifically focuses on identifyingc&tions where fire behavior is
expected to be especially severe.

Many experts have modeled and studied fuels aneffeet of fuel moisture
on fire spread (Dennison et al.,, 2008). Althoughisitwell known that wind
significantly contributes to fire spread (Beer, 1R9ittle has been done to identify
areas of high fire hazard during high winds. Simgads, particularly SAWSs, can
become the primary drivers of fire spread, the sakgith the highest intensity winds
are of particular interest. Knowing the areas iriclithe winds blow the strongest,
synthesized with other fire factors, can definetigpareas of highest fire hazard
within SMMNRA. Wind modeling can assist fire maneg@ better approximating
local wind patterns and the potential for wind-lthgereases in fire spread rate and
intensity (Butler, et al.,, 2006). Outputs from wimdodeling programs such as
WindWizard are beginning to be incorporated inte §pread models.

Two Fire Spread Models

Both HFire and FARSITE are based on Rothermel'satgns. FARSITE, a
fire spread modeling program that contains mod@ibespredicting fire spread in
grassland, shrubland and forested landscapesgiprigram most widely used by
federal and state land management agencies forcpnedfire spread and behavior
(FireModels.org, 2009). FARSITE is used to deteemwhere a fire will go, how
large a fire can become and the rate at which itleewiill move through an area.
Unfortunately, FARSITE is also highly sensitive ttee spatial resolution of input
fuels, ignition locations and perimeter resolutiBeterson et al. (2009) observed that
the calculation time for FARSITE increases expoiadigt as the fire perimeter
increases.

Another fire spread modeling program, HFire (Higkdptimized Tolerance
Fire Spread Model), which was created in the GgugraDepartment at the
University of California, Santa Barbara, uses derasased fire spread model based
on the empirical double ellipse formula used by émson (1983), as opposed to the
elliptical-based spread model of FARSITE (Morai®02). HFire is a model of
surface fire spread through shrubland fuels (Petgrst al., 2009), although HFire
can be used in any ecosystem that FARSITE is usddstly, HFire does not model
spotting which FARSITE does.

A study of FARSITE and HFire modeling results fornaajor southern
California fire found that the two fire spread siation models produced similar
results (Peterson et al., 2009). Although FARSIT&S fa graphic user interface,
making it more user-friendly than HFire, more fgienulations can be completed in
HFire in a shorter period of time. HFire fire sptesimulations can be completed
much more quickly on desktop computers than FARSIiégEspread simulations. So

20



while both HFire and FARSITE fire spread modelinggrams allow land managers
to determine the locations most susceptible to fikdd, HFire seemed most
appropriate for the project because of the finatesoature of the WindWizard output
and the limitations of FARSITE.

Mapping Fire Hazard

The ability to model fire intensity and fire spdegives agencies the tools to
create fire hazard maps and to identify areas whieséighters could not safely
defend property. Fire hazard maps have been craatdle past with overlay
analysis, such as by Chuvieco and Congalton (198%), used vegetation (classified
according to fuel class, stand conditions and ,s@ie)vation, slope, aspect, proximity
to roads and trails, campsites or housing as layetkeir analysis of hazard in a
forested area of Spain (1989). The various factene weighted by their importance
to fire hazard according to literature review (Ciewo & Congalton, 1989).

The Fire Spread Probability Computation Procedamployed by the U.S.
Forest Service (USFS) in incident management, Msage Carlo to generate wind,
fuel and moisture time series data. Fire spreadilations are then conducted for
various weather scenarios, and the resulting fea probability is calculated
(Fujioka, 2008). California’s AB 337 required thaalifornia Department of Forestry
and Fire Protection (CDF) work with Local RespongibAreas to produce maps of
Very High Fire Hazard Severity Zones. These map® weended to support roofing
and vegetative clearance requirements, as welt@sding information for the real
estate disclosure statements required by AB 113Gt et al., 2000). The low,
medium, and high Fire Hazard Severity Zones fordtate, adopted in 2008, were
constructed incorporating “fire history, existingdapotential fuel, flame length,
blowing embers, terrain and typical weather” amd behavior model results (FRAP-
CDF, 2007, 2).

This information is of the utmost importance inrpiang for fire preparedness,
including choosing locations where specific fuelnagement techniques may be
applied. Previous studies (FireModels.org, 2009yehased fire hazard models
embedded within a geographic information systemSjGio map regional and
neighborhood risk, and to assist decision maketsetter mitigate future fires. GIS
provides a systematic framework to estimate paerftre hazard over several
jurisdictions, and can bring attention to areasn@laencies and private landowners
may have overlapping concerns and responsibilitesire management that should
be managed under collaborative policies (Radtk@®519Predictive models which
measure rates of change in fuels can also trackubeess of mitigation efforts that
have been implemented to reduce fire hazard (Rad8®5). Fire spread models are
commonly compatible with GIS software for furthemadysis. This technological
compatibility allows analysis of the data and thdity to create maps which can be
distributed to a wider audience.

It is critical that hazard maps used for decisioaking be as accurate as
possible. Errors in fire spread modeling are otband to identify and measure for
spatially and temporally dependent data. The USES identified model mis-
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specification, erroneous model inputs and measurem&or as the most common
problems in their own modeling experiences (Fujjok@08). Albini and Anderson
(1982) found that predictions of fire hazard in Medanean systems were extremely
sensitive to wind speed, and cited modest erroksifal speed as a major source of
error. As wind speed on an acting flame increadiesl,forward rate of fire spread
increased. Efforts have been made to quantify threre and uncertainties of
predictions based on fire spread models (Fujiok®)42 Fujioka measured errors
based on spread distances at points on the persnatectual and simulated fires,
including for the 1996 Bee Fire, in the San BermavdNational Forest. A probability
model was used to bound the errors in fire spraad,this error ratio was then used
as a correction factor for the bias of the spreadeh(Fujioka, 2004).

WindWizard

WindWizard, developed by the Fire Behavior Projattthe Fire Sciences
Laboratory in Missoula, Montana, is a fluid dynasmimodel used to simulate the
effect of terrain on wind (Stratton, 2006). The Mdvizard program provides
information about local surface wind regimes at 160800 meters above ground
(FireModels.org, 2009). Currently, weather inforroatcan be downloaded from
Remote Automated Weather Stations (RAWS), whichraipeat a reference height of
6.1 meters (Peterson, et al., 2009). WindWizardutates surface air flow by
incorporating detailed information about the terran the form of digital elevation
model (DEM) files, and user-specified prevailingr alow and direction
(FireModels.org, 2009). WindWizard software can ron desktop or laptop
computers with at least 512 MB of RAM (Random Accétemory) and a Windows
2000 or newer operating system. This would allowdlenanagers to incorporate wind
into fire spread models without having to use sopeputers. Additionally,
WindWizard output can be used to incorporate mataitbd wind information into
FARSITE and HFire simulations (FireModels.org). Tgradded wind model can be
used to identify areas of exceptionally high sugfagnd velocity during SAW events
in the SMMs, such as on ridgetops.

The gridded wind produced by WindWizard gives aafsshot” of the wind
flow at one moment in time and is not a forecasdehoWindWizard assumes a
neutral stable atmosphere and does not take ictmuat density driven flows such as
diurnal winds or fire-induced winds (Forthofer ét 2003). Not considering these
flows introduces error into the resulting predicteithds. Additionally, WindWizard
simulations can predict surface wind direction andgnitude given general area
prevailing wind information. The interaction betwewind and topography is not
captured in broader scale wind. The wind grids teckdoy WindWizard have been
compared against historic data, and the resultgcatel that WindWizard speed
predictions are close to reality (Butler & Forthof@004). Predictions are most
accurate for winds greater than 8 kilometers peur Ifph) (5 mph) at ridgetops of
cold fronts, foehns like the SAWs and onshore/affshwinds. The accuracy of
WindWizard predictions of surface wind speeds duriSAW events can be
determined using historical wind gauge data frost gAW events.
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VI. M ETHODS

In order to propose recommendations for SMMNRAtloa future usage of
gridded wind in fire spread modeling, the projestessed the added benefits, if any,
of incorporating gridded wind into fire spread mimalg through a multi-step process:

1. conduct a wind direction analysis of historic SAWRts;

2. compare fire simulations using gridded wind to 8maulations using prevailing
winds for a historic fire within SMMNRA,;

3. model fire hazards in HFire incorporating WindWtautput with historic and
random ignition points; and

4. create a fire hazard index map for SMMNRA from HFand WindWizard
outputs.

Data Received from SMMNRA
To begin our analysis, SMMNRA provided us with tblowing data for the
study area:
» digital elevation model (DEM),
* vegetation map,
» eight WindWizard wind grids and
» coordinates for ignition locations within SMMNRAoim 1982 to 2008.

Overall Approach

Our overall project methods are shown in FigureF#st we compiled the
topographic (elevation, slope, aspect), vegetatfive,ignition locations and weather
data necessary for fire spread modeling. We themmaltiple fire simulations on both
a local scale, for the 2007 Corral Fire, and onRieereation Area-wide scale. The
local historic fire was used to validate whethemnot gridded wind inputs improved
fire simulations when compared to prevailing wimghuts. We used the Recreation
Area-wide scale to attempt to map spatial variagiam fire hazard during SAW
events.
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Figure 4: Flow chart overview of methods.

Wind Direction Analysis

Before running any simulations or analysis, wedumted an assessment of
historical weather conditions during SAW eventsSMMNRA using data acquired
from MesoWest. MesoWest is a cooperative projedtvéen researchers at the
University of Utah, forecasters at the Salt Lakey®IWS office, the NWS Western
Region Headquarters, and personnel of participatiggncies, universities and
commercial firms (University of Utah, 2009). RAWS the MesoWest network,
which operate at a reference height of 6.1 metakge one measurement per hour of
prevailing wind speed and direction, and dead wwmm-hfuel moisture. We
downloaded MesoWest data for the months of OctabhdrNovember, from 2004 to
2008, from the following stations: Agoura Hills, €¥seboro, Circle X Ranch, Leo
Carrillo, Los Angeles, Malibu Canyon, Malibu Hillfhousand Oaks and Woodland
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Hills. However, some of the stations listed abo%gdura Hills, Circle X Ranch, Los
Angeles, Malibu Canyon and Woodland Hills) did poovide the complete set of
data (fuel moisture, wind direction, wind speed aechperature) required for our
analysis for those dates. We selected the monti@ctdber and November because
these months represent peak SAW conditions. We tiigettmperature and humidity
data from MesoWest to assist in identifying SAW r#ge but temperature and
humidity were not used as inputs into the HFire elod

To model fire hazard for a worst-case scenarioused the following criteria
to identify an extreme SAW event: temperatures tgreian 26° C (79°F), relative
humidity less than 15 percent, wind direction bew@30° and 110°, wind speeds
greater than 25 kph (15 mph) and dead fuel moidewels less than 10 percent.
Based on the above criteria, we selected and adiy®e hourly wind directions for
four different multiple day Santa Ana events (Tab)e

Table 3: RAW stations and dates of the multiple day Santa Ana events used to compile weather data.

October 4-7, October 21-23, November 5-8, November 13-
2005 2007 2008 19, 2008
Stations | Thousand Oaks | Thousand Oaks Thousand Oaks Thousand Oaks
Cheeseboro Cheeseboro Cheeseboro Cheeseboro
Malibu Hills Malibu Hills Malibu Hills Malibu Hills
Leo Carrillo Malibu Canyon Leo Carrillo Leo Carrillo

Source: MesoWest

We calculated the mean, median and mode of theapirey wind direction,
wind speed and dead fuel moisture levels for amaae SAW event. The historical
wind direction of an average SAW event was useddight the wind directions (0°,
45°,90°, 337.5°) for the fire hazard index map.

We also compiled weather data from MesoWest toahtae 2007 Corral
Fire, the historic fire we recreated for our analysThe Corral Fire began on
November 24, 2007, and was contained on Novemhe2@y7. We downloaded data
from three weather stations that were in close ipmity to the fire: Malibu Hills, Leo
Carrillo and Cheeseboro. We calculated the meadjanend mode of the prevailing
wind direction, wind speed and dead fuel moistaxels during this period.

Fire Simulations

We used HFire to run numerous fire simulations witBMMNRA under
SAW conditions. For the purposes of this study, ldmscape was divided into 30-
meter by 30-meter cells, a relatively fine resalatthat still allowed data processing
on standard desktop computers.
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HFire

In HFire, the configuration file (.cfg) informs theatch file (.bat) where to
find the necessary inputs to run the desired sitimngsee Appendix A for a more
detailed explanation of HFire file types). Compwtenulation of fire spread is based
on topographic data, weather data, fuel data amitiag location. The configuration
file determines the start and end of the fire ie tiour time-steps. Also included in
the configuration file are details on the condidhat would extinguish a fire. For
example, if a simulated fire does not spread t@wa oell within three hours, HFire
will extinguish the fire.

Several assumptions were made when running theeHiif)gram. One major
assumption was that our SAW data is representafivenditions in the study area.
We limited our weather data to four years, whicls westricted because of the data
made available by the local weather stations. Thel imodel we used is a
simplification of the diverse landscape in the gtadea. We assumed that the fuel
models used in the fire spread model accuratelyesemt the vegetation communities
in SMMNRA. When possible we used fuel models tharevspecific to the
Recreation Area’s vegetation communities (Weise ég&brugge, 1997), but we
were limited to what fuel models are currently ¢alale. We also assumed that
developed areas and roads within SMMNRA are unhalenaHowever, small
burnable holes were created in U.S. Highway 101 @&l Highway 23 in order to
simulate “spotting.” Spotting occurs when embesstaansported by the wind beyond
the fire front and ignite vegetation ahead of tine. {Creating small burnable holes in
the freeways allowed the fire to spread acrossgtlaat would have otherwise acted
as barriers to the simulated fires. Smaller roadsewiot incorporated into the fuel
model; therefore, they were not barriers to fireegd. Simulations for the study-area
were limited to 24 hours, rather than 72 hours,chs the average length of a SAW
event. Most boundaries of historic fires remairtistafter the first 24 hours, likely
due to firefighting efforts. During a SAW event,ngis do not blow continuously
from the northeast quadrant for 72 hours, but flat frequently. When winds die
down or shift periodically to other quadrants, fifighters are able to begin
containment actions. HFire cannot model firefigbtiand the limited number of grids
we were given prevented hourly variation of thedvyrarameter. For this analysis, we
assumed that four wind directions and two wind dpefor a total of eight wind
grids) can be used to model fire spread in the SMitsng SAW events.

Input Files
The model required several input files. SMMNRA pded us with a

database of ignition locations within the Recraatisea (Appendix B1), as well as a
DEM of the Recreation Area. We created ASCII (.asg]} files for elevation, slope

and aspect from the provided DEM, all with identiaeea, cell size and number of
cells. Additionally, the vegetation map SMMNRA pided us with served as the
basis for the fuel model map. The WindWizard graideind data was supplied to
SMMNRA by the Fire Sciences Laboratory in Missolldpntana. The prevailing

wind input data (hourly wind speed and directiosed to compare against the
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gridded wind inputs, were downloaded from MesoWe&iud cover was assumed to
be zero during SAW events, and live fuel moistues\weld constant at 60 percent of
oven-dry weight for live herbaceous material andliice woody material (Peterson,
et al., 2009). Some of the input files were slightiore complex. The processes for
creating these files are described in detail below.

Wind Data

Wind modeling of historic fires requires simulatirombinations of wind
speeds and directions. Typically the simulationsilanatch a forecasted or historic
wind (Forthofer et al., 2003). WindWizard generatasface wind by accounting for
the topography of a region. The Fire Sciences Latboy used WindWizard to model
SAW conditions (direction and speed) at a 100-me¢siolution for SMMNRA.
However, only four wind directions and two speedservprovided (Table 4).

Table 4: Prevailing wind direction and speed used by Missoula Fire Sciences Laboratory to produce
wind grids for SMMNRA.

Wind Direction Speed in kph (mph)
337.5° (NNW) 24 (15)
337.5° (NNW) 40 (25)
0° (N) 24 (15)
0° (N) 40 (25)
45° (NE) 24 (15)
45° (NE) 40 (25)
90° (E) 24 (15)
90° (E) 40 (25)

Given a particular prevailing wind speed and digectfor the study area,
WindWizard assigns a speed and direction value¢oyecell in the study area, based
on the local topography. In effect the wind speedadaled down from the prevailing
wind speed in most cells, and scaled up in a spnaportion of cells, as shown in the
speed distribution figures below (Figure 5, FigGye
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Speed Distribution for the 90°, 24 kph Wind Grid
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Figure 5: The distribution of wind speed in cells within the study area ,90°, 24 kph wind grid.

Speed Distribution for the 90°, 40 kph Wind Grid
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Figure 6: The distribution of wind speed in cells within the study area, 90°, 40 kph wind grid.

The most common wind speed at 100-meters from uhiace, according to
WindWizard for a 24 kph (15 mph) wind coming frornedeast (90°), is 9 kph (6
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mph) (Figure 5). For a 40 kph (25 mph) wind frone ttame direction, the most
common wind speeds are 14 and 15 kph (8 and 9 (Rpyre 6).

Since the SMMs encompass a rather large areaytmeb grids were required
to cover the study area. The outer 10 to 20 peritite wind modeling domain may
be significantly affected by the boundary effecartigularly on an inflow side
(Forthofer J., 2009). To account for the edge ¢ffiedhe center of the Recreation
Area, a third central grid was generated for eadhdwspeed and direction
combination. To create seamless wind grids forwhele study area, we clipped 20
percent from the right and left sides of the cegted to reduce edge effects, and then
combined the three grid sections using the Mosaat in ArcGIS. However, there
was no buffer between the ocean and the southast obthe Recreation Area. Since
the southern edge of the wind grids did not extpast the park boundaries, Point
Dume and other areas along the southern coased®dgreation Area are subject to
edge effects.

Randomized Ignitions

A set of 200 random ignition locations was creatsihg the ArcGIS Random
Points tool. A map of the randomized ignitions égdted in Appendix B2. The
locations were placed within 500 meters of majad®oin portions of SMMNRA
with burnable fuel model classifications. Previcsisidies have found a higher
probability of ignition based on proximity to roadgails, housing developments and
vegetation type (Syphard, et al., 2008).

Fuel Model Map

Vegetation Map

A National Vegetation Classification System wasealeped by managers in
order to document the state of vegetation withie tNational Park Service.
SMMNRA used this system, including photo-interptiet® automation and accuracy
assessments, to produce a map of the vegetationroes in the Recreation Area.
This map served as the basis of the fuel map teatreated for the study area.

Existing Fuel Models

A fuel model consists of a variety of charact&gsbf a given vegetation type,
measured during experimental burn tests. Theseesatme used as inputs in fire
spread modeling programs that simulate fire spesatlintensity across a landscape.
Initially, there were 13 non-dynamic fuel modelslbbased on Rothermel’s work.
Five more fuel models were added to the originalnlB997 (Weise & Regelbrugge,
1997). In total, the Federal Land Management Agenoecognize 18 different non-
dynamic fuel models, including five classificatidios shrublands.

Construction of Fuel Model Map

To create a fuel map for SMMNRA, the diverse vagjeh assemblages were
grouped into the most similar existing fuel classifions. For example, Fuel Model
16, “Ceanothus”, was used to represent 25 speeifigetation classifications
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including various species in the genGganothus as well as the “Bushpoppy
Alliance.” A complete list of the fuel models uséal represent each vegetation
community in SMMNRA is provided in Appendix C.

Because the fuel map represents the entire stusly, adeveloped and road
areas were also given fuel classifications. Insahulations, developed areas and
major roads were set as “unburnable” (i.e., firemuMd extinguish when reaching
these areas) in the fuel map. Large roads cansaztbarrier to fires, but large, wind-
driven fires often “jump” even large freeways. FARE, the fire spread model used
by SMMNRA, simulates spotting, which allows a fit@ cross roads. Since HFire
does not simulate spotting, the Raster Editor io@rcGIS was used to create small
“burnable” gaps in U.S. Highway 101 and U.S. Highvw28. These burnable gaps
were placed in areas where historic fires havetsgacross these two freeways. For
input into HFire, this information was compiledas ASCII (.asc) grid text file with
30-meter cells.

Dead Fuel Moisture

The dead ten-hour fuel moisture level input fileaswbuilt using data
downloaded from MesoWest. Ten-hour fuels are ftigd$ take ten hours to absorb
enough moisture to get two-thirds of the way to ildgium with the ambient
moisture level. HFire also used the ten-hour fuelisture level to calculate the
amount of moisture in fuels for one-hour and 100fhfuels. We examined fuel
moisture levels from multiple SAW events that topllace during the months of
October and November 2005 to 2008. To create theeHRput file, the average of
the dead fuel moisture levels for the Cheeseboam Carrillo and Malibu Hills
stations was taken, one reading per hour, fromtramg SAW event that took place
on November 14 to 15, 2008. The values for thisieweere found to be well within
the range of November SAW events of the past fears.

Validation Using One Historic Fire (Corral Fire)

In order to test how well the model representsitsealke chose to recreate a
historic fire at a local scale. The Corral Fire2607 was chosen because it took place
completely within the study area, and weather fé@téhat period was available from
MesoWest. Hourly wind speed, wind direction andddesel moisture inputs for the
Corral Fire were used to change parameters frorprgous simulations. Given that
the Corral Fire burned close to the ocean, we tbekdead fuel moisture inputs for
the simulations from one MesoWest station, Leo il@arbecause of its proximity to
the ocean.

To recreate the fire as accurately as possiblejsed the conditions closest to
the observed event (Table 5). First, in simulati¢h we varied wind speed, wind
direction and dead fuel moisture every hour baseddata from local weather
stations. We were not able to do the same for gddalind since we were limited to
the grids that were available. To compare griddewd inputs to prevailing wind
inputs, for simulation C2 we varied the hourly m#wg wind inputs, using
prevailing winds only from the four wind directionge had (0°, 45°, 90°, 337.5°).
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For simulation C3, we used gridded wind inputs ecihourly, but limited to the four
wind directions, as with C2. Simulations C4 to Qised a constant gridded wind
input, each with one of the four wind directionsdawo wind speeds. Simulations
C12 to C19 are similar, but used prevailing winpluts.

Table 5: Corral Fire simulations.

Run Prevailing Historic Constant Grid Used Notes
Number | or Gridded | Values and or Hourly | (direction_
Wind Input | Approximate Input speed)
of Historic
Values *
Cc1 Prevailing Historic Hourly NA Customary HFire
Simulation

Cc2 Prevailing | Approximate Hourly Various Prevailing winds set

to match grid values
inC3
c3 Gridded Approximate Hourly Various Gridded winds
nearest to historic
wind values

ca Gridded Approximate Constant 0 24 Constant Grid

Cc5 Gridded Approximate | Constant 0_40 Constant Grid

Cé6 Gridded Approximate Constant 45 24 Constant Grid

Cc7 Gridded Approximate | Constant 45 40 Constant Grid

Cc8 Gridded Approximate Constant 90 24 Constant Grid

Cc9 Gridded Approximate Constant 90 _40 Constant Grid

Cc10 Gridded Approximate Constant 338 24 Constant Grid

C11 Gridded Approximate | Constant 338 40 Constant Grid

Ci12 Prevailing | Approximate Constant 0_24 Constant Prevailing

C13 Prevailing | Approximate Constant 0_40 Constant Prevailing

Ci14 Prevailing | Approximate Constant 45 24 Constant Prevailing

C15 Prevailing | Approximate Constant 45 40 Constant Prevailing

Cl6 Prevailing | Approximate Constant 90_24 Constant Prevailing

C17 Prevailing | Approximate Constant 90_40 Constant Prevailing

C18 Prevailing | Approximate Constant 338_24 Constant Prevailing

C19 Prevailing | Approximate Constant 338_40 Constant Prevailing

*Approximate historic values selects the closest of the four gridded wind directions (0°, 45°, 90°, and
337.5°) given to us by Missoula Fire Sciences Laboratory.

Study Area-Wide Fire Hazard Index Modeling

To model potential fire hazard throughout the gtumtea under SAW
conditions, we simulated fires using four wind gadenarios (Table 6). All wind
grids used were based on a 24 kph prevailing wipded, because this best
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approximated the observed wind speeds in the wmadlyais (Wind Analysis, Section
VII). For each wind grid, we conducted a “histonm” consisting of 190 distinct fire
simulations using the historic ignition locatiof&ch individual fire was modeled for
a 24-hour period because WindWizard input to fpeead models was found to be
most accurate for the first day of a fire simulat{@utler et al., 2006). Each ignition
point was placed into a separate ignition text flgh X- and Y-coordinates in
Universal Transverse Mercator (UTM) North Ameridaatum (NAD) 1983 Zone 11.

Table 6: Study area simulations.

Run Number Wind Direction* Ignition Location Database Used
S1 0° historic
S2 90° historic
S3 45° historic
sS4 337.5° historic
S5 90° historic
S6 90° random

*all simulations used 24 kph wind grids, with the exception of S5, which used a 40 kph wind grid.

Creating Hazard Index Maps

Each HFire simulation resulted in an image (.pfig) for each simulated
hour, for a total of 24 image files based on théh@dr fire simulation. The image file
was then imported into ArcGIS to create maps fay tfferent measures of hazard,
burn frequency and burn time, or how rapidly a giell burned in simulations.
These two measures, described further below, wengbimed to produce a hazard
index map.

Hazard Index Map Based on Historic Runs
Output 1: Burn frequency

For each run we found the frequency with whichedl burned across all
simulated fires (190 for historic ignition locat®n200 for random ignitions). For
each individual fire, the image file from the ldsiur was reclassified into binary
data. The 24th hour, or final hour of the simulatianage file included all areas
burned in the simulated fire. Each cell was giveralaie of 1 if it burned or O if it did
not burn in a fire. The mean for all fires in theny approximately 190 fires, was
calculated using the ArcGIS Cell Statistics toolyield a burn frequency map for all
ignitions in that run. The burn frequency was ckdtad using the following formula:

Number of times burned
Output 1 = ( — )
Number of ignitions
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Output 2: Burn time

For each run, we found the mean amount of timedk for a cell to burn.
Fires are often measured in terms of the rate i@&as}) or the distance the fire travels
over time. As a proxy for rate of spread, we exetlidistance and only used the hour
in which a cell burned, or “burn time.” This metig not equivalent with rate of
spread and does not truly indicate how fast atfaeeled. However, the burn time
metric does indicate at what point in time the ¢elined. For instance, a cell that
burned in hour 15 of the fire simulation is consetka less hazardous location than a
cell which burned in hour five of the same fire slation. The method for finding
burn time is explained in greater detail below.

We automated the processing of the HFire outpugéemies into a single
band fire progression image (that could be openedrcGIS) using ENVI/IDL, a
program for processing and analyzing geospatiagjena All cells that ignited within
a given time step were given a value for that hafuthe fire. We then found the sum
of the time it took each cell to burn using thelGatistics tool in ArcGIS. Using the
ArcGIS Single Output Map Algebra tool, this valuasvthen divided by the total
number of times each cell burned to find the mé&ae for a given cell to burn, if it
burned at all. This calculation is shown below:

> Burn time

- = average burn time
number of times burned 4

The score based on the burn time was calculatgd/éoa value of 24 to cells
that burned in the first hour and a value of 1atiscthat burned in the last hour. We
used the following equation to create the burn thrares:

> Burn time

Output 2 = 25 —
utpu Number of times burned

Fire Hazard Index Map for Each Run

To create a fire hazard index map for a given ainsimulations, we
multiplied the burn frequency (Output 1) by a scbased on the average burn time
for each cell (Output 2) using the Single OutputpMdgebra tool. This weighted the
burn time by the burn frequency:

H = Output 1 * Output 2
_ <Number of times burned)

Number of ignitions

o (25 Y Burn time
Number of times burned
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Overall Fire Hazard Index Map

Three steps were involved in creating the ovdraflard index map based on
historic ignition locations, using 24 kph wind ggidrirst, we used the Single Output
Map Algebra tool to create a weighted average efilwrn frequencies based on each
wind direction. Each grid was weighted based ongtaportion of time the wind
blew from that direction in the wind analysis (Figu). This calculation is shown
below. We used the same method to create a weightadge of the burn time for all
four directions. Finally, to create an index mapdzhon both measures of hazard, we
used the Single Output Map Algebra tool to multifhlg two weighted average maps.

Weighted Average = 0° (46%) + 45° (40%) + 90° (8.9%) + 337.5° (5.1%)
Un — weighted Average = (0°+ 45°+ 90° + 337.5°) /4
Hazard Index Map Based on Random Runs

All of the processes described above were usatktermine hazard indices
based on the runs using random ignition locationgihfe 90° wind grid at 24 kph.

Analysis
Estimating Sample Size Adequacy

To determine how many ignitions points should fi@uded to ensure that all
burnable areas of the Recreation Area were bumved;onducted an analysis based
on the number of ignitions simulated. Simulateck fignitions were randomly
selected in groups of: 1, 10, 20, 40, 60, 80, 100 &20. Ten separate, randomly
created groups of each size were added into Are@tScombined into one shapefile.
We then recorded and plotted the average numbeelts burned by each group
(Appendix J).

Sensitivity Analysis
Study Area-Wide

We conducted simulations in order to evaluate rs®msitive HFire is to
ignition location, gridded wind direction and grattiwind speed.

To test the sensitivity of the model to grids reyar@ing different prevailing
wind directions, we compared the hazard index mppzduced for the four
simulations. The fuel model, ignition locations gmévailing wind speeds were held
constant for these four simulations.

To test the sensitivity of the model to grids reyar@ing different prevailing
wind speeds we compared the hazard index maps geddor two simulations. We
used the 90° wind direction grid for 24 kph andkf prevailing wind speeds. We
chose to use the 90° wind grid based on the wimadlyais discussed in Section VII.

To test the sensitivity of the model to ignitioocation, we compared the
hazard index maps produced for two simulations. W&ed the 90° wind direction
grid at 24 kph using the historic ignition locatrand the same wind direction grid
using the 200 random ignition locations. In thisdem run, all other factors, such as
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fuel model, wind speed and wind direction, weredh&bnstant. The results for the
grids were compared to evaluate the effect of ugirgjoric versus randomized
ignitions in the hazard index.

The relative importance of wind speed, wind dimttand ignition location
was determined based on absolute differences iarthaand with regard to spatial
location for cells in the study area. We calculatieel raw differences in hazard by
subtracting two raster maps of interest using tmgl& Output Map Algebra tool.
Additionally, multiple regressions were conductedfind correlations between the
spatial distribution of hazard with respect to inparameters.

Corral Fire

The Corral Fire was modeled in 14 additional w&8even of the simulations
(C4 to C7, C9 to C11) used a constant gridded wimmit, and another seven
simulations (C12 to C15, C17 to C19) used prewvailivind inputs from the same
directions the wind grids are based on (0°, 45°, 887.5°at 24 kph and 90° at 40
kph).

The sensitivity of the simulations recreating theal Corral Fire was tested
for the same parameters of interest. For each ationl we calculated the Sgrenson
metric for the total area burned, area burned dettie actual Corral Fire boundary
(overburned), and area within the Corral Fire baugpdthat did not burn
(underburned) to evaluate the accuracy of each. Iiitegsect tool in ArcGIS was
used to find the area of overlap between the palgdor each simulated fire and the
actual Corral Fire boundary polygon.
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VII. R ESULTS

Wind Direction Analysis

We analyzed the hourly wind directions for fouffelient SAW events from
five weather stations (Table 3). These four SAW névewere assumed to be
representative of most SAW events that occur indiugly area. The result of the
wind direction analysis demonstrated that, in @AW events, winds have blown
primarily from the northeast quadrant, or 330° 10 (Figure 7).

Out of the four gridded wind directions (0°, 459°%nd 337.5°), the winds
blew most often from the directions of 0° and {gBiyure 8). We used the results of
this analysis to weight the wind directions for thie hazard index map.
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Figure 7: SAW wind rose. SAW event data
were analyzed from weather stations
within SMMNRA for the last four years.
The wind rose depicts a compilation of
wind frequency from each direction
during the four SAW events during that
period.
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Figure 8: SAW simplified wind rose. SAW
frequencies were generalize into one of the
four directions (0°, 45°, 90°, 337.5°). These
frequencies were used to weight our fire
hazard index maps. SAWs blow more often
from 0° and 45° than from the other two
directions.



Fire Simulations

Modeling One Historic Fire (Corral Fire)

In recreating the Corral Fire, we used the weatierditions closest to the
observed event (Figure 9, Figure 10), within tmeitiitions of our data, and ran our
simulations to recreate the first 14 hours of ihe f

NNW-337.5° T NNE

NW

sw SE

Figure 9: Corral Canyon Fire wind rose.
Wind directions during the Corral Canyon
Fire were compiled into this wind rose
which depicts the frequency of wind from
each direction during the event.

NNW-337.5° S NNE

NW - NE -45°

sw SE

Figure 10: Corral Canyon Fire simplified
wind rose. Wind directions during the
Corral Fire were combined into one of the
four directions (0°, 45°, 90°, 337.5°). SAWs
blew most frequently from 90° during the
Corral Fire.

The resulting fire boundaries from all simulaticare shown in Appendix D.
For simulation C1, we varied wind speed, wind diet and dead fuel moisture
every hour based on data from local weather statidre fire resulting from
simulation C1 burned to the north and slightly wefshe Corral Fire (Figure 11).
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Figure 11: Corral Fire simulation, prevailing wind input, varied hourly.

We varied the hourly prevailing wind inputs usingyovalues that matched
the wind grids for simulation C2. The fire resuffiirom simulation C2 burned
approximately three times the size of the actual fFigure 12). The simulated fire
spread considerably north and west of the histbrec boundary, in addition to
burning over the Corral Fire.

: N N J
I:l Actual Corral Fire Boundary A \ y 0 125 25 5 Kilometers

Simulation 2 T T Y

Figure 12: Corral Fire simulation, prevailing wind inputs varied hourly for the wind directions 0°, 45°,
90° and 337.5° and wind speeds of 24 or 40 kph.

Simulation C3 varied wind grids hourly, using thedgwhich most closely
matched the historic data for each hour in MesoWlst simulated fire burned over
most of the Corral Fire, but also burned the areshwest of the Corral Fire
boundary (Figure 13). The simulated fire is slighdrger than the historic fire.
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Simulation 3

Figure 13: Corral Fire simulation using gridded wind inputs varied hourly for the wind directions 0°,

45°,90° and 337.5° and wind speeds of 24 or 40 kph.

For simulation C8, we used a constant gridded inpith wind direction 90°
and wind speed of 24 kph. The fire resulting fromwation C8 spread west, and
intersects only a small area of the northwest qoohéhe Corral Fire (Figure 14).

+—
Gridded
i N
E Actual Corral Fire Boundary A 0 125 25 5 Kilometers
Simulation 8 L

Figure 14: Corral Fire simulation using the 90° wind grid at a wind speed of 24 kph.

For simulation C16, we used a prevailing wind infram 90° with wind
speed 24 kph. The fire resulting from simulation6Cdurned approximately two
times the size of the actual fire (Figure 15). Bmaulated fire spread west of the
historic fire boundary, and intersects a small iparof the northwest corner of the

Corral Fire.
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Figure 15: Corral Fire simulation produced by using prevailing wind for wind direction of 90° at a wind
speed of 24 kph.

Hazard Index Map Based on Historic Runs

Hazard index maps for simulation S2, a historie based on the 90° wind
grid and 24 kph speed, are shown below. The hamdek maps for Simulations S1,
S3, S4 and S5 are in Appendix E.

Output 1: Burn Frequency

Figure 16 is an example of a burn frequency maghe 90° wind grid at 24
kph. For all runs, fires tended to burn most fretlyein the center of SMMNRA
(Appendix E). Fires tended to burn least frequetiyhe northwestern, northeastern
and eastern sections of the Recreation Area. Thefbequency for the 90° grid at 40
kph varied the most from the other burn frequenepsin that the fires burned most
frequently in the southern central portion of SMMAIRAppendix ES).
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Figure 16: Burn frequency map for study area using the 90° wind grid at a wind speed of 24 kph using
historic ignition locations.

Output 2: Burn Time

Figure 17 shows the burn time map for S2. Ovefials burned moderately
quickly throughout central SMMNRA (Appendix F). Ti®&®° wind grid at 40 kph
burned a greater area more rapidly (Appendix F5).
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Figure 17: Burn time map for study area using the 90° wind grid at a wind speed of 24 kph using the
historic ignition locations.

Fire Hazard Index Map for Each Run

Overall, fire hazard is highest in the centraltper SMMNRA for all wind
grids (Appendix G). Below, the fire hazard indexpfar S2 is shown (Figure 18).
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When wind speed is increased for the 90° wind §odh 24 to 40 kph, the hazard
shifts to the southern central portion of SMMNRApffendix G5).
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Figure 18: Fire hazard index map for the 90° wind grid at a wind speed of 24 kph using historic
ignition locations.

Overall Fire Hazard Index Map

The overall fire hazard index map combines allr fixe hazard index maps
using a wind speed of 24 kph and historic ignitlonations. In the un-weighted
overall fire hazard index map (Figure 19), eachdagnid is given equal weight. The
map of the un-weighted overall fire hazard indegve that fire hazard is highest in

the central portion of SMMNRA, and fire hazard asvest in the eastern portion of
the Recreation Area and along the coast.

Hazard Map

. -2 N 82
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Figure 19: Un-weighted overall fire hazard index map using historic ignition locations.
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The weighted overall fire hazard index map combiaé four fire hazard
index maps using a wind speed of 24 kph and hestgriition locations. Fire hazard
is still highest in the central area of the RedogaArea, and fire hazard is still lowest
in the eastern portion of SMMNRA and along the td&sgure 20). The main
difference between the two maps (Figure 19, Fid20g is that the fire hazard is
higher in the weighted overall map.

Hazard Map

0-1
- N o
[ ER A 0 25 5 10 Kilometers b2
| B Livoe b \

Figure 20: Weighted overall fire hazard index map for historic ignition locations.

Hazard Index Map Based on Random Ignition Points
Output 1: Burn Frequency

Overall, the burn frequency for the 90° wind ggitd24 kph is relatively low.
The highest burn frequency is in the southern portif SMMNRA (Figure 21). Fires
burned less frequently in the northeastern, norsiteva and eastern sections of the
Recreation Area, and along the coast.
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Figure 21: Burn frequency map using the 90° wind grid at a wind speed of 24 kph using random
ignition locations.

Output 2: Burn Time

In the burn time map for S6, the study area bumtedarying speeds. There
are areas with lower burn time values interspevsigld areas of higher intensity hot
spots scattered throughout (Figure 22).
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Figure 22: Burn time map using the 90° wind grid at a wind speed of 24 kph using random ignition
locations.
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Fire Hazard Index Map for Each Run

The fire hazard index map for S6 shows that faeand is highest in a small
portion of the southern central SMMNRA (Figure ZBhe map is very similar to the

burn frequency map (Figure 21).
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Figure 23: Fire hazard index map for the 90° wind grid at a wind speed of 24 kph using random

ignition locations.

Analysis
Sensitivity Analysis
Corral Fire

In order to compare the accuracy of the griddeddwnputs to prevailing
wind inputs, we compared the resulting fire bouretafrom the simulations of the
Corral Fire. The Sgrenson Metric (Greig-Smith, 1,988rry et al., 1999) was used to
compare the agreement between each simulatedritrehe boundary of the actual
Corral Fire (Table 7). See Appendix | for a complsummary of the Corral Fire

simulations.
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Table 7: Comparison of Corral Fire simulations using the Sgrenson metric.

Run Description Sgrenson
Metric*
Cc1 Prevailing input, varied hourly 0.668631
Cc2 Prevailing input, using only 0°, 45°, 90°, 337° 0.381595
directions at 15 and 25 mph, varied hourly

c3 Gridded input, varied hourly 0.522065
C4 0°, 15mph wind grid, held constant 0.488179
Cc8 90°, 15mph wind grid, held constant 0.016974
c9 90°, 25mph wind grid, held constant 0.024579
Cie 90°, 15mph prevailing input, held constant 0.055548
C17 90°, 25mph prevailing input, held constant 0.042896

*The Sgrenson Metric is calculated as S = 2a/(2a+b+c), where a is the
intersection of the area burned by the two fires, b is the area burned in fire
1 but not fire 2 and c is the area burned in fire 2 but not fire 1. A S@grenson
metric value of zero indicates no agreement, while a value of 1 indicates
perfect agreement.

than the historic fire.

a7

Figure 24 shows simulations C1 and C2, both upmayailing wind inputs,
except that C2 is limited to the direction of thighe wind grids. This comparison
allowed us to see how limiting prevailing wind inpuo the four wind grid directions
would affect the fire spread. Both simulations mdmver and larger than the Corral
Fire (Figure 24). The fire in simulation C1 burnewbstly to the north and slightly
west of the Corral Fire, whereas the fire in sitialaC2 burned to the west of the
Corral Fire. Both simulations overlap the boundairghe Corral Fire but burn larger




E Actual Corral Fire Boundary

Simulation 1

Simulation 2 A

Intersect

5 Kilometers

Figure 24: Corral Fire simulations using prevailing wind inputs varied hourly (red) and prevailing
wind inputs varied hourly and set to match the four wind grids (0°, 45°, 90° and 337.5°) (yellow). C2
overlaps with most of C1 (red cross-hatching).

We then compared simulations C2 and C3 to deterinow prevailing wind
inputs set to match the four wind grids and vahedrly differed from gridded wind
inputs varied hourly (Figure 25). The fire resuftifrom simulation C2 burned
approximately three times the size of the histfiree and spread considerably to the
south and west of the Corral Fire. The fire in dation C3 was much smaller than
simulation C2, but burned north from the northeigesof the Corral Fire.
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Figure 25: Corral Fire simulations using prevailing wind inputs varied hourly and set to match the
four wind grids (red) (0°, 45°, 90° and 337.5°) and gridded wind inputs varied hourly and set to match
the four wind grids (yellow) (0°, 45°, 90° and 337.5°). C2 overlaps with most of C1 (red cross-
hatching).

Figure 26 shows simulations C1 and C3 comparingaiieg wind inputs and
gridded wind inputs varied hourly. Even though G3 anly using four wind
directions, it does closely model the historic.fire

E Actual Corral Fire Boundary \\\ _ —
Simulation 1 AN
N N /
Simulation 3 A / 0 125 25 5 Kilometers
Intersect N L

Figure 26: Corral Fire simulations using prevailing wind inputs varied hourly (red) and gridded wind
inputs varied hourly (yellow). C1 overlaps with most of C3 (red cross-hatching).

Figure 27 shows simulations C8 and C16 compariggdaled wind input to a
prevailing wind input using a constant wind spead aind direction for both. C8
and C16 both spread entirely to the west of theal&ire. C16 overlaps slightly with
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the historic fire. However, the fire from simulati€16, the prevailing wind input,
spread further west than the fire from simulatid@) the gridded wind input.

~__.
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Figure 27: Corral Fire simulations using a constant, gridded wind input of 90° and 24 kph (yellow) and
a constant, prevailing wind input of 90° and 24 kph (red). C16 overlaps entirely with C8 (red cross-
hatching).

We then compared how wind speed affects fire spusang the gridded wind
input. The fire from simulation C8 (wind speed 2dhk spread to the west, and is
smaller than the actual Corral Fire (Figure 28)e Tine from simulation C9 (wind
speed 40 kph) spread to the west, and is almossdhee size as the Corral Fire.
When comparing Figure 27 to Figure 28, the griddéad input at the higher wind
speed (C9) is still smaller than the prevailingavinput at the lower speed (C16).
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Figure 28: Corral Fire simulations using a constant, gridded wind input of 90° and 24 kph (yellow) and

a constant, gridded wind input of 90° and 40 kph (red). C9 overlaps entirely with C8 (red cross-
hatching).

Figure 29 shows simulations C16 and C17, whichpames how wind speed
affects fire spread using the prevailing wind in@ith simulated fires spread west
of the Corral Fire, and both were larger than tloer& Fire. However, the fire from

simulation C17, which had the higher wind speedkKgb), spread further west than
the fire from simulation C16 (24 kph).
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Figure 29: Corral Fire simulations using a constant, prevailing wind input of 90° and 24 kph (yellow)

and a constant, prevailing wind input of 90° and 40 kph (red). C17 overlaps entirely with C16 (red
cross-hatching).
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Study Area-Wide

We compared the fire hazard index maps for fineusations using each of the
four wind grids and using historic ignition locat®) and one simulation based on
random ignition locations. We tested the sensitioit the model to wind direction,
wind speed and ignition location. A raw differenice magnitude of hazard was
calculated for each cell using the Single OutputpMdgebra tool to subtract the
values in one map from another.

Figure 30C shows the difference between the fazald index maps created
based on S2 90° wind grid and S4, the 337.5° wirdllgpth at 24 kph.
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Figure 30A: Fire hazard index map for a gridded wind input of 337.5° at 24 kph using historic ignition
locations.
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Figure 30B: Fire hazard index map for a gridded wind input of 90° and 24 kph using historic ignition
locations.
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Difference maps were produced to show the spattation and magnitude of
difference in hazard between the cells for two hdazaaps, based on two wind
different directions.

Difference in Hazard
P Fositive : 6.5

N\ S
\EF
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A 0 25 5 10 Kilometers
L Negative : 6.5

Figure 30C: Spatial location of difference in hazard for a gridded wind direction of 337.5° at 24 kph
minus the 90° wind grid at 24 kph.

Overall, the difference map demonstrates that tdwation of fire hazard
differs for each wind direction. As shown in Figl8@C, these two wind grids (337.5°
and 90°) were chosen because they represent thtegreange in wind direction that
we evaluated in our simulations. Of all of the witidection comparisons, they also
showed the greatest difference in the magnitudelacation of hazard. A positive
value indicates areas where S2 had the higherhfiward compared to S4. The
greatest positive difference (red) is located ie ttentral northern and southern
portion of the Recreation Area. The greatest negatiifference (blue) is in the
central northern and western portion of the Remeadrea.

We also tested the sensitivity of the model tagrepresenting different
prevailing wind inputs by comparing the fire hazardex maps for S2 (Figure 31A)
for the 90° wind grid at 24 kph, and S5 (Figure BliBe same wind grid but at 40
kph. Figure 31C shows the difference between tzardamaps for S2 and S5.
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Figure 31A: Fire hazard index map for a gridded wind input of 90° and 24 kph using historic ignition
locations.
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Figure 31B: Fire hazard index map for a gridded wind input of 90° and 40 kph using historic ignition
locations.
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Figure 31C: Fire hazard index map showing the difference in raw magnitude of hazard between
simulations for a gridded wind input of 90° at 24 kph and a gridded wind input of 90° at 40 kph.

The comparison of the two fire hazard index mapsesenting the two wind
speeds showed the greatest magnitude of differéroe.higher wind speed in S5
(Figure 31B) appears to push simulated fires inddme direction the wind blows,
concentrating the fire hazard in the southern eénportion of SMMNRA. In
contrast, S2 (Figure 31A), with a wind speed okpi, had lower fire hazard in this
same portion of the Recreation Area, and the hamasdmore spatially dispersed.

To test the sensitivity of the model to ignitiaocétion, we compared the fire
hazard index Maps of S2 and S6, where S2 usesrihiggmition locations and S6
uses random ignition locations. Figure 32 is thiéeitnce map for these two
simulations.
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Figure 32: Difference in raw magnitude of hazard for gridded wind input for the 90° wind direction
grid at 24 kph using historic and random ignition locations.

The difference map shows that the location oftigns does have an effect on
the spatial distribution of hazard. The greatestitp@ difference (red) is located in
the southern and northern portion of the Recreafioga. The greatest negative
difference (blue) is in the central northern partaf the Recreation Area.

It may be valuable from a management perspectivékntmv the relative
importance of wind direction, wind speed and igmitlocation. We measured this in
two ways. First, to determine the magnitude of hdzae computed the absolute
value of the difference in hazard associated wébhevariable for each cell in the
study area (Figure 33). Although we only condu@etifference operation for speed
based on one grid direction (90°), this comparisbowed the greatest spread of
absolute difference values, with the greatest ptapoof cells showing a high degree
of difference. Varying the wind grid and ignitioochtions also seems to affect hazard
index values to a lesser extent (Figure 33).
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Figure 33: Probability distribution function of change in hazard due to varying wind speed, wind
direction and ignition location.

A subsequent spatial analysis was performed terahte correlations
between the location of hazard values created fitlgreint wind directions, speeds and
ignition locations in individual cells in the studyea. ANOVA F-tests and multiple
regressions were conducted in R (Hornik, 2010j)ea $tatistical analysis package, to
analyze input parameters with respect to theiravexé and their importance as
predictors of the spatial distribution of fire hedzaThe R-scripts used for the analyses
are included in Appendix K.

Table 8 shows the results of an ANOVA F-test ofitiput parameters used in
the model to produce the overall weighted fire hézenap. Because this map
incorporates results of simulations using multiplend grids, wind speed and
direction values were not considered. Aspect wae abt included in the analysis
because of complications due to circular statigtretues ranging from 0 to 360°).

Table 8: ANOVA F-test of input parameters for overall weighted hazard index.

Parameter Elevation Slope Distance from Ignition Point Fuel Model
F value 20068.17 165.11 192943.46 2986.69
Pr(>F) 2.2e-16 *** | 2.2e-16 *** 2.2e-16 *** 2.2e-16 ***
Significance codes: 0 *** 0.001** 0.01* 0.05° 0.1* 1

Large F values and low probability values indicsignificant differences in
the datasets for the input variables. Due to #@selts of the F-test, coefficients for
each parameter in the regression (Table 9) werscaked by their standard
deviations. This removes magnitude effects and sikeregression spatially-based.
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Table 9: Regression of overall weighted hazard index regressed on input parameters.

Parameter Elevation Slope Distance from Fuel Model
Ignition Point

Coefficient -1.574e-03 -1.574e-03 -2.322e-04 many

Rescaled 0.081436333 | -0.007261987 -0.237110736

Coefficient

p-value < 2e-16 *** < 2e-16 *** < 2e-16 ***

Adjusted R-squared: 0.2417

Significance codes: 0*** 0.001** 0.01* 0.05* 0.1% 1’

All parameters were highly significant (p<0.000fj)edictors of overall
weighted fire hazard index values. The distancenfignition point was the most
influential predictor, explaining approximately p@rcent of the variation in hazard
index values when a single regression was performed

In order to examine the importance of wind speed annd direction
parameters, the same tests were run for the feardandex map based on the 90°, 24
kph wind grid. To remove circular statistics issagsociated with wind direction and
aspect, a difference between the two parametercalaslated for this analysis. The
results of the F-test for the parameters are shiowiable 10 and Table 11.

Table 10: ANOVA F-test of input parameters for 90°, 24 kph wind grid hazard index.

Parameter | Elevation Slope Degrees Wind Distance Fuel
Difference speed from Model
(Aspect - Ignition
Wind Point
Direction)
F value 17598.5 2111.5 2040.1 7326.1 177417.9 3213.7
Pr(>F) <2.2e-16 | <2.2e-16 | <2.2e-16 *** | <2.2e-16 <2.2e-16 <2.2e-16
%k k ok %k k k * k% %k k ok %k k ok
Significance codes: 0*** 0.001** 0.01* 0.05° 0.1% 1’

The F-test showed significant differences in theead of the different data
layers used to produce the fire hazard index vahazs®d on the 90°, 24 kph wind
grid. Distance from ignition point showed the gesatvariance of all of the
parameters. Coefficients were re-scaled in theessgon (Table 11) to remove the
effect of differing variance.
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Table 11: Regression of hazard index for simulations using a 90°, 24 kph wind grid, regressed on input
parameters.

Parameter | Elevation Slope Degrees Wind Distance Fuel
Difference speed from Model
(Aspect - Ignition
Wind Point
Direction)
Coefficient | 132.659 -45.951 45.167 85.593 -421.210 many
Rescaled 0.08507611 | -0.02833854 | 0.02633206 | 0.05184054 | - many
Coefficient 0.2465004
p-value < 2e-16 *** | <2e-16 *** | <2e-16 *** | <2e-16 *** | < 2e-16
* % %
Adjusted R-squared: 0.222
Significance codes: 0*** 0.001** 0.01* 0.05" 0.1% 1’

Consistent with the overall weighted fire hazandex map, all parameters
were highly significant (p<0.0001) predictors ozhed. While the fuel model was a
significant predictor of hazard, some of the specifodel types were less significant
or insignificant predictors. This included fuel netsl 3 (tall grass), 4 (chaparral up to
four feet) and 6 (dormant brush/hardwood slash).

We also used a pair-wise principle component amatgsfind the correlations
between the hazard outputs of the 90°, 24 kph gnatland the 337.5°, 24 kph wind
grid, the 90°, 24 kph wind grid with historic anahdom ignition locations, and the
90°, 24 kph and 90°, 40 kph. This analysis found kighest correlation value
between the different wind directions and the sesaltorrelation values between the
ignition locations (Table 12). Therefore, differemind directions had the least effect
on spatial hazard variations and different ignitiocations had the largest effect.

Table 12: Correlation values for hazard outputs for different wind directions, wind speeds and
ignition locations.

Input Grid 1 Input Grid 2 Correlation Value
Wind Direction 90° 15 mph 337.5° 15 mph 0.65327
Historic Ignitions Historic Ignitions
Ignition Location 90° 15 mph 90° 15 mph 0.39549
Historic Ignitions Random Ignitions
Wind Speed 90° 15 mph 90° 25 mph 0.48696
Historic Ignitions Historic Ignitions
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VIIl. DISCUSSION

Scales of Fire Hazard Prediction

Although limited by the number of wind grids, theadysis of the Corral Fire
simulations show that gridded wind inputs have gbeential to improve fire spread
simulations of historic fires. The third Corral &isimulation (Figure 13, Section VII),
using only eight wind grids, was nearly as accuesesimulating the fire with the
prevailing wind input, which is currently used (&g 11, Section VII). In other
words, using a limited number of wind grids prodiice fire simulation that is
comparable to the current state of the art in §peead modeling. This gives us
confidence in the use of a similar method for essgdire hazard at a larger scale.

Weighted Overall Fire Hazard Index Map (for HistoRung

As shown in Figure 20 (Section VII), the higheatard areas predicted in our
simulations are in the central portion of SMMNRAhIF is consistent with the
majority of the hazard maps (both burn frequenay laarn time) for the study area
based on the different wind grids (Appendix E, Apqhie F).

The observed hazard concentration in this poibBMMNRA may be due
to various factors. There may be characteristideddhces in this part of the
Recreation Area with respect to topography, fuelsather and ignition locations.
Steeper topography, greater fuel loads and highd véipeed are all expected to
correlate with higher fire hazard. Recent resedwa$ indicated that there are spatial
relationships between high fire danger and moungmsses that channel SAWs
(Moritz et al., 2010). Furthermore, a higher densit ignition locations could also
contribute to the hazard level. Part of the hazmtiern could also be explained by
the limitations of our model inputs and is discussegreater detail below.

Analysis
Sensitivity Analysis

Corral Fire

Gridded Wind Inputs versus Prevailing Wind Inputs

The fact that the hourly gridded wind inputs proglli@ smaller fire than the
prevailing wind inputs (Figure 25, Section VII) mendicate that using gridded wind
inputs will improve fire spread and fire hazardgecions. Although the fire from the
prevailing wind input had more area of overlap witie Corral Fire, it also
overburned a greater area, whereas the fire frangtidded wind input had less
overlap, but predicted the size of the fire muchrenaccurately. This could be
because gridded wind reduces wind speed to actoutite influences of topography
(i.e., scaling wind speed up or down dependinghertépography).

One of the major limitations of our project wasttiaee only had eight wind
grids. As shown in Figure 14 (Section VII), the glated fire based on only one wind
speed (the mean wind speed for this event), andvime direction did not match up
with the Corral Fire boundary. Figure 25 (Sectiol)\shows both the prevailing
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wind and gridded wind inputs varied hourly basedeayht wind grids. Comparing
Figure 14 (Section VII) to the fire using the gredtwind input in Figure 25 (Section
VII), we see that the simulated fire with more tre@are wind grid is more accurate in
modeling both the direction and size of the histdie. Based on the result of the
gridded wind inputs varied hourly, having more wignids available that mimic the
historic weather data should more accurately mtgeCorral Fire.

Speed
Increasing the speed resulted in an increase isigeeof the simulated Corral

Fire (Figure 28, Figure 29 Section VII), while mi@iming the same fire spread
trajectory. The direction values in individual seih a wind grid do not change with
increased speed. As a result, the size of thenillancrease but the direction of fire
spread will remain the same. Using the prevailingdwnput, as the constant wind
speed increases in the same direction, the sizéneoffire increases dramatically
compared to the boundary of the Corral Fire. Intiast, when using the gridded
wind input, as the speed increases in the sametidine the fire size still increases,
but when compared to the prevailing wind input e same speed, gridded wind
more closely captures the size of the historic fire

Study Area-Wide

Direction

The difference maps and the statistical analysdisate that wind direction is
an important predictor of the magnitude and spai#tern of fire hazard, although
not the most significant predictor. Figures 30Aaml C (Section VII) illustrate this.
Since we are limited to four wind directions, theerll weighted hazard map is
limited to winds from the northeast.

After analyzing the historic weather data for fg@ars of SAW conditions,
we grouped the winds out of the northeast into fthe directions (0°, 45°, 90°,
337.5°) that we were given. From this analysis auentl that 0° and 45° were the two
most common wind directions. However, even thoughwind grids were weighted
based on their frequency, there was minimal diffeee in spatial pattern or
magnitude of fire hazard between the overall weighbazard map and the un-
weighted hazard map. With the amount of variatibeesved in hazard between our
four wind grids, it is expected that having morenavigrids could produce a map that
takes more of this hazard variation, due to dioggtinto account.

Speed

Figures 31A, B and C show that changes in wind ¢je®e a large effect on
the magnitude and spatial arrangement of modetedhéizard. Using a 90° wind grid,
we would have expected the fire hazard to incréaskee west when wind speed was
increased from 24 kph to 40 kph. However, fire Indzacreased in the southern
portion of the Recreation Area. This is due to itifeience of topography on wind.
Major canyons in SMMNRA run north to south, and S&W&fe known to be more
intense within north to south canyons.
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Ignition Locations

Fire hazard varies with respect to magnitude aratiapdistribution when
different sets of ignition location are used in gwmulations (Figure 32). According
to the results of the multiple regression, distatecegnition location was the best
indicator of spatial distribution of hazard. Stilthis factor only explains
approximately 20 percent of the spatial pattermtHaumore, the low R squared value
(0.2417) indicates that the model results are rnimaa simply the sum of the inputs.
Given that ignitions are the starting points o&dir it follows that areas around an
ignition location generally burn earlier. Furthemapareas with a high concentration
of ignition points would be expected to have a bigburn frequency.

Fixed Inputs
Fixed inputs, including the topography and thel foeodel map, were

significant predictors of fire hazard, accordingthee multiple regression. This is
expected, given that these are basic componeti® dire spread model.

Limitations
Inputs

Wind Grids

As stated previously, we only had eight wind gridghe Corral Fire
simulations demonstrated that using the eight wgindl inputs varied hourly modeled
the fire more accurately than the prevailing winguts. However, we realize that
using only four wind directions at two wind speeslsa gross oversimplification of
weather data.

In addition to the limited number of wind gridsetk is also an edge effect to
consider. Due to the size of the Recreation Alleastudy area was divided into three
segments, and a wind grid was created for eachesketsegments. Each wind grid is
most accurate at the center, with accuracy decrgatdward the edges. To
compensate for this decrease in accuracy, a bsiffauld be applied around the study
area. Unfortunately, there is no buffer betweenRheific Ocean and the Recreation
Area and the wind grids end at the southern tigPoint Dume. As a result, the
southern portion of the study area may be infludnog edge effects, which could
affect the Corral Fire simulations.

Ignition Points

There are limitations to using the historic igmitilocations dataset provided
by SMMNRA. First of all, the dataset may be incoatplbecause recordkeeping and
data management have changed over time. Usingd#dimset in simulations also
assumes that future fires will start in very simil@cations. Additionally, fires which
started outside of the Recreation Area boundary, dawsed significant damage
within the Recreation Area, are not reflected iis thataset. Furthermore, the ignition
locations used in this study did not all occur dgriSAW events. We used these
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historic ignition locations because we knew thegdihad started in these areas in the
past and it gave us a starting point to begin marsimulations.

Fuel Models

The fuel model was based on the best availabletagge map for the study
area. It is a snapshot in time, so the fuel modab mannot represent past or future
vegetation conditions. The vegetation map is ab-an8ter scale, which is the finest
scale we had available to us, so all of our othput layers were constrained to a 30-
meter resolution.

The fuel model map contains assumptions about htfereht land types will
burn. One major assumption is that developed lanchburnable, our best proxy for
firefighting efforts. However, in highly fragmentgoarts of the Recreation Area,
particularly in the eastern portion, this assumptieeans that more of the simulated
fires are very restricted in spread. We also diithave a vegetation map for areas
surrounding the Recreation Area; therefore we cowdt model fires outside the
Recreation Area boundaries, even though they ket lto occur.

Weather Data

Hourly weather records from MesoWest were availftden one month to 10
years in the past, depending on the weather stattmwever, wind speed and
direction can change rapidly, so hourly measuremeraty not accurately depict wind
conditions. Hourly weather data is currently thanstard for modeling fires. Fires
have been modeled reasonably accurately using timsdy wind inputs; therefore,
we believe the hourly measurements to be accuraiegh for the purposes of this
study.

Wind information from RAWS was recorded from a l&#san 10-meter height
from the surface, yet WindWizard models wind frof0dmeters off the ground. The
lack of information about wind at 100-meters frone surface during SAWs was a
major limitation. Currently, there is no way to igte the output from WindWizard.

We also expect that four years of data can giveaaanable approximation of
recent weather conditions, but is not a long encugiod to cover larger planetary
processes that alter wind and weather conditionsh sas the EIl Nifio Southern
Oscillation (ENSO) and the Pacific Decadal Osatkat(PDO). Both of these events
have return intervals of over four years. Theretbee‘characteristic’ SAW data used
in our project may not be an accurate depictionlafg-term average SAW
conditions.

Fragmentation

The decision to make developed areas unburnablthenmodel had an
unforeseen impact on the eastern areas of SMMNR&.darea of SMMNRA east of
Interstate 405 (Appendix L) is interspersed wittgéadeveloped areas and became
extremely fragmented in the model. This fragmeatatirastically limited the ability
of fires to spread in these areas and thereforemoaipe a reasonable approximation
of reality.
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The large unburnable developed areas in and artendCity of Thousand
Oaks may also have created unrealistic limits t© $pread of fire. Urban fire
ignitions and the ability of a wildfire to spreastes and through a small developed
area are not included in this study and may hawedd the spread of some simulated
fires.

Models

There are limitations to the models that we usedur analysis. HFire does
not incorporate the effects of firefighting or theobability of fire containment into
the model. Boundaries showing fire progressionhssthe 2007 Corral Fire, tended
to remain relatively static after the first daytloé fire due to firefighting efforts.

WindWizard attempts to model surface winds basedopography. In this
case, 100-meter cells were used at 20 feet offjtband. Surface roughness, based
on vegetative cover, and topographic scale maytresuery different resulting wind
grids. Additionally, WindWizard has not been testedhe SMMs, and no validation
has been done with high wind speeds for the stueg. ahere is also a question of
whether WindWizard can accurately represent surfeioel conditions near a large
body of water, such as the ocean. On-shore windkléofluence the surface winds
of the nearby landscape because of the wind dyrsaovier the ocean. Gridded wind
inputs have been tested in fire spread studiegyubie FARSITE model. However,
there is no literature documenting the couplinghdWizard with HFire.

By combining two different models, each with thewn limitations, it is
important to recognize how these limitations combimgether and interact with each
other and how that affects the usefulness of thesdts. Errors from one model can
compound with the errors of the other model, whaah limit their uses. The models
are a snapshot of conditions at one point in time are not predictive in nature.
Therefore, the results should be viewed as scesiard not absolute.
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IX. CONCLUSIONS & FUTURE RESEARCH

The SMMs are characterized by a fire-prone Meditegan-climate
ecosystem that often experiences intense firestouextreme fire weather. These
devastating fires are frequently associated withrtstpisodes of hot, dry winds, such
as SAW events (Moritz et al., 2010). Land manageesresponsible for protecting
both natural resources and the lives and propédrtigase residents living within the
boundaries of SMMNRA. The gridded wind program, @izard, was identified by
SMMNRA land managers as a potential tool for impmgvboth the accuracy of
current fire spread modeling efforts and mappirgfiapdifferences in fire hazard.

In our study, we compared fire simulations for #8®7 Corral Fire using both
prevailing and gridded wind inputs. The resultsttidse simulations and statistical
analysis indicated that gridded wind inputs imprdkie accuracy of a fire spread
model when compared to prevailing wind inputs. & fiazard map for the study area
was created based on additional fire simulationsir @esearch represents a
preliminary assessment of the use of gridded wimmlts in a fire spread model.
Furthermore, we have developed a method that carefleated by SMMNRA.
Based on the results of our analysis, we conclodethe WindWizard program is an
effective tool that could be utilized by SMMNRA managers.

Clark et al. (2008) conducted a global-sensitiatyalysis on the HFire model
and determined that under extreme weather conditiovind speed was more
important than any other model input in determinitige predicted fire size.
Consistent with this result, wind speed was the tmimgportant predictor of the
magnitude of fire hazard in our model output. Hoerewdistance to ignition location
was the most important predictor of the spatiatguatof fire hazard, as determined
by our analysis. Fixed inputs, including the toqury and fuel model map, were
also significant predictors of hazard in our model.

SMMNRA land managers could use our model to as$eseffectiveness of
specific management options in reducing fire haza&ichiting fire ignitions and
reducing development in and around high fire hazarelas could decrease the
probability of large fires occurring (Moritz et aR010), and would help prevent
catastrophic loss of property and life. We havenidied the following opportunities
to improve our model and to apply it to answer ngamaent questions in SMMNRA.

Further Analysis of Weather, Ignition Sources aattd?ns and Fire History

More data of historic SAW events and a more foramalysis would be useful
in refining the model. A 20-year record of data Vdoprovide greater confidence that
climatic variations, such as ENSO and PDO events, captured in the model.
Additionally, past weather station data for windesg@, wind direction and fuel
moisture values could be analyzed to determinerdahge of variation within past
events. Knowing the number and degree of theséutitions could assist with further
refinement of the fire spread model. For instartke, HFire season simulator could
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incorporate this historical weather data and randemwithin the ranges identified to
simulate the various conditions experienced duitege events.

In addition to analyzing weather information, pattanalysis of past ignitions
would be useful. An ignition occurring during thegk of a SAW event is a
simplification in our current model. Many of thestaric ignition points used did not
ignite during a SAW event. Analysis of ignition pts, with respect to time of day
the ignition began and association with particldadscape features, could refine the
probability space used for randomizing ignitiondtbons and improve the accuracy
of the model’s fire spread predictions.

Lastly, the overall fire hazard index map could dmmpared to other fire
hazard maps and with SMMNRA's fire history. Moret al. (2010) reconstructed
weather data for the study area and overlaid h wie Fosberg Fire Weather Index to
determine if high fire severity coincided with wieat patterns and fire history. This
same method could be used with our model to furtadidate if it can accurately
predict areas of high fire hazard.

Validation of the WindWizard Output

Validation of the WindWizard output would increasanfidence in its utility
for fire spread modeling within SMMNRA. One waydocomplish validation would
be to collect measurements of speed and directiepexific locations (e.g., canyon
bottoms, ridges and coastal canyon mouths) whilgthes stations record data during
a Santa Ana event. These data could then be cochpaite the WindWizard output
for the same locations.

Fire Spread Model Refinement

We have identified several potential improvementsdur fire spread model.
Most importantly, additional wind grids represegtimore wind speeds and
directions should be added. Although our use okilgat wind grids showed promise
in improving the accuracy of fire spread predictipit does not account for the full
range of variation within a SAW event. The seasarukator module in HFire could
be reprogrammed to incorporate gridded wind, amy thee inputs on an hourly basis.
This would allow much more realistic fire spreachsiations. Ideally, the effect of
ignitions located outside of the Recreation Areaudth also be incorporated. The
Topanga Fire, one of the most devastating SAW-driues on record, ignited just
north of the Recreation Area boundary. Includingaar outside of the boundary
would also lessen the extreme fragmentation effgcibserved, particularly in the
eastern portion of the Recreation Area.

There are also other opportunities for further gty analysis. For example,
we did not test the model’'s sensitivity to topodnapTo conduct this analysis, fire
simulations could be conducted using one fuel maohel varying the wind grid.
Doing so would isolate the effect of topographypasate from the effects that
different types of vegetation have on fire sprestéds.
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To make the model useful in the future, the fuedelanap and inputs will
have to be modified in order to take changes iretagn and weather variation into
account.

Climate change projections, such as increasing eestyres and decreasing
precipitation, might also be utilized to assess libg/fire regime may change. This
would make the model applicable for answering airedn different suite of research
guestions.

Assessment of Land Management Policies Using HFire

The areas mapped as high fire hazard are the #maahave the highest
probability of being burned in a wildfire under tlpecified model conditions.
Although our model does not provide a metric foe fntensity at a given location, it
does give the likelihood of a particular area bognwhen a wildfire occurs. Since
SMMNRA faces issues with existing development angksgure for future
development at the boundaries as well as on inifgddwithin the Recreation Area,
the high fire hazard areas defined by our modeldcindicate where development
should not occur. Although not within the exclusigentrol of NPS, further
refinement of the model and confirmation of its wecy will allow SMMNRA to
evaluate the impact of development scenarios, prppcquisition, development
mitigation programs, regulations for defensiblecgpamplementation of local versus
regional building code policies and strategiesiratlignitions. SMMNRA can also
use the model to assess the effectiveness of gpecdnagement strategies and
scenarios, such as evaluating the location and cfizgrategic fuel reduction and
modification zones.

SMMNRA can use a refined model to evaluate andp=oe the impact of
various development scenarios (i.e., different nsittes and configurations).
Conversely, properties might be prioritized for @isgion based on the results of fire
spread modeling. Organizations such as MountairsgtoRraion Trust (MRT) and
Santa Monica Mountains Conservancy (SMMC) work tesprve, protect, restore
and enhance the natural resources of the SMMsrintiprough land acquisition and
conservation easements (Mountains Restoration , T2065-2009). Land trusts such
as MRT often have limited funding, so land acqiosg are usually prioritized based
on the biodiversity and connectivity of parcels. n@atly, MRT'’s priority
acquisitions include: Cold Creek watershed progsytiproperties acquired for
transfer to park agencies and properties with antshg resource value (Kitz, 2009).
It would be interesting to determine if there gpedfic parcels that could serve both
the goal of natural area preservation and hazatdcten (i.e., limiting exposure to
fire hazard by preventing development in areas niikedy to burn). The results of
fire spread modeling could be overlaid with MRT’sopities to answer such a
guestion.

Development mitigation programs could also be exawhiin the fire spread
model. Though it might be very complex to modekditetically the impact of fire-
resistant versus standard homes could be evaluéhesl.type of simulation would
require that different WUI fuel models be created the two types of structures.
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With these new WUI fuel models, it would also besgible to determine whether a
blanket regulation for defensible space (if enfdjcevould reduce fire hazard of
homes on SMMNRA in-holdings. Similarly, the implemt&tion of building code
policies on a local and regional scale can als@\muated. Additionally, limiting
ignitions, such as by closing roads or limiting eex to hazardous areas during high
wind periods, could also be modeled using HFire.

Location, size and effective hazard reduction cditegic fuel reduction and
modification zones could also be evaluated in owdeh SMMNRA previously
identified locations for strategic fuel reductioones in their 2007 Fire Management
Plan. These areas were identified by overlaying l@j@rs of slope, vegetation type
and housing density. This method could be furtledéined by using the fire hazard
areas identified from fire spread modeling outputoverlaying areas predicted to
have high wind speeds according to the WindWizantpwat. The effective size of fuel
reduction and modification zones could also be ss&sk to determine if an
appropriate reduction in fire hazard can be achieve

Economic Analyses to Inform Fire Management Deaisio

The outputs from fire spread simulations could addally be used to answer
economic questions. For example, it would be pdssib use cost effectiveness
analysis (CEA) to determine the most cost effectivethod to reduce fire hazard
from an array of alternative policy options. Oneample could be to use CEA to
evaluate if it is less costly to buy in-holdings tor build and maintain defensible
space or fuel reduction and modification zones.

A cost-benefit analysis could also be used to coeternative policy
decisions and resource allocation decisions. Thethad takes non-use value into
consideration, which can be useful when cost isthetonly consideration. Some
possible questions might include analyzing thesastl benefits of:

* paving permanent fuel breaks or maintaining traddal fuel breaks over a

specific time horizon;

* revenues versus service costs and potential fisekassociated with both

existing and new development;

» fire safe building features, structures or standemehe designs; and

» decreasing the fire return interval by limiting igons or allowing the

current fire return interval to continue or deceeas

Improving Current Education Programs

One of the ways that SMMNRA can influence fire hdzautside the
Recreation Area managers’ control is to effectivedynmunicate with stakeholders.
For example, if the value of one policy over anotten be quantified and visualized,
it may make a more compelling case to present ¢optiblic and decision makers.
Policies could be evaluated based on their aliity\crease or decrease hazard levels
at the boundaries of development. Increased coatidim and education could also
increase general awareness about fire hazard sindirthe promotion of community-
based action groups such as Fire Safe Councils. SRMis currently creating a
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community wildfire protection plan that will allowocal communities to identify
areas of concern and mitigation strategies for ceduwildfire risk. Arson watch
programs that train local volunteers to watch fmspscious behavior exist in Topanga
Canyon and other communities. The results from maject could inform these
community-based action groups on where to targst thsources, especially on red-
flag warning days when fire danger is highest.
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APPENDIX A —EXPLANATION OF HFIRE FILE TYPES

In HFire, the configure file (.cfg) informs the bhtfile (.bat) as to where to find the
necessary inputs to run the simulation desiredré4$imulations are begun by double
clicking the batch file.

The configuration (.cfg) file:
The lines from the .cfg shown below arebine, followed by an explanation in black.

SIMULATION_START_YEAR 2009
SIMULATION_START_MONTH 7
SIMULATION_START_DAY 1
SIMULATION_START_HOUR 0
SIMULATION_END_YEAR 3009
SIMULATION_END_MONTH 11
SIMULATION_END_DAY 30
SIMULATION_END_HOUR 0

Simulation start and end can either cover a few$itmdays for one fire simulation
or a thousand years as shown in the season simulato

SIMULATION_TIMESTEP_SECS 3600

Timestep is always one hour in seconds.

SIMULATION_RAND_NUM_SEED 1260624655

This line is used to generate random numbers,dmeis not need to change.

FUELS PROPS TYPE ROTH

FUELS PROPS FMD_FILE samo_fuel _model s.fmd
FUELS PROPS FM_NUMS_IMPORT

1:3;4;5;6;7;9;14;15;16;17;18;20;21

FUELS PROPS FM_NUMS_UNBURNABLE 0;98;99;255;-99 99

This section details which fuel models will be usedhe simulation. The .fmd file is
explained below. It lists all burnable and unbufaaimodel numbers used in the
simulation.

# ELEV z units are assumed to be in meters.

ELEV_RASTER_FORMAT ASCII
ELEV_RASTER_MAIN_FILE elev_ircutm.asc
ELEV_RASTER_HEADER_FILE NULL
ELEV_RASTER_TYPE FLOAT

# SLOPE is rise/run expressed as percent (can be > 1).
SLOPE_RASTER_FORMAT ASCII
SLOPE_RASTER_MAIN_FILE hfslope_pr.asc
SLOPE_RASTER_HEADER_FILE NULL
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SLOPE_RASTER_TYPE FLOAT

# ASPECT is expressed as 0-360 with -1 correspondin g to perfectly
level terrain.

ASPECT_RASTER_FORMAT ASCII
ASPECT_RASTER_MAIN_FILE aspectircutm.asc
ASPECT_RASTER_HEADER_FILE NULL
ASPECT_RASTER_TYPE FLOAT

The elevation, slope and aspect of the terrainreovby the simulation are input into
the simulation by the three ASCII files above. HFgan also take binary files, but
ASCII outputs are just as effective and easierreate with ArcGIS. All three files
must cover the same area, have the same cellrsilzéha same number of cells. Also,
HFire assumes that the files were in UTM NAD 83j@ction.

EXPORT_FREQUENCY ANNUAL
EXPORT_FIRE_ID_RASTER_DIR
hfm_1100y_ifpyigs_safprsa_thresh\fire_id
EXPORT_FUELS_RASTER_DIR
hfm_1100y_ifpyigs_safprsa_thresh\fuels
EXPORT_STAND_AGE_RASTER_DIR
hfm_1100y_ifpyigs_safprsa_thresh\stand_age
EXPORT_FIRE_AREA_FILE
hfm_1100y_ifpyigs_safprsa_thresh\fire_area.txt
EXPORT_FIRE_PERIMTER_FILE NULL
EXPORT_IGNITION_LOCS_FILE
hfm_1100y_ifpyigs_safprsa_thresh\ignition_locs.txt
EXPORT_SANTA_ANA_RASTER_DIR
hfm_1100y_ifpyigs_safprsa_thresh\santa _ana
EXPORT_SANTA_ANA EVT FILE
hfm_1100y_ifpyigs_safprsa_thresh\santa_ana_evt.txt
EXPORT_FIRE_INFO_FILE
hfm_1100y_ifpyigs_safprsa_thresh\fire_info_ifpyigs safprsa_thresh.cs
%

EXPORT_AGE_AT_BURN_HIST_FILE
hfm_1100y_ifpyigs_safprsa_thresh\age_at_burn.csv
EXPORT_FIRE_ID_PNG_DIRECTORY
hfm_1100y_ifpyigs_safprsa_thresh\fire_id_png
EXPORT_FIRE_ID_PNG_ICM_FILE fid_12clr.icm
EXPORT_FIRE_ID_PNG_IMG_WIDTH 1160
EXPORT_FIRE_ID_PNG_IMG_HGT 1283
EXPORT_FIRE_ID_PNG_TITLE_TXT NULL
EXPORT_FIRE_ID_PNG_TITLE_FNT MEDBOLD
EXPORT_FIRE_ID_PNG_TITLE_POS LR

The above section details what files HFire will estpfor the simulation. The annual
season simulation is shown. The rasters are exp@$eASCII files that can be
imported into ARCGIS.

FIRE_EXTINCTION_TYPE CONSUME
# Extinguish cells above maximum hours burning thre shold.
FIRE_EXTINCTION_HOURS 3
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# Extinguish cells below minimum rate of spread thr eshold.
FIRE_EXTINCTION_ROS_MPS 0.005

Fire extinction details when a simulated fire vaillrn out.

# Enable regrowth and pnv options for multi-year si mulations.
FUELS_REGROWTH_TYPE PNV

FUELS_FIXED_MODEL_NUM NULL

FUELS_PNV_RGR_FILE IRC_pnv2custom_ nogr.rgr
FUELS_PNV_RASTER_FORMAT ASCII
FUELS_PNV_RASTER_MAIN_FILE irc_pnv2.asc
FUELS_PNV_RASTER_HEADER_FILE NULL
FUELS_PNV_RASTER_TYPE INT
FUELS_STATIC_RASTER_FORMAT NULL

FUELS_STATIC_RASTER_MAIN_FILE ~ NULL
FUELS_STATIC_RASTER_HEADER_FILE NULL
FUELS_STATIC_RASTER_TYPE NULL

Regrowth details how vegetation will re-grow aféefire. The PNV Raster main file
is an ASCII raster of the potential vegetation tlatld exist in the absence of fire on
the landscape in question. The PNV RGR file detidiés progression of vegetation
types as fuel models after a fire (Morais, 20019r Example, an area that would
potentially be coastal sage scrub without fire Wil modeled as short grass for the
first few years after a fire.

Static raster is used in the single fire simulatod is where the fuel model map is
imported as an ASCII raster.

# Stand age relates to regrowth.

STAND_AGE_TYPE SPATIAL
STAND_AGE_FIXED_AGE NULL
STAND_AGE_RASTER_FORMAT ASCII
STAND_AGE_RASTER_MAIN_FILE stand_age_utm.a SC
STAND_AGE_RASTER_HEADER_FILE NULL
STAND_AGE_RASTER_TYPE INT

Stand age is also used for vegetation regrowtha@rseason simulation. This file is an
ASCII raster of the age of vegetation patches atdtart of the simulation. For a
single fire the type is set at fixed, as the fueldel map should already incorporate
the age of the vegetation in the fuel model choices

IGNITION_TYPE RANDOM_SPATIAL
IGNITION_FIXED_IGS_FILE NULL
IGNITION_RSP_RASTER_FORMAT ASCII
IGNITION_RSP_RASTER_MAIN_FILE  rd302.asc
IGNITION_RSP_RASTER_HEADER_FILE  NULL
IGNITION_RSP_RASTER_TYPE FLOAT
IGNITION_FREQUENCY_PER_YEAR 5
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The ignition location is input as “Random_Spati@’input a probability space raster,
“Random_Uniform” to allow HFire to randomly plaagnitions, or “Fixed” to place a
fixed ignition location or locations. Probabilitgsters can be input as ASCII rasters
with numbers from 0 to 1. Fixed locations are inpsgt.igs (text) files with XY
coordinates in UTM NAD 83, with each location osawn line.

WIND_AZIMUTH_TYPE RANDOM_HISTORIC AL
WIND_AZIMUTH_HISTORICAL_FILE  IRC_Reg_Rand.wa z
WIND_AZIMUTH_FIXED_FILE NULL
WIND_AZIMUTH_SPATIAL_FILE NULL

WIND_SPEED_TYPE RANDOM_HISTORIC AL
WIND_SPEED_HISTORICAL_FILE IRC_Reg_Rand.ws p
WIND_SPEED_FIXED_FILE NULL
WIND_SPEED_SPATIAL_FILE NULL
WIND_SPEED_UNIFORM_RANGE NULL
DEAD_FUEL_MOIST_TYPE RANDOM_HISTORIC AL
DEAD_FUEL_MOIST_HISTORICAL_FILE IRC_Reg_Rand.10  h
DEAD_FUEL_MOIST_FIXED_FILE NULL

DEAD_FUEL_MOIST_SPATIAL_FILE  NULL
DEAD_FUEL_MOIST_D1H_INCREMENT 2.0
DEAD_FUEL_MOIST_D100H_INCREMENT 2.0

Weather data is input as wind speed, wind direcéiod dead 10 hour fuel moisture
files. For a single fire the type is “Fixed” wi/ columns of data per day. The
columns are the year, month, day and 24 columh®wifly data starting at hour 0 and
going to hour 23 (see end of Appendix A for a maegailed description of the dead
10 hour fuel moisture file). Historical data is dder season simulation and includes
all non-SAW days in at least one full fire season.

LIVE_FUEL_MOIST_TYPE RANDOM_HISTORIC AL
LIVE_FUEL _MOIST_HERB_FILE IRC_reg_randh_d iff_const.Ifth
LIVE_FUEL_MOIST_WOOD_FILE IRC_reg_randh_d iff_const.lfw

LIVE_FUEL_MOIST_SPATIAL_FILE  NULL

Live fuel moisture is input into the simulation digh the .Ith and .Ifw files. Live

herbaceous fuel moisture is input as .Ifh and Wwoedy fuel moisture is input as .lfw.
Both files are text files with three columns of alatomprised of month, day and
value. Live fuel moistures are measured and maddaie by local or regional fire

departments.

# Enable occurrence of Santa Ana events.

#SANTA ANA FREQUENCY_PER_YEAR safpr.0
SANTA_ANA FREQUENCY_PER_YEAR 4
SANTA_ANA NUM_DAYS DURATION 2.5
SANTA_ANA_WIND_AZIMUTH_FILE HFSEA SA.waz
SANTA_ANA_ WIND_SPEED_FILE HFSEA_SA.wsp
SANTA_ANA DEAD_FUEL MOIST FILE HFSEA SA.10h
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SAW frequencies are only used in season simulati@nsgle fire weather data
already encompasses Santa Ana data. For seasolatgams; the number of SAW
events, the duration of the events in days andaSAnt weather information is
entered separately. SAW speed, direction and déaubdr fuel moisture is entered
the same way as the historical weather data, dytamta Ana days are used.

# values are relative to standard model of fire spr ead
# value < 1.0 = more circular

# value > 1.0 = more elliptical

FIRE_ELLIPSE_ADJUSTMENT_FACTOR 0.66

# choose between methods used to compute windspeed adjustment factor
# value of 'AB79' uses method of Albini and Baughma n, 1979

# value of 'BHP' uses method of BEHAVEPLUS

# value of 'NOWAF' assumes windspeed supplied as in put is at
midflame

WIND_SPEED_WIND_ADJUSTMENT_FACTOR BHP

# Cells that are part of a fire where the number of cells is less
than
# or equal to the FIRE_FAILED IGNITION_NUM_CELLS wi Il be classified

as
# "failed ignitions".
FIRE_FAILED_IGNITION_NUM_CELLS 1

The Fuel Model (.fmd) file:

D1H D10H D100 LH LW 1IHSAV LHSAV LWSAV FDepth Mex DHC LHC
21 5.50 0.70 0.00 1.60 3.00 19.37 45.42 19.37 91.44 25 21399 21399

The .fmd must first specify either metric or Enfjlignits. The following explanation
uses metric units. The .fmd file is a text file hva row for each fuel model used in
the simulation. The first column is the fuel moaeimber, and the second is the
amount of dead one hour fuels in mega grams petatgeecThe third and forth
columns are dead ten hour and dead one hundredftelsr respectively, also in
mega grams per hectare. Live herbaceous and livedyvduel moisture levels,
approximated based on known ranges from localiggartments, are in columns five
and six, also in mega grams per hectare. The meae tcolumns are the surface to
area ratios for dead one hour fuels, live herbagdaals and live woody fuels in
square centimeters / cubic centimeters. The teabhm is the fuel bed depth in
centimeters, and the eleventh column is the mastdirextinction for the fuel type.
Moisture of extinction is the ambient moisture leaé which the fuel type will no
longer burn, thereby extinguishing the fire. Th&t lavo columns are the heat content
of the fuel type in kJ/kg.
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APPENDIX B —MAPS OF RANDOM AND HISTORIC IGNITION LOCATIONS

Appendix B1: Historic Ignition Locations
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Appendix B2: Randomized Ignition Locations
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APPENDIX C —FUEL MODEL RASTER MAP CONSTRUCTION

Appendix C1: Background on Fuel Models

Fuel models consist of a variety of measured cheriatics that fire spread modeling
programs input into a fire behavior formula to siate fire spread and intensity. A
region’s vegetation is input into a fire spread elow program by categorizing the
different habitat types into fuel model designasiohhe common fuel models used in
southern California shrublands are described in eldpix C2. The measured
characteristics that go into a fuel model are disted explained in Appendix C3.

Appendix C2: Crosswalk for conversion of vegetation communities into fuel models

Vegetation Alliance Fuel Model Fuel Model
Type Number

Native and Non-Native Herbaceous Superalliance Short Grass 1
Mapping Unit

Predominantly Shrubs on Firebreak

[ Y

Predominantly Shrubs/Herbaceous on Artificial
Cuts/Embankments

Saltgrass - Dune Burrweed

Saltgrass - Giant Reed Mapping Unit

Saltgrass Alliance

Urban - Herbaceous/Cleared

California Bulrush Tall Grass

Cattail

Fennel Alliance

Fountaingrass - Giant Coreopsis - Chaparral Yucca

Fountaingrass Alliance

Giant Reed Alliance

Giant Wildrye

Pampas Grass

Spanish Broom on Artificial Cuts/Embankments

Spartium junceum (Spanish Broom)

AlwWlwwWlww W W Wl w WlkR|lFrR|R|RKF

Tall Shrubs Undifferentiated Superalliance Mapping Chaparral (up
Unit to 4 feet)

(6]

Ornamental Shrubs Brush (up to 2

Post Fire or Post Clearing Regeneration Unidentifiable feet) 5
Shrubs

Urban - Shrub 5

Acacia redolens Dormant
Brush
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Hardwood
Slash

Iceplant

Pepper on Artificial Cuts/Embankments

Predominantly Trees on Artificial Cuts and
Embankments

Urban - California Sycamore

Urban - California Sycamore-Coast Live Oak

Urban - California Sycamore-Willow spp.

Urban - Coast Live Oak

Urban - Valley Oak

Urban - Valley Oak-Coast Live Oak

Valley Oak - Arroyo Willow (provisional)

Valley Oak - Coast Live Oak / Annual Grass Herb

Valley Oak / Annual Grass - Herb

Valley Oak Alliance

Closed Timber
Litter

0o

0o

Arroyo Willow / Laurel Sumac

Arroyo Willow / Mulefat

Arroyo Willow Alliance

California Bay

California Bay - California Sycamore

California Bay - California Walnut / Greenbark
Ceanothus

California Bay / Hairyleaf Ceanothus (provisional)

California Bay Alliance

California Sycamore - Coast Live Oak - Arroyo Willow
South Coast

California Sycamore - Coast Live Oak / Mulefat South
Coast

California Sycamore - Coast Live Oak South Coast

California Sycamore / Annual Grass - Herb

California Sycamore Alliance

California Sycamore South Coast Intermittent Stream

Conifers

Conifers on Artificial Cuts/Embankments

Eucalyptus

Eucalyptus on Artificial Cuts/Embankments

Exotic Trees Undifferentiated

Hardwood
Litter

Ol V||V WO|00|00|00|00|00|00|0| 00| 0|0

©

Yo)

[NoR Vol IVo T iUo I RUe T (Vo J IVe Ty Vo Ji RUo)
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Narrowleaf Willow Alliance 9

Other Trees 9

Red Willow Alliance 9

Red Willow and Arroyo Willow Superallliance Mapping 9

Unit

Schinus molle (Pepper) 9

White Alder - California Sycamore 9

White Alder Alliance 9

Willow spp. / Mulefat Superalliance Mapping Unit 9

Willow spp. scrubby - California Sycamore scrubby / 9

Mulefat Superalliance Mapping Unit

Willow spp./Giant Reedgrass Suballiance Mapping Unit 9

(AruDon in: 1420/1430/1432 dense)

Bigberry Manzanita Alliance Manzanita 14
Birchleaf Mountain Mahogany - Chamise 14
Birchleaf Mountain Mahogany - Laurel Sumac - 14
California Sagebrush

Birchleaf Mountain Mahogany Alliance 14
Birchleaf Mountain-mahogany Alliance (Cercocarpus 14
betuloides)

California Walnut / Annual Grass - Herb 14
California Walnut / California Sagebrush / Giant 14
Wildrye

California Walnut / Greenbark Ceanothus 14
California Walnut / Laurel Sumac 14
California Walnut / Toyon 14
California Walnut Alliance 14
California Walnut-(Coast Live Oak)/Tall Shrub 14
Superassociation Mapping Unit

Coast Live Oak - Arroyo Willow 14
Coast Live Oak - California Bay 14
Coast Live Oak - California Bay / Hairyleaf Ceanothus 14
Coast Live Oak - California Walnut 14
Coast Live Oak / Annual Grass - Herb 14
Coast Live Oak / Annual Grass - Herb 14
Coast Live Oak / Bush Monkeyflower Phase 14
Coast Live Oak / Chamise 14
Coast Live Oak / Poison Oak 14
Coast Live Oak / Purple Sage - California Sagebrush 14
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Coast Live Oak / Purple Sage - California Sagebrush

Coast Live Oak / Scrub Oak

14

Coast Live Oak / Toyon

14

Coast Live Oak Alliance

14

Coast Live Oak South Coastal

14

Coast Live Oak Superassociation Mapping Unit

14

Eastwood Manzanita Alliance

14

Hollyleaf Cherry - Toyon

14

Hollyleaf Cherry Alliance

14

Laurel Sumac

14

Laurel Sumac - California Buckwheat

14

Laurel Sumac - Ashy Buckwheat

14

Laurel Sumac - Ashy Buckwheat - Black Sage Phase

14

Laurel Sumac - Black Sage

14

Laurel Sumac - California Sagebrush

14

Laurel Sumac - Lemonadeberry - Ashy Buckwheat -
California Sagebrush Phase

14

Laurel Sumac - Sugarbush - Bigpod Ceanothus

14

Laurel Sumac / Annual Grass - Herb

14

Laurel Sumac / Annual Grass - Herb

14

Laurel Sumac Alliance

14

Lemonadeberry - Ashy Buckwheat - Chaparral Yucca -
Giant Coreopsis Phase

14

Lemonadeberry - California Sagebrush - Ashy
Buckwheat

14

Lemonadeberry - Coast Prickly Pear - Ashy Buckwheat

14

Lemonadeberry Alliance

14

Lemonadeberry Strongly Dominant

14

Mexican Elderberry - Toyon / Annual Grass - Herb

14

Mexican Elderberry / Giant Wildrye - Annual Grass -
Herb

14

Mexican Elderberry Alliance

14

Scrub Interior Live Oak Alliance

14

Scrub Oak

14

Scrub Oak - Birchleaf Mountain Mahogany

14

Scrub Oak - Greenbark Ceanothus

14

Scrub Oak Alliance

14

Sugarbush

14

Sugarbush - Purple Sage - California Sagebrush

14

14
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Sugarbush Alliance 14
Toyon - Laurel Sumac - Rhus spp. 14
Toyon Alliance 14
Bigpod Ceanothus Ceanothus 16
Bigpod Ceanothus - Birchleaf Mountain Mahogany 16
Bigpod Ceanothus - Black Sage 16
Bigpod Ceanothus - Chamise 16
Bigpod Ceanothus - Laurel Sumac 16
Bigpod Ceanothus - Redshank 16
Bigpod Ceanothus Alliance 16
Bush Poppy Alliance 16
Ceanothus spp. and Birchleaf Mountain-mahogany 16
Superalliance Mapping Unit

Greenbark Ceanothus 16
Greenbark Ceanothus Alliance 16
Greenbark Ceanothus and Bigpod Ceanothus and 16
Birchleaf Mountain-mahogany Superalliance Mapping

Unit

Hairyleaf Ceanothus 16
Hairyleaf Ceanothus - Redshank 16
Hairyleaf Ceanothus - Scrub Oak 16
Hairyleaf Ceanothus - Tall Shrubs Superassociation 16
Mapping Unit

Hairyleaf Ceanothus - Toyon 16
Hairyleaf Ceanothus Alliance 16
Hoaryleaf Ceanothus 16
Hoaryleaf Ceanothus - Laurel Sumac 16
Hoaryleaf Ceanothus Alliance 16
Wedgeleaf Ceanothus - Scrub Oak 16
Wedgeleaf Ceanothus Alliance 16
Ceanothus spp. - Chamise Superalliance Mapping Unit 16
Wedgeleaf Ceanothus and Wedgeleaf Ceanothus - 16
Chamise Superalliance Mapping Unit

Chamise Young 17
Chamise - Bigberry Manzanita Chamise 17
Chamise - Bigpod Ceanothus 17
Chamise - Bush Monkeyflower 17
Chamise - California Buckwheat - (Deerweed) 17
Chamise - Eastwood Manzanita 17
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Chamise - Eastwood Manzanita Alliance 17
Chamise - Laurel Sumac 17
Chamise - Laurel Sumac - Yerba Santa / Annual Grass - 17
Herg
Chamise - Purple Sage (Provisional) 17
Chamise - Redshank - Hoaryleaf Ceanothus 17
Chamise - Redshank Alliance 17
Chamise - Scrub Oak 17
Chamise - Scrub Oak Alliance 17
Redshank Alliance 17
Riverine, Lacustrine, and Tidal Mudflat Mapping Unit 17
Chamise - Hoaryleaf Ceanothus - Laurel Sumac 17
Chamise - Hoaryleaf Ceanothus Alliance 17
Chamise - Wedgeleaf Ceanothus - Black Sage - Laurel 17
Sumac
Alkali Heath - California Sealavender - Shoregrass - Santa Monica 21
Pickleweed Mountains

Coastal Sage
Ashy Buckwheat Scrub 21
Ashy Buckwheat Alliance 21
Black Sage 21
Black Sage - Ashy Buckwheat 21
Black Sage - Laurel Sumac 21
Black Sage - Laurel Sumac and Black Sage - Sugarbush 21
Superassociation Mapping Unit
Black Sage Alliance 21
Black Sage Superassociation Mapping Unit 21
Bush Mallow 21
Bush Mallow - Bigpod Ceanothus 21
Bush Mallow - Black Sage 21
Bush Mallow - Laurel Sumac 21
Bush Mallow - Purple Sage 21
Bush Mallow Alliance 21
Bush Mallow-Greenbark Ceanothus 21
Bush Monkeyflower 21
Bush Monkeyflower Alliance 21
Bush Monkeyflower and Poison Oak Superalliance 21
Mapping Unit
California Buckwheat 21
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California Buckwheat - Black Sage - Laurel Sumac

California Buckwheat - White Sage Alliance

21

California Buckwheat Alliance

21

California Encelia

21

California Encelia - Ashy Buckwheat

21

California Encelia - California Sagebrush

21

California Encelia - Laurel - Sumac - Black Sage

21

California Encelia - Lemonadeberry

21

California Encelia Alliance

21

California Encelia Superassociation Mapping Unit

21

California Sagebrush

21

California Sagebrush - Ashy Buckwheat - Black Sage

21

California Sagebrush - Black Sage

21

California Sagebrush - Black Sage Alliance

21

California Sagebrush - Bush Monkeyflower

21

California Sagebrush - California Buckwheat - Black
Sage

21

California Sagebrush - California Buckwheat - Purple
Sage

21

California Sagebrush - California Buckwheat / Annual
Grass - Herb

21

California Sagebrush - California Buckwheat Alliance

21

California Sagebrush - Purple Sage - Ashy Buckwheat /
Needlegrass

21

California Sagebrush - Purple Sage Alliance

21

California Sagebrush - Purple Sage codominance

21

California Sagebrush - Purple Sage Superassociation
Mapping Unit

21

California Sagebrush / Giant Wildrye

21

California Sagebrush Alliance

21

Canyon Sunflower Alliance

21

Chamise - Black Sage

21

Chamise - Black Sage - Laurel Sumac

21

Chamise - Black Sage - Sugarbush

21

Chamise - Black Sage Alliance

21

Coast Prickly Pear - Mixed Coastal Sage Scrub

21

Coast Prickly Pear Alliance

21

Conejo Buckwheat Shrubland Unique Stands Mapping
Unit

21

Coyotebrush - California Sagebrush

21

21
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Coyotebrush / Annual Grass - Herb 21
Coyotebrush Alliance 21
Deerweed Alliance 21
Giant Coreopsis - California Sagebrush - Ashy 21
Buckwheat

Giant Coreopsis - Dune Goldenbush - California Encelia 21
Giant Coreopsis Alliance 21
Mulefat - Riparian 21
Mulefat Alliance 21
PalmerZs Goldenbush Shrubland Unique Stands 21
Mapping Unit

Pickelweed / Algae 21
Pickleweed - Alkali Heath - California Seablite 21
Pickleweed - Alkali Heath - Saltwort PHase 21
Pickleweed - Black Mustard 21
Pickleweed - California Seablite Phase 21
Pickleweed - Marsh Jaumea 21
Pickleweed - Parish's Glasswort 21
Pickleweed Alliance 21
Poison Oak - Bush Monkeyflower 21
Poison Oak - California Sagebrush / Giant Wildrye 21
Poison Oak Alliance 21
Purple Sage 21
Purple Sage - Ashy Buckwheat / Annual Grass - Herb 21
Purple Sage Alliance 21
Quailbush Alliance 21
Rush Superalliance 21
Sawtooth Goldenbush - California Sagebrush / Grass 21
Sawtooth Goldenbush / Purple Needlegrass - Clustered 21
Tarplant

Sawtooth Goldenbush Alliance 21
Scalebroom Alliance 21
Water Unburnable 98
Wetland Undifferentiated Superalliance Mapping Unit (Water) 98
Agriculture Unburnable 99
Beach Sand 53
Bushy Spikemoss / California Buckwheat 99
Cleared Land 99
Coast Live Oak in Agriculture 99
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Landslide

99

Rock outcrop Mapping Unit

99

Rock outcrop/Herbaceous Mapping Unit

99

Rocky Streambed

99

Saltpan

99

Sand/Gravel Bar

99

Sparsely Vegetated Coastal Strand (Great Sand Dune)

99

Sparsely Vegetated to Non-vegetated Artificial Cuts
and Embankments

99

Urban/Disturbed or Built-Up

99

Valley Oak in Agriculture

99

Valley Oak-Coast Live Oak in Agriculture

99
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Appendix C3: Fuel Model Characteristics

Code Description Units Notes
D1H Dead One Hour Fuels Mg/ha Time it takes for fuel moisture to
approach half of ambient
humidity change
D10H Dead Ten Hour Fuels Mg/ha Time it takes for fuel moisture to
approach half of ambient
humidity change
D100 Dead One Hundred Hour Fuels Mg/ha Time it takes for fuel moisture to
approach half of ambient
humidity change
LH Live Herbaceous Fuels Mg/ha
LW Live Woody Fuels Mg/ha
1HSAV | Dead One Hour Fuels cm?/em?
Characteristic Surface Area to
Volume Ratio
LHSAV | Live Herbaceous Fuels cm?/cm*
Characteristic Surface Area to
Volume Ratio
LWSAV | Live Woody Fuels Characteristic cm?/em?®
Surface Area to Volume Ratio
FDepth | Fuel Bed Depth cm 70% of Average Stand Height
Mex Moisture of Extinction of Dead %
Fuels
DHC Dead Fuels Heat Content ki/kg
LHC Live Fuels Heat Content ki/kg

98




APPENDIX D — FIRE BOUNDARIES FROM CORRAL FIRE SIMULATIONS

Appendix D1: Fire boundary from simulation C1

:l Actual Corral Fire Boundary N ‘ / 0

Simulation 1

5 Kilometers

Appendix D2: Fire boundary from simulation C2

I:I Actual Corral Fire Boundary

Simulation 2

5 Kilometers
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Appendix D3: Fire boundary from simulation C3

E Actual Corral Fire Boundary

Simulation 3

N

A

5 Kilometers

Appendix D4: Fire boundary from simulation C4

|:_| Actual Corral Fire Boundary

Simulation 4

N

A

5 Kilometers
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Appendix D5: Fire boundary from simulation C5

E Actual Corral Fire Boundary

Simulation 5

N

A

5 Kilometers

Appendix D6: Fire boundary from simulation C6

|:_| Actual Corral Fire Boundary

Simulation 6

N

A

5 Kilometers
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Appendix D7: Fire boundary from simulation C7

E Actual Corral Fire Boundary

Simulation 7

N

A

5 Kilometers

Appendix D8: Fire boundary from simulation C8

E Actual Corral Fire Boundary

Simulation 8

N

A

5 Kilometers
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Appendix D9: Fire boundary from simulation C9

D Actual Corral Fire Boundary

N

A 0 125 25 5 Kilometers
Simulation 9 ' ‘ L1 |
Appendix D10: Fire boundary from simulation C10
|:_| Actual Corral Fire Boundary % 0 125 25 5 Kilometers

Simulation 10

A
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Appendix D11: Fire boundary from simulation C11

E Actual Corral Fire Boundary

Simulation 11

N

A

5 Kilometers

Appendix D12: Fire boundary from simulation C12

|:_| Actual Corral Fire Boundary

Simulation 12

N

A

5 Kilometers
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Appendix D13: Fire boundary from simulation C13

I:l Actual Corral Fire Boundary \\

Simulation 13

5 Kilometers

Appendix D14: Fire boundary from simulation C14

E Actual Corral Fire Boundary %

| simulation 14 A —

5 Kilometers
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Appendix D15: Fire boundary from simulation C15

I:l Actual Corral Fire Boundary \\

Simulation 15

5 Kilometers

Appendix D16: Fire boundary from simulation C16

I:l Actual Corral Fire Boundary N AN

" Simulation 16 A N
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Appendix D17: Fire boundary from simulation C17

I:l Actual Corral Fire Boundary \\

Simulation 17

5 Kilometers

Appendix D18: Fire boundary from simulation C18

|: Actual Corral Fire Boundary %

|;7 Simulation 18 A 7

5 Kilometers
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Appendix D19: Fire boundary from simulation C19

I:l Actual Corral Fire Boundary \\

" Simulation 19 A o
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APPENDIX E — STUDY AREA-WIDE HISTORIC BURN FREQUENCY MAPS

Appendix E1: Simulation S1. 0°, 24 kph (15mph) wind grid

Burn Frequency
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Appendix E2: Simulation S2. 90°, 24 kph (15mph) wind grid

Burn Frequency
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Appendix E3: Simulation S3. 45°, 24 kph (15mph) wind grid

Burn Frequency
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Appendix E4: Simulation S4. 337.5°, 24 kph (15mph) wind grid
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Appendix E5: Simulation S5. 90°, 40 kph (25mph) wind grid

Burn Frequency
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APPENDIX F —STUDY AREA-WIDE HISTORIC BURN TIME MAPS

Appendix F1: Simulation S1. 0°, 24 kph (15mph) wind grid

Burn Time
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Appendix F2: Simulation S2. 90°, 24 kph (15mph) wind grid
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Appendix F3: Simulation S3. 45°, 24 kph (15mph) wind grid

Burn Time
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Appendix F4: Simulation S4. 337.5°, 24 kph (15mph) wind grid
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Appendix F5: Simulation S5. 90°, 40 kph (25mph) wind grid
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APPENDIX G — STUDY AREA-WIDE HISTORIC HAZARD INDEX M APS

Appendix G1: Simulation S1. 0°, 24 kph (15mph) wind grid

Single Run
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Appendix G2: Simulation S2. 90°, 24 kph (15mph) wind grid
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Appendix G3: Simulation S3. 45°, 24 kph (15mph) wind grid
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Appendix G4: Simulation S4. 337.5°, 24 kph (15mph) wind grid
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Appendix G5: Simulation S5. 90°, 40 kph (25mph) wind grid

Single Run
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APPENDIX H —OVERALL FIRE HAZARD INDEX MAPS

Appendix H1: Un-weighted hazard index map for historic ignitions

Hazard Map
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Appendix H2: Weighted hazard index map for historic ignitions
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APPENDIX | — CORRAL FIRE SIMULATION SUMMARY

Corral Fire | Total Simulated Fire Area of Overlap Area Overburned Area Underburned | Sgrenson
Simulation Area with Corral Fire Metric
Number
ac ha ac ha ac ha ac ha
1 11,131.00 | 4,504.00 | 4,145.10 | 1,677.46 | 1,416.03 573.05 | 2,692.54 | 1,089.38 | 0.668631
2 17,906.00 | 7,245.00 | 4,304.00 | 1,742.00 | 13,602.00 | 5,503.00 347.93 140.32 | 0.381595
3 7,224.79 | 2,923.78 | 3,100.21 | 1,254.62 | 4,124.58 | 1,669.16 | 1,551.72 627.70 | 0.522065
4 3,375.42 | 1,365.99 | 1,959.39 792.94 | 1,416.03 573.05 | 2,692.54 | 1,089.38 | 0.488179
5 5,339.55 | 2,160.85 | 3,048.70 | 1,233.77 | 2,290.85 927.08 | 1,603.23 648.55 | 0.61026
6 3,565.43 | 1,442.89 963.35 389.85 | 2,602.09 | 1,053.04 | 3,688.58 | 1,492.46 | 0.234466
7 5,199.90 | 2,104.33 | 1,967.83 796.36 | 3,232.07 | 1,307.98 | 2,684.10 | 1,085.96 | 0.399486
8 2,496.19 | 1,010.17 60.67 24,55 | 2,435.52 985.62 | 4,591.26 | 1,857.76 | 0.016974
9 4,140.72 | 1,675.69 108.06 43.73 | 4,032.66 | 1,631.96 | 4,543.87 | 1,838.59 | 0.024579
10 4,477.57 | 1,812.01 | 2,553.40 | 1,033.33 | 1,924.17 778.68 | 2,098.52 848.99 | 0.559374
11 5,757.30 | 2,329.90 | 3,233.40 | 1,308.52 | 2,523.90 | 1,021.38 | 1,418.53 573.80 | 0.621257
12 7,200.00 | 2,913.00 | 4,412.00 | 1,785.00 | 2,788.00 | 1,128.00 239.93 97.32 | 0.74452
13 8,328.00 | 3,369.00 | 4,445.00 | 1,799.00 | 3,883.00 | 1,570.00 206.93 83.32 | 0.684904
14 9,213.00 | 3,727.00 | 2,247.00 909.00 | 6,966.00 | 2,818.00 | 2,404.93 973.32 | 0.324127
15 12,483.00 | 5,052.00 | 3,025.00 | 1,224.00 | 9,458.00 | 3,828.00 | 1,626.93 658.32 | 0.35308
16 8,292.75 | 3,354.00 359.53 145.00 | 7,933.23 | 3,209.00 | 4,292.40 | 1,737.32 | 0.055548
17 17,448.00 | 7,060.00 474.00 192.00 | 16,974.00 | 6,868.00 | 4,177.93 | 1,690.32 | 0.042896
18 6,671.00 | 2,700.00 | 3,402.00 | 1,377.00 | 3,269.00 | 1,323.00 | 1,249.93 505.32 | 0.600905
19 8,020.00 | 3,245.00 | 3,678.00 | 1,488.00 | 4,342.00 | 1,757.00 973.93 394.32 | 0.580496

*The Sarenson Metric is calculated as S = 2a/(2a+b+c), where a is the intersection of the area burned by the two
fires, b is the area burned in fire 1 but not fire 2 and c is the area burned in fire 2 but not fire 1. A Sgrenson metric
value of zero indicates no agreement, while a value of 1 indicates perfect agreement.
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APPENDIX J — ESTIMATING SAMPLE SIZE

Estimating Sample Size
We found that the minimum sample size to burn thelesrRecreation Area is
120 fires.

Estimating Sample Size

85%

75% S s ®

65%

55%

45% a

35% o/

25% //

15%
5%

5%

Percent of Area Burned

0 50 100 150

Random Sample Size of Fires
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APPENDIX K —R SCRIPT

Appendix K1: R Script used for ANOVA F-test and multiple regieasof overall
weighted hazard index with input variables

# Read in the data
hazardl = read.csv("SMMNRA _histhazard.csv")

# Set the fuel model to type
hazard1$fuel_mod = as.factor(hazard1$fuel_mod)

# Run the regression
hazardl.Im = Im(hweight_hazard~fuel_mod+elevatidmpet+dist_fr_ignition, data=hazardl)

# Look at p-values
require(car)
Anova(hazardl.Im)

# Look at coefficients
summary(hazardl.Im)

# The coefficients for elevation, slope & distaace pretty similar
# but there's a much bigger range of values faadc®

# Look at the coefficients on a scale of "per staddieviation”
coef(hazardl.lm)[12:14]*sd(hazard1[,4:6])

# Distance seems to be the most important, both neijards to the t statistic
# and the scaled slope.

# How well does a model with only distance do?

hazardl.dist.Im = Im(hweight_hazard~dist_fr_ignitidata=hazard1)
summary(hazardl.dist.Im)

# R"2 = 0.19: some predictive power, but imperfect.
plot(hweight_hazard~dist_fr_ignition, data=hazard1)

Appendix K2: R Script used for ANOVA F-test and multiple regieasof 90, 24
kph wind grid hazard index with input variables

# Read in the data
hazardl = read.csv("s9015haz.edit.csv")

# Set the fuel model to type
hazard1$fuel.mod = as.factor(hazard1$fuel.mod)

# Run the regression
hazardl.Im = Im(s9015.hazard~elevation+fuel. mod3estalist.fr.ignition+asp.dir+kph, data=hazard1)

# Look at p-values
require(car)
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Anova(hazardl.Im)

# Look at coefficients
summary(hazardl.Im)

# The coefficients for elevation, slope & distaace pretty similar

# but there's a much bigger range of values faadce

# Look at the coefficients on a scale of "per staddieviation"

# names(hazardl)to see names and columns of daféhazardl.Im)for coefficients
coef(hazardl.lm)[15]*sd(hazard1[,12])

# distance from ignition still has the greatestfioent of all the factors

# How well does a model with only distance do?
hazardl.dist.Im = Im(s9015.hazard~dist.fr.ignitidata=hazard1)
summary(hazardl.dist.Im)

#Rn"2=0.1518, F-statistic: 1.438e+05 on 1 and 803783 p-value: < 2.2e-16
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APPENDIX L — REFERENCE MAP

Appendix L1: Reference Map of SMMNRA
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