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ABSTRACT
The threat of avalanches to wintecreationalists and mountain communities is well known.
Geographic Information Systems (GIS) technology has been used to augment avalanche forecast
and control programs in many parts of the United States and Europe. Successful GIS approaches
combine terain modeling, historical avalanche data and avalanche flow modeling to identify and
predict avalanche probability and intensity for relatively small geographic areas (e.g., highway
corridors, commercial ski areas and municipalit{®Collister & Birkeland, 2006) However,
little research has focused on the vast backcountry areas between such small, populated areas.
With the advent of lighter, better equipment for both backcountry skiers and snowmobilers,
recreationalists imeasingly visit these areas and are at risk from avalanches. Thus, an effort to
reevaluate and improve avalanche risk information available to winter recreationalists is
warranted. Thistudy developedind evaluated geoprocessmgthodsausing readilyavailable
and inexpensivepatial datdo identifytwo terrain features of particular importance in evaluating
avalanche riskdepositional terrain traps and trigger poinEsrest densityayersfor display and
geoprocessing purposegre also createddm several data source@valanche terrain hazards
were identified from slope curvature models where areas of aspect change were filtered out along
with modeate and heavy forest and low angl@pe areas Field trialsconfirmedthatsuch

methods couldnprove decision making and route findingwimter backcountry areas.



CHAPTER ONE: INTRODUCTION
While skiing, snowshoeing and snowmobiling have long been popular winter recreational
pursuits the vast majority of past usage has been confined to relatively small areas. Skiers and
snowshoers generally recreated at ski areas or winter parks. Snowmobilers were generally
confined to valley bottoms and adjacent slopes due to equipment capadnilitiesy formalized
avalanche awareness skills. In the lasii&@ears, advances in alpine touring and telemark ski
equipment coupled with the wider availability of avalanche rescue equipment and awareness
skills have led to a veritable explosion of newers to thavinter backcountryHaug, 2012)
Snowmobiles have alsvolvedfrom heavy, unreliable machines with limited abilities to
relatively lightweight, dependable, and powerful machines capable of climbing steep slopes in
deep snow conditions. It is increasingly the norm for skiers to spend considerable time in either
the backcountry or the sidecountry (e.g. unpatrolled areas adjacent to formal skiVaedels)
2012) Even occasional snowmobilers no longer just putter along groomed trails but aggressively
push into the high country seeking steep slopes and untracked powder to play in.

Avalanche conditions are a highly variable phenomenon that can change dramatically
from day to day, week to week and no two winters being exactly the same. In response to this
variability and the increased interest in the backcountry, avalanche foreggstshave been
expanded in both scope and number. Avalanche forecast centers in the United States generally
consist of several professionals who prepare daily or weekly avalanche forecasts for a region
based on remotely and manually collected data@tithited extent anecdotal observations
volunteered from backcountry users. Remote weather stations gather and transmit hourly
temperature, wind speed and direction, relative humidity and dew point data while SNOwpack
TELemetry(NRCS 2013}kites gatherrad transmit the same data as well as snow depth and snow

water equivalent. Field data include a full or partial analysis of snowpack depth and layering as



well as snow instability tests such as an extended colum(Arestican Avdanche Association,
2009) Forecasts consist of a discussion on recent and expected weather, the condition of the
snhowpack highlighting dangerous layers or weaknesses, an evaluation of the most likely dangers
(i.e. wind slab, storm snow or persistane ak | ayer) and a scaled evalu
probability and potentig]SNFAC, 2013)

In addition to the temporal variability of avalanche conditions there is a tremendous
geographic variability that changes by aspect, elevation, mountain ayed raaen slopes with
similar aspects and elevations on adjacent mountains can produce radically different avalanche
conditions(McCollister & Birkeland, 2006)

A conceptual visualization of some of this variabiliteik pr essed i n the fida
an avalanche risk matrix that divides terrain into eight aspects and three elevation zones, resulting
in 24 aspect/elevation zon@sSgure 1) Each zone is assigned a color corresponding to the

avalanche danger scalesaswn in Figure2.

Figure 1. An avalanche danger rose in which topography is divided into three elevation bands and
the eight cardinal and subcardinal aspects.
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Insufficientinformation to establish avalanche danger
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Figure 2: The North American Public Avalanche Danger Scal¢CAIC (Colorado Avalanche Institute
Center), 2013)

All avalanche forecast centers stress that translation of conceptual danger models and
forecast prediction® on the ground conditions is neither easy nor intuitive. It requires
education, experience and skills available through avalanche awareness classes. There are several
organizations that teach avalanche awareness and curriculum varies from organization to
organization. However, all education focuses on recognizing signs of instability or recent
avalanche activity, decisiemaking and safe travel protod@IARE, 2013) One important skill
necessary for winter backcountry usershe ability to read a topographic map and make good
route finding decisions based on them.

Avalanche risk is based on both snowpack instability and terrain. Although there are
snowpack stability model&ronholm & Birkeland, 205), these models require data on local
conditions that are difficult to track in the backcountry. The data on snowpack must be gathered
in remote country, and may change dramatically over time. However, terrain (topography and
forest cover) with th exception of forest fires or landslides, is relatively consistent over time.
While the risk in many areas of the backcountry can fluctuate, i.e. with snowpack condition, there
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are areas that are always dangerous or that have lower risks relative uodingderrain, thus
progress in incorporating terrain features may improve risk modeling even if the precision in
space and time of snowpack data is limitd&RCS20133).
In the |l exicon of avalanche termingol ogy At e
terrain features that compound thésisf an avalancheRollovers are areas where a slope
convexity increases tension in the snowpack increasing the likelihood of triggering an avalanche.
Steeply sided gullies concentrate debris and increase dapti, which increase rescue times
reducing survival rate@Haegli, Falk, Brugger, Etter, & Boyd, 2011l contrast to these traps
other features such as ridges generally offer the path of least risk. Assuming the rightidata
methods are employed, a GIS may be able to identify and isolate these terrain features, and

contribute to better modeling of avalanche risks in the winter backcountry.

1.1 Project Scope

This project tested the viability of identifying two hazardtarsain features common in
avalanche country: depositional terrain traps (steep sided gullies) and trigger points (rollovers).
Methods for identifying these features wereduced and evaluated using baseth topographic
data and land coveypedata. Bare-earth topographic algorithms were developed and eghpdi
30 meter and 10 meter DEM datasets.fdkest cover is a major component of avalanche activity
because heavy timber inhibits avalanche initiation and propagation (Schaerer and McClung 2006,
93), various datasets that can be used to determine vegetation cover were compared. These
datasets are: 1) publicly available land cover datasets, 2) forest cover datasets created from 1
meter resolution color Digital Orthophotai@drangles (DOQs3B) a land cover dataset produced
by the Sawtooth National Forest (SNF), and 4) Digital Raster Graphics (DRG) of 1:24000 USGS

topographic mapsThe objectivs of this study were tdevelopa process creatirtgvo avalanche
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hazard layers depicting potential triggmints and depositional terrain traps,well asreate or
use an existing vegetah cover datassts a filter for trigger points and as a thematic dispfay
forest display Finally, this study sought to accomplish the first two objectives usingtdsttes
available to the public and is relatively inexpengueh that a similar study could be done in
another area by others with few resources otherAne@IS 10.2software(ArcGISDesktopEsri
2013 http://resources.arcgis.com/en/help/quitartguides/10.2/and time

All of the datasets have their own advantages and disadvantages. The 30 meter DEMs are
widely available and easy to work with due to their relatively small size but have been found to
coarse to identify micrgcale topographgMcCollister & Birkeland, 2003) The 10 meter DEM
datasetdiave a much higher level of detail but are not as widely availablezsambe
cumbersome to work with given their larfijle size. TheSNF Land Cover datasetvers the
study aredout the 30 meter resolution is coareanthe available terrain datand the accuracy

of cover type coding is questionalfkigure3).
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Figure 3. Example of SNF LandCover dataset(2006) overlaying a DOQ (2011) at Galena Pass
showing miscoded boundary regions of th&NF Land Covercompared to the underlying DOQ.

DOQs are far more precise (1 meter pixels) but deriving land cover type from them can
be difficult and théargefile sizescause slow processing timeBy developing terrain feature
extraction algorithms, applying them to datasets with variable resolutions and using them in
conjunction with different land cover datashiis study showethatan optimal combiation
couldbe found that will remotely identify the terrain features in question with a minimum of
uncertaintyfor large areasApplied on abroaderscale the development of this methvaitl
provide a foundation for GIS applications that assist wirgereationists in safer route finding by

avoiding some avalanche hazards.



CHAPTER TWO: PREVIOUS RESEARCH

There are many examplekavalanche research utilizing GIS technology. Large scale
topographic maps showing thematic layers like avalanche paths and hazards have been
successfully made using DEMs with 5 to 10 meter pi¢€tiz, 2005) Tenmeter DEMsare

available for most of the United States although most of Alaska is still only available at 30 meter
resolution. Avalanche path mapping studies have determined that 30 meter DEMs do not
describe surface terrain adequately enough for avalanche pathzard analysgdicCollister

& Birkeland, 2006)

To assist land managefdcCollister and Birkeland (2003) developgdnethod of
avalanche predictionsing the Geographic Weather and Avalanche Explorer (GEOWAX) model.
This model links historical avalanche activity with historical weather data (i.e. temperature,
precipitation, wind speed and direction) such that near future avalanche activity can be predicted
by comparing current weather conditions to similar weather condifiad avalanche activity
(McCaollister & Birkeland, 2003)

Spatially, snow cover is notoriously variable and large area snowpack models are often
unreliable because the generally limited number of data points (i.e. weatlogrsstatsnow pit
analyses) are too few to provide adequate interpolé8ohweizer, Kronholm, Jamieson, &
Birkeland, 2008) While snowpack models are difficult to produce some success has been made
in predicting avalanche pragation by using cellular automdtaevaluate the spatial correlation
of areas with strong internal structuri@utowitz, 1991Kronholm and Birkeland 2005)

There are limits to the effectiveness of GIS technology in predicting or mapping
avalanche haads or activity.Some GIS applications have concentrated their efforts on spatially
relating forecasting avalanche warning levels from remotely semsaither datauch as

temperature and precipitati¢Stoffel, Brabec and Stockk001) SomesuccessfuGIS



applicationdgn Europe(McCollister & Birkeland, 2006have not worked as well in the United
States because thexeeso manymore avalanche prone areas. The extent of high resolution data
andlabor force required for some European avalanche programs make comparable programs in
the United States unfeasible because of the high data costsaaing trequired labor force is too
spread ou(Scott, 2009)

Communicatingavalanche hazards from GIS analysis to the public has also proved to be
a difficult task(McCollister & Birkeland, 2006)It is easy enough to drape a danger rose over a
digital elevatiormodeldividing thetopography into the different aspect/elevation zdnes
produce a map that showsrresponding danger rating colors. Unfortunately this approach
produces a nice looking map, as shown in Figure 3, that does not reflect reality of the danger
(McCollister & Birkeland, 2006) Such a map does not incorporate slope angle, tree cover or
terrain traps (i.e. gullies or rollovers) into analysis and results in some low risk areas being coded
as more dangerous than they are and some isiganeas being coded as low riblatice how
the basin to the northeast of the peak near the center of Figure 3 changes between high and
considerable dangeSuch maps may result in bad decisions being made on poor information.

Clearly, more accurate rids for the analysis of avalanche terrain are needed.
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Figure 4. Example of an avalanche danger rose's (upper left) risk levels draped over a topographic
surface. While attractive, the results do not accurately reflect on thergund risk.

There has been a significant amount of research into the extraction of geomorphic terrain
features. Some research has focused on comparing the effectiveness of different surface feature
(i.e. ridges, spires) extraction algorith(@arke & Archer, 2009) Other research has focused on
comparing different datasets. Some features like ridges were more likely to be correctly
identified from Triangular Irregular Network (TIN) elevation than from raster dataseSHikés
(Hu, Wang, & Shao, 2008)Although features whose size is near the resolution limit of elevation
datasets are widely distributed, quite often these features cluster in patches of rough terrain.
Patterns within DEM datasetan identify these aregerhaps to be used as a matrix component
of a hazard analys{Berry, 2000) Despite their size, small cliffs are still dangerous to skiers and

are hard to discern from topographic contours. Inpaagelysis done by the U.S. military,
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remotely sensed data was able to identify small discontinuities like cliffs in the landscape that did
not show up on regular topographic m@pkindell, Gutherie, & Simental, 2004)

Land managers use vegetation cover databases to aid decision making in many natural
resource fields like grazing allotments, fire management or timber extra€tigital Orthophoto
Quadrangles are often usasl avisual check fothese databases and also Hasen used abe
primary data sourcfor canopy covemodels A study in Arizona was able to create an
acceptahyt accurate 20,000 Kitayer of primaryforestspecies andensity at 10 meter resolution

using black and white DOQXu, Prather, Hampton, Aumack, Dickson, & Sisk, 2006)
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CHAPTER THREE: STUDY AREA

The Sawtooth National Recreation Area (SNRA) in central Idaho comprises the northern part of
the Sawtooth National Forest. The SNRA spans the western portion of Custer County and the
northern part of Blaine County. The northern two thirds of the SNRA deesthe headwaters

of the Salmon River bounded by the White Cloud Mountains to the east and the Sawtooth
Mountains to the west. The southern third of the SNRA forms the headwaters of the Wood River
bounded by the Smoky Range on the west and the BdJloi@ntains to the ea¢Figure 4)

Vall ey bottoms in the Sawtooth and Upper Wood

more thaOpeaksovel 0, 0006 in the SNRA with Castle Peak

the highest point in the SNRA at 11,815
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Figure 5. Project area location in state of Idaho (left map) and detail of project are&ight map).
Several locations noted in the study are marked (i.e. Galena Pass and Mt. Heyburn).
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Valleys are predominantly sagebrush with willows and grass riparian areas. Lower
slopes of the mountains are mostly Lodgepole Pine and Aspen fading to Douglas Fir at the mid
elevations and Whitebark Pines at the higher elevations although few treee suuelv above
10, 0006.

The region is fairly arid, receiving an ave
precipitation in the last ten years (NRCS 2913Much of that precipitation falls as snow with
3506 of accumul ati dri 6i rhigh ctudirg.vVinter tenyperatuees averdyé
lows just below 0°F and average highs around 30°F. Cold snaps are not uncommon with lows at
-20° t0-35° (NRCS 2018). Due to the low relative humidity daily temperature swings of 30°
50° are common and aid madi to strong diurnal winds. Winter weather cycles vary from year
to year but generally the area receives several big precipitation events separated by weeks of cold,
dry, sunny weather. Cold, clear nights create pockets of hoar frost that can becdstenpers
weak layers when new snow is added and frequent winds scour some areas of snow completely
while forming massive cornices and pillows on the lee side of mountains.

Despite is chilly temperatures and variable snowpack, the arepdpalarwinter
recreation destination. Both valleys have miles of groomed cross country skstraivshoe
trails and groomed snowmobile routes. Backcountry skiers attracted to the deep dry powder
frequent the 878006 Gal ena Pas SawwmdthaandgVo@Iit at e Hi ¢
River for day trips. Several outfitter owned yurts in both valleys allow groups to stay deeper in
the backcountryo accesserrain day trippers are unable to reach and are so popular that most
weekends are reservedeay in advanceOf this 750,000 acre ard¢lae only active avalanche
control arethe highway corrida@over Banner Summit (outside the project area) and Galena Pass.
The only professionals working in the winter backcountry are a dozen or so guides, three USFS

avalanche frecasters and@dSFS winter rangerActive avalanche control in such a large area
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would be prohibitively expensive and would lessen the backcountry experience as the whole
point of backcountry skiing is to ski untracked snow. And irctiregressionallylesignated
Wilderness part of the SNR@bout 240,000 acres)omprehensive avalanche control would
violate the 1964Vilderness Ac(88th Congress, 1964)Therefore it is up to the individual or
group to make go/ngo decisios, and for thatinformation is essential A map highlighting
dangerous terrain features would be a valuable tool when used in conjunction with current
avalanche advisories, avalanche education and experience.

Besides its attraction to winter recreatiigithe area was choséor this studybecause it
has a wide variety of terrain type®hile the Sawtooth and Smoky Mountains are mostly granite
the Smoky Mountains are a bit lower with smaller drainages with tight topogaaypltiye
SawtoothMountainsare taller with big drainages and large areas of exposed rock and sculpted
arétes. The Boulder and White Clodduntainsaremostlylimestonewith big open faces and
long ridges.As Sitole and Vossleman (2004) suggdst variety in mountain rangesl| be

useful in determining if a terrain feature analysis is applicable across multiple alpine terrain types.
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CHAPTER FOUR: DATA

One goal of this study was to use data that is readily available to the general public at little or no
cost.Theterrain featurgeoprocessing developéat this study reliegbrimarily onrasterDigital
Elevation Moded (DEM) at variougresolutiors. Forest cover analysis usedrad-resolution
vegetationayerdeveloped by the Sawtooth National Forbgih resolutiorDigital Orthophoto
Quadrangle (DOQ) and high resolution Digital Raster Graphics (DRGgveral vectodataset

were used to adidhagecontent (i.e. streams and roads) to the hard copy maps produced for the
field trials. All of the data sed in both the terrain feat analysis and forest densdéyalysis are

from the server based U.S. Department of Agriculture Sawtooth National Forest Spatial Database

This chapteprovides details andources for the different datasets used.

41 DEM

Several DEM datasefsom the SNF Spatial Databasere used in this studifable 1).
The Snowyside and Mount Cramer Quadrangles are from the U.S. Geological Surveys (USGS)
DEM datasets. These 10 m datasets spatially correspond to the ubiquitoud 2$@H
topographic quadrangles and are organized by each datasets southeast cdwdowte,
Snowyside Quadrangl eds msodhut h# 4védst Bhe Baotoothi nat e
National Forest also has bieterand 30meterDEMs clipped from the seamless National
ElevationDataset (NED) and divided into two datasets each (north zone and south zone) for the
extent of the Forest. The project area is entirely within the north half of the SNF and clips of both
the 10meterand30 meterDEM dataset$or the project areaxtent(see Data subsection 5.4)
were created for the analysifhe DEM datasets used in this study as well as the DOQ and DRG
datasets described below are availabléhe public from the Geocommunity website

(http://data.geocomm.coirior a modest fee.
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Table 1. Summary of DEM datasets and source location.

DEM Description Resolution Original Source
d435211452lat Snowyside Quadrangle 10m U.S. Geological Survey
d440011452lat Mount Cramer Quadrangle 10m U_S. Geological Survey
NorthZonelOmDEM |North end of Sawtooth National Forest 10m  [National Elevation Dataset
|Norchon330mDEM |North end of Sawtooth National Forest 30m  |National Elevation Dataset

4.2 SNF Land Cover
The Savtooth National Forest createdand cover dataset fais ownforest management
purposes The dassetis a vector feature class that classifies all lands (public and private) within
t he For est eyrimamdanopycoverAlthoagh & pdygon feature class the layer
has the geometryf @ 30meterraster. Canopy covés determined by a combinatiof o
techniques. Some areas were classified ws@nigl imageryevaluationin conjunction with field
surveys. Other areas were classifieth aprocess developed by the University of Montana
using LamisatThematic Mapper imagery taken by Landsaatellitein 19% (Sawtooth National
Forest 2012) Disturbance events such as tornados, wildland firesresect infestations were
compiledby variousUSFSprograms (i.e. fir@r silviculture)and periodically added to the
dataset The dataset was last updated in 28@Bough updates did not include using Enhanced
Thematic Mapper imagery from LandsatAttribute information for each polygon includes
canopy cover descriptigrior forested areas along withnumerical canopy cover cods well as
other attributes such as desired canopy cover typesis dataset or other land cover datasets as
well as the vector datasets (described in sectiorf@r. Bther public lands caretobtained by the
public through contacting an areab6s National F
Management headquartelB.h e dat asets are cal | elthoughthei st i ng \

one used in this study is referred to asftBNF Lard Coveb dataset throughout this paper.
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4.3 DOQ

Digital Orthophoto Quadrangles (DOQ) are high resolution (1m piraijband,
mosaic aerial imagery that is processed to reduce position displacements from terrain variation
and camera distortion. These mosaicehichfeatures are shown in their true ground position
are then georeferenceagiving the datasets the quantitataredgeometricqualities of a map
(Bolstad, 2008, p. 234)

The DOQs used in this studyable 2)were created by the U.S. Department of
Agriculture National Agriculture Imagery Prograand are natural color datasets comprised of
three color bands: red, green and NAIP 2013) Datasetin Idahoare available in either
units that correspond to USGS quarter quadranglasamunty wide datasets. The county
datasets are created byngaressing quarter quadrangle DOQs into a single mosaic but are
packaged in two parts (i.e. east and west) because of the large file sizes. Since the project area
spans Custer and Blaine County, both county wide DOQs were clipped to the project area extent

Table 2: Details about the two Digital Orthophoto Quadranglesmosaicsused in the stug.

DOQ Description Bands Original Source
naip 2011 blaine w |western half of Blaine County, Idaho Red, Green, Blue USDA NAIP
naip 2011 custer w |western half of Custer County, Idaho Red, Green, Blue USDA NAIP
4.4 DRG

Digital Raster Graphic€ORG) aredatasetgreated from scanned USGS topographic
maps and georeferenced to provide a high resolution raster Rykough 1:100,000 and
1:250,000 scale DRGs are availattlis study used 1:2400DRG of the Snowyside Quadrangle
with a pixel size of approximately meter. DRG dataset arestored as a GeoTIFF file and
structural to allow256 colorsalthoughonly 16colors were used in the Snowyside Quadrangle

used for analysis.
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4.5 Other Data

Several datasets were used to widdal content to the hard cogield trial maps and to
provide visual reference during the validatimocesgTable 3) Thesevectordatasets were not
used analytically except folhe Extent 24K feature class in which a selection of quadrangles was
used to define the project area extand clip all of the datasets used in the study that extended
beyond the project area.

Table 3: Feature classes from the Sawtooth National Forest Spatial Database.

Feature Class Description Geometry Original Source
Extent_24K loutlines of USGS quadrangles polygon USGS
lakes_polygon water features with surface area polygon USGS
200ftContoursN 200 foot contours for north half of SNF  [line SNF Spatial Database
40ftContoursN 10 foot countours for north half of SNF |Iine SNF Spatial Database
roads_arc iclosed and open roads on SNF |Iine SNF Spatial Database
trails_arc jofficial trails on SNF |Iine ISNIF Spatial Database
streams_route_streams [streams, creek, river boundaries |Iine USGS
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CHAPTER FIVE: METHODOLOGY
In order to identify areas whea&alanche trigger points or depositional terrain traps were more
prevalenta multipart process of several geoprocessing sequamsesreated tsolate and
classify these featureswo rasterayeis representing potential avalanche trigger points and
depositionaterrain traps we createdor both the 10 meter and 30 meterdBHatasetdy
incorporating bar@arth terrain extractioalgorithmswith forest densitygataas described in
Figure 6 The resulting raster datasets with different terrain feadnd attributes were evaluated
guantitatively and qualitatively and the best approach then used to produce several maps used in

field trials where the data was evaluated andgamed to actual, ethe-groundhazards.

Curvature Slope
Processing B Processing

Terrain
Data

Aspect
Processing

Data
Integration

DOQs and Land

Cover Datasets Processing

Figure6: High level flowchart of methodology. Note that discarded intermediate data has been omitted to
simplify flowchart.

Most of the geoprocessing was done in single steps using individual processitig £A5o(S1S
10.2 desktop suite whil@ulti-step models ere built for several components of the analysis
using ArcGIS Modelbuidemodelbuider, EsrR013

http://resources.arcgis.com/en/help/main/10.2/index.html#//002w00000001300000
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ModelBuilder is a work flow tool that enables the creation and executiconsfstent, repeatable

models and was used to ensure the integrity of a particular model or set of analytical processes.

5.1 Terrain Feature Extraction

The terrairfeatures this project sought to identify are all defined by dramatic changes in
slope. To isolate these argadasic curvature analysis was amboth the 10 meter and 30
meterDEM datasetshat combinegblanarand profile curvature@~igure 3, thenrun througha
low pass filter to clean out anomali&s described by Fan, Yang and Hu (200om this
analysis ridges and trigger points register as convexities with positive valued curvdtilees

gullies (i.e. depositional terrain traps) registec@ascavities with negatively valued curvatures.

Figure 7: ArcMap 10.2 ModelBuilder geoprocessing workflow for curvature processing resulting i@
five classraster layer of potential avalanche trigger points and a four classraster layer of potential
depositional terrain traps.

The gullies of interesverethose that have a high degree of curvature and occur in areas
where avalanches or avalanche ourts are possible. Generaflijagbavalanches do natitiate on
slopes less than 2%Schaerer & McClung, 2006, p. 101Jo isolate the gullies of concern the

filtered curvature analysis was reclassified into four claskasl€4); three severity classes of
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concavitiesandone dass of negligible concavity and all convexitieghe range of the curvature
classification values spans the range of curvature values from the 10 meter DEM dataset.
Establishing theumber of hazard classes andvaturevaluerangedor each classasa trial

and errorprocedsa s e d o n prdiessiomalwintercexpérience afadniliarity with the
project ara. The North American AvalancHeanger Scale levels described in Figumgete not
used because those classes depict overall avalanchasistt mostly on weather and snowpack
and did not serve the purpose of the study.

Table 4. Curvature values for depositional terrain trap hazard classes.

Depositional Terrain Traps
Class  [Description Curvahure Value
0 Not Terrain Trap Hazard 37.00--0.75
1 Low Hazard 0.76--1.50
2 Medium Hazard -1.51--2.50
3 [High Hazard -2.51--30.00

A slope analysis was then ran the 10 metedDEM and the results reclassifl into two
classes; one class of slopes greater tifarf\alue 1) and one class of slopes less ttar{(\&alue
0). The two reclassifielhyers were multiplied in a raster calculator resulting in foaster
clasesdepicting gulliesvhereavalanche debris was possible and risk of being injured in an
entrapment was heightenidm the debris concentrating effect of the tight terrain. To beaHair
20° value is somewhat arbitraryanch er e ar e i nstances of #flong
which the debris field of an avalanche extends into very low slope angles, but these are rare
events and thus excluded from consideration.

The next step wa® separte ridges from trigger points as batrrain featuresegister as
convexities. Ridgeare always associated with changes in aspect. As an example if one walked
eastalong an eastvest trending ridge one would have@thfacing slope to their left and a

south facing slope to their right. By contrast trigger points mostly occur on upperid slopes

21

r

u



with a consistent or gradually changing aspéddterefore isolating areas of aspect change is a
way to identify ridges. A high pass filtamplifies boundary aredmsghlighting ridges and
drainagedut whenrun with the 10 raterDEM datasetheridge top areasegistered were
incomplete and many ridges did not register at all.

A different way to isolate ridges involves binnin@&M into the eightcardinal and sub
cardinal directions (i.e. north, southeast) resulting in a rksterwith zones of eachinned
aspect This can be converted into a polygon feature d¢tasgich each feature is a grouping of
contiguous raster cells that have aspects within an aspect bin. These polygonsorae tied
againto a line feature class whettee lines signify a aspecthange in @rocessxplained below
and illustrated irfFigure 8 Areas away from lines would then be slopes of consistent aspect or at
least within 45°. However some slopes that occur near the breaking pointaspecisvill
show multiple aspect changes in close proximity even though th&skgyect ifairly
consistent For instance a slope with an aspect of nodttheast falls just at the eastern limit of a
north facing aspect (337:22.5°) and the northern limif @ northeast aspect (22-67.5°).
Some areas of the slope are more east tha22thé limitand some areas are more north of the
limit. While theslope in reality is fairly consisterbinning the aspect into cardinal and-sub
cardinal aspectdepicsthe slopeas an area of intense aspect charfgsimilar example of this

can beseen irFigure 8
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—— Sawtooth 200 & Contours [ | 112.51-157.5 80 00 0 00 Meters —— Sawtooth 200 # Contours || 135.01- 180
"On-Aspect” Bins [ 15751-2025 "Off-Aspect” Bins 180.01- 225
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Figure 8: A hillside near Mt. Heyburn is divided into the eight cardinal and subcardinal aspect bins
in Panel A and eight aspect bins skewed 22.5 in Panel B. Note that the south/southeast facing slope in
the lower right of both panels registers as an area of ishse aspect change in Panel A but is fairly
consistent in Panel B. Also note that there are nine aspect bins in Panel A and the north aspect in
Panel A is actually two bins(0-22.5 and 337.54360) symbolizedwith the same color

While identifying consistet slopes i®negoal, so is identifying slopes with a gradually
changing aspect such as a cirque or bowl. To correct for slopes occurring at the break point and
to find gradually changing slopes double aspect analysis was develogestribed in Figur®
andFigure 10 First a DEM derived aspect raster was binned into the nine agpextsis
binned into two aspects 337-8® and 0222.5° but can be reclassed togettzen) reclassified
into the eight cardinal and swardinal directionsvhichthestdy c¢c al | eAd ptetce 0fi On

aspects
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Figure 9: Bearing values for "On-Aspect" binning (left image) and "Off-Aspect" binning (right
image).

The recladéi ed raster was then converted to polygons and the polygons to lines. fer the
meter DEM A 20 meter buffer was then created around each line (30 meter buffer for 30 meter

DEM) resulting i n ®nAseeatcuroe acaleaasss ode pecihcatnigreg f

Binned

Raster to Polygon to Buffer —
) On-Aspect” ™ Polygon b Line
Reclass
Aspect
Binned Raster to Pol t
“Off-Aspect” p» N oygon e Buffer

Polygon Line

Reclass

Polygon to
Intersect
:| —D| Raster =) Reclass -

Figure 10: Mid -Aspect analysis flowchart.

The same DEMilerived aspect raster was therbnened into eight aspects skewed 22.5°
cal |l ed-Atsipe cfit ©f feprevieusly rsentioned northortheast aspeetould now
register as a sl ope Off-Ashp eac tcoo nrsaissttedfied andass pt ehcetn.

went through the same polygon, line, buffer process a% &\ specd analysis. The
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intersection of the caspect and offspect buffers was then found and converted back into a
rasterlayerwith a cell size of the input DEM. The intersectidrboth buffersareareas where
two or more aspect changes occur within 20 meters of each other (ridges and drainages) and the

areas outside dhe buffer intersection are slopes of consistent or gradually changing aspect

seen inFigurell.

‘A 1‘!&‘ B .
\y 5 k\n,‘
% 2= ;m;"»"‘;

“'. £

S
~ 40 ft Contour — "'
—— 200 ft Index Contour
- On Aspect Buffered Change
I off Aspect Buffered Change
I Buftered Aspect Change Intersection

500
Meters.

125 250

0

Figure 11: Example of 20 meter buffers around "OnAspect" changes Panel A), "Off -Aspect”
changes Panel B), the composite of "OnrAspect" and "Off -Aspect” changes Panel C) and the
intersection of "On-Aspect" and "Off -Aspect" changes Panel D).

This analysis wadeveloped on a singguadanglesized DEM(~ 10 km by 14 kmwith
whichthe buffer operatiomcludeddissolving all interior partitions and the resulting intersection
then converted to a rastayer. However, the entire projearea encompasses over 2200 kmat

requirel sixteen 10 meter DEM dataseWhen the process wattempted on the complete 10
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meterDEM mosaic, it failed repeatedly, likely due to the large file size. Thus an alternative
methodwas developed for large @a&etgFigure 1B) in which the project area was split into three

subareas (Figure }2

N D Project Area Extent
[ ] subArea 1 (Sawtooths)
Sy [ subArea 2 (White Clouds)
g [ ] subArea 2 (Headwaters)
b exsi e g B S State Highway
I 0 B 10 20
l Kiometers
Mt Heybum ‘.‘
(73] Caste Pcd:\

Titus Peak "

Figure 12: The three subareas of the project areaised for large dataset processing

Splitting the project area into three areas pimtessing the buffer operation with no
dissolution of interior portioning worked but resulted in almost 200,000 polygons per project
subarea. To simplifthese polygons into a single, multipart polygon the three subareas were each
erased from a single gject area polygon and the erase operation results theu émasethe
project area polygon. The three subareas where then joined with aesuting in a single
multipart polygon of the desired buffer zone. 3¢é@ O-As pect 0 -Aasmpck cii Ofvelleu f f er s
then converteihto two-classrastedayers(10 meter cell sizeyith areas of aspect change coded

one and areas of no aspect change coded zero. Multiplying the two ratetdggéremwith the
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mapcalculatortool resuledin the intersectiondf h@nAis pect 0 -Asmpdk cfi @f far eas o

change.
Subarea 1 -J Erase from Erase from
Buffer Subareal [ Subareal
/l Extent Extent
Erase from Erase from |
) Subarea 2 Union of
Split > Buffer ¥ Subarea2 [P Subarea2 |om Subareas
Extent Extent
\ Erase from Erase from
Subarea 3
Buffer ¥ Subarea3 [ Subarea3
Extent Extent
L Polygon to
Raster 9 Reclass
Raster
Calculator

Figure 13: Alternative Mid -Aspect processing flowchart for large datasets. Note that the input data
is the intermediate data noted in Figure 0.

As well as he 10 meter DEM dasat, a midaspect analysis was done witl3@ meter
DEM dataset. The smaller file size of the 30 m&EM dataset allowed the entire project area
to be procesxlusing theoriginal process without problems.

To find trigger points, the convexitiestine curvature analysisesereclasgied into four
classes of severity (s@@able5) and one class of negligible convexity and all concavities. This

was then multiplied with the Mighspect analysis using the map calculator.
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Table 5: Curvature values for trigger point hazard classes.

Trigger Points
Class Description Curvature Value
] No Trigger Point Hazard -30.00-0.75
1 Low Hazard 0.76-1.25
2 Low/Medium Hazard 1.26—-2.00
3 Medium fHigh Hazard 2.01-300
4 |High Hazard 3.01—37.00

In the Rock Mountainsvalanches rarely start in terrain less than 25° or greater than 60°
(the terrain is so steep snow in unable to accumulate to a critical mass). Therefore the slope
analysis was reclaifieed into two classes; one class for slopes between 25° and 604 (auale
and one class for everything less than 25° or more than 60° (coded zero). This was then
multiplied with the map daulator to the product of theithaspectinalysisand convex
curvatues resulting in potential basarth trigger points. To be fahere are plenty of hazards in
60° terrain, but for the very few skiers who venture in that teraamanches are only one of
several hazards (as a perspective most black diafm@na pski runséare between 33° and 38°).
If one wantedd find ridges the code values for theigraspect analysigsould bereversed
(buffer zones become one, consistent or gradual changing aspect becomes zero) and multiplied
with the positiveconvexity curvatur@alues Since ridges are not necessarily steedfltering

of low angleareaswvould beneeded

5.2 Forest @verExtraction
The DEM derived terrain analyses all assdabare topography but avalanche activity
is heavily influenced by forest cover. Heavy and moderate tindyarprovides an anchor for
snowpack that prohibits avalanche formatiSchaerer & McClung, 2006)Thin timber does not
really inhibit avalanche formation and in some cases can actually promote avalanche activity by a

fracture line connding the small areas of weakness around the base of each tree (something like
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the perforations on a tear out piece of notebook paperk dgaund is an obvious concern.
Recall that the goal was to create a fodestsity layeusing existing data setsailable to the
public that are not prohibitively expensivEhree approaches using different datasets were
evaluaed to develop a foredensity layer that could filter out trigger points occurring in

moderate and heavily timbered areas

First approach

The first approachteempted to use the vegetation theme frobigital Raster Graphic
(DRG) of a quarhnglemap(~ 10 km by 14 km) Component themes from USGS maps (i.e.
contours, roads or vegetation) were once available and reasonably inexpensive but as of 2003
these themes, called map seperates, were discontinued as standard (Bodudts 2003)
Therefore the DRG@vas separated into its component color bands and the green color (vegetation)
isolated. Unfortunately map features like contours and labels that overlay areas affonest
be removedresulting in forestsomprised of th forest bandg/ith negative space faontours,
labels or any other map featur®thergreen feattes like marshes or orchards were aitib
present. Finally the USGS quadglemays only delineate one class of forest (those areas of
forest thick enough to hide 30 men their horses and their captain of meadr@ainobservation
(Alt, 2001)). These weaknesses in the DRG analysis made the results unuaskible approach

was abandoned.

Second approach

The second approagRigure 14 usedl-meter DOQ (three bandthagescoveing the
project area.
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Figure 14: Flowchart for DOQ based forest cover processing.

Representative areagere selected~(3 km by 2 km)and polygons manually created for six
types of ground cover from a visual inspection of the DXD@ a slope anglayer. A signature
profile was created using the DOQ, a 10 meter DEM derived aspect raster and a 10 meter DEM
derived slope raster (in order of importance) as the input raster bands and the six class ground

cover polygons as the input feature cl@&gure 15.
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Figure 15: Example of manually created and classified polygons of cover typaised in signature
profile creation for DOQ based forest density cover near Titus Peak.

A maximum likelihood classification of the entiBekn? area was then processed using the
signature profile along with the DOQ, aspect and slapers The results of this were processed
with the boundary clean tool to reduce anomalies. To filter out areas where trigger points were
not a concern the six class radssrerwas reclass ed with thin forests, open ground and cliffs
valued at one and merthte timber, heavy timber and water coded as zero. This two class raster
layerwas then multiplied with thbareearthtrigger poins layer (from the terrain features

extractior) with the map calculator.
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Third approach
The thirdapproachuseda geopocessing model witthe land cover datasptoduced for

the Sawtooth National Fore@tigure 16.

Figure 16: ModelBuilder geoprocessing forSawtooth National Forest Land Cover dataset resulting
in a raster display layer and araster forest density layer to filter out trigger points occurring in
moderate and heavy forest.

In this datasetrpund covels dividedinto 15 classes with four classes of forest density and 11

classes defining non forested ground covers a rastegeometry based lay¢B0 meter cell

size) in a polygon feature class format sofitst step was to convert it to a 10 meter raster layer

in which each 30 meter cell consists of nine 1
single 30tmetet | ipalMéns was done because the ¢
operation will be resampled such that each com
largest celled component. For the 30 meter DEM analysis this was not an issue butheas for

10 meter DEM analysis because the results were coarsened and filtered 30 meter cells instead of
filtered 10 meter cellsAfter the polygon to raster conversion the layes reclassified into four

classes (light, moderate and heavy forest and opemdy@nd symbolized in shades of green for

display purposefrigure 13. The displaylayerwas then reclagged into two classes;

moderately and heavily forested areas to zero and lightly forested andhawggfse to one.

32



This layerwas then multiplid to the trigger points layavith the map calculator to filter out areas

where trigger points were not a concern.

SNF Land Cover.tif

[ ] Lignt Forest
[T moderate Forest
[ Heavy Forest
300150 0 300 Meters
[ -

” .’_’" : A
Figure 17: SNF Land Cover with display symbology overlaying a hillshade.

| =z B T,

5.3 Validation

To assess the validif the DOQ based forest dataaetisual comparison of the six
class rastelayerto the original DOQ was done. At small scalaghe3 km by 2 km
representative areas, the process worked well and the classes were coded yeasbiialgure

18).
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Figure 18 Example of well clasified DOQ based land covenear Titus Peak (right image) compared

to the original three band (red, green and blue) DOQ. In both images the right hand side is mostly

forest fading into alpine open ground, talus slopes. Note the band of cliffs in the lower right and the
small water body in the upper left.

At larger scales~{10 km by 14 krphareas outside of the sample area had large misclassified
areas antbecome unusably inaccurate. There were two primary areas of nifg@éies. The
first beinglow elevation areas of opemagind with primarily grass or shrub ground coleing
coded as forestddFigure B). This wadikely due to the green tmr of the grass versus thight
tan/white color of open ground in the high country where the signature profile was crkated.
large sample area with more elevation dependent classifications like low elevation open ground

could be created but the added complexity and time was deemed less than worth the effort.
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Figure 19: Example of forest covermisclassification in an area 10 km east of Titus Peak and outside
of the sampling area. Much of the light colored open ground in the red, green and blue band DOQ
(left image) has been misclassified as light and moderate forest in the right image.

The seond type omisclassificationsvere shadowed areas in the high country. Generally aerial
photos are taken in the summieeally around noon so shadows are minimized but in highly
mountainous areas there are almost always shadows somewhere. The @ugieDOQ over
flights done in the Sawtooth Mountains was probably done in late morning as any steep mountain
generally had a large shadowed area on northwest aspect. Amssthf the shadowed areas
eitherclassified as heavy forest or cliff when thegarly were neitherAlthough Yuan and
Bauer (2006) evaluated a process through which shadows caused by foleste atassied as
forests the approach ditbt work for terrain based shadowAteas of terrain based shadows
could be identified butiere was no way to correlate those areas to forest deBsited on the
inconsistency of the DOQ based forest density layer and the poor results from the DRG based
forest layemonly theSNF vegetation datasg@rovided consistent enougésultsto filter out
norhazardous trigger poingcross the entire project area

Results from the 10 meter and 30 meter terrain analysis were compared to each other on

their slope classifications and terrain feature analysis. Both terrain feature analyses filtered

35



potential hazards by slope classification. The 10 meter DEM had a greater range of slopes and a

greater area at higher slope angles especitilye slope angle extrem@sable6). The upper

limit of 60° for trigger points had an almost negligible filtering effect on the 30 meter DEM since

so little of thedatasetsegistered above 60°. Comparatively, the 0.2% of the 10 meter DEM that

registered above 60° filtered out a notidealmber of trigger points. For those areas the

extreme
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Table 6: Comparison of 10 meter and 30 meter DEM datasets based on slope classification statistics.

10 meter DEM 30 meter DEM
Slope Characteristic Count Project Area'% Count Project area %
Greater Than 20° 11,575,026 52.6% 1,185,219 A7 9%
Greater Than 25° 8,215,348 37.3% 819,828 331%
Between 25° and 60" 2,169,410 37.1% 818,474 33.1%
Greater Than 60° 45,706 0.2% 1354 0.0005%
Total 22,004,851 2,474,633

In the terrain feature analysibe 10 meter DEM based analysis outperformed the 30

ng

meter DEM based analysis in both range and extent. In areas with low curvature (curvature value

nearzero) both datasets had similar results although small features preseniO0 meter

analysis did not register on the 30 metealysis. At the curvature extremté®e 10 meteDEM

basedanalysis had an overall range five times that of the 30 rD&bt basedanalysis. This

discrepancy further manifested itself in theaaoé curvature classes. In the trigger point anglysis

five times more area registered as class 1 in the 10 meter analysis compared to the 30 meter

analysigTable7). The effect beames more pronounced at higher curvature valioe$oth

trigger points and depositional terrain trapsom a visual standpoint, at a 1:24000 scale the

coarseness of the 30 meter analysis was readily apgaignte21). For features that registered

in both the 10 meter and 30 meter datasets thmee36r derived feature might just note a hazard

whereasthe same feature in the 10 meter dataset would register as ixellfieature with
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some indication of the featuieshape and orientation. From these results only the 10 meter
dataset results weisubjected to field testing.

Table 7: Results from terrain hazard analysis showingcurvature values, pixel counts and percentage
of the project area for each class

Avalanche Trigger Point Analysis {slopes between 25° and 60°}
10 meter DEM 30 meter DEM
Class Curvature Count Percentage | Cwrvature Count | Percentage
0 -30.00-0.75 7180911 B87.9% -5.00-0.74 | 844 900 98.1%
1 0.76-1.25 623,598 7.6% 075 1.24 12,919 1.5%
2 1.26—-2.00 279,356 3.4% 1.25-1.99 3,445 0.4%
3 201-3.00 69,601 0.9% 2—-299 131 0.05%
4 3.01-3700 19,344 0.2% 3-800 34 0.004%
Total 81722310 261,264
Depositional Terrain Traps Analysis {slopes greater than 20")
10 meter DEM 30 meter DEM
Class Curvahure Count Percentage | Curvature Count | Percentage
0 37.00- 075 9.178,996 79.3% -800-074 1,131,587 93 8%
1 -0.76--1.50 1,401,952 12.1% 0.75--1.49 | 69970 5.8%
2 -1.51--250 660,424 5.7% -15--2.49 41,826 0.4%
3 -2.51--30.00 336,005 2.9% -2.5--500 362 0.03%
Total 11,586,384 1,206,383

5.4 Field Testing
Field testing was done on five single damckcountry surveys. Three of the field tests
were done in the Wood River Basin on skis and two were done in the Sawtooth Mountains on

skis and snowmobil@-igure 20.
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Figure 20: Overview of field trail locations and routes. The Galena Pass/Titus Peak area (left image)
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is in the southeast part of the project area and the Mt. Heyburn route (right image) is in the
west/central portion of the project area.
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The layouts consisted of a Isilade (derived frora 10 meteDEM) underneath thENF Land

Cover based forest density display layén top of these layers weregger points (in shades of

red) anddepositional terrain tragshales of purpm). The top most display layers were streams,

trails and topography (40 foot contours with 200 foot index contasrseen ifrigure 21
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Figure 21: Excerpt from layout of hard copy field trial map near Mt. Heyburn. GPS Route of field
trial added post-trial (Field_Trials). The SNF Land Cover based forest displayis used for vegetation,
water bodies are lakes_polygons and water features like streams are in the streams_route_streams
layer.

The Titus Pak area was orgrea in which th®0Q based forestiensity layeproduced
good results and a second map was niadehich this forest cover was displayed with
correlating trigger pointé~igure 23. Navigation in the field was done with a recreational class

GPS unit (Gamin Legend) ando aid this, 500 metddTM tick marks were added to the map.
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Figure 22 Excerpt from layout of hard copy field trial map near Titus Peak. GPS Route of field trial
added posttrial (Field_Trials ). The DOQ based forestlensity layeris used for vegetation, water
bodies are lakes_polygons and water features like streams are in the streams_route_streams layer.

In the field, as the route came close to trigger points or terrain traps noted orpttieena
spot was marked in pencil (a poked hole with notethebackside othemap) and the route was
penciled in to that point. A survey of the area was taken to ascertain if a hazard was present or
not. Field evaluation of hazards was done from sgistance (generally 20 to 50 meters) as
closer proximity to said hazards could have exposed the researcher to undGemniskating

hazards on the map to-time-ground hazats can be difficult as navigatiavith a recreational
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GPS with only 5§15 meter acuracydoes have some inevitable error. This error can be
compounded by the known error of DEM datasets and derivative datasets as ridt€tblister

and Birkeland(2006) Hazards that were identified on the map and present in the field were
deemedrue positives. Hazards that were noted on the map and not found in the field were
deemed false positives. Some hazards found in the field were not noted o tednazeemed
false negatives. In the terrain analysis convexities were dividetbintelasses and concavities
into three classes. Hazarddeatures noted on the map were generally multiple contiguous cells
composed of different combinations of the classes. In the field, this resulted in any particular
hazardbeing recordedsomewhat arbitrarilydn a five classcale (Tablé) based on the overall

size and severity of a particularhe field trial, trigger point hazards noted had a high degree of
accuracy with high severity hazards and most hazards noted being in thedoawin® medium
severity. Accuracy at low end of the scatebablyhad more to do with the severity class breaks
than with accuracy as many of the low severity features did correlate to a noticeable change in
slope but the featusanoted did noseemhazadous, hence the low accuracy rate. Medium to

high severity depositional terrain trap hazards also had a high degree of accuracy although low
severity hazards were not very accurate. For the smaller, low severity gullies much of the

inaccuracy was that amy features simply filled in with snow.
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Table 8: A tally of field trial observation results. Potential trigger points and gullies were evaluated
on whether the map correctly identified an actual hazard (true positive) miscoded ehhazard (false

positive) or failed to identify the hazard (false negative).

Avalanche Trigger Points
Severity Survey Sites True Positive False Positve False Negative Accuracy
Low 1 0 1 0 0%
Low/Medium 13 10 3 0 76%
Medium 9 9 0 0 100%
Medium/High 4 4 0 0 100%
High 2 2 0 0 100%
Total 29 25 4 0 N/A
Depositional Terrain Traps
Severity Survey Sites True Positive False Positve False Negative Accuracy
Low 5 2 3 0 40%
Low/Medium 1 0 0 1 0%
Medium 8 6 1 1 75%
Medium/High 0 0 0 0 N/A
High 3 3 0 0 100%
Total 17 11 4 2 N/A
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CHAPTER SIX: RESULTS
From the validation process and field trials, strengths and weaknesses of both tliefmigst
analysis and terrain feature analysis were appdfelitwing are qualitativand quantitative
results from thé&sNF land cover and DOQ baskdestdensity analyseis the areaear Titus
Peak while results from the 10 meter and 30 meter DEM based terrainsasalg compared in
an area neavit. Heyburn. The maps in this chapter use a 10 meter DEM derived hillshade and
imperial topographic contours to provide a visual sense of the terrain and do not reflect on the

analysis process.

6.1 Forest Gve

For display purpass the DOQ based forest layeoked better than the SNF Land Cover
based foredayer. At scales greater than 1:24000 the SNF based fasest(Figure 23 Panel B)
appearghunky and imprecise compartdtheDOQ based foredayer (Figure 23 Panel A). An
added advantage to ctiemy a forest typelensity layefrom a DOQwas that other landover
types like water and cliffaad to be accounted for the signature creation procdbsrefore

addng useful classew® thelayer(Figure 23 Panel A)
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Figure 23: Side by side comparisorof 10 meter DEM dataset trigger point resultsnear Titus Peak
with DOQ based forest cover and terrain features (Panel A) versus Sawtooth National Forest Land
Cover Dataset based forest cover and terraifeatures (Panel B).

In the 6 knd areanear Titus Peathat produced good DOQ based fordshsitylayer
(shown in sectio’.3, Figure 18, the analysis resulted in six classes of land ctorethe DOQ
based analysis and four classes of land cover f@iteLand Cover based analyfiable9).
In terms of area classifiethe SNF Land Cover bas&d/erwas1.3times more likely to classify
an area as open ground compared to the DOQ teged For lightly forested areas the SNF
Land Cover was 1.7 tinsemore likely to classify an area as lightly forested compared to the DOQ
basedayer. For moderately forested areas the DOQ b&sgrtwas 1.5 times more likely to
classify an area as moderate forest as the SNF Land Coveldased he biggest disepancy
between the twtayerswas in heavily forested areas where the DOQ bkl classified 40

times more area than the SNF Land Cover blsent In the terrain feature/forest cover
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