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Abstract. The Avalanche Terrain Exposure Scale (ATES) is a classification system that communicates avalanche temain
severity to different target audiences. ATES is a static terrain rating method that is independent of avalanche hazard, so the
ratings do notchange with the weather and snow conditions. The system was originally introduced in Canadain 2004 as a risk
management tool for public avalanche safety programs and uses two synonymous methods: one for terrain assessment and
another for public communication. The ATES method applies technical specifications for assessing avalanche terrain to
determine ratings, and it is paired with communication models to conveythose terrain ratings to differentuser groups. ATES
ratings are found in guidebooks and route descriptions or displayed spatially aszones ona map, and have been widely applied
to public safety programs and workplace avalanche safety plans. This paper introduces ATES v.2, a revised and updated system
that merges thetwo previous ATES models into a single methodthat: 1) expandsthe original version from three levels to five
by including Class 0 — Non-avalanche terrain, and Class 4 — Extreme terrain, 2) removes glaciationas aninput parameter, and
3) introduces a Communication Model for waterfall ice climbing. The ATES technical specifications are reviewed in detalil,
alongwith guidance on their application by field-based practitioners and desktop-based Geographic Information System (GIS)
users. The use of both manual and automated ATES assessment methods is discussed, along with methods for presenting
ATES ratings to the targetaudience. This paper addresses a gap in the literature with respect toavalanche terrain classification
forbackcountry travel. After twenty years of use in different jurisdictions and countries, the ATES method has not yetbeen
published in a peer-reviewed journal. This publication seeks to correct that and establish a baselinereference for ATES, upon

which future terrain-based products and research can build.

1 Introduction

The exposure of something vulnerable to avalanchehazard is the definition of avalanche risk (Statham 2008, CAA 2016) and
one of the most basic, but important concepts in avalancherisk management; when nothingis exposed, nothingisat risk. Yet
most winter backcountry travel scenarios are not this simple, especially with recreational and workplace activities where the
elements-at-risk such as skiers, climbers, snowmobilers, or workers are mobile and free to travel unrestricted through the
landscape. In these cases, people will encounter terrain choices with different degrees of exposure to avalanche hazard. Their
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risk depends upon their route selection and the degree to which they expose themselves to the avalanche hazard , along with
their vulnerability to the impacts of an avalanche.

The Avalanche Terrain Exposure Scale (ATES) is an avalanche terrain rating system used to assess and communicate the
degree of avalanche terrain exposure. It was first introduced as a guidebook style, terrain rating system for recreational
backcountry trips(Statham etal., 2006), then later expanded intoa Zoning Model (Campbell and Gould, 2013) toaccommodate
spatialapplications. Ratings are determined usingboth subjective and objective criteria and result in a measure of avalanche
terrain exposure on an ordinal scale. Unlike the dynamic nature of avalanche hazard assessments, which rise and fall with the
changingweather and snowpack conditions, ATES ratings are based upon constant parameters that do not change (e.g., slope
angle, exposure) or change slowly (e.g., long-term avalanche frequency, forestdensity), resulting in a static, unchanging terrain
rating.

Since its introduction in Canada in 2004, ATES has been applied in many different jurisdictions and countries (e.g.,
Mcmanamy etal., 2008; Bogie and Davies, 2010; Gavalda et al., 2013; Maartensson et al., 2013; Pielmeieret al., 2014; Larsen
atal.,2020), hasbecome a widely used risk management and avalanche education tool (Haegeliet al., 2006; Floyer and Robine,
2018; Zacharias, 2020), and has been used as a research tool to measure terrain use preferences (e.g., Sykes et al., 2020;
Johnson & Hendrikx, 2021; Hendrikx et al.,2022). In Canada, use of ATES has grown beyond recreational applications into
policy and regulatory frameworks (Parks Canada, 2005b), and is now widely used in workplace avalanche safety plans.
Each ofthese ATES applications hasused different approaches to meet differentobjectives, or to utilize emerging technology .
Examples of differenttechniques include the manual rating of backcountry touring routes (Parks Canada 2004; Baldwin, 2009;
Scottand Klassen, 2011; Statham and Hueniken, 2023; Beacon Guidebooks, 2024), mixed GI S and manual mapping/rating of
backcountry zones (Gavaldaetal.,2013; Avalanche Canada, 2024) and automated, algorithm-based mapping/rating (Alberta
Parks, 2024; Sykesetal.,2024; Toftetal.,2024). Typically,a more objective approach leads to smaller scale zoningaround
measurable terrain features, such as in Alberta Parks (2024) and this is different thana manual approach, where terrain is o ften
grouped into zones that are logical for a recreational application (e.g.: Avalanche Canada, 2024), but this requires local
expertise. Striking the right balance of objective measurements (e.g.: slope angle), subjective estimates (e.g.: frequency-
magnitude) and local knowledge (e.g.: routeoptions) isa challenge for the assessmentof any ATES rating. Ultimately, ATES
is a communication tool, and the resulting product must make senseand beeasily understood by thereceiver of the information.
Over the past two decades, advances in technology and geospatial tools have facilitated a broader application of the ATES
concept, including automated ATES ratings (Larsen et al., 2020), which greatly expands the potential scope of terrain
classification. At the sametime, the continued growth of backcountry recreation has furthered the need for improved avalanche
terrain tools (Klassen, 2012) to meet the needs of both experienced backcountry users, and people with no appetite for
avalanche risk. Backcountry terrain use patterns have changed, and ATES needs to change with them.

The objectives of this paperare: 1) To introduce an updated version of ATES, now called ATESv.2, 2) to establish a baseline
reference forthe ATES methodology in a peer reviewed journal,and 3) to filla gap in the literature with respectto avalanche

terrain classification schemes. We start with an overview and background on avalanche terrain rating systems, followed by a
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description ATES v.2, starting with changes from previous versions and then introducing three revised ATES modek for
assessment and communication. The application of ATES is then described, including methods for the assessment and
presentation of terrain ratings followed by discussion on the limitations of the ATES system.

2  Background

Terrain rating systems play anessential risk managementfunction in recreational activities such as climbing, hiking, kayaking,
skiing and mountain biking. The primary objective of these systems is to simplify complex terrain attributes into easiy
understood categories that recreationistscanuseto: 1) understand thedifficulty, or severity of their route beforehand to gauge
this against their own skills and current conditions, 2) identify and study the crux points of their route ahead of time, and
3) recognize their position on a map in relation to the severity of the terrain around them.

In Canada, avalancheterrain classification systems are either impact-based or exposure-based (CAA 2016). Traditional hazard
mapping methods for land-use planning use impact-based hazard maps (e.g., Rudolf-Miklauet al. 2014 ; Jamieson and Gould,
2018; Brundl and Margreth 2021), where the frequency and magnitude of avalanches to known locations can be quantified.
Hazard maps delineate zones to evaluate and manage risk to infrastructure, roads and occupied structures and canbe applied
to any asset with a fixed location. However, traditional methods become impractical when the element-at-risk is mobile with
unrestricted movement in the landscape, as is the case with backcountry travel. Whentheelement-at-risk can move anywhere,
impact-based methods usingavalanche frequency and magnitude at fixed locations become impractical because the location
of the element-at-risk is constantly changing. Thus, avalanche terrain classification for backcountry recreation requires an
exposure-based approach.

Canadian Mountain Holidays (1993) was the first to introduce a static, exposure-based terrain rating system for backcountry
skiing, usingthree terrain categories (A, B and C) and applying these to their inventory of helicopter skiruns. Pennimanand
Boisselle (1996) proposed a five-level Avalanche Terrain Risk scale based upon terrain severity and modelled after river
ratings, which describethe level of difficulty and the consequences ofa rapid (Walbridge and Singleton, 2005). Parks Canada
introduced ATESv.1/04 (Stathamet al., 2006) and rated 275 backcountry skitrips (Parks Canada, 2004) and 75 waterfall ice
climbs (Parks Canada, 2005a) in the national parks. Their objective was to encourage guidebook authors to adopt ATES ratings
asan aid tothe route descriptions in their publications. This method assigned a single rating for each trail, climb or backcountry
skiarea, andthat rating defaulted to the highest terrain class along theentire route orarea (Parks Canada, 2004). This method
of rating routes has since been described as ATESiinear (.9., Thumlert and Haegeli, 2018).

While ATESiinear Was effectiveasatrip planningtool, the application ofa single ATESrating fora large area limited its utility
forfield-based decisionmaking, and for activities unbounded by specific routes, such as snowmobiling. Aswell, the absence
of Class 0 wasa notable limitationof ATES v.1/04, because most of the population and most workplaces wish to completely
avoid avalanche risk. The ATES Zoning Model (Campbelland Gould, 2013) decoupled ATES from specific routes where the
exposure is known, and applied theratings spatially, aszonesona map. This encouraged a wider adoption of the ATES concept
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using an accessible methodology with a reduced and more deterministic set of criteria that was better suited fora GIS
environment.

The Zoning Model also introduced and optional Class 0 (non-avalanche terrain) rating, showing where avalanches with
consequence are not expected to occur. Avalanche Canada subsequently mapped over 5000 km? of winter backcountry
recreation areas in British Columbia using the Zoning Model (Avalanche Canada, 2024), which has since been described as
ATESqpatiar (€.9., Thumlert and Haegeli, 2018).

Dynamic avalanche risk maps for public recreation were first introduced by the website www.skitourenguru.ch using an

algorithm that combined basic terrain characteristics with data from the Swiss avalanche bulletin (Schmudlach and Kéhler,
2016a). At the same time, the authors proposed a method for automated avalanche terrain classification (Schmudlach and
Kdhler, 2016b) designed to remove the subjectivity in ATES. Following this, Harvey et al. (2018) achieved a major
breakthrough using high resolution digital elevation model (DEM) data to combine avalanche terrain characteristics with the
avalanche simulationmodel RAMMS::EXTENDED, and produce avalanche terrain maps for all of Switzerland. Their method
was later refined to better communicate the resulting terrain classifications, and incorporate the ATES system (Harvey et al,
2024).

To produce avalanche terrain maps and ratings at a national scale, automated models must be used (Buhleretal.,2018),and
it was obvious that the efficiency of automated methods far exceeded that of manual mapping, which is time and labour
intensive. To thatend, AutoATES, an automated method of applying ATES ratings, was developed in Norway to create
nationwide avalanche terrain maps (Larsenetal.,2020),and laterupdated to AutoATES v.2 (Toftetal., 2024), which aligns
with the ATES v.2 described herein.

3 Primary changes to the Avalanche Terrain Exposure Scale

Despite sharing the same name, there are significantdifferences between ATES v1/04 Technical Model and the ATES Zoning
Modelthat havebeencorrected in ATESv.2. ATES v1/04 was designed to be subjective, appliedto recreational routes in the
style of a guidebook (backcountry travel routes and waterfall ice climbs), and typically resulted in a single terrain rating that
defaulted tothe highest ATES class onthatroute. The Zoning Model aimed to be more objective and GIS-based by introducing
thresholds for slope angle and forest density to encourage smaller scale, spatial applications which included Class 0, but did
not consider key parameters such as exposure, avalanche frequency and route options. Both models had strengths and
weaknesses and it was clear that an updated ATES v.2 could accommodate both the objective parameters from the Zoning
Modeland the subjective parameters from ATES v1/04 Technical Model, brought together into a single system utilizing the
best parts of both models.

Accordingly, the original ATES v.1/04 Technical Model and the ATES Zoning Model are now merged into ATES v.2, and
the ratings have beenexpanded fromthreeto five levels of terrain exposure. This reflects important backcountry use pattems

on both ends of the risk spectrum: from conservative, no-risk Class 0 — Non-avalanche terrain to more aggressive, high-risk
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Class 4 — Extreme terrain. Additionally, glaciation has been removed as in input parameter to ATES v.2, and ATES for
Waterfall Ice Climbing is introduced as a Communication Model for that activity.

3.1 Class 0 — Non-Avalanche Terrain

Class 0 wasfirst introduced by Campbelland Gould (2013) andis now being integrated into ATES v.2. Non-avalanche terrain
is arguably the most important rating level because explicitly identifyingtrails and zones where avalanche do not occurisan
essential service for the thousands of tourists who visit mountain areas each winter and want to completely avoid avalanche
risk. Groups such as youth groups, tourist hikers, industrial camps and workplace safety requirementsoften demanda complete
avoidance of avalanche risk. To meet this need, land managers require simple ways to direct people towards non-avalanche
terrain. Figure 1 illustrates trails that are rated Class 0 in the immediate vicinity of Lake Louise, Canada, where millions of
people visit annually and almost all of them seek to completely avoid avalanche risk.

= - S 3 7 P 7 -~ € h A T ¥ i A
i{ > - " . Zs 0/ S B ATES Rating Legend X
R A S s = = 7 4 N, T EY - Non-avalanche terrain
Simple terrain
- Challenging terrain
- Complex terrain
- Extreme terrain

Google Earth

Figure 1: Designated hiking, snowshoeing and track set cross country ski trails in the Lake Louise area of Canada’s Banff
National Park with white trails showing the Class 0 — Non-avalanche terrain in the area.

Although it is a basic competency of anavalanche professional to identify where avalanchescan occur and where they cannot,
this task is not trivial. For land-use planning applications, determining an avalanche free perimeter is a complex process
involving vegetationanalysis, mapping of historic events, climate analysis and runout modelling (Jamiesonand Gould, 2018).
This level-of-effort is usually impractical for mapping backcountry avalanche hazard. Determining a Class0 — Non-avalanche
Terrain rating requires high confidence in the assessmentand can have little to nouncertainty. For this reason, the use of ATES
Class 0 is optional, and Class 1 can include Class 0O terrain.
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3.2 Class 4 — Extreme Terrain

In previousversions of ATES, Complex terrain had a broad criteria that encompassed much of the popular terrain used for
alpine recreation, specifically alpine skitouring, snowmobilingand ice climbing. According to backcountry skiing guidebooks

150 forwestern Canada, 71%of skitoursin the Coast Range (Baldwin,2009) and 76% in the Canadian Rocky Mountains (Scott
and Klassen, 2011) arerated Class 3— Complex terrain. Harvey et al. (2018) considered ATES to have limited practical value
in the Swiss Alps because too many tours would inherently be classified as Complex. This lack of a finer resolution within
Complexterrain has limited the value of an ATES rating for experienced recreationists who spend much of their time in steep
mountain terrain. As backcountry recreation continues to grow, this style of terrain is be comingmore popular. Freeriding and

155 ice climbing routinely travel through or below high consequence avalanche terrain that presents as its own distinct class of
terrain, now known as Class 4 — Extreme Terrain (Figure 2).

4 LY ‘
Figure 2: The Kindergarten Couloir, a popular 1100m freeriding route in Canada’s Kootenay National Park rated ATES Class 4 —
Extreme terrain due to itssustained exposure (ascent/descent), high slope angle, very high avalanche frequency (>1:1) and no options
160 to reduce exposure. This is a place where and even small avalanches can be fatal.
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3.3 Removal of glaciation

Glaciation was an important parameter in the original ATES v.1/04 (Statham et al., 2006), and all glaciated temain
automatically defaulted into at least Class 2 — Challenging terrain, irrespective of any other ATES parameters; there was no
Class 1 — Simple Terrain on a glacier. If a glacier presented with “broken or steep sections of crevasses, icefalls or serac
exposure”, then the rating defaulted to Class 3 — Complexterrain. This wasintendedto capture the complexity of glacier travel
but had the effect of defaulting flat or low angled glaciers into an ATES Class 2 rating, even when there was little or no
avalanche terrain. Notably, the ATES Zoning Model (Campbell and Gould, 2013) did not consider glaciation, creating a
potential conflict between assessments using these two models.

ATES s primarily concerned with terrain exposed to snow avalanche hazard. | ceavalanches are distinct from snow avalanches
in that their failure mechanism follows a different process (Pralongetal., 2005), leading to their inherent unpredictability by
field practitioners. Forthese reasons, glaciationas an independent parameter hasbeen removed from ATES v.2, butcrevasses
remain as a terrain trap consideration. This will have the effect of down classifying low-angled glaciated terrain that was

previously Class 2 — Challenging terrain, into Class 1 or Class 0 terrain.

4  Avalanche Terrain Exposure Scale v.2

ATESv.2is an ordinal, five-level terrainrating system thathelps people gauge their exposure to avalanche -proneterrain, and
it follows the communication theory of source-channel-receiver (Wogalter et al., 1999). The source is the person, or group
doingthe assessment and determining the rating, the channel is the method of communication (e.g., website, app, guidebook,
etc.), and the receiver is the end user of the information.

ATES is a terrain modelwith dual objectives: assessment and communication. The Communication Models (Tables 1 and 2)
are simple by design to achievethe primary objective of ATES by conveyingterrain ratings to different receiver groups. The
Technical Model (Table 3) is designed for the source (i.e., the terrain assessor) as a specialized reference for identifying,
analysing, and classifyingavalanche terrain exposure. Although these different ATES models use different language to achieve
different objectives, they are synonymous and their thresholds correspond: i.e., ATES says the same thing in two different
languages, one technical and one non-technical. The system uses numbers, signal words and colours as options to communicate
the rating level.

41 ATES Communication Models

ATES was born from a Canadian backcountry avalanche disaster where seven high-school students were killed while on an
outdooreducation schooltrip in February 2003. Uponreview, it became clear that public safety agencies needed better took
to help the public determine what was serious avalanche terrain, and what was not (O’Gorman et al., 2003). Risk

communicationwas the original objective of ATES, and it remains its primary objective today. Regardless of the techniques
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used for the assessment of terrain exposure, ATES ratings must ultimately meet the criteria specified in Tables 1 and 2, as
these are what is published to the receiver groups.

The Communication Models describeterrain ratings in the language of thereceiver groupandare light on technical detail with
a priority on comprehension. Tables 1 and 2 describeandrank avalancheterrain in a simple way, similarto how theavalanche
danger scale (Statham et al., 2010; Avalanche Canada, 2022; EAWS, 2024) describes and ranks avalanche danger; they
represent the summary output of a technical assessment, intended for public avalanche risk communication.

When used in combination, models of avalanche danger and models of terrain offera simplistic, but powerfulwayto illustrate
good risk management through the interaction of snow, terrain and people (Haegeli et al., 2006), and offer a preview into a
future where dynamic avalanche risk maps combine these models automatically (e.g.: Schmudlach and Kéhler, 2016a).

Table 1: ATES for backcountry travel.

Terrain rating | Class Description for backcountry travel

No known exposure to avalanches. Very low-angle or densely forested slopes
Non-Avalanche 0 located well away from avalanche paths, or designated trails/routes with no
exposure to avalanches.

Exposure to low-angle or primarily forested terrain. Some forest openings may
involve the runout zones of infrequent avalanches and terrain traps may exist. Many
options to reduce or climinate exposure.

Exposure to well-defined avalanche paths, starting zones, terrain traps or overhead
hazard. With careful route finding, options exist to reduce or eliminate exposure.

Exposure to multiple overlapping avalanche paths or large expanses of steep, open
Complex ' terrain. Frequent exposure to overhead hazard. Many avalanche starting zones and
terrain traps with minimal options to reduce exposure.

Exposure to very steep faces with cliffs, spines, couloirs, crevasses or sustained
overhead hazard. No options to reduce exposure; even small avalanches can be
fatal.

Waterfallice climbingis a specialized activity, often very exposed to avalanche hazard and high risk (Stathamand Hueniken,
2023). Iceclimbers are a unique audience in that their routes are commonly inside avalanche paths, meaning thatclimbers can
be exposed forlong periods of time to slopes overhead that cannot be assessed in conventional ways. The primary emphasis
of ATES forwaterfallice climbersis exposure time and avalanche frequency. How frequently does the route avalanche, and
how long will climbers be exposed to it?



Table 2: ATES for waterfall ice climbing.

Terrain rating Class Description for waterfall ice climbing

Non-Avalanche 0 Routes with no exposure to avalanches except small sluffs and spindrift.

Routes with brief exposure to very low frequency avalanches starting from above
or crossing occasional short slopes.

Routes with long exposure to low frequency avalanches or brief exposure to high
frequency avalanches starting from above or crossing a few short slopes. Options
exist to reduce exposure.

Routes with long exposure to high frequency avalanches starting from above or
crossing steep slopes with terrain traps below. Minimal options to reduce exposure.

Complex

Routes with long and sustained exposure to very high frequency avalanches
starting from above and crossing multiple steep slopes with terrain traps below. No
options to reduce exposure.

4.2 ATES Technical Model

210 The ATES Technical Model (Table 3) is designed foravalancheterrain assessment and is used to determinean ATES rating.

The model breaks down avalanche terrain exposure using eight different parameters:

1. Exposure

Slope angle and forest density
Slope shape
215 Terrain traps
Frequency-magnitude
Starting zone size and density

Runout zone characteristics

© N o gk~ Db

Route options

220 Any given Area, Zone, Corridor or Route usually includesterrain criteria thatfit into different ATES rating levels, and
combiningthese intoa single ratingis a subjective exercise with some guidance provided in the following subsections. Not all
eight parameters will be able to be assessed every time, particularly at smaller scales. For example, assessing starting zone size
and density implies that there are multiple starting zones, assessing exposure and route options implies that a route has been
selected, and assessing slope shape often requires more than one slope to assess. Sometimes certain parameters will simply

225 notbeapply to the assessed terrain. For these reasons, none of these criteria are mandatory, andthe assessor must gather and
work with the best information available to them.
Within a total of 40criteria, thereare six bold defaults thatwhen met, automatically default the ATES rating into that category
or higher. Otherwise, the overallrating isan evaluation based predominantly on expert judgement that involves: 1) analysing
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the terrain against each ATES parameter for best fit, 2) comparing this to levels above and below, and 3) deciding what the
best overall ATES rating is. Field checkingand peerreviewof ATES ratings from other qualified individuals is important for
error correction, accuracy and ultimately improving confidence in the assessment.

The following sections provide guidance for evaluating each of the eight parameters that define the ATES Technical Model
(Table 3) by describing their influence on terrain severity and the range of thresholds from Class 0 to Class 4.

421 Exposure

Exposure is the situation of people, infrastructure, housing or other tangible assets located in hazard-prone areas (United
Nations, 2016). With respect to avalanche risk, exposure is the extent to which an element at risk is subject to avalanche
hazards, and is a function of both space andtime (CAA, 2016). In other words: where, and for how long somethingis subject
to an avalanche hazard. Exposure is a crucial ingredient for avalanche risk and without it, there is no risk.

Spatial exposure considers precisely where an element at risk is located in the terrain and their position relative to the
surroundingavalanche hazard, including overhead hazard. This is fundamental, because evenduring periods of high avalanche
hazard, a simple reductionin spatial exposure will reduce the risk. On small-scale terrain features, even minor adjustments in
howone isexposed tothe hazard will change theirrisk —a few meters in either direction can be the difference between a low
and high-risk situation (Statham, 2008). ATES uses the terminology: none, runouts only, single paths, multiple paths and
inside/under starting zones to describe the range of spatial exposure.

ATES considers temporal exposure in two different but related ways: the assessment of an ATES rating examines temporal
exposure in terms of how long an element-at-risk is exposed. For example, being under an avalanche path for 10 minutes
presents a higher severity than being exposed to the same path for only one minute. This kind of temporal exposure applies
directly to field techniques used to manage the risk: which is better, taking 10 minutes and crossingunderone at a time? Or
takingoneminute and crossing as one large group of people? The terminology: minimal, brief, intermittent, long, frequent and
sustained used in Tables 2 and 3 refers the length of time one should expect to be exposed. The application, or use of ATES
ratings as a tool for risk management, asks the receiver to consider temporal exposure in terms of when different classes of
terrain are within their risk threshold, and when they are not. This is a dynamic avalanche risk assessment which requires
combining the ATES rating (static) with an avalanche hazard assessment (dynamic). For example, when the hazard is Low,
then Complex terrain may be appropriate; conversely, when the hazard is High, then Complex terrain may be inappropriate
and Simple terrain a better choice.

ATES considers bothactualand potential exposure, depending on the approach. ATES inear rates specific, pre-defined Routes,
meaningthat theactual exposure is known and can be evaluated, whereas ATE Sspatial rates Areas or Zones of terrain without a
specific route, which is potential exposure. Once the receiver of the information plans a specific route, then their actual
exposure becomes known, and the ATES ratings can be utilized.

10



Table 3: ATES Technical Model. Bold italicized text indicates default values that automatically place the ATES rating into that

category or higher.

terrain

undulating terrain

convex and
concave shape

and varied terrain
shapes

Class 0 Class 3
Non-Avalanche Complex
Terrain* Terrain
Minimal exposure | Intermittent Frequent Sustained
No known crossing low- exposure exposure to exposure within or
Exposure exposure to frequency runout managing a single | starting zones, immediately
avalanche paths zones or short path or paths with | fracks or multiple | below starting
slopes only separation overlapping paths | zones
Low-angle (15°- Moderate-angle
Very-low angle . - .
) 25°) open terrain (25°-35°) open Large proportion .
(< 15°) open . . . - Large proportion
. with isolated small | terrain with of high-angle .
Slope angle terrain e . co o of very high-angle
(< Size 2) isolated large (35°-45°) open or o ed .
and unconnected to ) . . . (= 45°) terrain
§ . moderate-angle (< Size 3) high- gladed terrain, but .
Forest density steeper slopes, or i with few or no
b . slopes and/or angle slopes in mostly moderate-
steeper areas in . : . trees
forest openings for | glades or open angle terrain
dense forest
runout zones areas
Mostly undulating | Convoluted with Intricate, often
Stralghtforwarld, Straightforward with isolated multiple open cliffy .terrau_l with
Slope shape flat or undulating slopes of planar, slopes of intricate | couloirs, spines

and/or overhung
by cornices

Terrain traps

No avalanche
related terrain
traps

Occasional creek
beds, tree wells or
drop-offs

Single slopes
above gullies or
risk of impact into
trees or rocks

Multiple slopes
above gullies
and/or risk of
impact into trees,
rocks or crevasses

Steep faces with
cliffs, cornices,
crevasses and/or
risk of impact into
trees or rocks

(avalanches:years)

Frequency-magnitude

Never > Size 1

< 1:100 - 1:30 for
> Size 2

1:1 for < Size 2
1:30 - 1:3 for
= Size 2

1:1 for < Size 3
1:1 for > Size 3

10:1 for < Size 2
= 1:1 for > Size 2

starting zones
above

starting zones
above

starting zones
above

Isolated startin . . Many very large
Runout zones only . & Multiple starting y very ‘arg
except for zones with < Size zones capable of starting zones
Starting zone size and | No known starting | . p 3 potential or ap capable of
. isolated, small producing .
density zones . . several start zones producing
- starting zones with . . avalanches of all
e ) with < Size 2 . avalanches of all
< Size 2 potential . sizes .
potential sizes
Clear boundaries, . Multiple
o Abrupt transitions, pie Steep fans,
gentle transitions, confined runouts converging paths, confined sullies
Runout zone No known runout smooth runouts, o confined runouts, . gu ’
. s . long connection to cliffs, crevasses,
characteristics zones no connection to = connected to

starting zones
directly overhead

Route options

Designated trails
or low-angle areas
with many options

Numerous, terrain
allows multiple
choices; route
often obvious

A selection of
choices of varying
exposure; options
exist to avoid
avalanche paths

Limited options to
reduce exposure;
avoidance not
possible

No options to
reduce exposure

* The use of Class 0 is optional due to the reliability needed to make this assessment; otherwise, Class 1 includes Class 0 terrain.
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422 Slope angle and forest density

Slope angle is the primary terrain factor in avalanche release. Slab avalanches typically initiate within the range of 25-55°
(McClung and Schaerer, 2023), with most initiating on slopes that have an incline of 30-45°. Within any single slope, the
steepest part of the slope is what matters most. This is known as the “critical slope”, which is the steepest angle from the
horizontal averaged over 10-20 m in the starting zone. (Schweizer et al., 2003; McClung and Schaerer, 2023). ATES associates

common slope angle terminology with a range of slope angle values (Table 4).

Table 4: ATES slope angle terminology and associated values.

Slope angle Slope anglerange
Very low angle <15°

Low angle 15°-25°
Moderate angle 25°-35°

High angle 35°-45°

Very high angle > 45°

The relationship between slope angle and avalanche release is modified by forest cover (Figure 3) because dense trees can
anchor the snowpack to the slope and reduce or eliminate the avalanche hazard. The degree of anchoring effect depends on
tree spacing and stem diameter (Weir, 2002; Rudolf-Miklau et al., 2014) aswell as crown coverage and ground roughness
from lyingorstandingtrees. Forestcoveralsomodifies thesnowpack structure by sheltering the snowpack from wind effects
and blockingincomingand outgoingsolar radiation. Bebiet al. (2009) describethe physical processes that stabilize the snow
coverin the forestsand modify theeffects of terrain factors to include: (i) interception of falling snow, (ii) modification of the
radiation and temperature regimes, (i) reduction of near surface wind speeds, and (iv) direct support ofthe snowpack by the
stems.

12
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Figure 3: The interaction between slope angle and forest den5|ty is illustrated here where dense forest anchors the snowpack while
the steep, open glades are avalanche paths.

This interaction between forests and avalanches is a complex phenomenon which has been simplified for its application to
ATES to examine only tree spacingand its effect onanchoringthe snowpackto the slope. Direct supportof the snowpack by
tree stems canprevent slabavalanche formation, but primarily in dense forests with more than 1000 stems per hectare (Salm,
1978). In steep forests with less than 1000 stems per hectare, natural and human triggered slab avalanches are common, but
minimal research exists on the effects of tree spacing on human triggering of avalanches. Good quality forest cover data is
challengingto source, although improving eachyear. In the absence of good data, ATES uses manual estimates of tree spacing
by measuringthe typical space between trees andthen extrapolating, oraveragingacrossanarea. The size of forest openings
can be measured, and Table 5 defines typical spacing for open, gladed and dense forest. Often, significant differences in forest
density will delineate the edge of a zone.

Table 5: ATES forest density terminology and associated values (adapted from Campbell and Gould, 2013).

Forestdensity Tree spacing* Stem density

Open >10 m average tree spacing <100 stems/ha
Gladed 3.2-10.0 m average treespacing 100 —1000stemstha
Dense <3.2 m average tree spacing > 1000 stems/ha

1Based on a minimum stem diameter of 16 cm.
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Figure 4: Slope angle distribution (a) across the area shown in Figure 3 indicates the lower half of the area in the 20°- 30° range and
the upper half is 30°- 45° while the forest density distribution (b) of the main open/gladed area in the middle is 120 stems/ha, slightly
< 10 m spacing. Combined, these thresholds put the overall rating of this area as Class 3 — Complex terrain. Data source: Natural
Resources Canada. Basemap source: Esri.

Table 6 shows combinedthresholds of slope angle and forest density (Campbelland Gould, 2013), and these proportions can
be applied when using GIStools (Figure 4). For example, the term large proportions in Table 3 means >45% of the terrain
(Table 6). From a practical perspective, average tree spacing is done by estimating the distance between individual stems in
various locations, and thenapplyingthis to theentire slope toget anaverage value. The largestforestopenings in Figure 3 are
760 m long x 170 m wide, with slopes angles of 30°-45°, so there is little protection from avalanches here. For skiers
descending this slope, it would be possible to sneak through this terrain in unstable conditions by following the contiguous
strips of dense forest, however these are very close to the large open glades with limited options to reduce exposure.

Table 6: Slope angle and forest density combined thresholds for GIS applications (adapted from Campbell and Gould, 2013).

Forest

Density 0- Non-Avalanche 1 -Simple 2 - Challenging 3 - Complex 4 — Extreme
o, o 0 o
Open 99% < 20° 900/0520o 900A)§3OO
99% <25 99% <40 o o o R
o 90% <25° 90% <35° P g a=22
Gladed 99% <25 99% < 35° 99% < 45° 5% > 35 5% > 45
Dense 99% <30° 99% <35° 99% <45°

*Slope angles are averaged over a fall-line distance of 20-30 m.

The overallterrain rating for the area shown in Figure 3 would be Class 3 — Complexterrain, as single ratings usually default
to the highest level within the area. However, smaller scale zoning would consider the differentdistributions of forest density
and slope angle, resulting in zones of Class 1 and 2 and 3 terrain (Figure 5).
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ATES Rating Legend

Class 0 - Non-avalanche terrain
B Class 1 - Simple terrain
I Class 2 - Challenging terrain
B Class 3 - Complex terrain
Il Class 4 - Extreme terrain

Figure 5: ATES zoning based on the combination of slope angle and forest density shows zones of Class 1, 2 and 3 terrain across
the area in Figure 3.

423  Slope shape

The shapeof snow-covered slopes plays an essential role in route-finding throughavalanche prone terrain. During backcountry
travel, risk is routinely reduced by carefully weaving through terrain features and relying on their shape to manage spatial
exposure. Stoppingon high groundto keep people above the flow of an avalanche, using the terrain’s shape to set a track that
avoidstrigger spotsand overhead hazard, minimizing spatialand temporal exposure whenever possible, and avoiding steep,
unsupported (convex) slopesare all best practices of professional mountain guides (ACMG, 2023). The more convoluted the
slope shape is, the more complicated it is to travel through it.

Although slopecurvatureis a sourceof tensile stress (McClungand Schaerer, 2023), the effects of microtopography and slope
curvature on avalanche release are notwell understood. Convexterrain is said to be unsupported because in the vertical axis,
it rolls overat the top of the slope and becomes steepest near the bottom (i.e., the toe of the slope). Convexities add tensionto
the snowpack andare commontrigger points given additional load (Landrg et al., 2020). Evenwhenanavalanche is triggered
from low on theslope, below the convexity, the crack radiates outward from thetrigger point, propagating upslope, downslope,
and across the slope. The upslope portion of the crack frequently arrests on convexities, where a tensile fracture forms the
crown face (Trottet et al., 2022).
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Furthermore, conventional avalanche safety hastraditionally taughtavoidance of convexterrain in favour of planar or concave
slopes when route finding (Ferguson and LaChapelle, 2003; Avalanche Canada 2010), because concave slopes are thought to
have less tensile stress and better toe-support. In Canadian helicopter skiing, the most frequently closed ski runs (i.e.: most
hazardous), are characterized as having more unavoidable, unsupported terrain shapes (Sterchiand Haegeli,2019). However,
recent research into avalanche accidents and the terrain-use patterns of professional guides shows more accidents on planar
and concave terrain (Vontobeletal.,2013; Harveyet al., 2018), and that professional guides tendto choose planarterrain in
their route selection (Thumlert and Haegeli 2018).

Convolutedterrain also presents morespatially variable snowpack stability comparedto planar terrain, because thedepthand
distribution of the snow is non-uniform. This is primarily due to redeposition from wind effects across uneven topogaphy,
both scouring and loading snow around micro terrain features. These wind effects in convoluted terrain increase spatial
variability, which is directly related to more trigger points and greater uncertainty in snow slopestability evaluation (Schweizer
etal., 2008). Asthe variance increases, it creates more trigger spots on theslope because it creates more areas where the slab
is thinnerand the weak layer can be triggered (Meloche etal., 2024). Zones of terrain that present mixed shapes of concave,
convexand planar (Figure 6) usually present a snowpack with more trigger points than zones with a smooth, evenly distributed
snowpack where the depth and layer distribution is more predictable.

Figure 6: A helicopter ski run rated Class 3 — Complex terrain, where the slope shapes are convoluted and include gullies, convex
rolls, concave slopes and rocky, thin snowpack areas. Dashed lines indicate typical descent routes, weaving around convexities to
reach planar, well-supported terrain shapes with more consistent snowpack depth and avoiding obvious trigger points.
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The shape ofanindividual slope is not usually the defining criteria within ATES; i.e., one convex or concave slope s unlikely
to determine the rating, unless that single slope forms the crux of the route. Instead, slope shape should be considered in the
aggregate across a larger area, recognizing the influence of that terrain’s shape on both avalanchetriggeringand route finding.
Large areasof convoluted terrain are more complexto deal with than large areas of planar terrain, eventhough in planar terrain
there may be fewer options for safe travel. The ATES Technical Model (Table 3) uses the following terms to describe
progressively increasing severity in slope shape: flat, undulating, planar, concave, convex, convoluted, intricate and cliffy.
Ourunderstanding ofthe effects of slope shape onavalanche behaviour are not well understood, and not well-supported in the
literature. This, despitestrongly held convictions by experienced mountain and skiguides, who maintain thatthe shape of the
terrain is one of the most importantinfluences on their route selection. This topic is rich with opportunity for future research.

424  Terraintraps

Terrain traps are topographic features in avalanche paths that increase the consequences of being caught in an avalanche,
including serious injury or death from an otherwise harmless avalanche. While the mass of snow in a Size 1 avalanche (Table
8) is not enough to bury a person ona smooth slope, it can be forcefulenough to pushthem offa cliff, orbury themina gully
where the avalanche debris concentrates and becomes locally deep.

Campbelland Gould (2013) categorized terrain traps into those that increase the likelihood and depth of burial, and those that
can cause trauma to someone caught in a flowing avalanche. For example, gullies, depressions, and abrupt transitions
concentrate avalanche flow, resultingin an increased depth of accumulated debris (Figure 7), while being carried over cliffs
orimpactingtrees, rocks and other downslope obstacles can result in trauma. Trauma has beenshown to be the primary cause
of deathin 20%-30%of avalanche fatalities (Boydet al., 2008, Sheetset al., 2018, Mclntoshet al., 2019). Campbell and Gould
(2013) thenranked the severity of terrain traps in terms of increasing consequences from an otherwise harmless avalancheto
onethatcancause partial burial, minor injury, complete burial, or serious/fatal trauma. Harvey et al. (2018) calculated burial
and fall potential using high resolution DEM to create a raster-based layer describing avalanche consequences.
ATES v.2 uses exposure to physical terrain traps such as gullies, cliffs, trees and crevassesas a measure of terrain severiy,

andanincrease in the number and severity of these terrain traps will have a corresponding effect on the ATES rating.
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Figure 7: A dangerousterrain trap where avalanches run down the red flow lines and accumulate deep avalanche debris in the gully
below (pink deposition area). The black routeis rated Class 3 — Complex terrainand is a poor route choice due to the unavoidable
terrain trap, whereas the blue route on the crest of the moraine is Class 2 — Challenging terrain because it avoids most of the
exposure.

425  Frequency and magnitude

The frequency of a natural hazard is the number of times it occurs within a specified time interval (Jackson, 2013). Avalanche
frequency within a specific avalanche pathis the expected (average) number of avalanches per unit time reaching or exceeding
a location (CAA, 2016). This is typically expressed in units of avalanches per year as a ratio that ranges from 1:1 (i.e., one
avalanche per year) up to 1:300 (i.e., one avalanche in 300 years). Avalanche paths producing multiple avalanches per year
can also be described in the same way (e.g., 3:1 is three avalanches per year).

In practice, formal assessments of avalanche frequency are commonly done during the avalanche planning process for
infrastructure developments such as roads or buildings, but this practice is less common for recreation. Avalanche frequency
is commonly expressed using terminology suchas low and highwhich corresponds to a set of frequency ranges (Table 7).
Avalanche frequency can be difficult to assess accurately. With good records kept over a long-enough period, reasonable
estimates of long-term frequency can be made. But in the absence of good records, avalanche frequency estimates are a
subjective exercise using a combination of local knowledge, records, stories, modelling, and indirect observations such as
dendrochronology (Carrara, P., 1979). These are often rough estimates, but a lack of formal records does not diminish the
importance of avalanche frequency and its influence on avalanche risk assessments and ATES ratings.
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For backcountry travel applications, avalanchefrequency is a critical measure ofterrain severity, i.e., terrain that is knownto
produce avalanches more frequently is comparatively more dangerous than terrain that produces avalanches less frequently.
Commercial backcountry operations are acutely aware of their high-frequency locations and treat them with respect when
doing risk assessments. Accordingly, avalanche frequency carries significant weight as an ATES parameter, both in the
assessment and communication of the avalanche terrain ratings (Tables 1 and 2). Thresholds for frequency -magnitudeare the
dominantdefaultsin the ATES Technical Model (Table 3), meaning thatif thatthreshold is met, thenthe terrain rating defaults
into that category or higher.

Avalanchefrequencyisthe only ATES parameter thatconsiders the influence of the snowpack. This is possible within a static
rating system because frequency is a long-term measurement that depends on snow climate (Haegeli and McClung, 2007)
rather than short-term weather fluctuations. Consequently, avalanche frequency is assumed to be a constant parameter for a
specific location, because each winter the probability of anavalanche with a certain frequency atthat location is the same. But
avalanche frequencies are vulnerable to the changing climate, as changes in climate patterns will result in changes to avalanche
frequencies.

Avalanche frequency depends on position within an avalanche path, which is addressed differently for different ATES
applications. For specific routes where the exposure is known (i.e., ATES inear) the expected frequency of avalanches reaching
the route is used, whereas for ATES zoning applications, frequency is used to define positions within the track and runout
zones (i.e., higher frequency avalanches stop higher in the runout zone or track than lower frequency avalanches).

Table 7: Avalanche frequency terminology and associated frequency values and ranges used in ATES.

Avalanche Average Average Annual Frequency Frequency
frequency return period frequency probability of range descriptors
(years) (avalanches: years) occurrence

Very high 0.3 3:1 1.0 >10:1to 1:1  Anavalanche occurs
multiple times per year

High 1 1:1 1.0 1:3t03:1 An avalanchetypically
occurs once peryear

Medium 3 1:3 0.33 1:10to0 1:1 An avalanche occurs
every few years

Low 10 1:10 0.10 1:30t0 1:3 An avalanche occurs
every 3 to 30 years

Very low 30 1:30 0.03 1:100t01:10 Anavalanche occurs
every 10 to 100 years

Extremely low 100 1:100 0.01 1:300t01:30 An avalanche rarely
occurs

Thisalso hasimportant implications for dry climates, where avalanche frequencies are typically lower thanin wetter climates
and thusthe ATES ratings will be lower to reflectthe lower long-term frequency in dry areas. ATES for Waterfall I ce Climbing
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(Table 2) relies heavily on avalanche frequency assessments due to the problem of overhead hazard associated with this

activity.

Table 8: The destructive avalanche size classification system (CAA 2024).

Size Destructive potential Typical Typical path Typicaldeposit Typicalimpact
mass (t)  length (m) volume (m3)  pressure (kPa)
1 Relatively harmless to people <10t 10 m 50 1
2 Could bury, injure or killa person ~ 10%t 100 m 500 10
3 Could bury and destroy a car, 103t 1,000 m 3,000 100

damage a truck, destroy a wood
framehouse, orbreaka few mature
trees

4 Could destroy a railway car, large  10*t 2,000 m 25,000 500
truck, several buildings, or a forest
area of approximately 4 hectares

5 Could destroy a village or a forest 10°t 3,000 m 300,000 1000
area ofapproximately 40 hectares

The magnitude of a natural hazard is related to the energy released by the event. It is distinguished from intensity, which is
related to the effects ata specific location orarea (Jackson, 2013). Avalanche magnitude considers the destructive potentia | of
the avalancheandis definedaccording to the Canadian avalanchesize classification system (Table 8). Magnitude is inversely
related to frequency because large destructive avalanches occur less frequently, while smaller ones occur on a more regular
basis. Magnitude and frequency are also co-related to a specific location in an avalanche path. For example, a location near
the bottom of anavalanche pathwill be affected by largeravalanches less frequently, relative to a location higher in the same
path.

426  Starting zone size and density

Increasing exposure to avalanche starting zones increases the severity of the terrain rating due to a higher likelihood of
triggering or getting caughtin an avalanche. In the ATES Technical Model, starting zone size is described in terms of the
potential size of avalanche release, whereas starting zone density refers to the number of starting zones withinthearea or along
the route being assessed. This is particularly important with respect to route options and overhead hazard.

The number of starting zones, their size and proximity to the route all influence the overall ATES rating. Exposure to an
isolated, single starting zoneis usually less severe than exposure to multiple starting zones, butthis would depend ontheir size
and frequency. Overhead hazard (Figure 8) presents an additional challenge, particularly as the exposure becomes higher in
the avalanche path and closerto the startingzone. Remote or toe triggering of slopesis an important considerationwhenthe

exposure occurs below or to the side of the starting zone.
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Figure 8: Multiple large avalanche starting zones and tracks converge to create significant overhead hazard above the ice climb
Bourgeau Left-Hand (inset) in the Canadian Rockies. This route is rated ATES Class 4 — Extreme terrain due to the overhead
hazard, > 1:1 frequency for > size 2 avalanches, and the possibility of human triggering while enroute.

427 Runoutzone characteristics

Runout zones are the lowest portion of an avalanche path, beginning below the track and extending downslope tothe maximum
extent of the avalanche path. This is where avalanches begin to decelerate, and deposition of snow and entrained material
occurs. Certain terrain attributes effect the degree of avalanche exposure within runout zones. Characteristics such as runout
zone shape (e.g., abrupt transitions and confinement), terrain obstacles, and ground roughness influence avalanche runout
behaviour, while proximity to starting zones, interconnectedness, and surface features influence the potential for remotely
triggered avalanches. A remotely triggered avalanche occurs when a crack is initiated and propagates into adjacent terain
before causing a slab to release.
The ATES Technical Model (Table 3) considers two avalanche risk scenarios in runout zones: 1) being struck by a natural
avalanche starting overhead, and 2) remotetriggeringan avalanche by propagating a crack upslope intothe starting zone where
an avalanche releases. Every runout zone exposure scenario is unique, from simply crossing through the runout zone to
travelling up the middle of it, directly under the avalanche track.
The ATES Technical Model describes exposure to runout zones on a continuum starting with Class 1 Terrain having smooth,
well-defined runouts with no connection to starting zones above (Figure 9), ranging to Class 3 and 4 Terrain where runout
zones are overlapping, steep, confined, or contain terraintrapssuchas cliffs or crevasses. Class 3 and 4 runoutzones may ako
have the potential for propagating remote avalanches into adjacent or overhead starting zones.
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Figure 9: An avalanche runout zone with a smooth surface, well-defined boundaries, and no potential to propagate into a nearby
starting zones. Estimated avalanche frequencies are shown, indicating that the helicopter pickup location (red circle) is exposed
~1:10 years for >size 3, which makes this location ATES Class 2 — Challenging terrain.

428 Route options

Route options are differentways to travel through theterrain andtypically, every option presents a differentlevel of exposure
to avalanches, thusa different level of risk. Terrain with route options allows for differentroute-finding choices (Figure 10a),
facilitating good risk management under various conditions. This contrasts with terrain that has limited or no route options,
where people canbe forcedinto terrain that will increase their risk (Figure 10b). Understandingand assessing route options is
a crucial backcountry travel skill that occurs continuously from the planning stage right through to execution. Accordingly,
route options is one of the most important input parameters to ATES, simply because optional exposure is much less
committing than mandatory exposure.

Assessing route options depends on what is being assessed: a specific, predetermined Route or Corridor (ATES iinear), Or an
Avrea or Zone of terrain with no fixed route (ATESspatial). Class O terrain avoids allavalanche terrain, Class 1 terrain can have
many route options, some with no exposure, Class 2 terrain may be exposed to significant avalanche terrain, but options will
existtoavoid it, Class 3 terrain has limited options with avoidance not possible, and Class 4 terrain forces mandatory, often
extended exposure.

Basic risk managementprinciples imply thatwhentheavalanche hazard is High, backcountry users should choose routes with
low avalanche terrain exposure to reduce risk; conversely, when the avalanche hazard is Low, choosing routes with a higher
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avalanche terrainexposure may beanacceptable risk (Haegeliand McCammon, 2006). For some people though, higher levek
of avalanche terrain exposure (oranyavalanche terrain exposure) isneveran acceptable risk, and in this case the presence or
absence ofroute options is crucial information, especially theoptionto avoid avalanche terrain completely (i.e., Class 0).

B

Figure 10: Image (a) is ATES Class 2 because options exist to avoid avalanche paths, whereas image (b) is ATES class 3 because
there are limited options to reduce exposure and avoidance is not possible; one must travel above a cliff to complete this ro ute.

4.3  Signal words, colours and numbers

To provide options for communicating ATES ratings to different audiences and to meet accessibility objectives, the system
uses a combination of signal words, colours and numbers unique to each rating level (Table 9). Depending on the approach
(Table 10) and the channels of communication (e.g., digital, map or paper), different combinations of colours, words and
numbers can be used to reach the target audience and to ensure inclusion and accessibility for all users of ATES.
Signalwords are single termsthatare used to denotethe overall level of hazardimplied by awarning (Hellierand Edworthy,
2006). They draw attention to a sign or label and quickly communicate the level of hazard. For ATES, each signal word is
associated with a numberwhich servesas multilingual label. While numbers are helpfulin a multilingual environment, they
can be wrongly interpreted to hold some specific value or to imply linear growth between levels, which is incorrect. These
numbers are simply labels.

Additionally, eachrating level isassigned a unique colour for labels, lines or polygonson amap (Table 9). ATES colours were
originally chosen to mimic the North American ski run difficulty system of green, blue, black (Stathamet al., 2006) that is
intuitive to North American users. European applications subsequently changed Complex terrain from black to red, to be
consistent with the ski run difficulty system in Europe. As a result, European ATES maps use different colours to represent
Complex and Extreme terrain. ATES v.2 continues with the original colour scheme and adds white for Class0 and red for
Class 4 terrain (Table 9).
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Table 9: Signal words, numbers and colours associated with ATES.

ATESrating  Signal word Colour  RGB code Hex code

0 Non-avalanche White 255,255,255 #fTffff

1 Simple Green 40, 201,0 #28c900
2 Challenging Blue 0,123,255  #007bff
3 Complex Black 0,0,0 #000000
4 Extreme Red 255,1,56 #ff0138

However, warning system colours can presentdifficulties for people with colour vision deficiency (CVVD) andnot all colours
work well when overlainon maps, especially when maintaining visibility of the underlyingmap reference layers isimportant.
Polygon transparency settings must be chosen carefully to ensure the underlying basemap data remains visible. While black
was originally a logical choice for Complex terrain because it is intuitive to skiers as a higher degree of terrain severity (Statham
etal., 2006), thiswasbefore ATES becamea mapping system. Today, black isa poor colour choice fordisplaying ratings on
some maps, as the basemap data is easily obscured and black lines can be difficult to distinguish on dark coloured mapping
such as Google Earth (Figure 1).

Manywarningsystems in society use green and red, which provides a significantchallenge for users with CVD. Engesetet al.
(2022) tested six different colour combinations of ATES for conflicts with the avalanche danger scale colours and for users
with CVD, recommendingred for Complex, and black/red crosshatching for Extreme terrain. Huberet al. (2023) present an
ATESmapfora test site in Austria using red for Complexand purple for Extreme terrain which shows the underlying basemap
data well (Figure 11). Sykes et al. (2024) tested colours using a colour blindness simulator (Colblinder, 2024), and updated
the ATES colour codes to improve accessibility (Table 9).

In order to communicate with a diverse audience, including those with CVD, ATES v.2 uses a combination signal words,
numbers and colours to provide options for different ways to communicate with different receiver groups. Computers, websites
and digital products can use colourblind filters which help with deuteranopia, protanopia, and tritanopia. The design of an
updated colour palette for ATES remains an open research question and user testing is necessary to determine a colour standard
that achieves the best balance of comprehension, base map visibility and CVD compliance.

No single scheme works for all target audiences. Applying a suitable combination of colours, numbers and signal words in
combination with an accessible legend is likely to achieve the best results.
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Figure 11: An AutoATES map produced for a test site in Austria (Huber et al., 2023) that explores different colour patterns for
Complex (red) and Extreme (purple) terrain.

4.4  Targetaudience

A thorough understanding of the receiver, the target audience, is necessary for effective risk communication. Laughery and
Brelsford (1991) implored waring designers to “know thy user” with regard to (1) demographics and age, (2) familiarity with
the product, (3) competence (technical knowledge, language, reading ability) and (4) hazard perception.

The ATES system has three distinct target audiences:

1. Avalanche professionals, educators, mappers, and guidebook authors
2. Backcountry recreational travellers: skiers, snowboarders, snowmobilers, snowshoers, climbersand hikers
3. Backcountry workers: persons employed to perform work in avalanche terrain

The Technical Model (Table 3) is designed for avalanche professionals, mappers or guidebook authors to use its specifications
to assess avalancheterrain, determine the exposure of people to that terrain, and producean ATESrating. The Technical Model
also targets avalanche educators, who canuse themodel’s specifications for teaching the specific elements of avalanche terrain,
howeachisscaled,andhowthey interactwith the exposure of people to determinethe severity of avalanche terrain exposure.
The Communication Model for backcountry travel (Table 1) is targeted atall backcountry users who movethroughavalanche
terrain, regardless of recreation type. The language gives simple advice on expectations of exposure and potential optionsfor
mitigating risk. ATES is analogous to the avalanche danger scale (Stathamet al., 2010; Avalanche Canada, 2022; EAWS,
2024) and targets the same audience, including workers (often industrial/resource staff) who follow rules-based workplace
safety practices.
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The Communication Model for waterfall ice climbs (Table 2) targets winter ice climbers and focuses on the concepts of
exposure time, avalanche frequency, human-triggering in terrain traps and options to reduce exposure. The system has recently
been applied to Avalanche Canada’s ice climbing avalanche atlas (Statham and Heuniken, 2023).

5  Application of ATES

The application of ATES starts by consideringthe objectives of the final product, which informs the approach to assessment
and communication methods. The objective and approach depend on the target audience, their intended use of the temain
ratings and the availability of terrain data.

For example, the objective might be to facilitate recreational trip planning, in which case a single ATES ratingfora specific
area or route might be sufficient, or multiple rating segments along that route for a more precise assessment. However, a
navigational aide for backcountry travellers would typically require high-resolution ATES zones or specific route segments.
Over the past two decades of ATES use, four distinct approaches to ATES classification have emerged (Table 10).
An Area definestheboundaries of an overall assessmentand can be giveneithera single rating (Figure12a, b) or broken down
into smaller scale zones (Figure 12c). A Route defines a linear path of travel from start to finish (Figure 12d) and can be broken
down into shorter route segmentsusing lines to represent precise routes, and polygonsto representa Corridor of travel where
navigational freedom is possible (Figure 12b). A Zone is a specific slope or grouping of terrain features with common ATES
characteristics that uses a polygon to spatially represent the zone, typically surrounded by adjacent polygons showing their
ATES zone ratings (Figure 12c).

Table 10: ATES approaches showing feature types and their spatial representation (Sharp et al., 2023).

ATES Feature Example Application Spatial Representation

Ratingcommonly defined region with either a well-defined  Point (Figure 12a) or

Areas geographic boundary or an ambiguous one polygon

Rating a specific slope or terrain feature within a well-
Zones defined geographic boundary where ATES parameters
dictate the zone boundaries

Polygon (Figure 12d) or
raster (Figure 13)

Rating a physical or conceptual path of travel between
defined startingand end points with navigational freedom  Polygon (Figure 12c) or

Corridors within a well-defined geographic boundary oranambiguous line
one
Rating a physical or conceptual path of travel between a
Routes defined starting and end point with limited navigational  Line (Figure 12b)

freedom
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The major difference between these approaches is that ATES ratings for routes rates the actual terrain exposure of specific,

555 pre-determined Routes or Corridors, such as an ice climb or ski tour where the start, route and endpoint are known. ATES
ratings for Areas or Zones rates the potential terrain exposure because a specific route is not prescribed, suchasan open alpine
bowlwith numerous different skilines. In this case, once a route has been planned through theterrain, then the actual expo sure
can be evaluated and related to the ATES ratings.
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560 Figure 12: Spatial representations of different ATES feature types illustrating Areas represented as single-rating points (a); multi-
rating routes represented as lines (b); multi-rating Corridors represented using polygons; and ATES zones represented using
polygons. Basemap source: Natural Resources Canada, Esri.
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The major difference between these approaches is that ATES ratings for routes rates the actual terrain exposure of specific,
pre-determined Routes or Corridors, such as an ice climb or ski tour where the start, route and endpoint are known. ATES
ratings for Areasor Zones rates the potential terrain exposure because a specific routeis not prescribed, suchas an openalpine
bowlwith numerous different ski lines. In this case, once a route has been planned through theterrain, then the actual expo sure
can be evaluated and related to the ATES ratings.

5.1 Spatial scale

Spatial scale refersto the size or extent of a geographic area. Table 11 describes spatial scales used in avalanche forecasting
(Statham et al., 2018), and these scales also relate directly to avalanche terrain assessments.

Itisimportant todetermine at what scale the ATES ratings are beingapplied at, and recognize thatnot all ATES criteria shown
in Table 3 can be applied at all scales. Parameters such as starting zone size and density, runout zone characteristics and
exposure require multiple slopes in order to assess, meaning they often cannot be applied to single slopes or terrain features.
Forest density, in contrast, works better at smaller scales where there is less variationacross the terrain and the density can be
determined more reliably. In some scenarios, small scale (e.g., terrain feature) zoning will not be required, in which case a
largerscale canbe applied. To achieve a larger scale, ATES mappers mustfilter out terrain features or route segments that are
below the target scale, and group these features together into larger scale zones or routes.

For example, when classifyinga pre-determined route, the scale of the entire Area is already defined by the route. However,
alongthat route there will be variations in avalanche exposure. These could be represented usingsmaller scale ATES ratings
forimprovedaccuracy, orthey could be grouped togetheras partof the whole route and a single rating issued. Single ratings
forRoutesand Corridors should default to the highest terrain class alongthe route. Similarly, while an overall rating of Class
3 could be assignedto anArea, within that Area there could be Zones of Class 1 and 2 terrain. Single ATES ratings for Areas
and Zones sometimes default to the highest rating level, but this depends on the scale of the ratings, and whether there are
route options within that Area. For example, while the overall Area may have some Class 3 terrain, if there are options to avoid
it, then the rating is Class 2.

The smallerthe scale, the higher theresolutionand more precise the classifications will be, but this comes at the cost of greater
effortandresources. To be accurate enough to be usedasa real-time navigational aid, a spatial scale of at least20-30 m (i.e,,

terrain feature) is required (Larsen et al., 2020).
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Table 11: Spatial scales for ATES assessments (Statham et al., 2018).

Spatial Extent Description Examples Scale
: Individual geographic features contained Convex roll, gully or terrain trap

Terrain Feature within a larger slope
Large, open, inclined areas with Typicalavalanche starting zone or wide-

Slope homogenous characteristics bounded by open area on a skirun Micro

P natural features such asridges, gullies or 2
<1km

trees
Multiple interconnectedslopesand temain ~ Full length avalanche paths with a start

Path or Run features running from near ridge crest to  zone, track and runout zone or typical
valley bottom long backcountry ski run
An area rising considerably above the Skiresortarea ortypicalsingle operating

Mountain surrounding country with numerous zone in a snow cat skiing area
aspects and vertical relief running from Meso
summit to valley bottom >10%km?

Drainage An area with a perimeter defined by the Typical single operating zone in a

g divide of a watershed helicopter skiing area
Reqi A large area of multiple watersheds Typical public forecasting area or public
egion . . S )

defined by mapped boundaries land jurisdiction Synoptic

Range A geographic area containing a chain of Mountain ranges or sub-ranges >10*km?

geologically related mountains

5.2  Assessment methods

Evaluating avalanche terrain exposure using ATES requires qualified people skilled in avalanche terrain assessment and
backcountry route-finding. Assessors with local terrainand route familiarity is a significant assetand necessary toanalyse the
interaction between people andavalanche terrain. Local knowledge of trails, backcountry routes or climbs is an essential input
in lieu of pre-mapped routes.

Rating avalanche terrain using ATES can be straightforward for single routes with single ratings. For uncomplicated termain
with good data, suchasonewell-travelled trail with only a fewavalanche paths or an alpine bowl with high quality mapping
and imagery, sufficient accuracy can be achieved without field surveys or complex analyses. Formore complicated projects
such as large areas with extensive avalanche terrain, unfamiliar travel routes, significant overhead hazard or a need for small
scale ATES zones, a more rigorous approach and level-of-effort is necessary. Typically, this utilizes some combination of GIS
analysis, field investigations, aerial photographs, satellite image interpretation, as well as climate analysis and runout
estimation.

Data fortheanalysis is collected using various methods, both qualitative and quantitative. GIS analysis provides a deterministic
evaluationof some ATES parametersand helps to reduce human bias (e.g., Delparte, 2008; Campbelland Gould, 2013; Toft
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etal.,2024),butnotall ATES parameters canbe represented digitally. Realistically, only slope angle and forest density can
be determined objectively, given adequate resolution, leaving the remaining ATES parameters to be mostly a subjective
assessment. Route options and exposure both require a location on the ground to assess, and this means evaluating either a
predetermined route ora conceptual line through the terrain. Data forevery Technical Model parameter shown in Table 3 is
not often available, so the assessor must make do with the best information they can obtain. ATES is intended to be used by
both field practitionersas wellas desktop GIS specialists, and ideally a team of both. Assessors ultimately develop their own
techniques and work within the bounds of their organization’s capacity, but the most accurate results are achieved througha
collaborative approach.

Ratingsare determined by analysingthe terrain against each ATES parameter for best fit, comparingto the levels above and
below, then determiningwhatthe bestoverall ATES ratingis. The following five-step process guides the determination of an
ATES rating:

For every Area, Route, Corridor or Zone:

1. Assess each Technical Model (Table 3) parameter independently and determine its rating level

2. Determine which (if any) default criteria are met (this determines the minimum rating level)

3. Compare each of the remaining terrain criteria to the minimum rating level or higher

4. Forcriteria higherthanthe minimum rating level, determine if this outweigh s the minimum rating level to determine
the ATES rating

5. Compare this to the Communication Models (Tables 1 and 2) for coherence

Formanualassessments atmicro and meso scales (Table 11), ATES ratings and mapping should be reviewed and field checked
by peers familiarwith the terrain. For zoningavalancheterrain exposureatsynoptic scales, such as regional or mountain range
mapping, manual assessmentsand field checking for verification of theentire Area is often not practical and instead, a targeted
approach to the field work, or an automated classification approach (or a combination of both) is often necessary.

53 AUtoATES

Automated avalanche terrain classification enables large areas of mountain terrain to be analysed and coded by a computer
algorithm (Figure 13). This significantly reduces the cost of producing ATES ratings, improves consistency, and makes the
system more accessible. Larsenetal. (2020) developed AutoATES v1.0, which was used to produce ATES zonemaps forall
of Norway usingonly a digital elevation model (DEM) asinput. AutoATES v.2.0 (Toftet al., 2024) has been updated to match
the ATES v.2 model presented in this paper, and thealgorithm’s performance has been improvedto better handle forest data,
overhead exposure and flat runout zones.
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Figure 13: AutoATES mapping of ~450 km? in Kananaskis Country, Canada (Alberta Parks, 2024). In this example, the ATES
layer opacity can be adjusted to improve the visibility of the base map data, and Class 1 terrain includes Class 0.

AutoATES mapping can be adapted to local conditions by tuning the model parameters based on feedback from avalanche
experts. Sykesetal. (2024) performed validation testingon AutoATES v.2.0 in Connaught Creek and Bow Summit areas of
Canada. Manual ATES zone “benchmark maps” for each area were developed collaboratively by three field experts. The
benchmark maps were used as a validation dataset to tune the input parameters of AutoATES to the local characteristics of
each study area. AutoATES v.2.0 maps were then produced for the same areas, compared to these benchmark maps (Figure
14)and foundto agreewith 74.5% of Connaught Creek and 84.4% of Bow Summit ATES ratings (Sykes et al., 2024).
One of the biggest advantages of automated ATES zone mappingisthat it can downscale zones to a much higher resolution
than is practical with manual mapping. While it is possible to manually downscale to smaller zones, this requires a level-of-
effort thatmay not be cost effective, particularly in synoptic or meso scale areas (Table 11). This limits the scope of manual
mapping in comparison to automated mapping, which can cover entire mountain ranges consistently, and at smaller scales.
AuUtoATES isopen source,andthe model code isavailable via Zenodo (https://doi.org/10.5281/zenodo.10712035, Toft et al,
2024). The data to replicate the AutoATES validation methods in Sykes et al. (2024) are available in an Open Science
Framework repository (https://doi.org/10.17605/OSF.10/ZXJWS5, Sykes et al., 2024).
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Figure 14: A validation study comparing manual versus automated ATES mapping (Sykes et al., 2024) where the AutoATES map
agreed with 84.4% of the manual “benchmark” map.

5.4  Presentation

ATES ratings can be displayed visually on maps or marked-up photos as Areas, Zones, Corridors or Routes (Table 10; Figure
12). Coloured lines and/or transparent polygons with fuzzy set boundaries can illustrate ATES ratings, ideally with the
underlying ATES terrain attributes stored (Sharp et al., 2023). Fuzzy set boundaries incorporate uncertainty by overlapping
and fadingthe boundary betweenadjacent ATES polygons, indicating that theboundary is not a precise line but rather anarea
of transition.

Inadditionto maps, ATES ratings for specific routes can be communicated usingwords, numbers and colours. Backcountry
recreationguidebooks, brochures and online information commonly use textual ATES ratings asanadjunct to a detailed route
description, map and other important information about a specific route.
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6 Limitations

ATES is an avalanche terrain assessment and communication system that relies heavily on expert knowledge and judgement
(Toftetal., 2024). Despitedevelopmentsto make it more deterministic (Campbelland Gould, 201 3), applyingand using ATES
remains primarily an exercise in judgement that requires ground truthing and peer review. Although ATES incorporates the
terrain parameters necessary for avalanche experts to capture their interpretation of theavalanche terrain, interpretations vary
between individuals and can lead to inconsistency in application, i.e., two experts rating the same avalanche terrain using
ATES may have different results. These differences highlight the subjectivity in manual ATES ratings and the challenge of
having multiple individuals produce consistent ATES ratings (Sykes et al., 2024, Schmudlach and Kéhler, 2016b).
Manual interpretation of geospatial data combined with observed terrain parameters is a time -consuming process which limits
the scope of manual ATES mapping to high-traffic areas such as popular recreation areas and pre-defined worksites. ATES
ratings for a specific route is less time consuming since the assessment focusses on a predefined line or corridor where the
exposure is known, rather than all terrain in anarea where theexposurevaries. In these areas, costs can be justified relativeto
the large number of backcountry users (Larsenet al.,2020; Sykes et al., 2024) and terrain familiarity of local experts, butthis
is impractical for large swaths of mountainous terrain. Synoptic scale ATES zone mapping is not practical using manual
methods, and the development of AutoATES (Toft et al., 2024) has been an important step towards enabling a broader
implementation.

While ATES zone maps illustrate potential exposure across landscapes, the receiver of the information cannot assess their
actualexposure untila location, orroute is specified. Once the receiver plansa route on the map (explicit or conceptual), or
uses blue dot navigation, then a location becomes evident, and the ATES ratings can be related to that spot. Modern digital
mapping applications that enable route planning are well suited to include an ATES layer, whereby the user can draw their
route on the map and then turn on/off an ATES layer to see how that route intersects with the ATES ratings.
Itisimportant tobe aware of the limitations and uncertainties associated with using digital elevation models (DEM) to produce
avalanche terrain maps. Research confirms that starting zone and runout zone modelling is sensitive to DEM type and
resolution (Buhler et al., 2011), and that high resolution DEM (i.e., <5m) is ideal for capturing terrain features relevant for
avalanche release (Buhler et al., 2018). But high resolution DEM have limited availability worldwide, and 5m DEM s not
always necessary for modellingavalanche terrain exposure. Currently, 10m satellite imagery and 30m DEM data is available
worldwide, forno cost. Sykesetal. (2024) found that the resolution and type ofinput DEM does not have a large impacton
the overall accuracy of the AutoATES model.

Finally, developers of publicly available, digital avalancherisk applications mustbe wary of the potential for dangerous errors
when their applications combine micro scale, high resolution DEM with synoptic scale, low resolution avalanche bulletin
information. Generalized aspect/elevation diagrams broadly applied atsynoptic scales by avalanche forecasters is a mismatch
with high resolution DEM terrain models, and this type of scale mismatch will produce errors which are easily masked by the

ease of use and perception of accuracy on a mobile phone application.
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7  Conclusion

Terrain rating systems play anessential risk management function in recreational outdoor activities such as climbing, hiking,
kayaking, skiing, and biking. Industries where workers are exposed to avalanche risk also rely on terrain rating systems to
enable occupational health & safety policies. Combined, these systems have helped millions of users plan and execute their
activities by simplifying complex terrain attributes into easily understood categories that can be used to manage risk and
improve the experience.

Backcountry avalanche risk is a complex interaction between snowpack, terrain and people, where terrain is the only factor
that is constant overtime. It is often said that “when snow is the problem, terrain is the solution” and for decades professional
mountain and ski guides have considered terrain assessmentand route selection to be the principal mitigating factor in
backcountry avalanche risk management: when nothing is exposed, nothing is at risk.

But communicating to a lay person on how to evaluate avalanche terrain and manage their risk in the backcountry i
challenging, as the subject is complex with many technical variables that are easily lost upon the targetaudience. The classic
slope-angle based terrain choice method (Landrg et al., 2020) which has dominated avalanche decision making strategies for
decades, is limited in its scope. Its attraction is that it’s easy to understand, measurable and accurate for human triggering
inside avalanche starting zones. But slope angle alone does not account for important factors such as propagation, overhead
hazard, terrain traps, avalanche frequency and the conceptof exposure in general, which are the fundamentals of backcountry
avalanche risk management. Encompassing them into a simple, five-level terrain classification system that can be easily
understood by the receiver is important in the same way that the avalanche danger scale (Avalanche Canada, 2022; EAWS,
2024) helps people to categorize and understand the level of avalanche danger in a simple way.

Public avalanche bulletins warn about backcountry avalanche danger, which is constantly changing and carries uncertainty,
but thisis only partof the avalanche risk equation. Ultimately, people choose their own risk by making decisions about where,
when, and how they travel. Even during periods of High avalanche danger, a simple reduction in exposure can reduce or
eliminate the risk. On small-scale terrain features, even minor adjustments in how one is exposed to the danger will change
their risk — a few meters in either direction can be the difference between a low and high -risk situation. Thus, controlling
terrain exposure is the most important avalanche risk management skill necessary for winter backcountry travel, and the
objective of ATES is to make that more explicit and easier to understand for backcountry users.

ATESbegan in 2004 as asimple avalanche terrain rating system for specific backcountry skitours, intended for trip planning
and implemented in response to an avalanche disaster in Canada’s Glacier National Park. Soon after, ATES was used to rate
avalanche exposure on waterfall ice climbs, and by 2010 ATES ratings were being mapped into zones using basic GIS. In
2020, the AutoATES algorithm enabled landscape scale mapping of ATES ratings, enabling more accessible, widespread
ATES mapping. Today, AutoATES technology can beusedtoautomatically classify large, synoptic scale areas, whilke manual
ATES methods canbe applied tosmaller scale projects or for specific routes, wherethe input and accuracy of the human touch

IS necessary.
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This paperintroduces ATES v.2, which builds on 20 years of operational experience using ATES as a risk managementtool
in avalanche safety practices for public recreation and workplace avalanche safety. The updated five-level ATES adds Class 0
— Non-Avalanche terrain and Class 4 — Extreme terrain to the original three-level system. Additionally, ATES v.1/04 and the
ATES Zoning Model have been combined into a single Technical Model for assessment, with two corresponding
Communication Models for backcountry travel and waterfall ice climbing. Using ATES v.2, avalanche terrain exposure can
be mapped as Areas, Zones, Corridors or Routes (Table 10). Alternatively, specific routes can be given a terrain rating, or
series of ratings, to accompany a route description in the same way that rating systems are used for rock climbing and

whitewater.
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