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[Abstract.Trhe Avalanche Terrain Exposure Scale (ATES) is a classification system that communicates avalanche temain«-,
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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 glaciationasan input parameter, and

3) introduces a Communication Model for waterfall ice climbing. The ATES technical specifications are reviewed in detalil,

alongwith quidance 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 gapin the literature with respect toavalanche terrain classification

forbackcountry travel. Aftertwenty 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 productsand research can build, i i
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1  Introduction “

The eExposure of something vulnerable to avalanche hazard is fhe definition of avalanche risk (Statham 2008, CAA 2016) ...
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and a-fundamentalone of the most basic, but important concepts in avalanche risk management; ;--when nothing is exposed,

nothingisatrisk. Yet mostwinter backcountry travel scenarios arenotthis simple, especially with recreationaland workplace
activities where the elements-at-risk such as skiers, climbers, snowmobilers, or workers are mobile and free to travel
unrestricted throughthe landscape. In these cases, people will encounter terrain choices with different degrees of exposure to

avalanche hazard. Their 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 )

framework.

The Avalanche Terrain Exposure Scale (ATES) is an avalanche terrain rating system used to assess and communicate the
degree of avalancheterrain exposure{Statham-etal2006). It was first introduced asa guidebookstyle, terrain rating system

for recreational backcountry trips (Stathamet al.. 2006f. then later expanded intoa Zoning Model (Campbell and Gould, 2013)] ...

[

C ted [GS4]: (ARS6) include hazard, exposure and
vulnerability.

Ci ted [ GS5]: (SH6) introduce the zoning model.

to accommodate spatial applications. Ratings are determined using both gualitative-subjective and objectivegquantitative
criteriaanalysesandresult in a-subjective measure of the-degreeofavalanche terrain exposure on an ordinal scale. Unlike the

conditions, ATES ratings are based upon constant parameters thatdo not change (e.g., slope angle, exposure) or change slowly
(e.g., long-term avalanche frequency, forest density), 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; Maartenssonet al., 2013; Pielmeieretal., 2014; Larsen
atal., 2020),-andhas become a widely used risk management and avalanche educationtool (Haegelietal.,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 legaland-regulatory frameworks (Parks Canada, 2005b).; and is now widely used in workplace avalanche

safety plans.-and-nationalparkscustodial-group-managementpolicies(Parks Canada,2005b).

Each of these ATES applications hasused different approaches to meet differentobjectives, br to utilize emerging technology. ...

Commented [GS6]: (SH4) (EB4) dynamic models to conti
against a static model.

Ci ted [GS7]: (AR?7) - provide review of different

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 (Gavalda et al., 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 zoning around

measurable terrain features, such as in Alberta Parks (2024) and this is different than a manual approach, where terrain is often

grouped into zones that are logical for a recreational application (e.g.: Avalanche Canada, 2024), but this requires local

AA[

applications of ATES.
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expertise. Striking the right balance of objective measurements (e.q.: slope angle), subjective estimates (e.g.: frequency-

magnitude) andlocal knowledge (e.q.: routeoptions) is a challenge for the assessment of any ATES rating. Ultimately, ATES

is a communication tool, and the resulting product must make senseand beeasily understood by the receiver 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 terrin

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. . C ted [GS8]: (EBY) the importance of designating
L . . . . . 0 non-avalanche terrain.
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the objectives of this paper.

ATES, nowcalled ATESv.2, 2) to establish a baseline reference forthe ATES methodology in a peer reviewed journal, and

3) to fill a gap in the literature with respect to avalanche terrain classification schemes. We start with an overview and

background on avalanche terrain rating systems, followed by a description ATES v.2, starting with changes from previous
versions and then introducing three revised ATES models for assessment and communication. The application of ATES &

then described. including methods for the assessmentand presentation of terrain ratings followed by discussion on the

limitations of the ATES system.

2 Background @ { Formatted: Space After: 12 pt

Terrain rating systems play an essential risk management function 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 easily
understood categories that recreationists can use to: 1) understand the difficulty, or severity of their route beforehand toand
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.
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In Canada, avalanche terrain classification systems are either impact-based or exposure-based (CAA 2016b). Traditional
hazard mapping methods for land-use planning use impact-based hazard maps (e.g., Rudolf-Miklau et 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 can
be applied toanyasset with a fixed location. However, traditionalthese methods become impractical when the element-at-risk
is mobile with unrestricted movement in the landscape, as is the case with backcountry travel. When the element-at-risk can
move anywhere, impact-based methods using avalanche frequency and magnitude at fixed locations become impractical

because the location of the element-at-risk is constantly changing] \Whenthe element-at-risk can-moveanywhere guantitative [ [ ted [GS10]: (EB7) (AR9) - why impact based m

are impractical for backcountry travel.

backeountny travelrisk scenarios-Thus, avalancheterrain classification for backcountry recreation requires an exposure-based
approach.
Canadian Mountain Holidays (1993) was thefirst to introduce a static.n exposure-based terrain rating system for backcountry

skiing, usingthree terrain categories (A, B and C)and applying these to theirinventory of helicopter skiruns. Pennimanand
Boisselle (1996) proposed a five-level Avalanche Terrain Risk scale based upon terrain severity and modelled after river

ratings. (vhich describe the level of difficulty and the consequences of a rapid (Walbridge and Singleton, 2005).. Parks Canada_ .. [ Co ted [GS11]: (AR10) Clarify what is meant by “ri
introduced ATES v.1/04 (Statham et al., 2006) and rated 275 backcountry skitrips (Parks Canada, 2004) and 75 waterfall ice e
climbs (Parks Canada, 2005a) in the national parks. Their objective was to encourage guidebook authors to adopt ATES ratings

asan aid to the route descriptions in their publications. This method assigned aA single rating was-assigned-for each trail,
climb orbackcountry skiarea, and thatrating defaulted to the highestterrain class along theentire route or area (Parks Canada,
2004). This method of rating routes has since been described as ATESiinear (€.9., Thumlert and Haegeli, 2018).

While ATESiiear Was effective asa trip planningtool, Ets-the application of a single ATES ratinglfora large area largescale ...{ € ted [GS12]: (AR) clarify
application-limited its utility for field-based decision making, and for activities unbounded by specific routes, such as

snowmobiling. Aswell, fhe absence of Class 0 wasa notable limitation of ATES v.1/04)] because most of the populationand [ c ted [GS13]: (EBY) the limitation of not having G

most workplaces wish to completely avoidavalanche risk. The ATES Zoning Model (Campbelland Gould, 2013) decoupled

ATES from specific routes where the exposureis known, and applied the ratings spatially, as zones ona map. This encouraged

a wider adoption ofthe ATES conceptusingan accessible methodology with a reduced and more deterministic set of criteria

that was better suited fora GIS environment.

(_Formatted: Space After: 0 pt

{GlS)environment-The zoning-modelZoning Model also introduced_and optional Class 0 (non-avalanche terrain)_rating-an

essentiabratinglevelinany avalanche terrain classification-systerm, showingthatshows where avalanches fvith consequence) e € ted [GS14]: (AR11)
are not expected tode-pet occur. Avalanche Canada subsequently mapped over 5000 km? of winter backcountry recreation
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areas in British Columbia using the zeningmodelZoning Model (Avalanche Canada, 20243), which has since been described
as ATE S (€.9., Thumlert and Haegeli, 2018).
Dynamic avalanche risk maps for public recreationlwere first introduced by the website www.skitourenguru.ch using an

C ted [GS15]: (SH4) (EB4) (AR1) - expands on pa

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

breakthrough usinghigh resolution digital elevation model (DEM) data to combine avalanche terrain characteristics with the

avalanche simulation model 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 (Bihleretal., 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 Primaryincipal changes to the Avalanche Terrain Exposure Scale <.

Despite sharing the same name, Ehereare significantdifferences between ATES v1/04 Technical Model and the ATES Zoning

Model that havebeen corrected in ATES v.2 JATES v1/04 was designed to be subjective, applied to recreational routes in the

work with other terrain classification systems and addresses dy
vs. static maps.

(
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style of a guidebook (backcountry travel routes and waterfall ice climbs), and typically resultedin 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 forslope angle and forest density to encourage smaller scale, spatialapplications 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 from threeto 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
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.

E

original ATES and ATES zoning were merged.

(
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3.23.1 Class 0 — Non-Avalanche Terrain

Class 0 wasfirst introduced by Campbelland Gould (2013) and is now being integrated into ATES v.2. Non-avalanche temain < ( Formatted: Space After: 0 pt

is arguably the most important rating level because

165 avalancherisk-explicitly identifyingtrails and zones where avalanche,do not occur is an essential service for the thousands of .....-{ Formatted: Underline

tourists who visit mountain areas each winter and want to completely avoid avalanche risk. Examples-Groups such as youth

groups, tourist hikers, industrial camps and workplace safety requirements often demand a complete avoidance of avalanche
| risk. To meet thisneed, land managers require simple ways to directpeople 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
|170 almost all of them seekwant to completely avoid-all avalanche risk.
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Although it isa 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 back country avalanche hazard. Determining a ClassO — Non-avalanche
Terrain rating requires high confidence in the assessmentand can have little to no uncertainty. For this reason, the use of ATES
Class 0 is optional, and Class 1 can include Class O terrain.

3.33.2 Class 4 — Extreme Terrain

In previous versions of ATES~~1/04, Complex terrain had as broad criteria that encompasseds much of the popular temain<
used for alpine recreation, specifically alpine ski touring, snowmobiling and ice climbing. According to backcountry skiing
guidebooks for western Canada, 71% of ski tours in the Coast Range (Baldwin, 2009) and 76% in the Canadian Rocky
Mountains (Scott and Klassen, 2011) are rated 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
finerresolutionwithin Complexterrain haslimited the value ofan 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 becoming-ever
more popular. Freeridingandice 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).
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Eigure 2: The Kindergarten Couloir, a popular 1100m freeriding route in Canada’s Kootenay National Park rated ATES Class 4 —< ‘| Formatted: Caption, Left, Space After: 0 pt

195 Extreme terrain due to its sustained exposure (ascent/descent), high slope angle, very high avalanche frequency (>1:1) and no
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options to reduce exposure. This is a place where and even small avalanches can be fatal.

200 3-43.3 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 intoatleast Class 2 — Challenging tTerrain, irrespective of any other ATES parameters; t-here 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 — Complex terrain.Fhere-wasno Class 1 —Simple Terrainon-a-glacier. This
was intended to 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 Zening-MaedelZoning Model

10

D [ Formatted: Space After: 10 pt




(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. Ice avalanches are distinct from snow avalanches
210 in thattheirfailure mechanism follows a different process (Pralongetal., 2005), leadingto theirinherent unpredictability by

field practitioners. For these reasons, glaciationasan independent parameter hasbeenremoved from ATESv.2, butcrevasses

remain asa aimportantterrain trap consideration. Thiswill have the effect of down classifying low-angled glaciated temain

that was previously Class 2 — Challenging tFerrain, into Class 1 or Class O terrain.

4 Avalanche Terrain Exposure Scale v.2

|215 ATESVv.2 is an ordinal, five-level terrain rating 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 s a terrain model thatusestwo tynesofdefinitionsto-meetitswith dual objectives; -ofassessmentand communication.

220 The CommunicationMaodelCommunication Models (Tables 1and 2) aresimple by design to-and achievethe primary objective
of ATES by conveyingrelating terrain ratings to differentreceiver groups. The TechaicalMadelTechnical Model (Table 3) is
designed for thesource (i.e., the terrain assessor) as a specialized reference for identifying, analysing, and classifying avalanche
terrain exposure. Although these two-tynes ofdifferent ATES modelsdefinitions use different language to achieve different
objectives, they are synonymous and their thresholds correspond: i.e.. ATES says the same thingin two different languages,

225 onetechnicalandone non-technical. The system uses numbers, signal words and colours as optionsto communicate therating

level.

4.1 ATES Communication-MedelCommunication Models

rmatted: Space After: 0 pt

A ng 8 imatehs definedb nd-m meetthecriteria-specified-inthe Communication-Maodels

230 asthesearewhatispublishedtothereceivergroups-ATESwasbornfroma Canadianbackcountry avalanche disaster where

seven high-school students were killed while on an outdoor educationschooltrip in February2003. Upon review, it became

clearthatpublic safety agencies needed better tools to help the public determine whatwas serious avalancheterrain, and what

----------- [ Commented [GS17]: Feedback from Bruce Tremper to
emphasize the original and primary purpose of communication

235 specified in Tables 1 and 2, as these are what is published to the receiver groups.

The Communication- CemmunicationMModels describeterrain ratings in the language of the receiver groupandare light on

technical detail with a priority on comprehension. Tables 1 and 2 describe and rank avalanche terrain in a simple way, similar

11



to how the aAvalanche dDanger sScale (Stathamet al., 2010; [gvalanche Canada, 2022} EAWS, 2024) describes and anks ... (c ted [GS18]: Updated, modemn reference.
avalanche danger; they representare-both the summary output of a technical assessment, intended for public avalanche risk
240 communication.
When used in combination, these-models of avalanche danger and models of terrain offer a simplistic, but powerful way to
illustrate good risk managementthroughtheinteractionof snow, terrainand people (Haegelietal.,2006), and @ffera preview
into a future where dynamic avalanche risk maps combine these models automatically (e.q.: Schmudlach and Kéhler 2016a)4]m__ —{ ted [GS19]: (EB4) link to dynamic risk maps
[Table 1:,ATES for backcountry. travel] [¢ ted [GS20]: Changed from MS Word table to .pi
image to meet NHESS formatting requirements for colour tabl
Terrain rating | Class Description for backcountry travel "{_Formatted: Font: Bold
No known exposure to avalanches. Very low-angle or densely forested slopes E:emxﬁfgéxlt\lormal' Centered, Space After: 0 pt, Do
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 eliminate 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
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

245
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Waterfallice climbingis a specialized activity, often very exposed to avalanche hazard and high risk (Stathamand Hueniken, < { Formatted: Space Before: 10 pt, After: 0 pt
2023). Iceclimbersare a uniqueaudience in thattheir routes are commonlyeften inside avalanche paths, meaning that climbers

can be exposed for long periods of time to slopesoverhead 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?

fTable 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.

Complex

Routes with long exposure to high frequency avalanches starting from above or

crossing steep slopes with terrain traps below. Minimal options to reduce exposure.

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.

13
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255 4.274.2 ATES Technical-ModelTechnical Model

The ATES Technical MadelTechnical Model (Table 3) is designed for avalanche terrain identification,analysisand
evaluationassessment and is used to determine an ATES rating. [The model breaks downdeseribes avalanche terrain exposure

using eight-istinst different parameters)) [ C ted [GS22]: (SH10) (ARL) - improved clarity on
1. Exposure parameters of the TM.
260 2. Slope angle and forest density
3. Slope shape
4. Terrain traps
5. Frequency-magnitude
6. Starting zone size and density
265 7. _Runout zone characteristics
8. Route options D Formatted: List Paragraph, Numbered + Level: 1 +

. . - . - . . Numbering Style: 1, 2, 3, ... + Startat: 1 + Alignment
—each-with-thresholdsforthe five ordinaATES classes-Any given Area, Zone, Corridor or Route usually includes temain Aligned atg: 0?’29- + Indent at: 05" 9

criteria that fit into different ATES rating levels, and combining these into a single ratingis a subjective exercise with some

guidanceprovided in thefollowing subsections. Not all eight parameters will be able to be assessed every time, particulary at

270 smallerscales. Forexample, assessingstarting zone size and density implies that there are multiple startingzones, assessing
exposure and route options implies that a route has been selected, and assessing slope shape often requires more than oneslope
to assess. Sometimes certain parameters will simply not be apply to the assessed terrain. For these reasons, none of these

criteria are mandatory, and the assessor must gather and work with the best information available to them.

275

Dbold defaults that when met, automatically defaultplace the ATES rating into that category or higher. Otherwise, the overall_...{ Formatted: Font: Bold, Italic

rating is an evaluation based predominantly on expert judgement that involves: 1), analysing the terrain against each ATES

parameter forbestfit, 2) comparingthisto levelsaboveandbelow, and 3)then decidingwhatthe best overall ATES ratingiis.

Field checkingand pReerreview of ATES ratings from other qualified individuals is important forerror correction, accuracy
280 and ultimately improving confidence in the assessment.

The followingsections describe-provide guidance for evaluating each of the eight parameters{Fable-3) that definethe ATES
TechnicalMadelTechnical Model (Table 3) by describingtheir influence onterrain severity and the range of thresholds from
Class 0 to Class 4.

14



285 4271421 xposure] C ted [GS23]: (AR2)(AR4) Rewritten to better defi
Exposure and discuss differences in temporal exposure.
Exposure is the situation of people, infrastructure, housing or other tangible assets located in hazard-prone areas (United "( Formatted: Indent: Left: 0"

Nations, 2016). With respect to avalanche risk, exposure is the extent to which an element at risk is subject to avalanche

hazards, and isa function ofboth space andtime (CAA, 2016). In other words: where, and for how longsomething is subject

to an avalanche hazard. Exposure is a crucial ingredient for avalanche risk and without it, there is no risk.

290 Spatial exposure considers precisely where an element at risk is located in the terrain and their position relative to the

surroundingavalanche hazard. fncluding overhead hazard.JThis is fundamental, because even during periods of hich avalanche ... [ Commented [GS24]: (AR26) review paper for opportuniti
highlight overhead hazard.

hazard, a simple reduction in spatial exposure will reduce the risk. On small-scale terrain features, even minor adjustments in

howone is exposed tothe hazard will change their risk — a fewmeters in either direction can be the difference between a low

‘‘‘‘‘ [ Formatted: Font: Not Italic
[Formatted: Font: Not Italic
[Formatted: Font: Not Italic
{Formatted: Font: Not Italic
‘_Formatted: Font: Not Italic

295  jnside/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 minutesand crossingunderone at a time? Or

{_Formatted: Font: Not Italic

[Formatted: Font: Not Italic

300 takingoneminute andcrossingasone large group of people? Theterminology;,minimal, brief, intermittent, long, frequent and

[ Ci nted [GS25]: (AR5) tool for risk management

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,
305 then Complex terrain may be appropriate; conversely, when the hazard is High, then Complex terrain may be inappropriate
and Simple terrain a better choice.
TES considers bothactualand potential exposure, depending on the approach. ATE Siinear rates specific, pre-defined Routes,«
meaningthat theactual exposure is known and canbe evaluated, whereas ATE Sqyaiiai Fates 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
310 exposure becomes known, and the ATES ratings can be utilized| e [ Commented [GS26]: (SH13) (AR22) - better description ¢
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actual vs. potential exposure
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Ci ted [GS28]: These changes were made in respon:
review from Avalanche Canada and the Canadian Avalanche
Association to ensure that the slope angle standards in ATES \
consistent with ATES v.1/04 and thus previous mapping of Ci
2 and 3 terrain remains valid.
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Routeoptions O ow-angie-areas e expost E;E.EEES R R At s e
b e X e .
o b
Z The use of Class 0 is optional due to the reliability needed to make this assessment; otherwise, Class 1 includes Class 0 terrain. <, Font: Not Italic
[ Formatted: Authors, Space After: 10 pt
4.22  Slope angle and forest density p B [ Formatted: Indent: Left: 0"

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
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345

horizontalaveraged over 10-20m in the startingzone. (Schweizer et al., 2003; McClungand Schaerer, 2023). ATES associates
common slope angle terminology with a range of slope angle values (Table 4).

340 (Table 4:)ATES slope angle terminology and associated values. < | C ted [GS30]: Revised to show ranges, align with -
angle values in Table 3 (Avalanche Canada/CAA feedback) an
Slope angle Slope anglerange address HPM1 defining large proportions (removed).
Very low angle <15° [ Formatted: Font: Bold
‘| Formatted: Font: Bold
Low angle 15°-25° {
1 Formatted: Space Before: 10 pt, After: 10 pt
Moderate angle 25°-35°
High angle 35°-45°
Very high angle >45° D {((Formatted: Space After: 0 pt
The relationship between slope angle and avalanche release is modified by forest cover (Figure 3) because dense trees cane- { Formatted: Space Before: 12 pt

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 outgoingsolarradiation. Bebietal. (2009) describethe physical processes that stabilize the snow

stems.
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350 Figure 3:- The interaction between slope angle and forest density is illustrated here where dense forest anchors the snowpack whilg<-=- Formatted: Space After: 10 pt

the steep, open glades are avalanche paths.

C ted [GS31]: Revised to show ranges, align with -
angle values in Table 3 (Avalanche Canada/CAA feedback) ani
address HPM1 defining large proportions (removed).

values “( Formatted Table
Very lowangle <10°
Lowangle S0
Moderateangle <30%yith some=
352
Maoderate I-li:’rh 35° with la_l:%
angle proportions>35°
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with— large
proportions=45°
fFThis interaction between forests andavalanchesis a complex phenomenon which has beensimplified forits application to - {(Formatted: Space After: 0 pt
ATES to examine only tree spacingand its effect on anchoring the snowpackto the slope] Direct supportof the snowpackby ... [ [ ted [GS32]: (AR13, 14) improved paragraph to c
. . - . how forest cover is used in ATES an assessment methods.
360 treestemscanpreventslabavalancheformation, 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 and then extrapolating, oraveragingacrossanarea. The size of forest openings

365 canbe 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.

ted [GS33]: (EB2)
Forestdensity Tree spacing’ Stom density { Formatted: Font: Bold
[Formatted: Font: Bold
{Formatted: Font: Bold

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

(Formathed: Space Before: 10 pt, After: 10 pt
Dense < 3.2 m average tree spacing £ 1000 stems/ha) . % {_Formatted: Font: 10 pt

Formatted Table
Formatted: Space After: 0 pt

Commented [GS34]: This column has been added back in
earlier versions to help clarify forest density measurements (AF
13/14).

( Formatted: Left, Indent: Left: 1", Space After: 0 pt
[ Formatted: Centered, Space After: 0 pt, Keep withr

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 values in Tables 5/6.
375 < 10m spacing. Combined, these thresholds put the overall rating of this area as Class 3 — Complex terrain. Data source: Natural “(F tted: Caption. S After: 0 ot
Resources Canada. Basemap source: Esri. [_orma + Caption, Space Arter: 0 pl

Eigure 4:Blope angle distribution (a) across the area shown in Figure 3 indicates the lower half of the area in the 20°- 30° range ands., .. [ C ted [GS35]: (AR15) - how would classify slope
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Table 6 shows combined thresholds of slope angle and forest density (Campbelland Gould, 2013), andthese proportions can

~( Formatted: Not Highlight

be applied when using GIStools (Figure 4). For example the term,large proportions in Table 3 means,> 45% of the terrin

Formatted: Font: Italic

various locations, and thenapplyingthis to theentire slope to get anaverage value. The largestforestopenings in Figure 3 are Formatted: Not Highlight

760 m long x 170 m wide, with slopes angles of 30°-45°, so there is little protection from avalanches here. For skiers Formatted: Not Highlight

[ Ci ted [ GS36]: (HPM) define large proportions in T

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.

and Gould, 2013). e ted [GS37]: (EB2)

rmatted: Font: Bold

Density 0- Non-Avalanche 1 -Simple 2 - Challenging 3 - Complex 4 — Extreme Formatted: Font: Bold
Open 999% <20° gg?ﬁigg: ggfj’iigz . (Formatted: Font: Bold
900/0 = 350 900/0 = 350 <20% <25° <20% <35° ( Formatted: Space Before: 10 pt, After: 10 pt
0, o 0= 0= 0, o 0 o
Gladed 99% <25 99% < 35° 99% < 45° 45% > 35 45% > 45
Dense 99% <30° 99% <35° 99% <45°
“Slope angles are averaged over a fall-line distance of 20-30 m. < R [ Formatted: Space After: 10 pt
The overallterrain rating for the area shown in Figure 3 would be Class 3 — Complexterrain, as single ratings usually default«--- { Formatted: Space After: 0 pt
to the highest levelwithin the area. However, fmaller 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)) [ C ted [GS38]: (AR15) how would you classify sloj
depicted in Fig 3
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ATES Rating Legend

Class 0 - Non-avalanche terrain
I Class 1 - Simple terrain
I Class 2 - Challenging terrain

I Class 3 - Complex terrain
Bl Class 4 - Extreme terrain

Eigure 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.

4273423 Slope shape <

The shape of snow-covered slopesterrain plays an essential role in route-finding through avalanche prone terrain. During
backcountry travel, risk is routinely reduced by carefully weaving throughterrain features and utilizingrelying on their shape

1 Formatted: Keep with next

[ Formatted: Caption, Space After: 0 pt

[Fonnatted: Indent: Left: 0"

ted [GS39]: (AR) define high spots/unsupported

to manage spatial exposure. Stoppingon high groundEo keep people above the flow of anavalanchekpots, usingthe terrain’s

shape to set a track that avoids trigger spots and overhead hazard, minimizing spatial and temporal exposure whesenever

possible, and avoiding steep, unsupported (convex) slopes are all best practices of professional mountain guides (ACMG,
2023). The more convoluted the slopeterrain shape is, the more complicated it is to travel through it.

............ C
[ slopes for non-expert readers

Although slope curvature isa [;essiblelsource oftensile stress (McClungand Schaerer, 2023), the effects of microtopography ... (c ted [GS40]: (EB14) remove possible.
and slope curvature on avalanche release are not well understood. Convex terrain is said to be unsupported because n the
verticalaxig| it rolls overat the top of the slope and becomes steepest near the bottom-af-theslone (i.e. - the toe of the slope). ... ( C ted [GS41]: (EB13) what axis?

Convexities add tensionto the snowpack andare common trigger points given additional load (Landrg etal., 2020). E¥eteven

when an avalanche istriggered from low on the slope, below the convexity-at-itssteepestpart, the crack radiates outward from
the trigger point, propagating upslope, downslope, and across the slope. Theupslopeportion 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 thoughtto

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; Harveyetal., 2018), and that professional guides tend to choose planar terrain in

their route selection (Thumlert and Haegeli 2018).

Convoluted terrain Figure4)also presents more spatially variable snowpack stability <.
compared to planar terrain, because the demh and distribution of the snow is non-uniform. due-te-an-uneven-distribution-of

snowpackdepth-andlayering-across-theterrain-This is primarily due to redeposition from wind effects across uneven
topographytheterrain, both scouringand loading snow around micro terrain features. These wind effects in convoluted temain

ilncreaseing spatial variability, which is directly related to more trigger points and greater uncertainty insnowslope sta bil'ty

creates moreareas where theslabis thinner sothe skiercanand the weak layer can betrlgger@%heweak-layer (Melocheetal,

2024). Zones of terrain that present mixed shapes of concave, convexand planar (Figure 6) usually present a snowpack with

more trigger points than zones Fhiscontrastswith a smooth, evenly distributed snowpack where the depth and layer distribution
is more predictable.plana i i
expested-
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430 Figure 64:-A helicopter ski_run rated Class 3 — Complex terrain, where the slope shapes are convoluted and include gullies, convex+: _Formatted: Font: Bold

rolls, concave slopes and rockv thln snowpack areasn

“{ Formatted: Space After: 10 pt




ints._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.

435

440

to determine the rating, unless that single slope forms the crux of the route. I nstead, slope shape should be considered in the ... [ C ted [GS44]: (HPM2) clarify whether a convexity
defining feature of the rating or not.

aggregate across a largerarea, recognizing the influence of that terrain’s shape onboth avalanche triggering and route finding.

La rge areasof convoluted terrain are more complex to deal with than large areas of planar terrain, eventhough in planar temain

there may be fewer options for safe travel. The ATES Technical Model (Table 3) uses the following terms to describe ... (c ted [GS45]: (SH12) planar versus convoluted.

445 progressively increasing severity in slope shape:,flat,undulating,planar,concave convex,convoluted, intricate apd cliffy.

[ Formatted: Font: Not Italic
[ Formatted: Font: Not Italic
“{_Formatted: Font: Not Italic
‘_Formatted: Font: Not Italic
{_Formatted: Font: Not Italic
| Formatted: Font: Not Italic
:{ Formatted: Font: Not Italic

424 T int TFomatted: Font: Not Italic
427542, errain traps R
S [ Formatted: Indent: Left: 0"

Ourunderstanding of the effects of slope shape onavalanche behaviour are not well understood, and not well-supported in the

literature. This, despite strongly 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.

450 convex—convoluted —intricate —cliffy.

Terrain traps are topographic features in avalanche paths that increase the consequences of being caught in an avalanche,

includingserious injury or death from an otherwise harmless avalanche. wh ile the mass of snowin a Size 1 avalanche (Table

8)is notenough to bury a person ona smooth slope, it can beforceful enough to pushthem offa cliff, orbury themin a qully

455 where the avalanche debris concentrates and becomes locally deep) e C ted [GS46]: (AR18) - example of “otherwise
harmless” and add (Harvey et al. 2018) reference.

Campbelland Gould (2013) categorized terrain traps into thosethat increase thelikelihood and depth of burial, andthose that
can cause trauma to someone caught in a flowing avalanche. For example, gullies, depressions, and abrupt transitions
concentrate avalanche flow, resulting in an increased depth of accumulated debris (Figure 75), while being carried over cliffs
orimpactingtrees, rocks and other downslope obstacles can result in trauma. Trauma has beenshownto be the primary cause

460 of deathin 20%-30% ofavalanche fatalities (Boydet al., 2008, Sheets et al., 2018, McIntosh et al., 2019). Campbelland Gould
(2013) thenranked the severity of terrain traps in terms of increasing consequences from an otherwise harmless avalancheto
one thatcan cause 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 -describes-terrain trapssuchas qullies, cliffs, treesand crevasses asa measure of temain - {_(Formatted: Space After: 0 pt

65 severityphysically, andwith an increase in the number and severity of these terrain traps will have a corresponding effecton
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the ATES rating.ing-exposureto
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in the gully below (pink deposition area). The black route is rated Class 3 — Complex terrain and is a poor route choice due to the

[ Formatted: Space After: 10 pt
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unavoidable terrain trap, whereas the blue route on the crest of the moraineis Class 2 — Challenging terrain because it avoids most
of the exposure.where-the-routeismarked-inblack:

4276425 Frequency and magnitude N { Formatted: Indent: Left: 0"

475 Thefrequency of anatural hazardis the number of times it occurs within a specifiedtime interval (Jackson, 2013). Avalanche ... { Formatted: Font: Not Italic

frequencywithin a specific avalanche path is 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).

480 In practice, formal assessments of avalanche frequency are commonly done during the avalanche planning process for

infrastructure developments such asroads orbuildings, but this practice is less common for recreation. Avalanche frequency
i i i ighwhich corresponds to a set of frequency ranges (Table 7). .- { Formatted: Font: Not Italic

Avalanche frequency can be difficult to assess accurately. With good records kept over a long-enough period, reasonablg - {_Formatted: Space After: 0 pt
estimates of long-term frequency can be made. But in the absence of good records. avalanche frequency estimates are a

485 subjective exercise usinga 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 ... (c ted [GS47]: (SH16) methods other than records

importance of avalanche frequency and its influence on avalanche risk assessments and ATES ratings. |

ted [ GS48]: (SH16) terrain with no records

For backcountry travel applications, avalanchefrequency is a critical measure of terrain severity. i.e., terrain that is known to

produce avalanches more frequently is comparatively more dangerous than terrain that produces avalanches less frequently.

490 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 ofthe avalanche terrain ratings (Tables 1 and 2). Thresholds for frequency-magnitude are the

dominantdefaultsin the ATES Technical Model (Table 3), meaning thatif thatthreshold is met, then the terrain rating defaults

into that category or higher.
495  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
alzalanche frequencies are vulnerable to the changing climate, as changes in climate patterns will result in changes to avalanche
500 frequencies)

nted [GS49]: (AR19) influence of the changing cl

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 jinear) 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). ... {(Formatted: Font:
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[Formatted: Font: Bold

[ Formatted: Space Before: 10 pt, After: 10 pt

................ { Formatted: Space After: 0 pt

Avalanche Average Average Annual Freguency Frequency L
frequency return period frequency probability of range descriptors " { Formatted Table
(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 per year
Medium 3 1:3 0.33 1:10to1:1  Anavalanche 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 An avalanche occurs
every 10 to 100 years
Extremely 100 1:100 0.01 1:300t01:30 Anavalanche rarely
lowRare occurs
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Thisalso hasimportant implications for dry climates, where avalanche frequencies are typically lower than in wetter climates

and thusthe ATES ratings will be lower to reflectthe lower long-term frequency in dry areas. ATES for Waterfall | ce Climbing

(Table 2) relies heavily on avalanche frequency assessments due to the problem of overhead hazard associated with this

activity.

[Formatted: Font: Bold

Table 8:3 The destructive avalanche size classification system (CAA 2024616a).

Formatted: Font: Bold

Formatted: Space Before: 10 pt, After: 10 pt

Destructi  AvalancheDestructive pRotential Typical Typical path Typicallmpact Typicalimpact - [
ve Size mMass  “length (m)  Pressuredeposi  pressure "\ Formatted: Left
t TUBILETE (%) (RPa)Fypieat . ( Formatted Table
Path-Length “{ Formatted: Font: 10 pt
1 Relatively harmless to people <10t 10m 504kPa 110-m — [ Formatted: Font: 10 pt
2 Could bury, injure or kill a person ~ 10%t 100m 50010-kPa 10100m ( Formatted: Font: 10 pt
3 Could bury and destroy a car, 10%t 1,000m 3,000100kPa  1001000-m -{ Formatted: Font: 10 pt
damage a truck, destroy a wood
framehouse, orbreaka fewmature
trees
4 Could destroy a railway car, large  10*t 2,000 m 25,000500kPa  5002000m . { Formatted: Font: 10 pt
truck, several buildings, or a forest
area of approximately 4 hectares
5 . 10%t 3,000 m 300,0004000  10003000-m .. (Formatted: Font: 10 pt
Could destroy a village or a forest kPa

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 ise-

related to the effects ata specific location orarea (Jackson, 2013). Avalanche magnitude considers the destructive potential of

the avalancheandis definedaccordingto 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 reqular

basis. Magnitude and frequency are also co-related to a specific location in an avalanche path. For example, a location near

31
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the bottom of anavalanche pathwill be affected by larger avalanches less frequently, relative to a location higher in the same

545

4278426 Starting zone size and density e { Formatted: Indent: Left: 0"

550 Increasing exposure to avalanche starting zones increases the severity of the terrain rating due to a higher likelihood of
triggering or getting caught in anavalanche. In the ATES TechnicalMaodelTechnical Model, starting zone size is described in
terms of the potential size of avalanche release, whereasstarting zone density refers to the number of starting zones within the
area oralongthe route beingassessed. This is particularly important with respect to route options and overhead hazard.

The number of startingzones, their size and proximity to the route allinfluence the overall ATE Sterrain rating. EXposure to«--- {_Formatted: Space After: 0 pt

555 anisolated, single startingzone isusually less severe thanexposureto multiple starting zones, but this would depend ontheir
size and frequency. Overhead hazard (Figure 86) presents anadditional challenge, particularly as theexposure becomes higher
in the avalanche pathand closer to thestarting zone. Remote or toetriggering of slopes isan importantconsideration when the
exposure occurs below or to the side of the starting zone.
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climb Bourgeau Left-Hand (inset) in the Canadian Rockies.as 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. BarfF-NatioratRark:

4279427 Runout zone characteristics D { Formatted: Indent: Left: 0"

565 [?Zunout zones are the lowest portion of anavalanche 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

occursland-continue downslope until the flow terminates. Certain terrain attributes-have significant effectson the ..-{ ¢ ted [GS51]: (AR20a) clear definition of runout z

distinguishing it from the track. AR has asked that we relate tt

degreeseverity of avalanche exposure within runout zones. Characteristics suchas runout zone shape (e.g., abrupt transitions DeQuervian 1981 (zone of origin, transit, deposition), but this
. . . . A - . like an obscure reference considering that terminology starting
and confinement), terrain obstacles, and ground roughness influence avalanche runout behaviour, while proximity to starting track, runout zone is widely accepted in the English language.
570 zones, interconnectedness, and surface features influencethe potential for remotely triggered avalanches. {g remotely triggered
avalanche occurs when a crack is initiated and propagates into adjacent terrain before causing a slab to release) s ted [GS52]: (AR) better define remote triggering
The [ATES TechnicalModelTechnical Model (Table 3)considers two avalanche risk scenarios in runout zones: 1) beingstruck ... (c ted [GS53]: (AR) clarify which ATES

by a naturalavalanchestarting overhead, and 2) remotetriggering an avalanche by propagating a crack upslope into the starting
zone where an avalanche releases. Every runout zone exposure scenario is unique, from simply crossing through the runout
575 zone to travelling up the middle of it, directly under the avalanche track.
The ATES FechnicalMedelTechnical Model describesexposureto runoutzones ona continuum starting with Class1 Temain < { Formatted: Space After: 0 pt

havingsmooth, well-defined runouts with no connection to starting zones above (Figure 97), rangingto Class 3and 4 Temain
where runout zones are overlapping. -and-steep, confined, or contain terrain traps such as cliffs or crevasses. Class 3 and 4
runout zones may alsohave the potential for propagating remote avalanches into adjacent or overhead starting zones.
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into a nearby starting zones. Estimated avalanche frequencies are shown, indicating that the helicopter pickup location (red circle) ( . After: 1
is exposed ~1:10 years for > size 3, which makes this location ATES Class 2 — Challenging terrain. (Formatted: space After: 10 pt
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42710428 Route options “

Route options are differentways to travel through theterrain andtypically, every option presents a different level of exposure
toavalanches, thus a different level of risk. Terrain with route options allows for different route-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 forced into terrain that will increase their risk (Figure 10b). Understanding and 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.

&sessinq route options depends on what is being assessed: a specific, predetermined Route or Corridor (ATES jinear), Or an

Area or Zone of terrain with no fixed route (ATESqaiar). JClass 0 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 thatwhentheavalanchehazardis High, backcountry users should choose routes with <
low avalanche terrain exposure to reduce risk; conversely, when the avalanche hazardis Low, choosing routes with a higher

avalanche terrain exposure may beanacceptable risk (Haegeliand McCammon, 2006). For some people though, higher levels

of avalanche terrain exposure (oranyavalanche terrain exposure) is never an acceptable risk, and in this case the presence or
absence of route optionsiis crucial information, especially theoptionto avoid avalanche terrain completely (i.e., Class 0).
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Figure 108:- Ferrainwith-lmage (a) is ATES Class 2 because optionsexist 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
route. eption isle ommitting A oF-more ices-durine-times-ofun onditi 8 A H
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4.284.3 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
method chosen-(Table 10) {inearorspatial}-and the channels of communication (e.c.. digital, map or paper), different
combinations of colours, words and numbers-and can be used to reach the target audience and to ensure inclusion and
accessibility for all users of ATES.
Signalwordsare single termsthatare used to denotethe overall level of hazard implied 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 serves as 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.
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Additionally. eachrating level is assigned a unigue colour for labels, lines or polygonson amap{Table 9).JATES colours vere ... [r ted [GS55]: (AR)

635 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 ... (c ted [GS56]: (SH8) why Complex is black

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).

640  Table 9:-,Signal words, numbers and tolourslassociated with ATES. o S— c ted [GS57]: (AR 21b) We are using colour codes
published in Sykes et al., (2024) that were tested using the Co
ATES rRating Signal word Colour RGB code Hex code Color Blind Simulator - discussion in their response to peer re
_ All mapping and colors in this manuscript have been changed |
0 Non-avalanche White 255,255,255 #ffffff match these codes.
1 Simple Green  40.201.Q __ #28c900 1% % | Formatted: Font: Bold
! . .
2 Challenging __ Blue 0.123.255 _ #007bif Formatted: Font: Bold
3 Black 000 7000000 Formatted: Font: Bold
Complex ac — {_Formatted: Space Before: 10 pt, After: 10 pt
4 Extreme Red 255.1.56 #f10138 { Formatted: Font: 10 pt

Formatted: Font: 10 pt
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However, warning system colours can presentdifficulties for people with colour vision deficiency (CVD) andnot all colours Formatted: Font: 10 pt
Formatted: Font: 10 pt
Formatted: Font: 10 pt

{( Formatted: Space After: 0 pt

(c ted [GS58]: (AR)

650 work well when overlain on maps, especially when maintaining visibility of theunderlying map reference layers is important.
Polygon transparency settings must be chosen carefully to ensure the underlying basemap data remains visible. While black

etal., 2006), thiswas before ATES becamea mapping system. Today, black isa poor colour choice for displaying ratings on

some maps, as the basemap data is easily obscured and black lines can be difficult to distinguish on dark coloured mapping

655 such as Google Earth (Figure 1).

anywarningsystems in society use green and red, which provides a significantchallenge for userswith CVD. Engesetetal. .. (c ted [GS59]: (SHO) red/green colour blindness.

(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. Huber et al. (2023) present an

ATES mapfora testsite in Austria usingred for Complexand purple for Extreme terrain which shows the underlying basemap
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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).]

ted [GS60]: (AR) include RGB and Hex codes.

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 desion 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.However-warning-system-colours-can-present

2l
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685 4.294.4 Targetaudience @ [ Formatted: Space After: 12 pt

A thorough understanding of the receiver, the target audience, is necessary for effective risk communication. Laughery ande---- {(_Formatted: Space After: 0 pt

Brelsford (1991) implored warning 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: N {(Formatted: Space After: 6 pt
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690 1. Avalanche professionals, educators, mappers, and guidebook authors
2. Backcountry recreational travellers: skiers, snowboarders, snowmobilers, snowshoers, climbers and hikers

3. Backcountry workers: persons employed to perform work in avalanche terrain D R { Formatted: Space After: 6 pt

The TechnicalMaodelTechnical Model (Table 3) is designed for avalanche professionals, mappers or guidebook authors to use
its specifications to assess zones-orroutesthrough-avalanche terrain, determine the exposure of people to that terrain, and
695 produce an ATESratingforeachzoneorroute. The TechnicalMadelTechnical Model also targets avalanche educators, who
can use the model’s specifications for teaching the specific elementsparameters of avalancheterrain, howeach is scaled, and

how they interact with the exposure of people to determine the severity of avalanche terrain exposure.
| The Communication-MaodelCommunication Model for backcountry travel (Table 1) is targeted at all backcountry users who
move through avalancheterrain, regardless of recreationtype. The language gives simple advice on expectations of exposure
700 and potential options for mitigating risk. ATES is analogous to the aAvalanche dDanger sScale (Statham et 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.

| The Communication-MaedelCommunication Model forwaterfallice climbs (Table 2) targets winter ice climbers and focuses«--- { Formatted: Space After: 0 pt

on the concepts of exposuretime, avalanche frequency, human-triggering in terrain traps and options to reduce exposure. The
705 system hasrecently been applied to Avalanche Canada’s ice climbing avalanche atlas (Statham and Heuniken, 2023).

5 Application of ATES A {(Formatted: Space Before: 24 pt, After: 12 pt

Theapplication 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

710 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 specifice- {(_Formatted: Space After: 0 pt

aArea orrRoute might be sufficient, or multiple rating segments along that route fora more precise assessment. However, a

navigationalaide forbackcountry 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).
715

An Area defines theboundaries ofan overall assessmentand can be given either a single rating (Figure12a, b) or broken down

into smallerscale zones (Figure 12¢). 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 represent a Corridor of travel where

navigational freedom is possible (Figure 12b). A Zone is a specific slope orgrouping of terrain features with common ATES
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720 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). | Formatted: Font: Bold

“{ Formatted: Space Before: 10 pt, After: 10 pt

ATES Feature Example Application Spatial Representation
Areas Ratingcommonly defined region with either a well-defined Point (Figure 121a) or
geographic boundary oran ambiguous one polygon-{Figure-11b)
Rating a specific slope or terrain feature within a well- .
| Zones defined geographic boundary where ATES parameters Polygon (Figure 12d) or

dictate the zone boundaries raster (Figure 131¢)

Rating a physical or conceptual path of travel between
defined startingand end points with navigational freedom Polygon (Figure 121cb) 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 121bd)

freedom

fThe major difference between these approachesis that ATES ratings for routes rates the actual terrain exposure of specific,.. [ C ted [GS61]: (AR22) clarify difference between a
. . . . . ) - and potential exposure.
725 pre-determined Routes or Corridors, such as an ice climb or ski tour where the start, route and endpoint are known. ATES
l Formatted: Space Before: 10 pt

ratings for Areas or Zones rates the potential terrain exposure because a specific route is not prescribed, such as anopenalpine

bowlwith numerous different skilines. In this case, once a route has been planned through theterrain, then the actual exposure

can be evaluated and related to the ATES ratings.
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----------- Commented [GS62]: (AR22) clarify difference between a
and potential exposure.

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 thepotential terrain exposure because a specific routeis not prescribed, suchas an openalpine ... { Formatted: Font: Not Italic

bowlwith numerous different skilines. In this case, once a route has been planned through theterrain, then the actual exposure
can be evaluated and related to the ATES ratings.

5251 Spatial scale

Spatialscale 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.

Itis crucialto-understandimportant to determine at what scale the ATES ratings are beingapplied at,and recognize that(not
all ATES criteria shown in Table 3 canbe applied at all sca les. Parameters suchas 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 variation across the temain ... [ C ted [GS63]: (SH3) (SH12) some parameters are ¢
. . . . . . . . suitable for classifying an area as a whole, not specific slopes.
and the density can be determined more reliably] In some scenarios, high-resolutionsmall scale (e.g., terrain feature) zoning fing 2 g
i i i i i i T . Commented [GS64]: (AR) discuss the different parameter:
will not be required, in which casea larger scale {e-g-—+un)can be applied. To achieve a larger scalethis, ATES mappers must different scales.

filter 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 classifying a pre-determined route, the scale of the entire Aarea is already pre-defined by the route.

However, along that route therewill be variations in avalanche exposure. These could be represented using smaller scale ATES

ratings forimproved accuracy, or they could be grouped together as part of the whole route and a single rating issued-forthe

route. Single ratings for Rroutes.and Corridors should default to the highest terrain class along the route.

Similarly, while an overall rating of Class 3 could be assigned to an Area, 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 thereareroute options within that Area. For example, while the overall Area may have some ... [ Formatted: Font: Not Italic

Class 3 terrain, if there are options to avoid it, then the rating is Class 2.Sk

45



775

780

785

terrain feature) is required (Larsen et al., 2020).

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

Spatial Extent

Description

Examples

Scale

Terrain Feature

Individual geographic features contained
within a larger slope

Convex roll, gully or terrain trap

Slope

Large, open, inclined areas with
homogenous characteristics bounded by
natural features such asridges, gullies or
trees

Typical avalanche starting zone or wide-
open area on a skirun

Path or Run

Multiple interconnected slopes and temain
features running from near ridge crest to
valley bottom

Full length avalanche paths with a start
zone, track and runout zone or typical
long backcountry skirun

Micro
<1km?

Mountain

An area rising considerably above the
surrounding country with numerous
aspects and vertical relief running from
summit to valley bottom

Ski resort area ortypical single operating
zone in a snow cat skiing area

Drainage

An area with a perimeter defined by the
divide of a watershed

Typical single operating zone in a
helicopter skiing area

Meso
>10%km?

Region

A large area of multiple watersheds
defined by mapped boundaries

Typical public forecasting area or public
land jurisdiction

Range

A geographic area containing a chain of
geologically related mountains

Mountain ranges or sub-ranges

Synoptic
>10*km?
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5.2 Assessment methods D Formatted: Space After: 12 pt, Outline numbered +
2 + Numbering Style: 1, 2, 3, ... + Start at: 1 + Alignr

Evaluating avalanche terrain exposure using ATES requires qualified people skilled in avalanche terrain assessment and Left + Aligned at: 0" + Indent at: 04"
backcountry route-finding. Assessors with local terrainand route familiarity is a significant assetand necessary to analyse the

interaction between people and avalanche 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 temain

with good data, suchasonewell-travelled trail with only a fewavalanche paths oran alpine bowl with high quality mapping
and imadgery, sufficient accuracy can be achieved without field surveys orcomplex analyses. For more complicated projects

such as large areas with extensive avalanche terrain, unfamiliar travel routes, significant overhead hazard ora 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 parameters and helps to reduce human bias (e.q., Delparte, 2008; Campbelland Gould, 2013; Toft

{_Formatted: Font: Not Italic
{_Formatted: Font: Not Italic

- C ted [GS65]: (EB11) mixing objective and subjec
and not all data available all the time.

et al..2024). but notall 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 JRoute 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. Qata forevery Technical Model parameter shown in Table 3 is
notoften available. so the assessor must make do with the best information they can obtain. JATES is intended to be usedby
both field practitioners as well as 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.

Ratings are determined by analysingthe terrain against each ATES parameter for best fit, comparingto the levels above and < { Formatted: Space After: 6 pt
below, then determiningwhatthe bestoverall ATES rating is{The following five-step process quides the determination of an

[ Formatted: Font: Not Italic
[ Formatted: Font: Not Italic
[ Ci ted [ GS66]: (SH3) Not all data available all the t

ATESrating) e C ted [GS67]: (SHL0)(AR1) improve the descriptic
how ratings are determined.
For every Area, Route, Corridor or Zone: @ { Formatted: Space After: 6 pt

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

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

1

2

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

4. Forcriteria higherthanthe minimum rating level, determine if this outweighs the minimum rating level to determine

the ATES rating
5. [Compatre this to the Communication Models (Tables 1 and 2) for coherence)

| Commented [GS68]: (SH10)(AR1) assessment process
importance of aligning with Comm models.
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Formanual assessments atmicro and mesoscales (Table 11), ATES ratings and mapping should bereviewed and field checked

by peers familiarwith the terrain. For zoning avalancheterrain exposureatsynoptic scales, such as regional or mountain range

820 mapping, manualassessmentsand field checking for verification of the entire Area is often notpracticaland instead, a targeted

approach to the field work, or an automated classification approach (or a combination of both) is often necessary.

[Formatted: Heading 2
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C ted [GS69]: (AR23) statement removed and disct
the AutoATES section.
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845 5.345.3 AUtcATESAUtOATES D — [ Formatted: Heading 2, Space After: 0 pt, No bullet:
numbering

Automated avalanche terrain classification enables large areas of mountain terrain to be analysed and coded by a computer<----..... Formatted: Space After: 0 pt

algorithm (Figure 131). This significantly reduces the cost of producing ATES ratings, improves consistency, and makesthe
system more accessible. Larseenet al. (2020) developed Aute ATESAUtoATES v1.0, whichwas used to produce spatial ATES
zone maps for all of Norway using only a digital elevation model (DEM) as input. AuteATESAUtOATES v.2.0 (Toftet al,
850 2024) has been updated to match the ATES v.2 model presented in this paper, and the algorithm’s performance has been

improved to 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 e Formatted: Caption, Left, Space After: 0 pt

855  layer opacity can be adjusted to improve the visibility of the base map data, and Class 1 terrain includes Class 0.




Auto ATESAUOATES mapping can be adapted to local conditions by tuning the model parameters based on feedback from--: { Formatted: Space After: 0 pt

avalanche experts. Sykeset al. (2024) performed validation testing on Aute ATESAUtOATES v.2.0 in Connaught Creek and

860 Bow Summit areas of Canada. Manual ATES zone “benchmark maps” for each area were made-mdependendy leveloped
collaboratively by threefield experts.. intoa-sih
area-Thebenchmark maps were usedas a validation datasetto tunetheinput parameters ofAuteAIESAutoATES to the local

characteristicsof eachstudy area. AutoATESAUt0 ATES v.2.0 maps were then produced for the same areas, compared to these
benchmark maps (Figure 142) andfound to agree with 74.5% of Connaught Creek and 84.4% of Bow Summit ATES ratings
865 (Sykesetal., 2024).

(a)

Automated ATES

__] Formatted: Space After: 0 pt, Keep with next

ATES Class
on-avelancre (o) [ Smete (1) [l Chotenging (2 [l comptex ) [l Extrome j¢y
ATES Benchmark Map
Eigure 14: A validation study comparing manual versus automated ATES mapping (Sykes et al., 2024) where the AUtoATES map € { Formatted: Caption, Left, Space After: 0 pt

agreed with 84.4% of the manual “benchmark” map.

870

One of the biggest advantages of automated ATES zone mappingisthat it can downscale zones to a much higher resolution«-- {_Formatted: Space After: 0 pt

than is practical with manual mapping. While it is possible to manually downscale to-a smaller zonesseale, thisrequires a level
of-effortthatmaynotbe costeffective, particularly in synoptic or meso scale areas such-asaregion-orrange-(Table 11). This
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875 limitsthe scope of manual mappingin comparison to automated mapping, which can cover entire mountain ranges consistently,
and at smaller scales.

5.4  Presentation s ( Formatted: Space After: 12 pt

ATESratings can be displayed visually on maps or marked-up photos as Areas, Zones, Corridors or Routes (Table 10 Figure

120). Coloured lines and/or transparent polygons with fuzzy set boundaries can illustrate ATES ratings, ideally with the
880 underlying ATES terrain attributes stored (Sharp etal., 2023). Fuzzy set boundaries incorporate uncertainty by overlapping

and fading theboundary 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, numbersand colours. Backcountry

recreationguidebooks, brochures and online information commonly use textual ATES ratings asanadjunct to a detailed route
885 description, map and other important information about a specific route.

6 Limitations D ( Formatted: Space Before: 24 pt, After: 12 pt

ATES is an avalanche terrain assessment and communication system that relies heavily on expert knowledge and judgement
(Toft et al.,, 2024). Despite developmentsto make it more deterministic and-deskiop-based-(Campbell and Gould, 2013),
applyingand using ATES remains primarily anexercise in judgement thatrequires ground truthingand peer review. Although

890 ATES incorporatesthe terrain parameters necessary for avalanchesubjectmatter expertsto capture their interpretation of the
avalanche terrain, interpretations vary between individuals and can lead to inconsistency in application:application, i.e., two
experts rating the same avalancheterrain using ATES may have different results. These differences highlight the subjectivity
in manual ATES ratingsand the challenge of havingmultiple individuals produce consistent ATES ratingsandmaps (Sykes
etal., 2024, Schmudlach and Kéhler, 2016b8).

895 Manualinterpretation of geospatial data combined with observed terrain parametersis 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-exposure-is known-and-the assessment focusses on a linear
routepredefined line or corridor where the exposure is known, rather than allthe terrain in anthe area_where the exposure

varies. In these areas, costs can be justified relative to the large number of backcountry users (Larsenetal..2020: Sykeset al, s ted [GS70]: (AR)

900 2024)and terrain familiarity of local experts, but this is impractical for large swaths of mountainous terrain. Sy nopticlandscape
scale ATES zone mappingis not practical usingmanual methods, and the development of autcATESAUtoATES (Toftetal,
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 plans a route on the map (explicit or conceptual), or

905 uses blue dot navigation, then a location becomes evident, and the ATES ratings can be related to that spot. AFES-and
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mﬂngssa#b&uuhzedigmnp-pla;mmg—Modern -d |g|tal mapping appllcatlonsthat enable route plannmg 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
thateir route intersects with the ATES ratings.\Wi

avalanche terrain maps. Research confirms that starting zone and runout zone modelling is_sensitive to DEM type and ... [ C ted [GS71]: (AR25) highlight importance of DEI
. . . . . .. . . resolution

always necessary formodellingavalanche 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 ofthe 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.
Aeeeeee e see e es eSS ARS8 8528852555255t [ Formatted: English (United States)

87 Conclusion DR — {_Formatted: Space Before: 24 pt, After: 12 pt

Terrain ratingsystems 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-recreational users plan and
executetheiractivities by simplifying complex terrain attributes into easily understood categories that can be used to manage
risk and improve the experience.

Recreational Backcountry avalanche risk isa complex interaction between snowpack, terrain and people, where terrain is the
only factorthat is constantovertime. It is often said that “when-tastable snow is the problem, terrain is the solution” and for
decades professional mountain and ski guides have considered terrain assessment and 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 is

challenging. asthe sub|ect |sc0mplex with manytechnlcalvarlablesthatare easﬂy Iostugonthetargetaudlence he classic
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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 thisisonly 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 Hhigh 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 2004asasimple 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 autoATESAUtOATES algorithm enabled landscape scale mapping of ATES ratings, enabling more accessible,
widespread ATES mapping. Today, AutoATES technology can be used to automatically classify large, synoptic scale areas

while manual ATES methods can be applied to smaller scale projects or for specific routes, where the input and accuracy of
the human touch is necessary.

This paperintroduces ATESv.2, which builds on 20 years of operational experience using ATES as a risk management tool
in avalanche safety practices for public recreationand workplaceavalanchesafety. The updated five-level ATES adds Class 0
— Non-Avalanche tTerrain and Class 4 — Extreme tTerrain to the original three-level system. Additionally, ATES v.1/04 and
the ATES ZoningmedelZoning Model have beenare combined intoa single TFechnicalMaedelTechnical Model forassessment,
with two corresponding Cemmunication-MedelCommunication 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 routescan begiven a terrainrating, or series of ratings, to accompany a route description; in the same way thatsimilar
to-how rating systems are used for rock climbing and whitewater.

8  [Code availability)

- C ted [GS73]: (EB3) (HPM) autoATES code

AutoATES 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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GS was the original creator and author of ATES v.1/04 and led the implementation of Parks Canada’s initial application of<-.... 0" + Indent at: 0.3"

ATES to backcountry tours and waterfall ice climbs in Canada’s national parks. CC developed the ATES ZoningMaodelZoning ‘Mce After: 0 pt

Modeland was the first to apply te-apphyspatial ATES ratings on maps-mapping through his work with Avalanche Canada.
Both authors have continued to develop and apply the ATES method to recreational and workplace applications, and both
helped to develop the validation dataset for auvtocATESAUt0OATES. GS led the development of this manuscript with support
from CC.
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