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ABSTRACT: Those traveling in the winter backcountry expose themselves to avalanche danger,
where the interplay of triggering probability and potential consequences of being caught determines the
individual risk. To assess the risk, the focus is on the sections particularly exposed to avalanche danger,
so-called cruxes. At a crux, the probability of triggering as well as the possible consequences of an
avalanche are estimated by assessing the stability of the snowpack (failure initiation and crack propa-
gation) and the characteristics of the terrain. In general, there are different approaches, ranging from
pre-tour planning to on-site decision-making, which are applicable for beginners as well as experts.
However, navigating the multitude of information, observations and assessment tools is a challenge.
This requires a comprehensive view and a structured yet flexible approach. To address this issue, we
introduce the RiskCheck framework, which systematically focuses on key issues related to avalanche
triggering probability and the consequences of an avalanche, culminating in a graphical risk analysis.
This modular framework allows flexibility and continuous refinement to adapt to further information and
observations. On the one hand, we propose an automated to semi-automated application of the Risk-
Check that uses digital avalanche terrain maps and up-to-date information from the avalanche bulletin
as a starting point, with subsequent refinement and adaptation by the user following a Bayesian ap-
proach. On the other hand, we show how simple rules of thumb and process-oriented approaches can
facilitate risk assessment in the field using the same framework. The integration of both automated and
manual procedures provides an approach to backcountry risk assessment that considers the inherent
uncertainty associated with the problem. The proposed framework ensures consistency across different
information sources and application scenarios which also allows a smooth transition from automated to
manual application. In summary, the RiskCheck provides a versatile tool to assess avalanche risk by
promoting risk-based decisions with a universal approach (probability x consequences) based on the
current state of knowledge on avalanche release.

KEYWORDS: avalanche risk assessment, avalanche terrain, avalanche hazard evaluation, Bayesian
framework, decision-making

1. INTRODUCTION Assessing avalanche risk in the backcountry re-
quires repeated evaluation, from pre-tour plan-
ning to decision-making in front of a crux slope. It
R _ X involves continuos adaptation to changing condi-
lanche risk is influenced by the interaction of av-  jons and new information. This adaptive process
alanche release probability and potential conse- reflects a Bayesian approach as suggested e.g.

guences (Schweizer et al., 2023; Brindl et aI_., by Ebert (2019), McClung (2011), and Sykes et
2018). Key to understanding the release probabil- al. (2023). Digital technology now enables the au-

ity is_ a}s_sgssing the stability of th? snowpa_ck (fai!- tomation of various steps in the assessment pro-
ure initiation and crack propagation) and its vari- cess, particularly in planning. The challenge

ggi‘éy eltcrohss the slopf)e (Reutler arr:d Shchwe|zer, ahead lies in seamlessly integrating automated
). In the event of an avalanche, the conse- -4 manual assessments.

guences depend mainly on the size and type of

avalanche, the terrain in the avalanche path and ~ To address the complexities of avalanche risk as-
the number of people exposed. sessment, we introduce the RiskCheck tool. It
builds on a graphical risk analysis approach (Har-
vey et al.,, 2018b) and the DCMR method pre-
sented by Reuter and Semmel (2018) and Reuter
et al. (2021), and focuses on the elements of risk

» Corresponding author address: and the key questions to assess them.
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assessment, which can then be refined manually.

Winter backcountry recreationist expose them-
selves to avalanche danger and take a risk. Ava-
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2. RISKCHECK

The risk of an avalanche accident is determined
by the probability of triggering an avalanche (dan-
ger) and the potential consequences. Once the
danger and the consequences are estimated for
a particular crux, precautionary measures that
can reduce the risk need to be considered. The
RiskCheck serves as a guideline through this pro-
cess by addressing the key questions and pre-
senting the answers in a graphical risk analysis.

The key questions in Figure 1 guide the assess-
ment of release probability (danger; blue) and the
estimation of the consequences of an avalanche
release (pink). Combining these assessments
provides an initial risk evaluation (ochre), which is
then refined by considering precautionary
measures (purple). This approach outlines the
following risk analysis process:

1. Identify and assess the danger

2. Assess the consequences

3./4. Consider precautionary measures, evaluate
the risk

More details on the RiskCheck are given in Har-
vey et al. (2023b).

2.1 Assessing release probability (danger)

The assessment of the release probability ranges
from “minor” to “major” and is to be understood as
follows:

- Minor: Favorable avalanche situation with no
pronounced avalanche problem. The snow
stability is generally good.

- Major: Obvious avalanche problem, with clear
indication for widespread poor snow stability,
for instance, signs of instability are frequent.

An initial rough assessment is made using infor-
mation from the current avalanche bulletin (dan-
ger level, avalanche-prone locations, avalanche
problem type) and the terrain properties (slope
angle). The graphic reduction method, GRM
(e.g., Harvey et al., 2009) or similar approaches
can serve as a quick and brief assessment aid.
Further, simple observations, such as signs of in-
stability or recent tracks, provide additional infor-
mation on the probability of triggering an ava-
lanche. In most cases, this initial evaluation, is
sufficient to assess the danger (light blue shaded
criteria in Tab. 1).

If the initial assessment is not conclusive, further
local observations on snowpack stability are ana-
lyzed: detailed assessment. Here we focus on av-
alanche formation processes, particularly the
slab-weak layer combination, and consider cur-
rent avalanche problems. This approach helps us
estimate whether a failure can be initiated and, if
so, whether and how far a crack may propagate.
Practical criteria for assessing the release proba-
bility are listed in Table 1.

Table 1: Criteria for assessing release probability.
Light shading indicates initial assessment criteria
(top), while criteria for in-depth analysis of the re-
lease probability are listed in dark shading (bot-
tom).

Tendency towards «minor» Tendency towards «major»

- Danger level 1
- No signs of instability, even

though when breaking trail
for a long period

- <30° around track

- Entire slope ¢ 35°

- GRM «green»

- Many tracks present

- Favorable avalanche situation
- Weak layer deeper than 1 m
- Favorable layering

= No slab or no weak layer or
weak layer above slab
> good stability results

- High variability of snowpack,

due to:

- Danger level 4
- Signs of instability are

frequent.

- more than 35° around track
- Parts of slope » 35°
- GRM «red»

- Distinct avalanche problem
- Weak layer in the upper meter
- Unfavorable layering

o Large, faceted grains in
the weak layer with well
bonded slab above

o poor stability results

- Low variability of snowpack,

due to:

= Uniform terrain
o Seldom travelled

= |rregular or rough terrain
o Frequently travelled

2.2 Assessing consequences of avalanche
release

In the event of an avalanche, both its size (vol-
ume) and type as well as the terrain crucially de-
termine the consequences, which can range from
"mild" to "severe":

- Mild: Complete burial is unlikely, and no seri-
ous injury is expected.

- Severe: Serious or fatal injuries are likely,
such as those resulting from a fall. Deep burial
is probable due to large avalanche size and/or
terrain trap, making a quick rescue impossible.
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Consequences of avalanche release
mild: not completely buried, uninjured
severe: deep burial, fatal injury

How large is the slope?

Large slope (above) is unfavorable.
What is below?

* Obstacles in the avalanche path

« Terrain trap or danger of fall

Are several persons affected?

« Safe grouping spots?

* s only one person exposed at a time?

severe

How much snow is released?

Deep burial or high mechanic forces with large
SNOW Masses

Other factors?

« Hardly any escape possibilities

« Difficult conditions for rescue

Consider precautionary measures l

mild

o 4+

Not recommended, choose alternative

" May be feasible considering risk reducing measures.
(=) Trainingand experience required! Inexperienced
should avoid this area!

Exponential
increase

@ Relatively safe at acceptable residual risk

high risk

low risk

©

minor

Danger: Release probability
minor: favorable avalanche situation
major: weak snowpack, spontanous avalanches

How important is the danger?

Look for clear indications from the following elements:
* Avalanche bulletin

* Slope angle

« Signs of instability in the last 24 hours

* Fresh tracks

* Travel frequency

Refine danger assessment:

Avalanche problems, avalanche formation
processes

* |s there a weak layer? Can a failure be initiated?
Typical: buried faceted snow surface or surface
hoar within the upper meter of the snowpack.

e |s there a slab? Does it support crack
propagation?
Typical: at least slightly bonded layers above the
weak layer

o Is the snowpack of the slope uniform?
Typical: low variability favours widespread crack
propagation

e Other hazards?
Is the group threatened by
additional hazards? Natural
release, remote triggering, serac
fall, other peoble? etc.

Figure 1: RiskCheck with assessment criteria and key questions 1.) avalanche release probability (dan-
ger), 2.) consequences of avalanche release, 3.) precautionary measures, and 4.) risk assessment.
The QR code links to a web page where different worksheets can be downloaded.
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The consequences of an avalanche primarily depend
on the terrain, particularly the size of the slope, the
amount of snow that will be moving and the terrain
characteristics in the avalanche path. The conse-
guences increase if several people are caught. A
rough assessment involves estimating the slope size,
identifying terrain traps, and making sure that only
one person is on the critical slope at a time while the
others wait in a safe spot — if possible.

A supplementary assessment considers the ex-
pected amount of snow to be released. Slab thick-
ness is crucial in determining the size of the ava-
lanche and its burial potential. Additionally, rescue
options and escape possibilities must be taken into
account. Poor visibility or remoteness may compli-
cate the rescue. Criteria for assessing the conse-
guences are listed in Table 2.

Table 2: Criteria for assessing consequences. Light
shading indicates initial assessment criteria (top),
while additional criteria for detailed evaluation of the
consequences are listed in dark shading (bottom).

Tendency towards «mild» Tendency towards «severe»

- Slope less than 2om in
elevation

- Slope is below me.

- Slope more than 100min
elevation

- Slope is above me.

- Smooth runout /
no terrain trap

- Terrain trap / boulders or
trees in avalanche path

- There are safe spots to
gather group between
exposed sections.

- There are no safe spots to
gather group or they are far
away from the slope. Hence
several people might be

caught.
- Shallow fracture depth - Widespread and deep
expected, approx. 20cm fracture expected

- Quick and effective rescue is
possible.

- Poor visibility, remoteness,
no effective rescue possible

- Hardly any escape possibilities
when caught by an avalanche

- Good escape possibilities
available (small slopes)

3. SEMI-AUTOMATIC APPLICATION

When assessing the probability of avalanche release
and its potential consequences, key questions can
be addressed automatically. Initially, the probability
of an avalanche release can be estimated as a prior
using the danger level from the avalanche bulletin,
including critical aspects and elevations. Terrain in-
formation obtained from avalanche terrain maps de-
rived from high-resolution digital elevation models al-
lows for a brief estimation of the consequences. By
applying a Bayesian approach, this initial assess-
ment (prior) can be continuously refined with addi-
tional information and its likelihood. This methodol-
ogy mirrors the assessment of crux slopes in prac-
tice. We utilized this approach to apply the Risk-

Check semi-automatically for an initial rough assess-
ment and thus to standardize the evaluation of the
avalanche risk.

3.1 Data

The following data were used to determine likeli-
hoods for refining and updating prior assessments
using the methodology outlined below.

We used a dataset of 566 snow profiles from Davos,
which includes detailed information on snow stratig-
raphy, avalanche activity, whumpf sounds, and
shooting cracks in the vicinity. This dataset has been
previously used by Schweizer et al. (2021b) and
Mayer et al. (2022) and is accessible through
Schweizer et al. (2021a). From these 566 profiles, we
selected those with either a "good" or "poor" stability
rating, based on the observation variables: Rutsch-
block (RB) score, RB release type, and stratigraph-
ical threshold sum (Schweizer et al. 2008). This re-
fined dataset comprised 381 snow profiles. We then
assigned a binary release score variable correspond-
ing to “good” or “poor” stability. The proportion of this
score to recent avalanche activity and whumpfs or
shooting cracks is illustrated in Table 3.

Table 3: Proportion of signs of instability in the vicinity
and the release score variable from 381 profiles.

Release Recent ava- Whumpf or
score lanching shooting cracks
0: good stability 29% 28%
1: poor stability 71% 72%

To estimate the consequences of an avalanche re-
lease, we used a dataset of human-triggered ava-
lanches. The dataset included parameters such as
outcome for people involved (dead, injured), eleva-
tion differences from highest to lowest point of ava-
lanche, fracture depth, burial depth, and terrain type
in the avalanche path. As above, we assigned a bi-
nary consequence score variable: accidents resulting
in no or minor injuries were labeled as “0” (mild con-
sequences), while those involving fatalities, severe
injuries, or deep burial were labeled as “1” (severe
consequences). The final dataset comprised 1505
human-triggered avalanches. Avalanche size and
fracture depth increase the severity of an avalanche
involvement (e.g., Schweizer and Lutschg, 2001).
The relation between the consequence score and the
two key variables elevation difference (indicating av-
alanche size) and fracture depth are illustrated in Fig-
ure 2. The distributions are significantly different
(p <0.001).
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Figure 2: Distribution of elevation difference and
mean fracture depth for the consequence scores 0
(mild consequences) and 1 (severe consequences).

3.2 Method

To apply the RiskCheck semi-automatically we used
a Bayesian approach. Bayes' theorem (Eqg. 1) is a
fundamental principle in probability theory and statis-
tics that provides a way to update the probability of a
hypothesis as new information becomes available. It
combines prior knowledge, in our case an initial as-
sessment of either avalanche release probability
(danger) or consequences, with new information
(likelihood) to provide a revised probability (poste-
rior). The theorem is expressed as:

P(0|A) P(A) _ P(0|A)P(A)
P(0)  XrL,P(0lA)P(A)

P(4]0) = (Eq. 1)

where P(A/0) is the posterior probability, P(0/4) the
likelihood, the probability of observing O given A4,
P(A) the prior probability, the initial assessment be-
fore seeing new data, P(0) the overall likelihood of
observing 0.

In our case, we applied this method using Beta dis-
tributions (Beta(a, B)), which yield continuous proba-
bilities. The two parameters, o and p, were deter-
mined based on estimates of major or minor release
probabilities, and severe or mild consequences. For
all Beta distributions, the minimum of one of the two
parameters was set to 2. The method was imple-
mented as follows.

Release probability (danger)

The prior distribution P¢4) was derived from the ava-
lanche danger levels. Here, the proportions of “poor
or very poor” to “good” snowpack stability reported by

Techel et al. (2020) were used as a reference to de-
fine the parameters of the Beta distribution for each
danger level (Fig. 3).

N\ —— Danger level 4
[\ Danger level 3
51 [\ Danger level 2
[\ Danger level 1

Density of distribution

0.0 0.2 0.4 0.6 0.8 1.0
Estimated release probability

Figure 3: Prior Beta distributions for each avalanche
danger level 1 (low) to 4 (high).

The likelihood distribution P(0/A)was informed by lo-
cal signs of instability, such as recent avalanches,
whumpf sounds, and shooting cracks. The dataset of
snow profiles (n=381) was filtered based on the se-
lected observations (new information). From this sub-
set, the proportion of release score classes was used
to parameterize the Beta distribution. Figure 4 shows
the semi-automatic procedure for estimating the re-
lease probability (danger) including the possible ob-
servation class to generate a likelihood distribution
from the data.

Prior danger:
automatic estimate

-
v ~
7 N
/ \

Data

Shootlng cracks

/ Avalanche actl\nty
/ and/or Whumpfs /

C.' 18

[ Semi-automatic estimate ]

of danger (posterior)

Figure 4: Procedure for estimating the release prob-
ability (danger) by updating a prior belief with new
data. The white blocks show possible observations to
select.

1442



Proceedings, International Snow Science Workshop, Tromsg, Norway, 2024

The posterior distribution expressing the semi-auto-
matic estimate of release probability (danger) was
calculated from the prior and likelihood distribution
using Eq. 1 (Fig. 5)
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0.025- Posterior
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0.0 0.2 0.4 0.6 0.8 1.0
Avalanche release probability

Figure 5: Example of calculating the release proba-
bility at a given danger level 2 (moderate) as prior
(red curve) and the likelihood from the new infor-
mation of observed avalanche activity (blue curve)
resulting in a posterior estimate (yellow curve). The
error bars represent the 25" and 75" percentiles,
with the point indicating the median, of the prior and
posterior release probability.

Consequences of an avalanche release

The prior probability of the consequences was de-
rived from a raster map layer representing the con-
sequences, as part of the avalanche terrain maps
calculated by Harvey et al. (2018a) and Harvey et al.
2024). The parameters for the Beta distributions
were obtained from the distribution of pixel values
from this consequence raster intersecting the auto-
matically detected crux area of the route according to
Harvey et al. (2023a).

To derive the likelihood distribution for the conse-
guences we used the dataset of human-triggered av-
alanche accidents (n=1505). The dataset was filtered
according to the selected observation, such as ele-
vation difference, mean fracture depth and terrain
characteristics in the avalanche path summarized in
a variable indicating a terrain trap (Fig. 6). The pro-
portion of the consequence score classes from the
filtered data was used to determine the parameters
of the Beta distribution.

The posterior distribution was calculated in a manner
analogous to the release probability.

Prior consequences:
automatic estimate

< N
/ 4 =
Data / R \
L2 \
. %
/ Delta Elevation S M
<60m 100-200m / Fracture depth
50:700m | >200m <30cm | 50-70cm
\ 30-50cm >70cm
Terrain trap \ y
yes | all ~ .
S N Q
P+ s

'Y '
Semi-automatic estimate
of consequences (posterior)

Figure 6: Procedure to estimate the consequences
by updating a prior belief with new data. The white
blocks show possible observations to select.
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Consequences of avalanche release

Figure 7: Example of calculating the consequence
probability for a crux using the White Risk platform.
Red: prior density. Blue: likelihood from the data as-
suming an elevation difference of >200 m. Yellow: re-
sulting posterior estimate. The error bars represent
the 25" and 75" percentiles, with the point indicating
the median, of the prior and posterior consequence
probability.

3.3 Example

The automatic initial analysis of release probability
and consequences can be refined with additional in-
formation using the procedure described above. The
RiskCheck scheme illustrates how these two compo-
nents and their adjustments (Fig. 5 and 7) contribute
to the overall risk. Figure 8 illustrates the automatic
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initial assessment (prior) in red and the adjusted as-
sessment (posterior) in yellow after incorporating ad-
ditional information manually.

2 High risk
>
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D 1
£ |
& :
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Low risk
=}
© .
minor h major
Danger
Release probability

Figure 8: Example of a semi-automatic crux assess-
ment using the RiskCheck. The initial assessment
(red) is based on moderate avalanche danger (level
2) and the calculated consequences at a specific
crux. Incorporating observed avalanche activity and
an elevation difference of more than 200 m, the as-
sessment was updated (yellow).

This preliminary semi-automatic assessment should
now be manually refined using on-site observations
and personal judgment. Additionally, appropriate pre-
cautionary measures that reduce both the release
probability and potential consequences must be in-
corporated into the risk assessment to make a well-
judged decision.

4. DISCUSSION

Our objective was to present the RiskCheck tool and
to demonstrate the potential for a semi-automatic risk
calculation.

The semi-automatic approach employs a Bayesian
framework for an initial assessment of danger and
consequences. This approach mirrors the real-world
decision-making process in backcountry avalanche
terrain, where prior beliefs are continuously updated
with new information. Applying practical scenarios
showed that the semi-automatic method provides
reasonable rough estimates. One of its key ad-
vantages is, that it provides users with an automati-
cally generated initial "guess", which can then be re-
fined using simple, yet decisive factors related to re-
lease probability and consequences. This is particu-
larly valuable during trip planning, as it allows users
to interact with an automated system before moving
on to a detailed manual assessment — if needed at

all. Furthermore, the suggested approach effectively
manages uncertainties, offering a probabilistic range
for the rough assessment.

This semi-automatic procedure integrates seam-
lessly into the RiskCheck. The initial rough assess-
ment can be refined manually by addressing the
same key questions and issues. The RiskCheck en-
ables beginners to grasp essential principles of risk
assessment and apply the tool using simple rules of
thumb.

In addition to the graphical analysis (Fig. 1), the Risk-
Check can be visualized through a simple hand ges-
ture with our thumbs. This simplified visualization
clearly demonstrates that both elements of risk—
danger and consequences—must be considered and
combined (Fig. 9). The right thumb represents the as-
sessed release probability (danger): a thumbs-up in-
dicates a "favorable" avalanche situation with a low
probability of release, while a thumbs-down signals
an "unfavorable" situation with a high probability of
release. The left thumb represents the potential con-
sequences: a thumbs-up suggests that, in the event
of an avalanche, no injuries or burial are expected,
while a thumbs-down indicates severe conse-
quences, such as deep burial or fatal injuries. The
overall risk is determined by the combined positions
of both thumbs. If the average position points down-
ward, the risk is high, indicating that an alternative
route might be a safer choice. This intuitive gesture,
much like using emojis, makes the assessment easy
to teach and effective for communication during a
tour.

Consequences
of avalanche release

minor major

nger

©]
o ® -0-&B------1
d o @ © QQQ

Figure 9: Simplified RiskCheck visualization through
hand gesture with thumbs.

The RiskCheck tool provides a versatile guide for risk
assessment, suitable for both beginners and profes-
sionals, whether for planning or assessing individual
crux slopes during tours. The combination of semi-
automatic and manual refinements enhances accu-
racy and reduces errors. The process remains trans-
parent and consistent across different scenarios, en-
suring a smooth transition between automated and
manual applications.

However, the semi-automatic application has its lim-
itations. The estimated prior distribution for ava-
lanche release probability relies on avalanche dan-
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ger levels from regional forecasts, which do not ac-
count for slope-specific conditions. Nevertheless, the
danger level can be considered as a prior estimate
(Schweizer et al., 2023). Additionally, the accuracy of
the underlying map layers used to derive the prior
distribution of consequences is limited due to limita-
tions of the simulation output. Therefore, updating
the system with new information from the user en-
hances its accuracy.

Finally, manual interpretation is subject to human bi-
ases, which can impact the risk assessment.

5. CONCLUSION AND OUTLOOK

The RiskCheck provides a consistent framework for
risk assessment that structures the decision-making
process and focuses on key issues. The tool also
supports automated assistance in trip planning,
providing real-time estimates of avalanche risk. Re-
fining the suggested Bayesian framework and im-
proving data selection could further enhance this
semi-automatic approach.

The next step is to integrate this method into the
White Risk tour planning portal (whiterisk.ch), ena-
bling real-time avalanche risk assessment at auto-
matically detected cruxes.
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