Reply to editor

Dear Pascal,

We have revised our manuscript in response to the thorough reviews provided by Grant Statham
and Erich Peitzsch. We applied the technical and specific corrections suggested by the reviewers as
stated in our earlier author responses (attached below). Additionally, we reviewed our manuscript
and adjusted language and grammar where we saw fit (without changing meaning or context). For
a detailed comparison, please refer to the attached latexdiff.

Below, we outline the more substantial revisions we made in alignment with the general comments
from both reviewers. Line numbers refer to the updated manuscript for clarity.

We sincerely appreciate the valuable input and patience from you and the reviewers throughout
this process. We hope the revised manuscript satisfactorily addresses all comments.

Best regards and a Happy New Year,

Karsten, Frank, and Christoph

General comment

Erich Peitzsch commented that the focus of our study is regional avalanche forecasting and the
consistent determination of the avalanche danger level. We use now "avalanche danger level"
explicitly through the text wherever applicable e.g.,

Line 57: "With the aim to increase consistency between forecasters and warning services when
deciding on an avalanche danger level for a region,..."

Line 116: Section title "Factors and workflow to determine avalanche danger levels"

We addressed the general comment on "scale" by Grant Statham in the following sections:

Line 181-191: "In theory, the EAWS workflow requires forecasters to estimate the frequency
distribution of snowpack stability classes across all points in avalanche terrain within a warning
region. Independent of the spatial scale of the forecasting problem, assessing snowpack stability
has traditionally relied heavily on observations of avalanche activity, signs of instability, and
stability test results (Reuter and Schweizer, 2018). More recently, this has been complemented by
stability information extracted from one-dimensional physical snowpack models (e.g., Mayer et al.,
2022). In practice, estimating snowpack stability at every point in a large region is yet impossible.
Forecasters therefore infer the distribution of stability classes across a region by combining sparse
point observations and model data (when available), and their expertise and intuition. The
estimated proportion of potentially unstable points, relative to a specific triggering level, reflects
the likelihood of triggering an avalanche at a random point in avalanche terrain. This likelihood,
combined with the potential avalanche size, determines the regional danger level. This approach
aligns with the hazard chart in the CMAH, which categorizes avalanche danger based on the
likelihood and size of avalanches (Statham et al., 2018)."



We added another bullet point to our list of recommendations in the discussion.

Lines 631-633: "Adjust size of warning regions: Spatial units for regional forecasting should be of
comparable size and fall within a standardized range of square kilometers, ensuring consistency.
Their boundaries should be determined based on the availability and density of relevant data."

We addressed the general comment on "frequency distribution" by Grant Statham by consistently
using the term "frequency distribution" throughout the text. We also updated and extended the
"Background" section to highlight the difference between frequency distribution of snowpack
stability and spatial distribution of avalanche problems:

Lines 192ff: "Avalanche problems, such as persistent weak layers or wind slabs, describe typical
avalanche scenarios and are integral to avalanche danger assessment. However, these problems do
not directly correspond to specific snowpack stability classes, which vary spatially and temporally.
For example, a persistent weak layer may be widespread, but snowpack stability could range from
very poor in a few locations to poor or even fair elsewhere. Thus, the presence of an avalanche
problem does not necessarily equate to a specific snowpack stability class at any given location.
While the EAWS Matrix focuses on the frequency distribution of snowpack stability classes
associated with specific avalanche problems, the CMAH emphasizes the spatial distribution of
avalanche problems. This distinction highlights the key difference between these two approaches
currently in use."

Lines 317-320: "The workflow is specifically designed for regional avalanche forecasters. It
assumes that the forecast area is large enough to encompass multiple mountains, elevation zones,
all aspects, and varied terrain features, such as ridges, gullies, and open slopes. Consequently,
terrain is not treated as an independent factor."

We added a separate section on "Decomposing the avalanche forecasting task".

Lines 220-235: "The workflow introduced by the CMAH and adopted by EAWS decomposes
regional avalanche forecasting into smaller, more manageable components. This decomposition is
generally expected to improve the accuracy of forecasts, as breaking down complex tasks can lead
to more precise estimates (MacGregor, 2001). However, as noted by MacGregor (2001, p. 107),
"Decomposition should be used only when the estimator can make component estimates more
accurately or more confidently than the target estimate.

The accuracy of human estimates depends on various factors, including the quality of available
data, the forecaster's expertise in interpreting the data, and their understanding and consistent
application of the predefined categories (Stewart, 2001). In a regional avalanche forecasting
context, these categories describe snowpack stability, the frequency of the lowest stability class,
and the largest expected avalanche size (Tables 2-4), the key inputs to the EAWS Matrix.
Inconsistencies in category assignments among forecasters can reduce the quality of the resulting
forecast, particularly the accuracy of the avalanche danger level (Murphy, 1993; Techel et al., 2024)."

We tried to explain the deviations seen in the Swiss data in more detail as requested by Grant
Statham:

Lines 444-447: "In Switzerland, however, forecasters assessed factors and D independently,
without directly referencing the EAWS Matrix. This approach is similar to the North American



system, where factors (e.g., likelihood and avalanche size) are evaluated for each avalanche
problem on the hazard chart, but where the final decision on D remains with the forecaster as no
clear assessment rules are defined (Clark and Haegeli, 2018). Comparing Swiss forecasters choice of
D given the selected factor combination, D frequently deviated from D1 in the EAWS Matrix.
However, absolute differences were generally minor as forecasters most frequently selected the
sub-level closest to D1 (Techel et al., 2024, for a description of sub-levels used in Switzerland refer
to Techel et al. (2022))."

Figure 2: Capital letter in axis title: "Avalanche size".
Figure 6: We changed the column titles to "Adhere to D1" and "Deviate from D1".

We re-named figures according to their appearance in the text by adding "fig##_" as a prefix to the
filename.

PS: We attached our earlier replies to the two reviewers for completeness on the following pages.



Reply to Grant Statham

We sincerely thank Grant Statham for his thorough and constructive review. Please find our
answers to each of the points raised below.

General comments

Scale

| think a discussion on scale and scale issues is necessary for this manuscript. The concept of scale,
and in particular the “point scale” is missing, yet measurements at the point scale are fundamental
to this proposed EAWS matrix. The proposed “frequency of snowpack stability” method is based
on the frequency of point scale measurements, yet this is unclear because snow stability is
traditionally thought of as a “slope stability” estimate, and well-established systems exist in
different countries for estimating it (CAA, 2016; AAA, 2022).

Reuter et al. (2015) state that “snow slope stability describes the mechanical state of the snow
cover on an inclined slope” then further add that “the link between point observations of snow
stability and snow slope stability is not clear” and that “the point stability scale is not even well
defined”. Reuter and Schweizer (2018) state “a description of snow instability at the scale of the
snow cover or a point in the terrain is much needed, yet presently lacking” and present a first
framework for doing so. The Conceptual Model of Avalanche Hazard (Statham et al., 2018)
describes spatial scales used in avalanche forecasting, but the point scale is missing at the lowest
end. Techel et al. (2020) state “the probability of avalanche release refers to a specific location and
relates to the local (or point) snow instability”. Thus, according to this, the probability of avalanche
release can only be determined in a single spot, until these spots are combined using the
frequency method proposed here. Schweizer et al. (2023) suggest a definition (redefinition) of
snow stability as “point snow stability refers to snowpack layering, propensity for failure initiation
and onset of crack propagation” and distinguishes this from “slope stability”. All of this to say that
although the concept of snow stability as a point scale measurement has been in development for
close to a decade, this is not well established in practice. The concept is crucial and needs to be
included here as it is the basis for this method. Scale issues are fundamental to avalanche
forecasting and thus some explanation is necessary in this manuscript and | suggest a section
dedicated to scale issues with an explanation and definition of snow stability as a point scale
measurement.

| think a discussion on scale and scale issues is necessary for this manuscript. The concept of scale,
and in particular the "point scale” is missing, yet measurements at the point scale are fundamental
to this proposed EAWS matrix. The proposed “frequency of snowpack stability” method is based
on the frequency of point scale measurements, yet this is unclear because snow stability is
traditionally thought of as a “slope stability” estimate, and well-established systems exist in
different countries for estimating it (CAA, 2016; AAA, 2022).

We agree that a standard definition of the point scale is currently lacking. However, we have the
impression that point scale is the commonly understood term when referring to the evaluation of
snowpack stability. We will provide or reference a definition of the point scale and incorporate it
into the concept of frequency [distribution] of snowpack stability. Avalanche danger can be



assessed across different scales. Regional public avalanche warnings are typically provided for
areas of 100-300 km2 and larger. Site-specific warnings are generally issued for one or several
avalanche paths, e.g., along a road section. Snowpack stability, however, is assessed at a single
point - usually by digging a snow pit to record a snow profile or conducting stability tests (e.g.
ECT, Rutschblock). The extent of this assessment is typically no more than about 2x2 m, which we
define as the point scale. Several studies validating avalanche danger levels rely on the frequency
distribution of snowpack stability at the point scale (e.g., Schweizer et al., 2003, Bakermans et al.,
2010). In theory, the EAWS workflow requires estimating stability assessments at all points within
a warning region. A higher frequency of unstable points corresponds to a higher likelihood of
triggering avalanches. This frequency distribution of stability classes (representing likelihood),
combined with the potential avalanche size, determines the danger level for the region — a
concept similar to the hazard chart in the CMAH. In practice it is impossible to assess the
snowpack stability at all points within a region of several 100 km2. Forecasters must extrapolate
and imagine the frequency distribution of unstable points based on available observations and
models. While the CMAH uses the spatial distribution of avalanche problems to assess danger, an
avalanche problem does not necessarily correspond to a fixed stability class in space or time.
Therefore, the presence of an avalanche problem is not directly equivalent to the snowpack
stability at a specific location.

Frequency of snowpack stability

This concept is awkward, and the method is mismatched with actual avalanche forecasting as is
done today. This is in-part due to the issues described above, where snow stability is not well
defined as a point scale observation and without that, the concept of frequency of snow stability
is hard to grasp. Frequency of snowpack stability is a quantitative method using the “frequency
distribution of points of snowpack stability” as a statistical measure of probability [Line 185: f (i) =
ni /n]. This method assumes one knows both ni and n, both of which are impossible to know
without snowpack modelling that is distributed across the landscape. This method is well suited
to compute a danger rating but requires snowpack modelling to supply the necessary data and
seems distant from actual avalanche forecasting as practiced currently, which uses observational
data and requires answering the question of “where” along with developing a mental image of
how snow stability is distributed across the terrain. “Distribution” is a much better term for this
concept in the English language and for avalanche forecasting specifically, where the question of
how snow stability is distributed across the landscape is one of the most fundamental questions
to be solved. Frequency of snowpack stability tries to partially solve this statistically, but the EAWS
Matrix is being applied by forecasters using observational data. The f formula is sound, but it will
better resonate with avalanche forecasters if the concept is termed “Distribution of Snowpack
Stability”. | suggest lines 181 — 186 be revised in such a way:

1. Snowpack stability (point scale)
2. Distribution of snowpack stability (estimated using Table 3, or calculated using frequency)
3. Avalanche size

We would like to begin by addressing the terminology. We agree that frequency distribution is
more appropriate in this context than frequency alone. Accordingly, we will update the
manuscript to use frequency distribution of snowpack stability when referring to the overall
distribution across all stability classes and frequency when discussing a single class, such as the
frequency of stability class poor. While frequency of snowpack stability is the current official term



within the EAWS, we will clarify in the text that we have updated this terminology for precision
and context.

We acknowledge that determining the exact frequency distribution of snowpack stability for a
region — especially for areas larger than a single mountain slope — is practically impossible.
However, it remains the ideal goal, and regional avalanche forecasters strive to assess it as
realistically as possible. While modeling may not completely resolve this challenge, it offers the
potential to provide more realistic spatial-temporal estimates than individual field observations
alone. We believe that the professional framework for determining regional avalanche danger
levels should reflect what theoretically needs to be assessed rather than obscuring these
requirements. For this reason, we will retain the technical and statistical definition of frequency
distribution and clarify that the sum of the frequencies for the four stability classes equals 1.
Additionally, we will emphasize the gap between what we aim to measure and what is practically
achievable, highlighting the irreducible uncertainties inherent in avalanche forecasting. In this
context, clear guidelines on managing incomplete information and addressing resulting
uncertainties, can help forecasters to tackle these challenges.

Lines 27-29: describe the preparation of regional avalanche forecasts as involving two steps: 1)
assessment of current and future avalanche danger, and 2) communication of future avalanche
danger. This is true for the assessment of avalanche danger, but not for the preparation of a
regional avalanche forecast, which also includes (depending on region) analysis of snowpack,
terrain, locations and avalanche problems. Avalanche danger is only one component of a regional
avalanche forecast and this paper focusses on the assessment of avalanche danger ratings. Please
revise this section to reflect a broader view of what preparing a regional avalanche forecast entails
or narrow the scope of the preparation down to avalanche danger ratings only. This same issue is
found on Line 67, where “regional avalanche forecasting” should be narrowed in scope to “the
assessment of avalanche danger ratings” and Line 72 where “the process of regional avalanche
forecasting” should also be narrowed in scope to “the standards for assessing avalanche danger
ratings”.

We re-phrased this section and narrowed the scope to assessing regional avalanche danger
ratings.

Lines 47-49: describe the importance of reliable avalanche forecasts in reducing damage and
loss, enhancing safety and mitigating risks. This is all correct but focuses solely on negative
consequences and ignores positive outcomes, which is half of the risk equation and a major
reason for public avalanche forecasts. It is not all about loss. In addition to preventing loss,
avalanche forecasts enable backcountry experiences by highlighting good conditions and
appropriate terrain choices, improving the experience for backcountry users. It is essential to not
only on focus on mitigation and loss, but also on gain and enabling the backcountry experience. |
would like to see this theme applied throughout this paper where appropriate.

We will add a reference to the positive effects of avalanche warnings.

Line 177: a better heading would be “Factors and workflow to determine avalanche danger
levels”

Changed as suggested to "Factors and workflow to determine avalanche danger levels".

Tables 2,3 & 4: | realize these are EAWS standards and perhaps not easily changed, but | suggest
you consider the following to make these crucial reference tables more applicable in practice.



These tables should provide enough reference to make assessments based on observational
evidence.

Table 2 - In general | find this table insufficient for making a proper assessment of snow stability.
EAWS 2022b Appendix A has much more detail and | suggest improving this paper’s Table 2 by
adding additional columns to aid in assessment (i.e., stability test results). — Make it clear that this
is a point scale assessment. — Change the Description of Very Poor to "very easy to trigger (e.g.,
natural)” to be consistent

We added the reference to the full table in the caption, but only reprint the short version here for
brevity. The updated caption is "Snowpack stability classes refering to the point scale, and the
type of triggering typically associated with these classes. For the full table, including typical
observations related to each class see EAWS (2022b, Table 1)". We changed the description as
suggested to "very easy to trigger (e.g., natural)”.

Table 3 - Consider showing the frequency equation f (i) = ni /n and add a column on the right
showing typical ni /n values.

Within the working group, we discussed in depth whether typical values should be shown
together with these definitions. In the end, we decided including some examples in the EAWS-
document describing the Matrix (Appendix B in EAWS, 2022b). However, the results shown there
are based on one or two services and from very confined regions. In addition the values diverge
substantially between stability tests and avalanche activity. We therefore concluded that they may
be more confusing than clarifying. Therefore, we prefer not to show exemplary frequency values
in this table.

Table 4 — Rephrase Size 1 be more concise, “Unlikely to bury or injure a person except in terrain
traps”.

This is taken from a standard. We only recite it here and will not change it. But we will take this
comment to the appropriate forum.

Line 430 - The SWI forecasters were instructed to assess the three contributing factors, but to
then ignore the EAWS Matrix and this led to a 46% deviation from the EAWS Matrix. This is a
substantial deviation and makes me wonder why. Please explain why there is such a large
deviation. Also Line 433 says that “forecasters largely concurred with the danger level proposed
by the EAWS Matrix”, except for SWI, which is the only service not linked to the matrix, where they
disagreed 46% of the time. | think this needs more explanation please.

In most of the analyzed warning services, forecasters utilized the EAWS Matrix to determine the
danger level (DL), typically aligning their choice with the first DL suggested by the Matrix.
Deviations from this initial DL were relatively rare in these services (see also Table 6). In
Switzerland, however, forecasters assessed factors and DL independently, without directly
referencing the EAWS Matrix to determine the DL. This approach is somewhat like the North
American system, where factors (e.g., likelihood and avalanche size) are evaluated for each
avalanche problem, but where the final DL decision remains with the forecaster as no clear
assessment rules are defined (Clark and Haegeli, 2018). While Swiss forecasters frequently
deviated from the first DL shown in the EAWS Matrix, absolute differences were generally minor
as forecasters most frequently selected the sub-level closest to this DL (for description of sub-
levels used in Switzerland refer to Techel et al. 2022). These findings are described in greater



detail, analyzing the second season after introducing the Matrix, in Techel et al. (2024). We will
provide these explanations in the Discussion section.

Line 443: This is just a comment, but the fact that “All warning services described stability most
often as poor when giving "D=2" is interesting because typically at D2, avalanche conditions are
generally stable except for a few locations, thus backcountry travel can be done in many locations.
This scenario shows that forecasters are assessing this D2 based on the frequency of poor
stability. Although this Matrix applies the concept of snow stability, the assessments of avalanche
danger ratings are actually determined and driven by the frequency of instability. This links to my
earlier comments about Lines 47-49 whereby this model is driven by negative consequences,
which is a bias towards instability and fails to appreciate stable conditions. No change requested,
just an observation which has followed me through this review and has made me wonder why
stability is not instead referred to as instability, when this is what truly drives the D assessment?

This issue has been discussed within the Matrix workgroup and among EAWS members. The term
stability works better in communication and direct speech, which to our knowledge also true for
the North American avalanche community. We would like to stick to the term stability. However,
we generally agree with your observation and concerns. We hope and agree that an avalanche
forecast has positive effects as you mention. However, the main task of an avalanche forecaster is
to identify the danger and where/when it is located.

Technical corrections:

Line 6: Changed to "promote" as suggested

Line 19: Changed to "...to improve the reliability, credibility and timeliness of avalanche
forecasts,..."

Line 44: changed to "forecaster's" Line 88: changed to "Except” Line 108: changed to
"frequency” Line 131: replaced reference a suggested

Line 158: fixed

Line 220: fixed Line 298: We added information on terrain: "The workflow is specifically designed
for regional avalanche forecasters. It assumes that the forecast area is large enough to encompass
multiple mountains, elevation zones, all aspects, and varied terrain features, such as ridges,
gullies, and open slopes. Consequently, terrain is not treated as an independent factor.”

Figure 3 caption: We replaced "the most vulnerable locations" by "the lowest stability class".

Line 306: Rephrased to "..we aggregated bordering warning services to groups of services when
using the same workflow and forecasting software."

Line 561: We replaced "imminent" by "crucial”. Line 635: Changed as suggested.
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Reply to Erich Peitzsch

We sincerely thank Erich Peitzsch for his thorough and constructive review. We tried to address
each point raised below.

General comments

In this study, the authors provided a thorough background on the European Avalanche Danger
Scale (EADS) and European Avalanche Warning Services (EAWS) Matrix development and
definitions, described the revised EAWS Matrix and associated methods of updating the Matrix,
and then presented relevant results of using the newly revised EAWS Matrix for one full season.
This manuscript is well written and logically organized. The methods are sound, and the results
are supported by sufficient evidence. The interpretation of those results is reasonable with
reference to existing literature. The recommendations section of this paper is very useful and
points to limitations of consistency by providing solutions. Overall, | think this is a valuable
contribution to the literature, fit well within this Special Issue, and should be published. | have a
couple of general comments for the authors to consider and a few specific and technical
comments as well.

| understand that this study focuses on evaluating the updated (current) EAWS matrix, its use and
consistency among forecasters, and compatibility with EADS, and not necessarily an evaluation of
the individual three key factors that determine the danger rating. As the authors point out,
consistency in forecasters’ evaluation or interpretation of the three key factors is crucial for the
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matrix to be used to its full potential. Indeed, the authors provide recommendations on how to
enhance the use of the matrix by improving consistency in the three contributing factors.
However, it seems that across the surveyed regions, a variety of input data (in-situ observations,
model output, meteorological data, etc.) exist. The authors mention the influence of input data
very briefly (lines 485-489), but the quality and quantity of input data plays a crucial role in
danger assessment and would potentially influence the assessment variability across forecasters
and regions. Can the authors provide information or comment on, generally, what data types
each region uses and/or provide evidence on how the assimilation process of various types of
data across regions may influence the classification of the three factors and ultimately the danger
rating?

We agree that the type and availability of relevant data and their spatial and temporal density
likely influences the assessment. To our knowledge, field observations, measurements from
automatic weather stations, and weather- and snowpack models are used to varying degrees in
different warning services. As we have not collected data regarding this, we are not able to relate
availability of various data sources to Matrix usage. While this could be interesting to investigate
in a future study, here we will not speculate on this.

The authors present a thorough summary on the evolution of EAWS and the EADS and provide
some geographic references to other non-European forecasting tools like the CMAH in North
America. However, there are no references to other avalanche sector decision making tools. In
other words, this study focuses on public avalanche forecasting operations, but not forecasting in
other sectors like transportation corridors, ski areas, natural resource industry, etc. Is the same
tool used for those sectors throughout Europe? | suggest being clear that this study focuses on a
matrix for public avalanche forecasting or state how using the EAWS matrix in those sectors
differs, if at all, from public avalanche forecasting.

You are right. The EAWS Matrix is solely applied in regional avalanche forecasting and not in
other operations such as guiding. We will update the introduction and background accordingly
and emphasize that we focus on regional avalanche forecasting.

Specific and Technical Comments

Figure 2: Consider adding a legend to the proportion scales for b) and c) that easily shows the
reader which colors represent higher correlation values.

On purpose, we avoided adding a legend to keep the figure compact but added actual values in
the cells instead. However, we noted that the explanation in the caption "Stronger color
saturation indicates a larger proportion of responses.” is erroneous. We will update the figure
caption to "Cells with stronger color saturation indicate cells with lower agreement (b) or fewer
responses (c)."

Figure 6: The use of D1 and D2 here is confusing. Is this the same as the median D1 and D2 used
in Figure 2a and defined in Lines 262 -2647? Also, if there was disagreement with D (forecaster
derived) and D1 (Matrix derived), that is indicated in the left column in Figure 6, correct? If the
second column represents D1 # D2, then forecasters used D2 (again the median second selection
from Figure 2a)? Please clarify.

Yes, D1 refers to the majority voting for a D and D2 to a second D in case of more than 25% of
the votes (interquartile range) in both cases. We can update the caption to clarify that. E.g,,



"Proportion of cases that D=D1 or D=D2 was used by groups of warning services (center
column)."

Line 88: four? In “Despite for minor changes in 1994..." or do you mean “Except for minor
changes..."

We will change to "Except"

Line 104: the way this is written is confusing to me. | read it as ‘as stability decreases you need a
greater load to trigger an avalanche.’ (i.e. inverse relationship). Perhaps ‘instability’ should be used
here instead of stability.

The point we wanted to make here was that both columns, on snowpack stability and likelihood
of triggering, describe the same phenomena and are to some extent redundant. We will remove
the word "inversely" and state that "The load necessary to trigger an avalanche is correlated to
snowpack stability".

Line 241 & 244: 60 responses in total in line 241, but in line 244, you state 76 responses. What is
the difference?

60 was the number of responses in our survey. In addition, we considered the responses from the
EAWS working group members in 2019 and in 2022, which added 14 votes. The remaining two
votes came from the referenced literature making a total of 76. So 60 votes from an online survey
among EAWS forecasters and 16 votes from outside the online survey. We list the sources in the
bullet points in line 236-243.

Line 258: Similar to the comment above (Line 104). | view an increase in stability as the snowpack
becoming more stable. Instability?

We will rephrase "Examining the most frequently selected combinations confirms that stability,
frequency, and size tend to increase with higher danger levels." to "The most frequently selected
combinations confirm that snowpack stability decreases, while the frequency of the respective
stability class and avalanche size tend to increase with increasing avalanche danger level."

Line 345: "center of gravity”? Do you mean largest proportion?

We will rephrase "D = 2 (n = 6806, 56%) has its center of gravity at poor stability with a few or
some locations and avalanche size 2." to "D = 2 (n = 6806, 56%) is primarily clustered around
poor stability, with a few or some locations and avalanche size 2."



