Reply to Reviewer #1
We thank the reviewer for the positive feedback and his constructive suggestions.

The paper is of high scientific quality. It brings forward important quantitative results on the
occurrence of snow avalanches in the Eastern Alps, and provides an important analysis and
discussion of the implications for assessment and forecasting of avalanche danger. The study uses a
unique and rich data set on observed avalanches and regional avalanche danger estimates, in order to
reduce a critical knowledge gap that has limited the development of objective procedures for
determining the avalanche danger level. The publication of the paper will contribute to improved
workflows, standards and eventually better avalanche forecasting products in the future.

My recommendation to the editors is to publish the paper, after addressing the points below (minor
revisions).

The language, figures and tables are generally of high quality and easy to read. The structure is easy
to follow, and the balance between data, results and discussion is well suited for a publication.
However, | recommend improving readability by splitting many long complex sentences into shorter
sentences.

Thanks for the suggestion; we followed this advice while revising the manuscript.

One aspect | was missing was an analysis and/or discussion of the general transferability of the
results to other parts of the world, especially where terrain or climate conditions differ from the
Davos region. One could assume that not only the total size of the study area matters, but rather the
size of avalanche terrain area. Some terrain is not able to produce larger avalanches, while other
types of terrain produce many large avalanches. Some climates produce many large natural
avalanches, while others less so. If the authors could add these aspects to the discussion, it may be
easier for the readers or future studies to generalise, add to, or test the results.

We added the proportion of avalanche terrain (67%) based on the classification by Harvey et al.
(2018). Moreover, the snow climate can be described as transitional (McClung and Schaerer, 2006).
As you indicate terrain and snow climate influence avalanche activity. However, we deem it
speculative to predict the characteristics of avalanche activity in regions with other snow climates or
terrain characteristics. More similar studies are needed. We do refer to some studies from North
America and the New Zealand in the Discussion section. We suppose the avalanche size distribution to
be fairly independent of terrain and climate characteristics. However, the frequency and intensity of
occurrence will certainly vary.

We now mention this issue in the Discussion section (lines 374-377).

Now follows specific comments, with reference to line numbers in the manuscript:

#7 Add size of study area, number of avalanche observations and number of regional danger
assessments.

We added these numbers to the Abstract (lines 7-8).

“«

#13 Could the sentence ending in “...given day” be improved by adding “an danger level” at the end?

Changed as suggested (line 13).

#15 Could the sentence be improved by replacing “may allow revisiting” by “suggest reworking of”’?

Changed as suggested (line 16).



Reply to Reviewer #2
We thank the reviewer for the positive feedback, insightful comments and constructive suggestions.

The present manuscript describes an analysis that takes advantage of a large existing dataset of
observed and mapped avalanches to explore the relationship between avalanche danger levels and
avalanche occurrence in the Davos region of Switzerland. The research is of high quality, and the
results contribute valuable insights to the current discussion on avalanche forecasting practices and
consistency. The various analyses described in the manuscript offers useful information on the role
avalanche size in avalanche forecasting, and the recommendation on the number of expected
avalanches at danger rating level High has the potential to be the starting point for making avalanche
forecasting more objective by replacing the existing qualitative descriptors in the danger scale with
more objective quantitative measures.

The manuscript fits well with the mandate of The Cryosphere journal, and it will offer great value for
avalanche safety researchers and practitioners. However, despite the obvious strength of the research,
1 believe that the manuscript has a few weaknesses that should be addressed before the manuscript is
published. My concerns mainly relate to the presentation of the dataset correction procedures and the
qualitative description of the results. I hope that my comment below are useful for making the
manuscript even more impactful.

GENERAL COMMENTS AND SUGGESTIONS

Correction procedure (Lines 109-140)

Given that the objective of your paper is to examine the relationship between avalanche danger
ratings and avalanche activity, manually changing danger ratings based on observed avalanche
activity prior to analysis seems risky. While I do not necessarily disagree with the approach, I have
the following recommendations for making it more transparent for the reader:

To put the number of days with corrected the danger ratings into perspective, it would be useful to
provide readers with counts and proportions of danger ratings prior to correction right at the
beginning of this section. This information is currently only available for the corrected danger ratings
(Table 2). Having this information upfront would help readers to understand how much of the dataset
was modified.

We agree and added the following Table as supplement to the revised manuscript.

Table A: Frequency of danger levels before and after corrections. Also given are the changes per danger
level.

Danger level Number of days Change of danger level Number of days
before corrections -2 -1 0 +1 +2 after corrections
1-Low 306 - - 303 1 2 303
2—Moderate 1809 - 0 1765 32 12 1766
3-Considerable 1367 0 0 1310 57 1366
4-High 47 0 21 24 2 - 94
5-Very High 4 1 1 2 - - 4

The description of the correction procedure refers several times to the fact that avalanche activity was
‘unusually high’ or ‘unusually low’. However, you do never explicitly specify what your expectations
regarding avalanche activity actually are and how you determined your thresholds (one exception is
the recoding of moderate days with AAI > 1.0). Being more explicit about your criteria would make
your procedure more transparent.

We agree and regret the confusion. The procedure and the criteria are as follows:



1. We evaluated all days with danger levels 4-High or 5—Very High and a value of the AAI < 1
(“zero or unusually low”).

2. We evaluated all days with danger level 3—Considerable and a value of the AAI > 13.6 (after
the first correction step), which was the median AAI for the days with danger level 4-High or
5—Very High (line 120).

3. We evaluated all days with danger level 2—-Moderate and a value of the AAI > 1, which was
the median AAI for the days with danger level 3—Considerable.

4. We evaluated all days with danger level /-Low and value of the AAI > 1.

1 personally found the description of the correction procedure somewhat difficult to follow due to
many details described in the text. [ wonder whether a diagram (e.g., flow chart) showing which
danger ratings were changed to what and for what reason would help the reader to better understand
the magnitude of your changes and their potential impact on the subsequent analysis.

Thanks for the suggestion. We hope that we can address your concern with Table A shown above and
the correction procedure described above, which we now both provide in the Supplement.

The numbers in your description of the changes applied to danger with High and Very High danger
ratings (Lines 111-116) do not seem to add up properly.

Thanks for checking. We checked and the numbers should now be consistent with Table A in the
Supplement.

Overall, you changed the danger rating in 122 of 3533 days, which only amounts to 3.5%. This seems
like a rather small amount and my initially thought was that the correction procedure was
unnecessarily complicated given that it will likely only have a minor impact on the analysis. However,
it represents 9% of the days with avalanche activity, and, if I understand your descriptions correct, the
number of days with danger ratings High and Very High changed substantially through the correction
procedure. The number of days with a High danger rating was first reduced from 44 to 26 (-18) (Line
116) and then increased again to 94 (+68) (Line 141). This means that only 28% of the days with High
danger ratings in the analysis dataset were originally assigned a High danger rating. Given that the
High danger rating sample plays an important role in the subsequent analysis, I believe that the
impact of the correction procedure on the nature of the dataset should be described more clearly.

The main effect of the correction procedure is that the median AAI for days with 4-High increased
from about 10 to about 21. For days with 3—Considerable, the median AAI was 1 and did not change
due to the corrections. Hence, the difference in avalanche activity between 3—Considerable and 4—
High was already very prominent before the correction procedure (before and after the corrections: U-
test, p < 0.001). With regard to avalanche size, the effects are less prominent. Size 2 avalanches were
the most frequent ones at danger levels /—Low to 4—High before and after the corrections.

We added a short paragraph on the impact of the correction procedure in the Discussion section (lines
398-404).

A brief discussion of the potential effect of the correction procedure on the analysis results in the
discussion section would further acknowledge its impact. I think it is important to explicitly mention
that there is potential for a bit of a circular argument here: You corrected the danger rating levels
based on avalanche activity expectations to later analyze exactly this relationship.

We agree, see above, and added a short paragraph in the Discussion section along the lines described
above (lines 398-404).



Description of analysis methods

The section titled ‘Data and methods’ only includes descriptions of the derivation of the avalanche
size, the danger rating dataset and the quality control and correction procedure but seems to
completely skip a description of the actual analysis approach and statistical methods employed. This
seems rather unusual. I believe the manuscript would benefit a short overview of the analysis
approach that describes the measures used (e.g., avalanche activity index, proportion of days with
avalanches, etc.) and how they relate to the components of avalanche hazard (e.g., snow stability,
frequency of locations) in the methods section.

We now describe the analysis methods in more detail (lines 163-173).

Statistical support for qualitative descriptions

Much of the description of the observed patterns are rather qualitative with some statistical tests here
and there. I am wondering whether some of the statement could be supported with statistical test
statistics. I believe that this would considerable strengthen the power of the manuscript.

We agree and are fully aware that we did not provide many statistical test results. We did so since we
believe that the analysis is simple and the data actually speak for themselves.

We now provide more statistical test results to better support some of the main findings (e.g. lines 178,
231, 237).

Description of study area

On line 377, you provide recommendations about the number of expected avalanches at danger rating
level 4-High (at least 10 per 100 km2), and on line 416, you suggest that the term “many avalanches”
should mean on the order of at least about 10 avalanche per 100 km2. I believe that this is an
interesting result. However, while you highlight that avalanche occurrence probability depends on
scale as it is a combination of stability, its distribution within the forecast area and the size of the
forecast area, it seems to me that the nature of the terrain in the forecast region would also have a
substantial impact on the suggested number. I therefore wonder whether a more detailed description
of the nature of the avalanche terrain in the study area (e.g., number of avalanche paths of different
size, total extent of avalanche terrain) would offer valuable context for understanding the results and
recommendations.

We agree that the type of terrain certainly affects avalanche activity. We now provide the proportion
of avalanche terrain (lines 79-81).

Insight into avalanche warning practices

In several places in this manuscript, you comment on the somewhat unexpected differences in the
observed numbers of dry and wet avalanches at the same danger rating level (e.g., Lines 323-324,
Lines 375-376). However, there is no explicit statement in the discussion or conclusion section that
points out that these observations might indicate inconsistencies in forecasting practices. I think that a
statement like this would fit nicely with the recent literature on avalanche forecasting inconsistency
and further contribute to this research.

Thanks for that suggestion; we do actually mention it in the Conclusions (line 500). We also added
this point to the Discussion section (lines 395-397).

LINE-SPECIFIC COMMENTS

1. Line 95 — Figure 1 The exponential increase presented in Figure I seems to be the direct
consequence of the classification criteria presented in Table 1. I wonder whether plotting the log of
avalanche area versus avalanche size class would be more useful to highlight that the approach
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classifies avalanche in the spirit of the Canadian size classification. The number of avalanches per
class shown in the chart do not add up to the total number of avalanches given in the caption.

We have deliberately chosen the length, as this measure is the one most practitioners in Europe can
well relate to. Also, the length is included in the EAWS definition of avalanche sizes. In addition, we
provide the median area per size class in Table 1.

Thanks for checking the numbers. There is indeed an error since for some of the very small avalanches
a meaningful value of length could not be derived so that the total number reduces to 13,802.

We now mention this in lines 89-91. Moreover, we now provide the number of cases in Table 1.

2. Line 100 It might be useful to explicitly state that the weight of 0.81 is appropriate because it is
highly likely that the avalanches without known triggers were likely natural avalanches.

We now explicitly state that the value is appropriate (line 113).

3. Line 191 — Table 3 It might be useful to add row percentages to the columns to better highlight the
relationship between avalanche size distribution and danger rating.

Thanks for the suggestion. We added the proportions in Table 2.

4. Line 192 The Kruskal-Wallis test only indicates whether there are any differences in the avalanche
size distributions among all danger rating levels. You could follow-up with pairwise Wilcoxon rank-
sum tests between adjacent danger rating levels to determine where exactly the differences are.

Thanks for the suggestion. We now describe some of the pairwise comparisons (lines 229-232) and
also provide all p-values in Table B of the Supplement.

5. Line 196 — Figure 3 [ think it would be best if the proportion scales in all charts would range from
0 to I and be styled the same.

We agree and changed the scale on the y-axis in Figure 3a.

6. Line 196 — Figure 3¢ If | understand your analysis correctly, Fig. 3¢ depicts average or median
number of avalanches of different sizes per day at different avalanche danger levels. A bar chart does
not seem an appropriate way to display this information as bar charts are typically used to depict
proportions. Populating the same layout grid with a series of box plots instead of vertical bars would
represent not only the magnitude difference in number of avalanches between danger ratings and
avalanche size, but also the range within the observations.

Thanks for your suggestion. We prepared the box plots for the number of avalanches, but realize it
would not be possible to provide all data in one graph as you suggest. Moreover, the information
would be hard to depict since the scale on the y-axis would range from 0 to 250. Therefore, we prefer
to keep Figure 3c as presented.

7. Line 209 Can the statement “The median as well as the 90-percentile avalanche length did not
increase for the danger levels 1-Low to 4-High.” be substantiated with a statistical test result?

We now provide more details on the median avalanche length (lines 247-250). Also see Figure A
below, which we included into the Supplement.
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Figure A: Avalanche length per avalanche danger level (N=13745).

8. Line 217 and Figure 4a It seems odd to combine avalanches with unknown snow conditions with
the mixed category in the snow conditions analysis (Section 3.3) as these are very different categories.
1 think it would be better to leave these avalanches out of the analysis all together.

Based on our experience the unknown conditions are often related to mixed conditions. The size
distribution for unknown and mixed were statistically not different (U-test, p = 0.82).
We added this information (lines 257-258).

9. Line 227 and Figure 4d The difference in the number of avalanches per day between dry and wet
avalanches under avalanche danger level 1-Low shown in Fig. 4d seems minute. Can this statement be
supported with a statistical test?

As stated in lines 226-229 there were distinct differences between days with wet-snow avalanches and
days with dry-snow avalanche on days when the danger level was 1-Low — though the number of
cases is rather small:

On the 10 days with natural wet-snow avalanches, the number of avalanches was 18 and the total AAI
was 15.2. Whereas on the 6 days with natural dry-snow avalanches, the number of avalanches was 8
and the total AAI was 0.71. As stated, the AAI was more than ten times larger.

On the other hand, in Figure 4d the average number of avalanches per day is shown, which is 1.3 for
dry-snow and 1.8 for wet-snow conditions; this difference is not particularly large as you point out and
statistically not significant.

We now provide more details and rephrased that paragraph (lines 274-279).

10. Line 233 I assume that this discussion should be referring to the AVERAGE or MEDIAN number
of avalanches per day.

We added the average (line 284).

11. Line 241 — Figure 4d Same comment as for Figure 3c

Please see our response to point #6 above. At 4—High the maximum number of avalanches per day was
255 so that the y-scale would need to range from 0 to 300 and not much could be seen at the lower
danger levels.



12. Line 253 The statement “... size 4 avalanches were five times more frequent among the natural
than the human-triggered avalanche.” does not seem to be supported by Figure Sa.

We agree that our statement was not correct since it refers to the absolute number of size 4 avalanches.
Since there are three times more natural than human-triggered avalanches, the proportions are 2.9 %
vs. 1.6 %, still a significant difference (proportion test, p = 0.02). We corrected the statement (lines
306-307).

13. Line 256 — Figure 5¢ Same comment as for Figure 3c and Figure 4d

Please see our response to point #6 above.

14. Lines 268-273 Same comment as earlier regarding the average/median number of avalanches per
day.

We added the average (line 329).

15. Line 293 [ think it would be useful for the reader if the fact that no temporal trends in the
avalanche size distribution were detected in the analysis dataset was included and substantiated in the
initial description of the dataset.

We now mention that fewer avalanches were recorded in the first six years of the study period in the
Data and Methods section (lines 84-85). Also, we added some more details in the Discussion section
(lines 355-359).

16. Lines 316-324 It seems to me that some of the explanations of the data correction procedure
described in this paragraph should be included in the methods section.

We now provide more details in the Methods section on the correction procedure (see above) and also
added a paragraph to discuss possible effects of the corrections (lines 398-404).

17. Lines 340-346 In this section, you refer to the avalanche size distribution of human triggered
avalanches, and the topic comes up again on Line 407. However, I did not find this explicit analysis in
your manuscript. If I read your manuscript correctly, you only analyzed the number of human
triggered avalanches under different danger ratings but not their size distributions. It seems to me that
such an analysis would nicely complement your existing analyses.

Harvey (2002) considered avalanches that caused damage to either people, infrastructure or forest, and
reported avalanche size. Hence, we discuss his study to compare his results to our findings.

In fact, we have analysed the size distribution for human-triggered avalanches at the different danger
levels. The distributions are very similar to the overall distribution shown in Figure 5a. For instance, at
danger level 3—Considerable and 4—High, the proportion of size 3 avalanches is 0.74 and 0.73
(proportion test, p = 0.77). For size 4 avalanches the corresponding proportions are 0.14 and 0.19
(proportion test, p = 0.36). Overall avalanche size did not increase with increasing danger level.

We added this information to section 3.4 of the Results (lines 315-320).

18. Lines 355 Same comment as earlier regarding the average/median number of avalanches per day.



Thanks, we now specify that the number is the average (line 437).

19. Lines 378-381 The description of the results of Briindl et al (2019) is a bit confusing to me. What
are the five frequency classes and how do they relate to the results presented in this paper?

We regret the confusion. In fact, the frequency classes by Briindl et al. (2019) are not relevant in our
context. They counted the number of size 4 avalanches per 250 km? and provided the results in five
classes of varying avalanche density. In the lowest class they reported <29 avalanches, whereas the
number of avalanche per 250 km? in the highest class varied between 122 and 202 avalanches. We
simply provide the range from the lowest to the highest class: <29 to 202.

We simplified the description (lines 465-468).

20. Line 389 Add “and terrain choices.” at the end of this sentence

Thanks for the suggestion, we added this additional factor (line 477).



#18 Add “according to our data” after “km*”

Re-worded as suggested (line 18).

#24 Improve the sentence starting with “For these...”

We revised this statement (lines 25-27).

#35 Improve flow (order of words) of sentence

We rephrased this sentence (lines 36-38).

#35-38: May also use the EAWS description “Avalanche danger is a function of snowpack stability, its
spatial distribution and avalanche size” (https://www.avalanches.org/wp-
content/uploads/2019/07/general-assembly-oslo_minutes_ EAWS.pdf)

Thanks for the suggestion. As the description is not really new, we prefer referring to previously
published articles.

#50-51 This description should be updated. The latest EAWS matrix specifically accounts for size
(https://www.avalanches.org/standards/eaws-matrix/)

We now mention the present version of the Bavarian matrix (line 57).

#75 Explain if the size of the area of avalanche observations is equal to the size of the forecasting
region

The size of the area of avalanche observations corresponds to the typical size of a so-called warning
region. The warning region that includes Davos is even a bit smaller, but still representative of the

study area. We now specify that the warning region of Davos is slightly smaller but still in the centre
of the study region (lines 116-117).

#75 Add a short description of how these observations were obtained. Information is provided in the
discussion chapter, but it would be logical for the reader to learn about the data upfront. Did the
observations cover the entire 360 km?? The entire winter season? All seasons with the same
rigorousness?

We added some more details on how the observations were made (lines 83-85).

#107 Could replace “In other words, on” by “On average,”

We reworded the start of the sentence (line 120).



#109 Add a sentence at the beginning of the paragraph, about why the work described in the
paragraph was carried out. E.g., “The forecasting data were scrutinized, in order to adjust danger
levels to the most realistic values.”

Thanks for the suggestion. We re-wrote parts of this paragraph (lines 122-129).

#126 Replacing “Moreover, there were also days, 17 in total” with “This was also the case for 17
days” could improve the readability

Changed as suggested (line 147).

#165 Add a descriptor for the values, probably “median values”

Yes, thanks, we added median values (line 195).

#175 Replace “for” by “to”

Changed as suggested (line 205).

#277 Replace “to” by “of”

We changed as suggested (line 338).

#289 Since the Eckerstorfer el al. study, the number of Sentinel-1 satellites has doubled with 1B in
orbit. Thus, the statement of too poor temporal resolution is less valid today. I suggest to add this
information to the sentence.

We have actually checked this statement last fall and also figured out that S1 now consists of two
satellites S1-A and S1-B, which alternately image central Europe every six days from the same orbit.
Based on this information we considered the temporal resolution in the Alps as still rather poor, i.e.
not sufficient for operational forecasting.

We clarified this point (lines 349-351).

#305 Spell out what is meant by “the potential impact”

We mean that avalanches not causing any damage, or e.g. not reaching the road, are more likely to be
not reported.
We now mention this (lines 371-372).

#374 Terrain usage probably also decrease from level 2 to 3, as well as from 3 to 4. It would be useful
to add references, if these exist, on the differences in terrain usage between danger levels 1, 2, 3 and
4,

Thanks for this suggestion. We agree that there may be some decrease in usage frequency already
from 2-Moderate to 3—Considerable. We are aware of two studies that looked into that issue. Techel
et al. (2015) analysed avalanche risk based on accident data and usage frequency, they inferred usage
frequency by exploring two social media mountaineering websites; their study showed a decrease in
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ski touring activity with regard to danger level (2-Moderate vs. 3—Considerable). Wéger and Zweifel
(2008) also reported a decrease in touring activity, but no change with regard to off-piste skiing. In the
region of Davos, ski touring and off-piste skiing are equally relevant.

We now refer to these two study on usage frequency in relation to the avalanche danger level (lines
456-459).

#377 Explain in more detail how you arrive at the number 10.

This is an informed guess. As described in the paper the average number of natural avalanches at
danger level 4-High was 48. Given the size of our study area (300 km?), one obtains about 16
avalanches per 100 km?, hence we wrote “at least 10”. Considering that we do not have full
observation coverage in our study area, we could as well suggest about 20 avalanches per 100 km?.
This means the term “many” can be quantified, roughly in the range of 10-20, and it becomes clear
that “many” is not just one to three.

We now provide some more background on this estimate (lines 462-464).

#384-389 | find parts of this paragraph unfinished. | would recommend arguing or substantiating why
you make the Statements “need to” and “should not”. I would also recommend to put the sentence
“The actual locations...” into context (e.g. the wordings of the NA/CMAH and EADS wrt. spatial
distribution).

Recent discussions in the EAWS and publications (e.g. on the CMAH) have shown that there is
potential for confusion with regard to terminology, in particular with regard to avalanche probability.
Hence, we simply considered it useful to point out some of the differences since we use some of the
terms in the paper as well. There is a similar issue with the spatial distribution of stability as referred
to, for instance, in the EAWS definition, you mentioned above. The term spatial distribution can be
interpreted in different ways, for instance, spatially and non-spatially. However, the factor contributing
to the danger level is the frequency of triggering spots, a non-spatial property. Where the spots in the
terrain are located, is not relevant for the definition of the danger levels, only their frequency is
relevant. This issue will be clarified in detail in an upcoming manuscript by (Techel et al., 2020, in
preparation).

We have partly edited this paragraph (lines 469-477).
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Abstract. In many countries with seasonally snow-covered mountain ranges warnings are issued to alert the public about
imminent avalanche danger, mostly employing a -level danger scale. However, as avalanche danger cannot be
measured, the characterization of avalanche danger remains qualitative. The probability of avalanche occurrence in combina-
tion with the expected avalanche type and size decide on the degree of danger in a given forecast region (= 100 km?). To
describe avalanche occurrence probability the snowpack stability and its spatial distribution need to be assessed. To quantify
the relation between avalanche occurrence and avalanche danger level we analyzed a large data set of visually observed ava-
lanches from the region of Davos (Eastern Swiss Alps ), all with mapped outlines, and compared
the avalanche activity to the forecast danger level on the day of occurrence . The number of avalanches
per day strongly increased with increasing danger level confirming that not only the release probability but also the frequency
of locations with a weakness in the snowpack where avalanches may initiate from, increases within a region. Avalanche size
did generally not increase with increasing avalanche danger level, suggesting that avalanche size may be of secondary im-
portance compared to snowpack stability and its distribution when assessing the danger level. Moreover, the frequency of wet-
snow avalanches was found to be higher than the frequency of dry-snow avalanches for a given day ; also,
wet-snow avalanches tended to be larger. This finding may indicate that the danger scale is not used consistently with regard
to avalanche type. Although, observed avalanche occurrence and avalanche danger level are subject to uncertainties, our find-
ings on the characteristics of avalanche activity the definitions of the European avalanche danger scale. The
description of the danger levels can be improved, in particular by quantifying some of the many proportional quantifiers. For
instance, ‘many avalanches’, expected at danger level 4-High, means on the order of at least 10 ava-
lanches per 100 km?. Whereas our data set is one of the most comprehensive, visually observed avalanche records are known
to be inherently incomplete so that our results often refer to a lower limit and should be confirmed using other similarly

comprehensive data sets.
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1 Introduction

Avalanche forecasting was described by McClung (2002) as the prediction of snow instability in space and time relative to a
given triggering level. The main sources of uncertainty in forecasting are the unknown temporal evolution and the spatial
variations of instability in the snow cover. For these reasons predictability is limite in-
versely related to scale

(Schweizer, 2008). In forecasting of natural systems, in which variations may or may not be random, a distinc-
tion is often made between forecasting and prediction. In our case, prediction means precisely defining when and where an
avalanche occurs. Forecasting, on the other hand, implies describing the probability of avalanche occurrence within a certain
time frame and area. Given these definitions it is obvious that prediction is not possible — even though it would be desirable —

whereas forecasting is certainly possible but inherently includes uncertainty as the forecast is probabilistic (Silver, 2012).

Even if avalanche forecasting is probabilistic and includes uncertainty, it should be grounded in clear definitions and uncer-
tainty should not stem from ambiguous definitions but the nature of the problem. In public forecasting, i.e. issuing bulletins
describing the avalanche situation, avalanche hazard is described by one of five avalanche danger levels. The danger levels
(1-Low, 2-Moderate, 3—Considerable, 4-High, 5-Very High) are defined in the avalanche danger scale originally
agreed by the European avalanche warning services in 1993 (EAWS, 2019a; Meister, 1995). Subsequently, a very similar
scale was adopted in North America (Dennis and Moore, 1997), which was

(Statham et al., 2010). he avalanche danger levels were defined in terms of
the release (or triggering) probability, the frequency and location of triggering spots and the potential avalanche size. All three
elements are supposed to be combined when assigning a danger level to a given avalanche situation. Moreover, it is assumed
that all three elements increase with increasing avalanche hazard. However, the definitions for the different danger levels are
short, qualitative descriptions and leave room for widely varying interpretations (Muller et al., 2016a). Not surprisingly, a
recent study that looked at forecast differences across borders of contiguous forecast areas suggests that remarkable inconsist-
encies in the application of the danger levels exist (Techel et al., 2018). Based on a survey among forecasters, Lazar et al.
(2016) also found substantial differences in assigning a single danger rating to a given scenario of avalanche conditions. These
studies demonstrate that there is a lack of quantification with regard to the three key elements and their links in the avalanche

danger scale.

This lack of formal underpinnings, among other reasons, motivated the development of a conceptual model of avalanche hazard
in North America, which essentially formalizes the hazard assessment process (Statham et al., 2018). However, the final step
on how to derive the danger level is not described. In Europe, the so-called Bavarian matrix was developed to support the
decision process in forecasting. It is basically a look-up-table that allows assigning the danger level based on the probability
of avalanche release and the frequency of triggering spots (Muller et al., 2016a). Avalanche size is not explicitly considered

in the Bavarian matrix. Hence, recent developments in Europe were aiming at including avalanche size and harmonizing the
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European with the North American approach. To this end, an approach with two matrices, a so-called likelihood matrix and a
danger matrix, was suggested in an attempt to merge the concepts behind the conceptual model of avalanche hazard with the
Bavarian matrix (Mdller et al., 2016a; Muller et al., 2016b).

(EAWS, 2020)

There are few data-driven studies that link the avalanche danger level to any of the three key elements. Haegeli et al. (2012)
analyzed two years of public avalanche forecasts with underlying hazard assessments by Avalanche Canada. They found that
the maximum likelihood of triggering had the strongest impact on danger rating selection; the second most important predictor
variable was the maximum expected avalanche size. More recent analyses on the relation between the components of the
conceptual model of avalanche hazard and the danger ratings showed that identical avalanche scenarios were often rated dif-
ferently — possibly indicating substantial inconsistencies in the forecasting process. This finding is likely due to the lack of
explicitly assigning danger ratings to the various combinations in the likelihood-magnitude chart (Clark and Haegeli, 2018;
Clark, 2019).

The avalanche danger levels can also be characterized with observational data related to snow instability. In the context of a
verification campaign, Schweizer et al. (2003) established typical stability distributions for the danger levels 1-Low, 2-Mod-
erate and 3—Considerable based on many snow instability tests for single avalanche situations. Likewise, signs of instability
such as whumpfs, shooting cracks and recent avalanching were related to the danger levels (Jamieson et al., 2009a; Schweizer,
2010). As shooting cracks were almost ten times more frequent at 3—Considerable (or higher) than at 2-Moderate (or lower),
they had most predicting power in a simple classification tree. Avalanche activity was only considered as binary variable,

which does not allow insight into the avalanche characteristics at a given danger level.

Given the lack of quantitative definitions in the avalanche danger scale, our aim is to characterize avalanche activity with
regard to avalanche hazard. We therefore analyzed a large data set of avalanche observations from the region of Davos (Eastern
Swiss Alps) and compared the avalanche activity to the avalanche danger forecast. Though both variables are subject to un-

certainty, we aim at characterizing the danger levels based on frequency, type and size of avalanche occurrence.

2 Data and methods

We analyzed a 21-year data set of manually observed avalanche occurrences from the region of Davos, an area of about
300 km?,
Harvey et al. (2018)
(McClung and Schaerer, 2006)

Data cover the winters from 1998-1999 to 2018-2019 and include 13,918 individual avalanches, which were all mapped
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For each avalanche, we derived avalanche length and width from a rectangle of the smallest width enclosing the mapped
perimeter using the ‘minimum boundary geometry’ tool in ArcGIS. Based on these values of avalanche length and width we
assigned the avalanche size class (1 to 4) according to the Canadian size classification (McClung and Schaerer, 2006). Since

avalanches of size class 5 were rare (N = 11), we assigned those to class 4.

Table 1 describes the criteria for size classification. Also given are the resulting median length, width and area per size
class for our data set.

Figure 1 shows that our size classification based on mapped outlines well the exponential increase that underlies
the original proposal for the size classification (McClung and Schaerer, 1981). They suggested classifying avalanche size S
based on mass and proposed five classes where S = log M with M the avalanche mass given in tens of tons. Their intention
was to derive a classification that is based on destructive power, which in the end is related to volume or length. Figure 1

suggests that estimating avalanche size based on avalanche length seems indeed feasible.

Table 1: Definition of avalanche size based on length and width of avalanche. Resulting median length, width and area per size
class (N = 13,302).

Avalanche Class length Operator Class width Median Median Median
size (m) (m) length (m) width (m) area (m?)

1: small <50 AND <50 37 24
2: medium <300 AND < 300 144 42 3989
3: large [300, 999] OR [300, 999] 430 91 21,252
4: very large > 1000 OR >1000 1196 256 144,113

In addition, the avalanche records included information on the type of triggering (natural, person, explosives/snow grooming
machine, unknown) and the type of snow conditions the liquid water content in the starting zone
(dry, wet, mixed, unknown). Dry and wet refer to dry-snow and wet-snow avalanches, respectively, whereas mixed is less well
defined and typically refers to avalanches with dry-snow conditions in the starting zone, but wet-snow conditions in the track

or runout zone. Our records of avalanche observations cover 1358 individual days.
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Figure 1: Distribution of avalanche length per avalanche size class for the 21-year data set of avalanche observations from the region
of Davos applying the classification criteria given in Table 1. Boxes span the interquartile range from 1st to 3rd quartile with a
horizontal line showing the median. Whiskers show the range of observed values that fall within 1.5 times the interquartile range
above the 3rd and below the 1st quartile. Asterisks and open circles refer to outliers and far-outliers beyond the fences. Numbers
indicate avalanches per class; total number of avalanches: N = 13,

We calculated the avalanche activity index for each day using the usual weights for size classes 1 to 4, namely 0.01, 0.1, 1,
and 10, respectively (Schweizer et al., 2003). Moreover, we considered the type of triggering using weights, namely 1 for
natural avalanches, 0.5 for human-triggered avalanches, and 0.2 for the other artificially triggered avalanches (Féhn and
Schweizer, 1995). For the avalanches with unknown trigger we assigned a weight of 0.81 since this was the weighted average
of the triggering weight considering the frequency of avalanches for the three known triggering classes. In fact, almost all of
the avalanches in the unknown triggering class were likely natural avalanches . We

also calculated the individual AAI for the combinations of the various types of triggering and types of snow conditions.

We then merged the data set of avalanche observations with the avalanche danger as forecast in the public bulletin for that day
and the region of Davos

. For a total of 3533 days a danger rating was available. Some of the avalanches
occurred outside the period when public forecasts were issued, e.g. in October or late May, and were not included for further
analysis. This reduced the total number of observed avalanches to 13,745 and the number of days when at least one avalanche
was recorded to 1301. , about every third day (37 %) with a danger rating at least one avalanche was observed for

the 21-year period we analyzed.

For
instance, at 4-High we expect many natural avalanches. Indeed, the two highest danger levels can be verified by avalanche

activity.
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We therefore the avalanche activity days when the danger rating was
either 4-High or 5-Very High found that on 30 out of 51 days the avalanche activity was
zero or unusually low. For each of these days, we revisited the weather, snow and avalanche conditions in the relevant period.
For 23 out of the 30 days we down-rated the danger. For the remaining 7 days we corrected a temporal mismatch
. For example, occasionally all avalanche observations from a

3-day storm had been assigned to the first or last day of the storm.

This reduced the number of days with rating 4-High from 47 to 25, and with rating 5-Very High from
4 to 3. Still, on one day with danger rating 4-High no avalanches were observed; this seems unlikely, but it was not possible
to reconstruct the likely date of occurrence in that well-known storm period in February 1999. Unfortunately, records were in
general inconsistent during the major storms in January and February 1999. For one day in January 2018, when the
forecast danger level was 4-High and the avalanche activity very prominent (AAIl = 158) a detailed verification revealed
(Brundl et al., 2019) that the forecast danger level should have been 5-Very High. This increased the total number of days with
danger level 5-Very High to 4.

The median AAI of natural avalanches for the days with danger rating of either 4-High or 5-Very High was 13.6, which
corresponds to, for instance, only one avalanche of size 4 and a few smaller avalanches. Further quality checking revealed that
there were a humber of days with higher avalanche activity but lower danger level. In total on 59 days, the avalanche danger
was rated 3—Considerable, but many natural avalanches occurred. 17 , when danger 2-Moderate
was forecast. Again, we checked all these cases against the weather, snow and avalanche conditions. For 57 of these 59 days
we increased the rating from 3—Considerable to 4-High since the AAI clearly indicated that the avalanche activity had been
underestimated at the time of the forecast. On the remaining two days the number of natural avalanches was too low (<10) to
justify a change. For 12 out of 17 days with forecast danger 2—-Moderate, we changed the danger level to 4-High as many
avalanches were observed and the AAI was high. On the remaining 5 days we changed

the danger level to 3—Considerable as the total number of natural avalanches was too low (<10).

Subsequently, we considered the number of cases with 2-Moderate danger, but an avalanche activity (only naturals) higher
than the median index (1.0) for days with 3—Considerable danger. There were 99 days with AAl > 1.0. In 25 of these cases,
the number of avalanches (size 2 and larger) was larger than 10. For these 27 days we changed the danger rating to 3—Consid-
erable. In 19 out of these 27 cases the avalanches were wet-snow avalanches. Finally, we adjusted the danger level from 1
Low to 3—Considerable for 2 days, one with high natural wet-snow avalanche activity and the other with several skier-triggered

avalanches.
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Overall, we changed out of the 3533 danger ratings , mostly by one danger level, occasionally by two danger levels
(12 %); in most cases (106 out of 129: 82 %) we increased the danger rating since there was clearly a rather high activity of

natural avalanches. In total, there were finally 94 days (2.7 %) with danger rating 4—High, still fairly few for 21 winter seasons.

(AALI; Schweizer et
al., 2003)

(Spiegel and Stephens, 1999)

3 Results

3.1 Avalanche activity

Figure 2 shows the avalanche activity index including all avalanches irrespective of triggering type or snow conditions and
Table 2 summarizes some key figures on the avalanche activity with respect to danger level. The avalanche activity, expressed
as AAI, increased with increasing danger level (Spearman rank order correlation: 0.42, p < 0.001). The median values were
0.15, 0.21, 1, 21 and 88 for the avalanche danger levels 1 to 5. The increase was particular prominent from 3—Considerable to
4—High. The highest values with AAI > 145 correspond to four distinct, well known avalanche periods in the region of Davos:
23 April 2008, 9 March 2017, 22 January 2018 and 14 January 2019. There were only four days with danger level 5-Very

High so that the corresponding AAI statistics are indicative at best.

The proportion of days when avalanches were observed at a given danger level (AAl > 0), increased from about 9 % at 1—
Low to 99 % for 4-High (Table 2). If natural avalanches were considered only, these proportions were 6 %, 16 %, 35 % and
95 %. At 1-Low, natural avalanches were observed at only 1 out of 16 days when this danger level was forecast. At 3—Con-
siderable, natural avalanches were recorded every third day and at 4-High on almost all days. This increase of the proportion

of avalanche days primarily reflects that snow stability decreases with increasing danger level.
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Figure 2: Avalanche activity index AAI per danger level (1-Low to 5-Very High). Only days with AAI >0 are included. Numbers
indicate number of days per danger level; total number of days: N = 1301.

Moreover, the number of observed natural avalanches increased with increasing danger level. At the lower danger levels 1-
Low and 2-Moderate, the median number of avalanches on a day with avalanche activity was 1; at 3—Considerable the median
number increased to 3, with an even stronger increase to 22 natural avalanches per day at 4-High. As the avalanche records
are likely incomplete for two out of four days with danger level 5-Very High the median number of natural avalanches per day
was only 19. This prominent increase of natural avalanche activity with increasing danger level is also evident in the AAI
(only considering natural avalanches ): 0.1, 0.1, 0.2, 20 and 76 for the danger levels 1-Low to 5-Very High,
respectively. The increase of the AAI or the number of avalanches per day reflects the increasing avalanche occurrence prob-
ability with increasing danger level. The prominent increase is due to decreasing snow stability and at the same time increasing

frequency of locations with poor snow stability where avalanches can initiate from.

Table 2: Avalanche activity per danger level. The AAI considers all types of avalanches independent of snow conditions and trigger
type; median value per day is given. Moreover, the number of days with either natural or human-triggered avalanches, at least size
2 or larger is shown.

Danger level Number of  Number of days AAI Number of days with  Number of days with hu-
days with AAI >0 Median natural avalanches man-triggered ava-
(proportion in %) (> size 2) lanches (> size 2)
(proportion in %) (proportion in %)

1-Low 303 26 (8.6 %) 0.15 19 (6.3 %) 7 (2.7 %)
2—-Moderate 1766 437 (25 %) 0.21 286 (16 %) 144 (8.2 %)
3-Considerable 1366 741 (54 %) 1.0 479 (35 %) 341 (25 %)
4-High 94 93 (99 %) 21 89 (95 %) 36 (38 %)
5-Very High 4 4 (100 %) 88 4 (100 %) 0 (0 %)
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Whereas the number of natural avalanches steadily increased with increasing danger level, the relation differed for the human-
triggered avalanches — mainly at the higher danger levels. The proportion of days with at least one human-triggered avalanche
(> size 2) prominently increased from 1-Low to 3—Considerable (Table 2), about tripling from one danger level to the next; it
less prominently increased 1o 4-High, but was 0 at 5-Very High — indicating that fewer people expose themselves to the hazard.
The respective proportions were about 3 %, 8 %, 25 %, 38 % and 0 %.

Hence, triggering at the danger levels 1-Low and 2-Moderate was rather rare. In case a human-triggered avalanche was
observed (> size 2) when the forecast avalanche danger level was 1-Low or 2-Moderate, this avalanche was in most cases
(67 % and 68 %, respectively) the only one. In the case of natural avalanches, these proportions were lower, 47 % for 1-Low
and 48 % for 2—Moderate.

The proportion of days with natural avalanches was higher than the proportion of days with human-triggered avalanches at all
danger levels — even the lower ones (Table 2). The higher proportions of days with natural avalanches are primarily related to
the occurrence of natural wet-snow avalanches at the lower danger levels. Below we will consider avalanche activity with

regard to snow conditions and type of triggering in more detail.

3.2 Avalanche size

Smaller avalanches were more common than large avalanches — irrespective of the danger level (Table 3, Figure 3a). The
majority of the avalanches recorded (9649 out of 13,745) were size 2 avalanches. This size was the most frequent at all danger
levels. Size 3 and size 4 avalanches were less frequent at all danger levels. In other words, for sizes 2 to 4, the frequency of
occurrence decreased with increasing avalanche size. The overall frequencies were 4 %, 70 %, 23 % and 2 % for the sizes 1

to 4, respectively (Table 3, bottom row).

Table 3: Frequency of avalanche size per danger level (proportion in %).

Danger level Number of avalanches
Avalanche size class

Number of days 1 2 3 4 Total
1-Low 303 3 40 8 1 52
2—Moderate 1766 73 977 262 18 1330
3-Considerable 1366 299 4608 1277 82 6266
4-High 94 220 3956 1590 166 5932
5-Very High 4 5 68 60 32 165
Total 3533 600 9649 3197 299 13,745
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Figure 3: Avalanche size per danger level. (a) Relative frequency of avalanche sizes (1 to 4) at the danger levels 1-Low to 5-Very
High. (b) Distribution of avalanche size for each danger level (same data as in Fig. 3a). (c) umber of avalanches per day
by size class for each danger level . (d) Frequency of days when the largest observed avalanche was either size
1, 2, 3 or 4 for each danger level. N = 13,745 .

The distributions of avalanche sizes per danger level

the distribution different with relatively more size 4 avalanches and less size 2 avalanches.

bout 80-90 % of the avalanches were size 2 or 3, whereas size 1 and size 4 avalanches were always rare (<5 %),

except at 5-Very High when about 19 % of the recorded avalanches were size 4 avalanches.

10
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Size 4 ava-
lanches were frequent at danger level 5-Very High, about 5 times more frequent than at 4-High and about 15

times more frequent than at 3—Considerable (Figure 3c)

At danger levels 1-Low and 2-Moderate avalanches were generally not smaller, but were simply less frequently observed.
There was a substantial increase in avalanche occurrence with increasing danger level (Figure 3c) as also reflected in the strong
increase of the avalanche activity index (Figure 2). The average total number of avalanches per day was 2, 3, 8, 64 and 41 for
the danger levels 1-Low to 5-Very High, respectively. Hence, in general, the frequency rather than the size increased with
increasing danger level.

Whereas size 2 avalanches were clearly the most frequent at the danger levels 1-Low to 4-High and the size distributions
looked partly similar, the largest avalanche observed at a given day increased with increasing danger level (Figure 3d). At the
danger levels 1-Low and 2-Moderate the largest avalanche observed was on most days a size 2 avalanche, whereas at the

danger levels 4-High and 5-Very High the largest avalanches were mostly or even always size 4 avalanches, respectively.

3.3 Snow conditions

For about half of all avalanches (56 %) snow conditions were reported as dry, for 30 % as wet and for 6.3 % as mixed; for the
remaining 8 % (1072 avalanches) the type of avalanche snow was unknown, i.e. not recorded.
For the three
(dry, wet, mixed/unknown) he
distributions of avalanche sizes similar and comparable to the overall distribution
Differences in size distribution with regard to snow conditions were small.

The
proportion of wet-snow avalanches of size 3 was slightly larger than the corresponding proportion of dry-snow ava-
lanches . Most size 4 avalanches were recorded for mixed or unknown conditions, relatively twice as many
as for dry-snow or wet-snow conditions. In general, for mixed or unknown conditions, the avalanche size seems to be somewhat

larger. Relatively fewer size 2 and more size 3 and 4 avalanches were reported.

11
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So far, in Figure 4a, we have considered all avalanches irrespective of the type of triggering. In the following,

we will only consider natural avalanches.

Whereas overall the size distributions are (Figure 4a), some differences emerge when considering the size
distribution per danger level for dry-snow and wet-snow conditions (Figure 4b,c). For instance, at 1-Low on a day with wet-
snow avalanches also size 3 and size 4 avalanches were recorded. Avalanches tended to be larger and were also more frequent
(Figure 4d).

At the danger there were relatively more size 3 and size 4 wet-snow avalanches recorded than
dry-snow avalanches. Whereas for dry-snow conditions the proportion of size 2 avalanches decreased and the proportion of

size 3 avalanches increased with increasing danger level, this tendency was not evident for wet-snow conditions.

Natural avalanches under wet-snow conditions tended not only to be larger, but there were also more wet-snow avalanches
than dry-snow avalanches observed on a given day. The number of natural avalanches per day with a given danger
level was larger for wet-snow than for dry-snow conditions (Figure 4d). For wet-snow avalanches the numbers were:
1.8, 2.5, 7.7 and 56 for danger levels 1-Low to 4-High

he number of avalanches per day was about 1.6 and 2.6 times larger at 3—Considerable and 4—-High, respec-
tively, for a day with wet-snow avalanches compared to a day with dry-snow avalanches. Overall, the 3044 natural dry-snow
avalanches were recorded on 482 days, the 3955 natural wet-snow avalanches on only 331 days; i.e. on average almost twice
as many wet-snow than dry-snow avalanches per day were recorded: 12 vs. 6.3.
Hence, under wet-snow condi-
tions, avalanches were not only larger, but also more frequent compared to dry-snow conditions.

12
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Figure 4: (a) Avalanche size distribution for dry-snow avalanches (N = 7748), wet-snow avalanches (N = 4056) as well as for ava-
lanches where the snow type was either recorded as mixed or it was not recorded at all (N = 1941). Avalanche size distribution per
danger level (1-Low to 4—-High) for (b) natural dry-snow natural avalanches (N = 3044) and (c) natural wet-snow avalanches

(N = 3955). (d) Number of avalanches on a day with corresponding avalanche activity per danger level for dry-snow and wet-snow
conditions.

3.4 Type of triggering

Whereas above we have compared avalanche activity with regard to snow conditions and primarily focused on natural releases,
in the following we will only consider dry-snow avalanches and focus on the type of triggering: i.e. compare natural to human-
triggered avalanches. For dry-snow conditions, there were about three times more natural (N = 3044) than human-triggered
avalanches (N = 1036).

here were relatively more human-

triggered avalanches of size 1 and 2, yet more natural avalanches of size 3 and 4. For instance, size 4 avalanches were
more frequent among the natural than the human-triggered avalanches. Still, there were 17 human-triggered size 4 ava-

lanches recorded. In summary, natural dry-snow avalanches tended to be larger than human-triggered dry-snow avalanches

13
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Figure 5: Type of triggering for dry-snow avalanches. (a) Avalanche size distribution for natural and human-triggered avalanches.
(b) Proportion of days with either natural or human-triggered avalanches with regard to danger level. (c) Number of avalanches
per day vs. danger level.

We then considered the relative frequency of avalanche days per danger level (Figure 5b). Human-triggered as well as natural
dry-snow avalanches were rare when the danger was rated as 1-Low. Only in 6 out of 303 days (2 %) with 1-Low a human-
triggered avalanche was recorded, and on 6 days a natural avalanche (considering all size classes). In total there were 6 human-
triggered and 8 natural avalanches on 11 individual days, i.e. typically there was one avalanche per day when there were dry-
snow avalanches at all at 1-Low. Hence, avalanche occurrence at 1-Low is unlikely, irrespective of the type of triggering. The
proportion of days with human triggered dry-snow avalanches increased to 7.2 %, 22 % and 32 % for days with forecast danger
level of 2-Moderate to 4-High, respectively. For natural dry-snow avalanches, the corresponding percentage values were 2 %,
6.7 %, 22 % and 60 %.

Not only the proportion of avalanche days, but also the number of avalanches prominently increased with
increasing danger level (Figure 5¢). For the human-triggered avalanches at 2-Moderate the average number per day
was 1.5, at 3-Considerable 2.5, but at 4-High it slightly decreased to 2.3. For the natural

dry-snow avalanches, which are more closely related to the release probability and do not depend on the presence of people,
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the increase was more prominent: 1.3, 2.2, 4.8, and 22 natural avalanches per day with danger rating 1-Low to 4-High, re-

spectively. This corresponds to about a 2, 4 and 17 times increase from 1-Low to the higher levels.

If not only dry-snow natural avalanches are considered, the increase of the number of avalanches per day is even more
prominent. Considering all natural avalanches irrespective of the snow conditions (i.e. dry, wet, mixed and unknown), the
number of avalanches per day was 2.1, 2.5, 6.0, 48 and 33 for the danger levels 1-Low to 5-Very High, respectively. The
higher number of natural avalanches per day, when considering all types of snow conditions instead of dry-snow only, reflects

finding that generally more wet-snow than dry-snow avalanches were observed at a given danger level as shown above in
Figure 4d.

4  Discussion

We analyzed a data set of visually observed avalanches from the region of Davos (Switzerland). Even though the data set was
collected with the aim to record all (or at least as many as possible) avalanches in the region of Davos, also our data set certainly
cannot provide the complete picture of avalanche activity. Small avalanches may be underreported in general. Moreover,
avalanche records based on visual observations are known to be biased since during times of poor visibility it is often difficult,
and sometimes even impossible, to accurately outline the avalanche extent or record the release date (van Herwijnen and
Schweizer, 2011). Only with remote avalanches detection systems the observation bias during storms can be overcome, at least
with regard to the temporal resolution (Lacroix et al., 2012; Ulivieri et al., 2011). A good spatial resolution, can only be
achieved with remote sensing from satellites presently the temporal resolution
is too poor

. Hence, when we provide the number of avalanches per day observed in our study region, this

number should be considered as a lower limit

Moreover, there may be other biases as it is, for instance, easier to record wet-snow than dry-snow avalanches. Also, the level
of reporting varied during the 21 winter seasons

did not change

ith 13,918 avalanches the data set is extensive and covers many different avalanche situations; small as well as large ava-
lanches, single avalanches as well as records from intense storms with many avalanches — in short, it seems a rather complete
data set. A much smaller data set with also mapped avalanche perimeters for the surroundings of the village Zuoz in the lower

Engadine (Swiss Alps) was analyzed by Stoffel et al. (1998). In France, the “Enquéte permanente sur les avalanches” (EPA)
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is an extensive data set including the avalanche events in approximately 5,000 major paths in the French Alps and the Pyrenees
(e.g., Eckert et al., 2010). Primarily large avalanches that can threaten infrastructure are recorded. Hence this data set seems
biased towards very large avalanches and less suited for our purpose. Other extensive data sets were record along mountain
passes, e.g. along the Milford road in New Zealand (Hendrikx et al., 2005). They found a significant lack of smaller sizes in
their size class distribution, which contained 1842 avalanches. Since only larger avalanches (size > 2.5) are relevant for road
safety, smaller avalanches were under-reported. As similar underestimation of size 1 and size 2 avalanches was present in
avalanche records observed along the highway crossing Rogers Pass (Canada) (McClung and Schaerer, 1981). Hence, our data
set seems to be one of the most comprehensive ones — providing unique insight into avalanche activity. In general, the type of
recording and the potential impact may represent the most

relevant biases in avalanche data sets.

The proposed size classification based on perimeter data had previously been used to study indicator avalanches in the regions
of Davos (Schweizer et al., 2012). With the suggested classification criteria, the resulting median length is well in
line with the typical values associated with the corresponding size classes provided by the European avalanche warning ser-
vices (EAWS, 2019b). They indicate typical length of <50 m, 50-200 m, several 100 m, 1-2 km for size classes 1

to 4, respectively.

We then compared avalanche activity to the forecast danger level. Again, this is far from perfect as one would need the verified
danger level to compare with. Whereas verification at the lower danger levels can be done with numerous snow instability
tests (Schweizer et al., 2003) (Reuter et al., 2015) or by expert opinion (Techel and Schweizer, 2017), at the
higher danger levels (4-High and 5-Very High) avalanche activity is the most reliable hazard indicator.

As no consistent verification data existed , We had to use the forecast. Still, we tried to remove some
obvious outliers such as days with forecast danger level 4-High but no avalanche records. This quality check should not be
considered as comprehensive verification. In total, we changed % of the danger ratings and mostly increased the
danger level . In contrast, most verification studies showed a forecast accuracy of about 70-80 %
and a trend to over-forecasting (e.g., Techel and Schweizer, 2017). Hence, our avalanche danger data are still biased, yet also
reflect some past and recent practice of applying the danger levels. For example, the danger level 4-High was relatively rarely
forecast (on less than 3 % of the days). This may partly be explained by the location of Davos, which is somewhat protected
from major storms, but also relates to forecast practice in Switzerland (Techel et al., 2018). However, it is also remarkable that

similar avalanche activity was often differently rated for dry-snow and wet-snow conditions — at all danger levels.

16



400

405

410

415

420

425

(Clark and Haegeli, 2018; Lazar
et al., 2016; Techel et al., 2018)

The avalanche size distribution we found was remarkably robust with regard to different data stratifications. In particular, the
size distribution did not change substantially with the danger level (Figure 3). In other words, for our data set, avalanche size
did not prominently increase with increasing danger level, at least for the danger levels 1-Low to 4-High; size 2 avalanches
were the most frequent (Figure 3b). This finding seems somewhat surprising, given that the avalanche danger level is charac-
terized by a combination of the probability of avalanche occurrence and expected avalanche size (Meister, 1995); it suggests
that avalanche size may be of secondary importance compared to snowpack stability and its distribution when assessing the
danger level (Techel et al., 2020). Hence, it seems unlikely that avalanche size is decisive for
choosing between four different danger levels for one given snow stability scenario as suggested recently by Mdiller et al.
(2016a). Also, in the conceptual model of avalanche hazard (CMAH) a frequency-magnitude (or likelihood-size) matrix was

suggested to estimate avalanche hazard (Statham et al., 2018).

On the other hand, considering the largest avalanche recorded on a given day as suggested by Techel et al. (2020) showed
more prominent differences between the danger levels 1-Low to 2-Moderate compared to 4-High to 5-Very High (Figure 3d).
Hence, the maximum expected avalanche size may be useful to differentiate between some hazard situations (Techel et al.,
2020). Clark and Haegeli (2018) also reported maximum expected size to be the second most relevant factor for selecting a
hazard rating.

Moreover, our findings on avalanche size are in line with the results of a study on avalanche incidents in relation to the danger
rating. Harvey (2002) reported that length, width and fracture depth of human-triggered avalanches were very similar at the
danger levels 1-Low to 4-High, hence did not increase with increasing danger level; the median length was 200 to 250 m, the
width 50 to 60 m, which corresponds to avalanche size 2, in agreement with our analysis. However, when he considered all
avalanches that had caused damage, i.e. not only human-triggered avalanches, but also avalanches that had destroyed trees or
infrastructure, he found avalanche size to be larger at the danger levels 4-High and 5-Very High than at the lower danger

levels. Logan and Greene (2018)
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The relative frequency of the avalanche size classes 2, 3 and 4 were 70 %, 23 % and 2 %, respectively. Hence the frequency
of avalanche sizes 2 to 4 decreased with increasing size (Table 3, bottom row). Stoffel et al. (1998) also reported decreasing
frequency of occurrence for their avalanche size classes medium, large and very large. These findings are in line with the
magnitude-frequency relation of most natural hazard events including earthquakes for which the relation is known as Guten-
berg-Richter law (Jentsch et al., 2006). Several other studies have shown frequency-size power-laws for snow avalanches (e.g.,
Birkeland and Landry, 2002; Faillettaz et al., 2004). The fact that size 1 avalanches were not the most frequent, as theoretically
should be the case, is probably related to an observation bias: small avalanches may often not be mapped, in particular when

other larger avalanches occur, or cannot be mapped at all if they are too small.

The number of observed natural avalanches strongly increased with increasing danger level: 2.1, 2.5, 6 and 48 for the
danger levels 1-Low to 4-High, respectively. This suggests that the differentiation between the lower two danger levels cannot
be based on avalanche occurrence. Also, the relative increase from one danger level to the other is increasing — suggesting an
exponential increase of the hazard. Previously, it was suggested that the hazard would double from one level to the other
(Munter, 2003). Using accident data a 2- to 3-fold increase was shown (Pfeifer, 2009; Techel et al., 2015), whereas a survey
among North American avalanche professionals suggested a 10-fold increase of triggering probability when the regional dan-
ger increases by one level (Jamieson et al., 2009b). Based on avalanche observations from Colorado, Elder and Armstrong
(1987) assigned avalanche frequencies per day to the four danger levels that were in use at those times: 0-3, 4-9, 10-20 and
>21.

The prominent, non-linear increase of avalanche occurrence with increasing danger level reflects that, according to its defini-
tion, the avalanche danger level increases with decreasing snow stability. With decreasing snow stability, the frequency of
locations with a potential weakness where an avalanche may be released increases. However, the suggested increase of weak-
nesses in the snowpack can only be assessed with spatial variability studies (e.g., Reuter et al., 2016), which are most appro-
priate to determine the spatial distribution of instabilities. For example, Schweizer et al. (2003) reported an increase of the
proportion of poorly rated profiles from virtually 0 % to 24 % to 53 % for the danger levels 1-Low to 3—Considerable, respec-
tively. Their observations correspond to our finding that the number of natural dry-snow avalanches doubled from 2-Moderate
to 3—Considerable, and increased almost three times for wet-snow avalanches. Whereas the number of natural dry-snow ava-
lanches consistently increased with increasing danger level, this was not the case for the human-triggered avalanches. The
frequency of human-triggered avalanches did not increase from 3—Considerable to 4-High. This finding does not mean that

triggering becomes less likely but rather reflects terrain usage and the effect of avalanche warnings. Techel et al. (2015)

(Wéger and Zweifel, 2008)
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At danger level 4-High, the average number of natural avalanches per day in our study region was about 20 for dry-snow
avalanches and about 50 for wet-snow avalanches. If we assume that ‘many’ natural avalanches are typically observed at the
danger level 4-High (EAWS, 2019a), we may conclude that avalanches per 100 km? have to be expected, considering
some underreporting

for verifying the
danger level 4-High. Based on satellite images, Briindl et al. (2019) recently analyzed the avalanche activity during a major
avalanche cycle in January 2018 when the danger level was 5-Very High. They analyzed the number of size 4 avalanches per
area; for an area of 250 km? the number of size 4 avalanches ranged from less than 29 to up to 202 — roughly consistent with

our observations.

With regard to the definition of the avalanche danger by snow stability, its spatial distribution and avalanche size,
that the spatial distribution does only refer to the frequency of locations with poor snow stability where
avalanches can initiate from.

Moreover, difference between the probability of
avalanche release, which is a local property related to local snow instability as recently re-visited by Reuter and Schweizer
(2018), and the avalanche occurrence probability, which depends on scale and is the result of stability and its distribution

for a given area. Moreover, two
probability of triggering an avalanche faced by an individual who travels in avalanche terrain on

a given day , which also depends on scale

Finally, when the definition for 2-Moderate danger states that “Large natural avalanches are unlikely” (EAWS, 2019a), this
definition could as well be modified to “Natural avalanches are unlikely” since the probability for any size of natural avalanche
at 2-Moderate is less than 5 %, which according to the IPCC (IPCC, 2014) is best described by ‘very unlikely’. Likewise, the
formulation in the definition of 1-Low “Only small and medium avalanches are possible.” is not appropriate and should be

modified. Hence, our analyses of the avalanche activity may be used to improve the descriptions in the avalanche danger scale.

5  Conclusions

We quantified some of the key characteristics such as frequency and size of avalanches at a given danger level. To this end,
we analyzed a unique data set of 21 years of visually observed avalanche records from the surroundings of Davos (Eastern
Swiss Alps, 300 km?), consisting of the mapped outlines of 13,745 avalanches, and compared the characteristics of avalanche

activity to the regional danger level as forecast on 3533 days.

The proportion of days with natural avalanches at a given danger level substantially increased with increasing danger level.
Also, the overall number of avalanches per day prominently increased, which reflects that with increasing danger level snow

stability decreases and the frequency of locations with a potentially critical weakness in the snowpack increases. The recorded
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number of avalanches per day in our study region (300 km?) was 2, 3, 8 and 64 for the danger levels 1-Low to 4-High,

respectively.

The relative frequency of the four avalanche size classes did not substantially change with increasing danger level, neither for
human-triggered nor for natural avalanches, except for danger level 5-Very High. In other words, avalanche size did not in-
crease with increasing danger level: the most frequent avalanches were size 2 avalanches at any danger level. This suggests
that avalanche size may be of secondary importance compared to snowpack stability and its distribution when assessing the
danger level. Only in certain situations avalanche size may be decisive — and rather by considering the maximum expected
size. Still, the absolute number of very large avalanches (size 4) per day prominently increased, namely by 20 times from 3—
Considerable to 4-High.

At a given danger level the frequency of natural avalanches was typically larger for wet-snow conditions than for dry-snow
conditions and wet-snow avalanches tended to be larger — potentially reflecting inconsistence usage of the danger scale in
Switzerland. Based on our findings, we propose revisiting the definitions of the danger scale and possibly quantifying some of
the descriptions. For example, we suggest that ‘many avalanches’ may mean on the order of at least about 10 avalanches per
100 km?,

We are aware that visual observations are notoriously incomplete. Hence, our results should be challenged by similar analyzes
with similarly extensive data sets. In future, more comprehensive data sets based on remotely-sensed data and results from

avalanche detection systems may allow better founded analyses.

Finally, our analyses confirm that different avalanche situations are typically condensed into one specific danger level, which
results in a loss of information. Hence, avalanche warning services are encouraged to describe the danger as best as they can,
and not only provide the danger level. Likewise, risk assessment in avalanche education should not focus solely on the danger

level, or the release probability, but as well include the potential consequences.
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