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In the following, we provide (in blue) detailed point-by-point answers to the comments raised by the re-
viewers (in black, italic). In addition, modifications made to the manuscript are highlighted in a separate file
with tracked-changes.

Response to Referee #1- Dr. Frank Techel

1 Summary

The study evaluates and compares the predictive performance of four machine learning algorithms for snow
avalanche forecasting along a highway corridor in eastern Canada. Models are trained on meteorological
data from a local weather station and tested both retrospectively (hindcast) and using 24—48 h numerical
weather prediction (NWP) data. The authors also develop simplified “expert models” based on a small set of
selected variables and show that these models can match the performance of more complex approaches. They
conclude that such models are suitable for operational forecasting and hazard management using NWP data.
While the manuscript is generally well structured and supported by mostly clear figures and tables, several
methodological choices reduce the transparency and interpretability of the results. Key concerns include the
definition and weighting of the event variable, inconsistent reporting of dataset size and time coverage, the
rationale for mapping model probabilities to danger levels, and limited validation based on a single winter
season. Additionally, the forecasting goal and performance metrics are not clearly aligned with the operational
context. These issues are outlined in detail below, with the intention of strengthening the manuscript’s clarity,
methodological robustness, and applied relevance.

2 Major concerns

2.1 Size and composition of event data set

The manuscript does not report the total number of days included in the dataset used for model development
(though the cumulative number of events since 1987 is mentioned), nor the number of event days used for train-
ing and testing, or how many days were covered by avalanche forecasts. This lack of detail makes it difficult to
evaluate the size, coverage, and representativeness of the training and validation datasets. Please provide these
numbers. Additionally, I recommend including a histogram or table showing the distribution of intervention
counts per day. If available, it would be helpful to show, in the same figure, the total number of avalanches per
day (including those not classified as events), to help readers understand how often avalanche conditions were
favorable for avalanche release and, among those, how often avalanches reached the road. This would also
provide the link to Figure 4, where both interventions and avalanches, which didn’t reach the road, are shown.
We thank Referee #1 for their positive comments on our manuscript. To address this comment, we have added
a figure with two subplots as suggested. The first subplot describes the number of event days and interventions
for each year throughout our dataset (both training and test datasets). The second subplot shows the frequency
of the number of avalanches per day, for both training and test datasets. Unfortunately, we cannot show the
avalanches that did not reach the road, as the observations were only taken after 2015.

2.2 Event weighting

The current approach assigns weights to event days based on the number of interventions per day, duplicating
rows with weight factors from 1 to 4. While this may aim to emphasize high-impact days in the dataset, the
scaling appears arbitrary. The manuscript would benefit from a clear justification for this specific weighting



scheme, including a discussion of whether it more reliably captures avalanche activity than alternative ap-
proaches — such as duplicating entries based on the actual number of interventions, using no weighting at all,
or treating severity as a separate variable.

In order to demonstrate the selection of the scaling of the weights, we added a figure (Figure 4.b) showing the
distribution of the number of avalanches (interventions) per day, with a histogram with the associated bins used
for the weights.

Additionally, the potential for overfitting introduced by this duplication strategy should be addressed. Poten-
tially, the following comment concerns this weighting scheme: in Tables 6 and 7, the term “train non double”
appears as a label for model results, but it is never defined in the text. Presumably, it refers to training on the
non-duplicated (unweighted) dataset, but this should be clearly stated. Please define this term explicitly in the
methods section and explain how the results under this label differ in training setup from the standard “train”
case with duplicated rows. The results from the non-duplicated dataset (non-double) were removed to improve
clarity, presenting only the train dataset results. The potential overfitting issue from the duplication strategy is
addressed in a new discussion section about bias and uncertainty (also suggested by reviewer 2).

2.2.1 Mapping forecast probabilities to danger levels

In Section 3.2 and Table 2, the authors introduce a mapping of model-predicted event probabilities to avalanche
danger levels. However, the rationale for this mapping remains unclear. It appears that fixed probability ranges
(e.g., 50-75% for “Considerable”) are assigned to match categorical danger levels, yet it is not explained
whether this mapping was derived from empirical data, optimized using forecast performance, or adopted from
an existing standard. Shouldn’t the probability ranges be obtained following analysis to be in line with the
data? The essential goal was to compare the forecasted danger level (traditional forecasting) to the model
probabilities. However, as pointed out by all the reviewers, we realized that this association is rather arbitrary.
It is difficult to derive thresholds of probabilities because the model predicts the probability of a single event
happening compared to the danger level "High” where multiple avalanches are expected. We will remove this
section from the methods and only visually compare the model predictions with the danger level forecasts by
AvQc. We will only assess the true prediction of the avalanche forecast by AvQc at Considerable level (or
High) where an avalanche is expected on the road and compute the performance metrics. This will allow us to
compare traditional forecasting with model performance.

Moreover, it is unclear whether the proposed scale is consistent with the North American Avalanche Danger
Scale (Statham et al.| |2010), or whether the four-level version used here, and their descriptions which clearly
relate to road level avalanche conditions, follow an accepted operational standard, whether this is the definition
used by road authorities, or whether it is a custom adaptation. Please clearly state so, justify the choice, and
reasoning for this descriptive definition. Please also provide the respective event and non-event data with the
forecast danger levels, i.e., the number of avalanche days to all days for each level, and the average number of
events per intervention day. We clarify that the decision to merge danger levels 4 and 5 was made by Avalanche
Québec forecaster’s team and the local direction of Québec’s Ministry of Transport.

2.2.2 Forecasting goal, performance metrics, and contextualisation

The manuscript lacks a clearly stated forecasting goal — for example, whether the priority is minimizing false
negatives (missed events) or false positives (false alarms) or whether a balanced performance is of interest
(Sect. 3.4.6). While FI score and AUC are widely used, the authors do not critically discuss whether these
metrics allow to reflect meaningful operational gains over current forecasting practice. In particular, the F1
score assumes equal cost for false positives and false negatives, which may not be appropriate in avalanche
forecasting where missing a high-impact event can have serious consequences. The claim (L359) that the
models are efficient and suitable for supporting road safety management would be stronger if it were grounded
in such operational considerations. |Ebert and Milne|(2022) provide an in-depth discussion of these metrics for
evaluating rare-and-severe event forecasts that may be useful. We changed the sentences in the subsection 3.4.6
to state our forecasting objective: "However, the forecasting objective is to find the best compromise between
the number of detections (motorist safety) and false alarms (additional operating costs). Thus, maximizing
the number of events predicted (Precision or True Positive Rate TPR) while minimizing false alarms (False



Alarm Rate FAR or False Positive Rate FPR). Improvement in one often leads to deterioration in the other. The
Receiver Operating Characteristic (ROC) and F; make it possible to establish a relationship between predicted
events (Prec or TPR) and false alarms (FPR or FAR).”

2.2.3 Inconsistent and limited model validation across time periods

It is somewhat confusing — or perhaps just not clearly explained — that results from datasets with differing
temporal coverage are directly compared (L261-271): the hindcast includes only a single season (2019), the
Test dataset spans five seasons (L156), and the Avalanche Québec forecasts are evaluated over either five or
seven seasons (Table 8 refers to 2013-2020, while L156 defines five seasons). Please clarify which time periods
are used for each comparison, and ensure consistent reporting of performance metrics across these datasets.
Moreover, while presenting a single season (2019 in Figure 4) as an illustrative example is appropriate, using
it as the only hindcast validation case is insufficient to evaluate model robustness across varying snow and
weather conditions. As shown in Table 7, only nine event days occurred during this season, which limits the
strength of conclusions about model performance (Section 5.2). Please justify the selection of this specific
year for hindcast validation and discuss the implications this has for the operational relevance and generaliz-
ability of the findings. We have included details on the validation across different time periods in the revised
manuscript. The time frames of the 7rain and Test datasets are now clearly depicted in Figure 4a, as well as
in Tables 6 and 7. The Test dataset functions as a hindcast validation including all winter days, covering five
winters. Revisions have been made to Tables 6 and 7 for improved clarity, along with updates to the text in
Section 3.4.6 (Performance Indicators). Additionally, Table 7 has been divided into two separate tables: the
first table compares only the expert models’ results for the train and test datasets (hindcast spanning 5 years),
and the second table (now Table 9) contrasts the specific hindcast of winter 2019 with the GEMLAM?24-48h
for that particular winter.

3 Minor concerns (Reviewer 1)

» Study area: Please provide the elevation of the Cap-Madeleine weather station and the elevation range
of the avalanche release areas. What is the elevation of the GEMLAM grid cell used in the analysis
(L186—-187)? - This information is essential to assess the representativeness of the input data and the
applicability of the forecasts to release zone conditions. The altitude of the weather station (20 m) and
the GEMLAM grid altittude (11 m) has been added to the text.

* In case elevation differs, take this up in the Discussion. Also, in the discussion, address that some road
sections lie nearly 100 km from the weather station, which may limit forecast reliability in parts of the
forecast area. We added a few sentences in a new discussion section (5.3) about bias and uncertainty.
We addressed in this section the representativity of the weather station, especially the west sector which
is nearly 60 km away.

Section 3.2: The manuscript uses regional avalanche forecasts issued by Avalanche Québec as a refer-
ence, but it is not clear why these were chosen over road-specific hazard assessments. Please clarify their
relevance in the study context. In this regard, it may be helpful to include more detail on the operational
hazard assessments carried out by road authorities—possibly in the Study Area section. For instance: Are
roads preventively closed? Are Avalanche Québec’s forecasts intended for, and actively used by, road au-
thorities in their decision-making? When interpreting the results, consider discussing how the avalanche
forecasts relate to actual road closures or missed closures (e.g., in terms of precision, false alarm rate, or
true positive rate), as this would provide a clearer link to the intended operational application and high-
light the challenges in forecasting avalanches that reach the road. More details were added in section
3.2 about the specific forecast and road closure, as this was also suggest by reviewer 3.

Figure 1: Please make the location of the Cap-Madeleine weather station more prominent - e.g., using a
larger dot or different color. Done

L129: The notation ”1h/24, 4h/24, 8h/24, 12h/24, 24h/24, 1h/48, 4h/48, Sh/48, 12h/48, 24h/48, 48h/48,
72h/72, 96h/96, 120h/120” is not intuitively clear. Additionally, Table 3 lists different values for intrain



and Nhr,snow. Please add explanatory detail, perhaps moving this notation to Table 3 where similar
forms are used for temperature variables. The notations and captions were modified and improved for
more clarity in Table 3.

Table 3: There are several inconsistencies and typos, such as the use of French (”et”) instead of English,
and mismatched or unclear time intervals. For example, Nsnow is described as 24 h on the left but listed
as 24 and 48 h on the right. Why are Nsnow(24h) and Nsnow(48h) grouped on one line, while longer
aggregations appear separately? Please revise for consistency and clarity. The inconsistencies in typos
were removed and, we used Snow now throughout the manuscript. We added in Table 3, a line stating
that Snow24-48 are not in the same line because they are not in the same correlation group for RFE.

e Table 3 and Results section: Is Nhr,snow (Table 3) the same as Snow24h and Snow72h (L304). - Please
ascertain that all abbreviations are used consistently throughout. Corrected

Section 3.4.1: This section appears to mix the introduction of NWP data with the process of selecting
expert model variables. Please introduce the NWP data in a separate paragraph—either as a dedicated
subsection (e.g., Section 3.4) or by restructuring Section 3.3 into subsections for weather station data,
NWP data, and derived variables. The paragraph about NWP was moved to the meteorological section
above. Additionally, clarify how expert judgment guided variable selection beyond redundancy (step
1), especially since the variables in Table 6 differ significantly from those ultimately selected (L251).
Consider dedicating a specific section to this. The sentence was modified to incorporate our reflections
essentially for both avalanche type (dry and wet) with 1) loading component by rain or snow, and 2)
temperature for melting: “our understanding from previous work on the development of instabilities
in the snowpack for both dry and wet avalanches in the study area (Gauthier et al.|, |2017), ultimately
leading us to snow/rain accumulation (loading), and temperature (melting) (Ancey, 2006 \McClung and
Schaerer, |20006)).”

Figure 4: A scale or reference for avalanche activity is missing. It would be helpful to plot the number of
interventions and non-intervention avalanche observations above the activity bars. Also, please clarify
whether the activity bars represent a histogram or another form of count aggregation. The number of
avalanches was already in the figure but not very visible, we increase the size of the bar plot (avalanche
count), and decrease others elements, while also adding a dedicated secondary y axis for the number of
avalanches on and off the road.

Section 4.3: please state whether the ”expert models” are analyzed Done

e 1.299-305: The SnowDriftlndex is discussed as an additional variable of interest, but no results are
shown regarding its impact or inclusion in model evaluations. Please report its contribution to perfor-
mance to ground this discussion in empirical evidence. The results of the Snowdrift index are presented
in Table 6 and at line 253-255. The variable Snowdrift 24h was only selected by two out of the four ML
models (LR and NN) as a significant predictor of the event variable.
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