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A B S T R A C T

In public avalanche forecasts, avalanche danger is summarized using a five-level ordinal danger scale. However,
in Switzerland - but also in other countries - on about 75% of the forecasting days, only two of the five danger
levels are actually used, indicating a lack of refinement in the forecast danger level. A refined classification
requires the forecasters to assess the avalanche danger in greater detail than the established danger levels. This
leads to the fundamental question, whether a reasonable accuracy and consistency of refined danger ratings can
be achieved at all. We address this question relying on a data set from Switzerland, where forecasters of the
national avalanche warning service have refined the forecast danger level using three sub-levels (minus, neutral,
plus) during four forecasting seasons. These sub-levels, which describe where within a danger level the danger
was estimated, were not provided to the public. With the goal to assess whether the forecast sub-levels were
better than a random assignment of sub-levels, we compared these forecasts with local nowcast estimates of
avalanche danger, for days when two observers reported such an estimate (N= 1146), as ground truth. The
agreement between the forecast regional danger level and the local danger level estimate was 81%, with a
distinct over-forecast bias in cases when forecast and nowcast disagreed. This tendency towards over-forecasting
also showed in a spatial and temporal context. Furthermore, some anomalies in the use of the sub-levels were
noted, particularly for sub-level plus in combination with danger level 2-Moderate. Despite these anomalies, the
forecast sub-levels were clearly better than a randomly assigned sub-level, resulting in a lower misclassification
cost. Furthermore, in case of over-forecasting, the forecast sub-level was in 70% of the cases the sub-level closest
to the local estimate, and thus the difference between forecast and nowcast danger level was likely less than one
“full” danger level. This indicates that forecasters can often forecast avalanche danger at greater detail than the
established danger levels, provided that relevant and reliable data is available in sufficient spatial and temporal
density, and that the warning regions, the smallest spatial units used in the forecast are sufficiently small.
Therefore, we argue, such refinements of the danger level should be made whenever possible, last but not least
for an improved internal assessment of avalanche danger.

1. Introduction

Avalanche forecasts, providing avalanche warnings to the public,
are issued in many snow-covered mountain regions. An important
component of these forecasts is the publication of a regional avalanche
danger level DRF, assigned according to a five-level, ordinal danger
scale (EAWS, 2018; Statham et al., 2010). DRF uses an integer-signal
word combination (e.g. danger level 4-High) to summarize the expected
avalanche conditions.

The forecast danger level is a relevant parameter particularly during
the planning phase of back-country tours, and it is used in decision
support tools for back-country recreationists (e.g. McCammon and

Hägeli, 2007; Landrø et al., 2020). Furthermore, DRF also impacts the
behaviour of recreationists undertaking tours in backcountry terrain
(Furman et al., 2010), that is in terrain without organized avalanche
mitigation. In addition, in Switzerland, the forecast danger level cor-
related highly with the avalanche risk of backcountry recreationists
(Techel et al., 2015; Schmudlach et al., 2018). and a decrease of touring
activities on days and in regions with danger level 3-Considerable has
been noted (Zweifel et al., 2006; Techel et al., 2015). And finally, in
some countries, as in Switzerland, risk-management authorities in-
corporate information provided in the forecast in their planning of risk
mitigation measures.

However, two problems come to the fore: Firstly, summary statistics
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describing the distribution of published avalanche forecasts indicate
that the distribution of the forecast danger levels is not very refined: on
three of four days the forecast danger level was either 2-Moderate or 3-
Considerable (e.g. Logan and Greene, 2018; Techel et al., 2018). And
secondly, even though assigning and communicating a single danger
level may be easier to understand for a user than a probabilistic fore-
cast, categorical forecasts result in the maximum loss of information
(Murphy, 1993). This is due to the fact that the probability assigned to a
categorical value (the danger level) is always 100% (Doswell and
Brooks, 2020), and the uncertainty related to it can only be expressed in
the danger descriptions. Therefore, avalanche warning services em-
phasize that forecast users refer to the danger description accom-
panying the forecast to obtain more detailed information.

This challenge - communicating avalanche danger in a simple and
well-established manner on one side, while simultaneously assessing
avalanche danger in greater detail on the other side - lead to the
question whether sub-levels, assigned to a danger level during the
forecast process, actually have skill. In other words, if a forecast re-
gional danger level DRF was refined by assigning a sub-level by a
forecaster, were these sub-levels significantly better than a randomly
assigned one?

To answer this question, we explored a 4-year data set of published
avalanche forecasts in Switzerland, and compared the forecast DRF,
including an unpublished sub-level (DRF. sub), with local nowcast danger
level estimates (DLN, LN = local nowcast). As a danger level cannot be
measured, and hence not truly be verified, such nowcast estimates have
been used in several studies to “verify” the avalanche danger level (e.g.
Brabec and Stucki, 1998; Jamieson et al., 2008; Sharp, 2014; Techel
and Schweizer, 2017). Furthermore, we discuss potential benefits and
challenges associated with DRF. sub, taking the viewpoint of an ava-
lanche forecaster as well as the bulletin user.

2. Data

2.1. Regional forecast danger level and sub-level

In Switzerland, the national avalanche warning service WSL
Institute for Snow and Avalanche Research SLF (SLF) issues a public
avalanche forecast covering the Swiss Alps and the Jura mountains
(SLF, 2019) (Fig. 1a). The main forecast is published at 17:00 CET,1

valid until 17:00 the following day. For the main part of the winter, the
forecast is updated every morning at 08:00. The forecast product is
map-based (Fig. 1a) and contains information on the danger levels,
most critical aspects and elevations, the avalanche problems and a
danger description. Furthermore, a snowpack and weather summary is
provided with a short, two-day outlook.

The forecast domain is split into warning regions. More than 130
static spatial warning regions (polygon boundaries in Fig. 1b) form
together the forecast areas of the Swiss Alps (26,400 km2, in 2018/2019
subdivided into 117 warning regions with a median size of 183 km2)
and the lower elevation Jura mountains (2900 km2, 2018/2019, 12
warning regions with median size 255 km2). For the Jura, the daily
publication of a forecast started in winter 2017/2018. No forecast is
issued for the lowlands between the Alps and the Jura (white areas in
the maps in Fig. 1). Avalanche danger is communicated for dynamically
aggregated warning regions, so-called danger regions (for instance re-
gions A, B, C1 and C2 in Fig. 1a; Ruesch et al. (2013)). Warning regions
are aggregated to a single danger region when the expected avalanche
danger can be described with the same avalanche danger level, valid for
the same aspects and elevations and with identical avalanche problems
and danger description (SLF, 2019). Danger regions may be spatially
continuous (e.g. regions C1 or D in Fig. 1a), or may be disconnected

from each other (e.g. regions A or C1 in Fig. 1a).
Forecasters assign a regional danger level according to the danger

level definitions provided in the European Avalanche Danger Scale
(EAWS, 2018), by considering snowpack stability, the frequency of
triggering locations and the expected avalanche size. Since January
2017, avalanche forecasters have assigned one of three ordinal sub-le-
vels to each forecast danger level DRF: plus, neutral, minus. The intention
of assigning these sub-levels was to indicate where within the danger
level avalanche danger was estimated. Therefore, the avalanche con-
ditions described by the sub-levels are within the corresponding danger
levels' definitions:

• plus means that the danger tends towards the next higher danger
level, e.g. a plus assigned to 3-Considerable (notation DRF. sub = 3-
plus) tends towards 4-High
• neutral means that the danger is approximately in the middle of the
level, e.g. DRF. sub = 3-neutral, and
• minus means that the danger is at the lower end of its level, e.g. DRF.

sub = 3-minus tends towards 2-Moderate.

Neither a numerical value nor a probability distribution was asso-
ciated with the sub-levels. DRF. sub was assigned to each danger region,
but was not published.

To distinguish between the “full” danger level DRF and DRF. sub, we
use the integer-signal word combination for DRF (e.g. 3-Considerable)
and a combination of the integer and sub-level-term (e.g. 3-plus) for
DRF.sub.

An evaluation after the first winter showed that the seven fore-
casters at SLF were generally comfortable assigning a sub-level to a
danger level. However, to increase consistency the following rules were
defined:

• In case of spatial gradients, for instance, a region bordering regions
with a lower and a higher danger level, for the sub-level the ap-
proximate center of the region should be assessed. An example is
shown in Fig. 1a, where region A lies between a region with a lower
(region B) and a higher danger level (regions C1 - C2).
• In case of temporal variations during the valid period of the forecast,
the morning is assessed. This is standard practice in the avalanche
forecast in Switzerland.
• For the lowest danger level 1-Low, no sub-level is assessed.

In this study, we relied on forecasts issued in the morning (at 08:00
CET), valid until 17:00 CET for the Swiss Alps, and relating to dry-snow
avalanche conditions. We limited this analysis to forecasts describing
dry-snow avalanche conditions to allow a comparison with local now-
cast estimates of avalanche danger, which are provided for dry-snow
conditions only (see following Section 2.2). We made use of the forecast
danger levels DRF and the respective sub-levels DRF.sub.

Between January 2017 and April 2020, 439 avalanche bulletins
were published in the morning with a total of 2173 different danger
regions describing dry-snow avalanche conditions.

2.2. Nowcast danger level estimates

In Switzerland, specifically trained observers assess and report the
avalanche danger level in their region (e.g. Suter et al., 2010; Techel
and Schweizer, 2017). These danger level estimates describe current
conditions, and can therefore be considered a local nowcast (Jamieson
et al., 2008), where local does not refer to an assessment of a single
slope, but to an area of observation, estimated as 10–25 km2 (Jamieson
et al., 2008; Meister, 1995). Observers are advised to incorporate all
information considered relevant for the assessment, including ob-
servations made during the day in the field, but also prior knowledge
they may have regarding, for instance, the development of the snow-
pack or information from third parties (for more details refer to Techel

1 The forecast is always published in local time, therefore all times refer to
either CET or CEST
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and Schweizer, 2017). Observers reporting a DLN estimate (LN = local
nowcast) are advised to assess current conditions for dry-snow situa-
tions and the expected highest DLN for wet-snow conditions. DLN is as-
sessed according to the European Avalanche Danger Scale (EAWS,
2018). Additionally, when estimating 3-Considerable, observers re-
ported whether natural avalanches were expected or not (SLF, 2002).

As in Techel and Schweizer (2017), we limited the analysis to DLN
estimates describing current conditions. Therefore, we relied ex-
clusively on DLN estimates which referred to dry-snow avalanche con-
ditions, which were reported between 10:00 and 17:00 CET from ob-
servers who were in the field.

Variations in DLN estimates between observers in the same warning
region have been noted (Techel and Schweizer, 2017), but also when
relying on the same set of observations (Haladuick, 2014). To in-
corporate this uncertainty, we considered only DLN estimates reported
on days and in warning regions when two or more observers were in the
same warning region. When two observers indicated the same DLN es-
timate, we considered this as a sufficiently robust estimate of avalanche
danger for the day and region. In contrast, when two observers differed
in their assessment by one danger level, we considered this as an in-
dication that the danger was likely somewhere between the two re-
ported levels.

After applying the selection criteria and merging forecasts with
nowcasts by date and warning region, the data set consisted of DRF, DLN

pairs for which either two DLN estimates resulted in the same DLN (N=
891), or for which DLN differed by one danger level (N= 255).
Furthermore, 210 DLN estimates for 3-Considerable were available,
where two or more observers provided the same indication whether
natural avalanches were expected or not.

3. Methods

Danger levels (DRF, DLN) are ranked ordinal data with five levels.
DRF. sub, which additionally describes a rank order within each danger
level, increases the resolution of the forecast DRF compared to DLN.
Accounting for this difference in resolution, and whether DLN estimates
showed agreement or not, we proceeded step-wise to explore whether
the forecast DRF. sub had skill:

• For the 891 cases, when DLN estimates agreed:

1. We calculated the difference between the forecast and the nowcast
danger levels ΔD = DRF − DLN.

2. When forecasts and nowcasts agreed (ΔD= 0), the skill of DRF. sub
could not be explored, as DRF. sub was within the same danger level
as DLN. For these cases, we assigned a misclassification cost of 0
(Table 1).

3. For all other cases, that is when forecast and nowcast disagreed
(DRF ≠ DLN), we calculated the difference in sub-level ranks be-
tween DRF. sub and DLN and considered this difference as the mis-
classifcation cost (Table 1). For ordinal classification approaches, a
misclassification cost equal to the difference of ordinal levels be-
tween the diagonal and the event is considered reasonable
(Galimberti and Soffritti, 2012).

• For the 255 cases, when two DLN estimates disagreed by one danger
level:

1. We considered these cases to indicate that observed avalanche
conditions were likely somewhere in between two danger levels
(e.g. when one DLN estimate was 2-Moderate and another 3-
Considerable). We then assigned a misclassification cost of 0 to the
respective highest and lowest sub-levels of these two danger levels
(e.g. when DLN 2-Moderate and 3-Considerable, the misclassification
cost was 0 for 2-plus and 3-minus, Table 2).

2. For all other cases, the misclassification cost increased by one ac-
cording to the difference in ranks (Table 2).

With the goal to explore whether DRF. sub was better than a random

Fig. 1. Maps showing (a) the Swiss avalanche bulletin, issued in the morning of 10/03/2018 at 08:00 CET, and (b) a relief map (relief = grey shading) of Switzerland
showing the major rivers and lakes (blue) and the more than 130 individual warning regions, the smallest spatial units used in the forecast (black polygons). (a)
Letters A to D are explained in the text. (b) Reproduced by permission of swisstopo JA100118.

Table 1
Misclassification cost assigned to forecast-nowcast pairs, for cases when two
DLN estimates were the same.

DRF. sub DLN

1-Low 2-Mod 3-Cons 4-High 5-vHigh

2-minus 1 0 3 6 9
2-neutral 2 0 2 5 8
2-plus 3 0 1 4 7
3-minus 4 1 0 3 6
3-neutral 5 2 0 2 5
3-plus 6 3 0 1 4
4-minus 7 4 1 0 3
4-neutral 8 5 2 0 2
4-plus 9 6 3 0 1
5-minus 10 7 4 1 0
5-neutral 11 8 5 2 0

The misclassification cost increases by 1 with each increase in the difference in
sub-level ranks (DRF.sub) for cases when DRF ≠ DLN. DRF= 1-Low is not shown,
as no sub-levels were forecast for this danger level. Values shown bold have a
misclassification cost of 0

F. Techel, et al. Cold Regions Science and Technology 180 (2020) 103162

3



sub-level, we randomly assigned a sub-level to each DRF, thus obtaining
a DRF.sub.random. This random assignment of sub-levels, however, was
not fully random as we sampled according to the distributions of the
forecast sub-levels for each of the danger levels (as shown in Fig. 2b).
This approach already introduces some skill in the random assignment
of sub-levels. Proceeding as described before, we obtained the differ-
ence in sub-level ranks and thus the misclassification cost for
DRF.sub.random according to Tables 1 and 2.

4. Results

We present the results in two steps: To detect potential anomalies in
the use of the sub-levels, we first explore the use of the danger levels
and sub-levels in the forecasts in Section 4.1 by exploring overall dis-
tributions, temporal changes and spatial gradients in danger ratings
between immediately neighboring warning regions. And secondly, we
focus on the quality of the forecast sub-levels, that is, the agreement
between forecast and local estimate and whether forecast sub-levels
were better than random (Sections 4.2 and 4.3).

4.1. Forecast danger levels and sub-levels

4.1.1. Overall distributions
Fig. 2a shows the distribution of forecast danger levels DRF for dry-

snow conditions in the Swiss Alps during the 4-year period. 2-Low and
3-Considerable were forecast about 80% of the time. Avalanche danger
was not explicitly communicated for each of the more than 100 warning
regions in the Alpine forecast area, but warning regions were ag-
gregated to, on average, five danger regions (for instance regions A, B,
C1, C2 in Fig. 1a). These differed in at least one of the forecast

parameters - danger level, aspects, elevation range, avalanche problems
or danger description. However, most often only two different danger
levels DRF (mean 2.4) and three sub-levels DRF. sub (mean 3.4) were used
to describe dry-snow avalanche danger in the Alps in a forecast, high-
lighting that forecasters not solely communicated the variations in the
danger level between regions but that almost as often differences in the
aspects and elevations where the danger prevailed and/or in the ava-
lanche problems encountered and/or in the danger description were
reason to aggregate warning regions to a separate danger region.

The proportion of the forecast sub-levels DRF. sub decreased mono-
tonically from 3-minus to 5-minus (Fig. 2b). At 2-Moderate, no such
pattern showed. Of note was the comparably low proportion of 2-plus
(10%), used less often than both the immediately lower 2-neutral (18%)
and higher (3-minus) sub-levels (17%). Expecting an approximately si-
milar usage of these DRF. sub, these proportions were significantly dif-
ferent (proportion test (R Core Team, 2017): p<0.001) This pattern
also showed when comparing 2-plus with 2-minus and 3-neutral (13%
and 15%, respectively, p<0.001), suggesting some anomaly in the use
of 2-plus.

4.1.2. Temporal changes
For the same warning region, DRF stayed the same from one day to

the next about 75% of the time, while DRF. sub changed about every
second day (51%). If DRF. sub changed, it was 52% of the time within the
same danger level DRF. Increases in DRF. sub were generally by one sub-
level (52%) or two sub-levels (24%), decreases were often more gradual
(by one sub-level 65%, by two sub-levels 26%). Thus, pronounced
changes - more than two sub-levels change from one day to the next -
were significantly more often forecast when danger increased rather
than decreased (24% vs. 10% of the cases, p<0.001). An exception to
the generally rather gradual decrease of DRF. sub during times when
avalanche conditions returned towards stability, were days, when DRF
was lowered from 3-Considerable to 2-Moderate (case A in Fig. 3). On
these days, the decrease in sub-levels was 71% of the cases by two or
more sub-levels. In contrast, on days immediately prior to these days,
most often no change in DRF. sub was noted. When considering only days
when a decrease within 3-Considerable was forecast for the day before
this change in DRF (case B in Fig. 3), this was by one sub-level in 75% of
the cases. Hence, the forecast decrease in avalanche danger was clearly
more distinct in case A compared to B, indicating some anomaly in the
use of the danger levels (i.e. staying comparably long on 3-minus and
then decreasing straight to 2-neutral). Likely, this is linked to the gen-
eral tendency to over-forecast as will be addressed in more detail in
Section 4.3.1.

In the course of the winter, it is common that periods with very slow
changes in avalanche conditions occur, which will often be forecast
with the same danger level. Exploring periods, when 2-Moderate or 3-
Considerable were forecast on at least 10 consecutive days, showed that
DRF. sub changed on about one of 3 days (32%) expressing variations in

Table 2
Misclassification cost assigned to forecast-nowcast pairs, for cases when two
DLN estimates differed by one danger level.

DRF. sub DLN

1-Low/2-Mod 2-Mod/3-Cons 3-Cons/4-High

2-minus 0 2 5
2-neutral 1 1 4
2-plus 2 0 3
3-minus 3 0 2
3-neutral 4 1 1
3-plus 5 2 0
4-minus 6 3 0
4-neutral 7 4 1
4-plus 8 5 2
5-minus 9 6 3
5-neutral 10 7 4

DRF= 1-Low is not shown, as no sub-levels were forecast for this danger level.
Values shown bold have a misclassification cost of 0

Fig. 2. Distribution of the forecast danger level DRF (a) and the sub-levels DRF. sub (b) during the four winters 2016/2017 to 2019/2020 for dry-snow avalanches, as
issued in the morning forecast.
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avalanche conditions.

4.1.3. Spatial gradients
On average each warning region shared borders with five to six

neighboring warning regions. Therefore, gradients in DRF or DRF.sub
between a warning region and at least one of its neighbors were com-
parably frequent occurrences: DRF differed in 35% and DRF.sub in 52% of
the cases.

In the 84% of the cases when differences in DRF. sub existed, they
were within the same danger level DRF. Excluding situations when 1-
Low was forecast, differences were primarily by one sub-level (44%) or
two sub-levels (38%).

Spatial gradients of two or more sub-levels were observed most
often between the chain of the northern-most warning regions (the
lower elevation Pre-Alps, region D in Fig. 1a) and the next chain of
warning regions further into the Alps (region C1 in Fig. 1a).

Considering the issued danger level, no clear patterns showed:
spatial gradients of two or more sub-levels were observed for all DRF. sub
combinations.

4.2. On the agreement rate of local nowcasts

1146 comparisons between forecast DRF and nowcast estimates DLN
provided by two observers were analyzed. The two nowcast estimates
agreed 78% of the time.

The proportion of disagreements between two DLN estimates in-
creased with increasing DRF from 16% at 1-Low to 33% at 4-High.

Considering the forecast sub-level, disagreements occurred sig-
nificantly more often when the sub-level was minus (29%), rather than
neutral (19%, p<0.001) or plus (16%, p<0.001).

Regardless of the forecast sub-level, nowcasts disagreed also sig-
nificantly more often when estimates were made in a warning region
where the forecast danger level DRF was higher than in at least one of
the immediately neighboring warning regions (32%, case Z in Fig. 3b),
compared to cases when the same DRF was forecast in all neighboring
warning regions (22%, p<0.01, case X), or when at least one neigh-
boring warning region had a higher DRF (14%, p<0.001, case Y in
Fig. 3b).

In summary, differences between two local danger level estimates
were most frequent when the forecast sub-level was minus or when DRF
was higher than in a neighboring warning region. This indicates that
such disagreements were not just due to random variations in the local
assessments, but may in fact represent to some extent that the danger
was probably somewhere in between two danger levels.

4.3. On the quality of forecast danger levels and sub-levels

In the following, we compare forecasts with nowcasts, first for the
cases when nowcasts agreed (Section 4.3.1), and then when nowcasts
disagreed (Section 4.3.2).

4.3.1. On the quality of forecast sub-levels when local estimates agreed
When two observers reported the same DLN estimate (N= 891), the

forecast danger level DRF and the locally estimated danger level DLN
agreed 81% of the time (N= 718, Table 3). In these cases, and ignoring
situations with forecast danger level 1-Low, when no sub-level was
indicated (N= 648), the sub-level indicated was most often neutral (N=
272, 42%) with almost equal proportions of plus (N= 195, 28%) and
minus (N= 181, 29%, bold values in Table 3; Fig. 4a).

Whenever DRF ≠ DLN and DRF≠ 1-Low (N = 171), and not con-
sidering DRF. sub, differences were essentially always by one danger
level (N = 168, 98%). Deviations indicated a clear tendency towards
over-forecasting (DRF > DLN), which was 23 times more frequent than
under-forecasting. In the 164 cases of over-forecasting, most often the
sub-level rating DRF. sub was the sub-level closest to the DLN estimate
(N= 115, 70%), suggesting that the difference would often be less than
a “full” danger level (Table 3, Fig. 4a). In contrast, randomly assigned
sub-levels showed a less pronounced pattern (Fig. 4b). For the rare
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Fig. 3. (a) Schematic representation of the temporal evolution of the forecast danger level DRF (coloured ellipses) and sub-levels DRF. sub (grey circles). The cases A,
DRF decreased from 3-Considerable (3) to 2-Moderate (2), and B, the day prior to A when DRF was 3-Considerable, are described in the text. (b) Schematic
representation of a forecast domain with nine warning regions with three different danger levels DRF indicated by different blue colors. The following neighbor
relations are described in the text: Regions marked with an X: all neighboring regions have the same DRF, regions marked with a Y: at least one neighboring warning
region had a higher DRF, regions marked with a Z: at least one neighboring warning region had a lower DRF.

Table 3
Contingency table showing the forecast DRF. sub and DLN, for cases when two
local estimates agreed.

DRF. sub DLN P(DRF = DLN)

1-Low 2-Mod 3-Cons 4-High 5-vHigh

1-Low 70 2 0 0 0 0.97
2-minus 36 88 1 0 0 0.70
2-neutral 16 123 3 0 0 0.86
2-plus 4 95 1 0 0 0.95
3-minus 1 55 101 0 0 0.64
3-neutral 2 13 143 0 0 0.91
3-plus 0 3 81 2 0 0.94
4-minus 0 0 23 6 0 0.21
4-neutral 0 0 8 6 0 0.42
4-plus 0 0 2 5 0 0.71
5-minus 0 0 0 1 0 0
5-neutral 0 0 0 0 0 –

Values shown bold have a misclassification cost of 0. In addition, the proportion
of agreements between DRF and DLN (P(DRF = DLN)) is shown for the respective
DRF.sub.
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situation, when DRF < DLN the forecast sub-level ratings DRF. sub

showed no better performance than the randomly assigned sub-levels.
As a consequence, the misclassification cost was significantly lower for
DRF.sub (median = 1, mode = 1) than DRF.sub.random (median = 2,
mode = 1), when considering cases with DRF ≠ DLN (Wilcoxon rank-
sum test (R Core Team, 2017): p<0.001).

The proportion of forecast-nowcast pairs with the same danger level
(P(DRF = DLN)) increased from sub-level minus (0.63, N= 181 of 312),
to neutral (0.87), to plus (0.94, N= 181 of 193; Table 4), regardless of
DRF, but decreased with increasing DRF (for instance from 2-minus (0.7)
to 4-minus (0.21), Table 3).

Avalanche danger does not change abruptly at the border from one
warning region to another. Therefore, the proximity to a region with a
higher (or lower) danger level can serve as an indication that the
danger is in the upper (lower) part of the danger level. Regardless of
DRF. sub, when a warning region bordered at least one other warning
region with a lower DRF (case Z in Fig. 3b), the proportion of forecasts
which matched the local nowcasts (P(DRF = DLN)) was 0.43 (Table 4).

In contrast, when all neighboring warning regions had the same DRF,
the proportion was 0.86 (case X in Fig. 3b), and 0.98 when at least one
neighboring warning region had a higher DRF (case Y in Fig. 3b). The
agreement between DRF and DLN was lowest in case Z, when ad-
ditionally the forecast sub-level was minus ((P(DRF = DLN)= 0.33;
Table 4). Thus, not only high sub-levels, but also proximity to areas
with higher danger levels correlated with the proportion that DRF and
DLN matched.

Exploring the forecast-nowcast pairs, when observers estimated 3-
Considerable (Table 5), showed that when an observer indicated that
natural avalanches were expected (N= 34), the forecast DRF. sub was 3-
plus 53% (N= 18) and 3-minus only 9% of the time (N= 3). In contrast,
when natural avalanches were not expected (N= 176), DRF. sub was
more frequently estimated as 3-minus or 3-neutral (36%/N= 64 and
44%/N= 78, respectively).

4.3.2. On the quality of forecast sub-levels when local estimates disagreed
Typically, when two estimates disagreed (N= 255), the forecast

Fig. 4. Distance in sub-level ranks between the forecast DRF.sub (upper row, a and c) and the randomly assigned sub-level DRF.random (lower row, b and d) for cases
with local estimates DLN agreeing (left column, a and b) and local estimates disagreeing (right column, c and d). Absolute values of the distance in ranks correspond to
the misclassification costs as in Tables 1 and 2. Light-blue colors indicate cases when no misclassification occurred.

Table 4
Proportion of agreements between DRF and DLN (P(DRF = DLN)) as a function of
sub-level and spatial variations in DRF between neighboring warning regions,
for the three cases (X, Y, Z) decribed in Fig. 3b.

Sub-level DRF neighboring region

Higher (case Y) Same (case X) Lower (case Z) All

Minus 1⁎ 0.78 0.33 0.63
Neutral 0.98 0.91 0.65 0.87
Plus 0.97 0.94 1⁎ 0.94
All 0.98 0.86 0.43

⁎ N≤ 6.

Table 5
Contingency table showing whether natural avalanches were expected, for
cases when both two DLN estimates and the forecast danger level were 3-
Considerable.

DRF. sub Natural avalanches

Not expected Expected All

3-minus 64 3 67
3-neutral 78 13 91
3-plus 34 18 52
All 176 34 210
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danger level matched the higher of the two estimates (N= 212, 83% of
the cases, Table 6). 14% (N= 35) of the time it matched the lower of
the two estimates, and in 3% (N= 8) of the cases there was no match
between the individual DLN and DRF. This confirms the tendency to-
wards forecasting a higher danger level than was locally estimated. In
the 212 cases of over-forecasting, the sub-level was minus 57% of the
time (N= 121, Fig. 4c). For the comparably rare cases, when DRF
matched the lower of the two estimates, the forecast sub-level was most
often plus (67%, N= 14 of 21, excl. 1-Low).

56% of the comparisons between DRF. sub and DLN had a mis-
classification cost of 0 (N= 135 of 241, excl. 1-Low, Table 6), a sig-
nificantly larger proportion compared to 41% for DRF.sub.random
(p<0.001, Fig. 4c and d). Hence, the misclassification cost was sig-
nificantly higher for DRF.sub.random (median = 1, mode = 0) than for
DRF. sub (median = 0, mode = 0, p<0.001).

5. Discussion

In this section, we first debate the quality of the local nowcast es-
timates, the ground-truth we relied on (Section 5.1). Following, we
discuss the findings regarding forecast accuracy and bias (Section 5.2),
and the results related to our main research question: “Can avalanche
danger be forecast in greater detail than the five levels of the European
danger scale?” (Section 5.3). Finally, we comment on the operational
requirements which need to be fulfilled to assess avalanche danger at
greater detail (Sec. 5.4), and we take the perspective of the forecast
user, considering the potential benefit of providing more detailed in-
formation in the forecast product (Section 5.5).

5.1. On the reliability of local danger level estimates

As ground-truth, we relied on local nowcast estimates provided by
specifically trained observers. In Switzerland, these are the most reli-
able data-source, when assessing avalanche danger (Techel and
Schweizer, 2017). However, it is conceptually difficult to truly verify
avalanche danger, as there is not one unique set of observations de-
scribing a specific danger level (e.g. Bakermans et al., 2010). Further-
more, local nowcasts rely on the same subjective approach to assess
avalanche danger as forecasters do, and are therefore a best guess only
(Föhn and Schweizer, 1995). Hence, it is important to be aware of
uncertainties and potential biases introduced when relying solely on
local danger level estimates for verification:

• Two studies showed that mountain guides in Switzerland assess the
avalanche danger level more often lower than other observer groups
(for instance when compared to recreational forecast users or

observers in ski areas; Winkler nd Techel, 2014; Techel and
Schweizer, 2017). Most of the DLN estimates used in this study were
provided by mountain guides, which are part of the observer net-
work.
• It must be assumed that local assessors were aware of the forecast,
which may introduce a confirmation bias as noted in studies in
Canada (e.g. Jamieson et al., 2009; Bakermans et al., 2010).
• Furthermore, the proportion of two DLN estimates disagreeing in-
creased with increasing DRF (from 16% at 1-Low to 33% at 4-High).
Considering this disagreement rate not only as an indicator that the
danger level was in between two danger levels, but also as a mea-
sure describing the reliability of the local estimates within the same
warning region, less confidence can be placed on DLN estimates
provided on days when 4-High was forecast.

We addressed these uncertainties related to local danger level esti-
mates by relying only on estimates on days and in regions when two
observers reported such an estimate. While we believe that cases when
two observers reported the same danger level provide a reasonably
robust estimate of the avalanche danger level in a warning region, it is
not possible to check whether this assumption truly holds and hence,
what kind of bias may be present and should be accounted for.

Due to these uncertainties, we suggest to interpret primarily pat-
terns noted in our findings, rather than absolute values.

5.2. Forecast accuracy and over-forecast bias

The comparison between local danger level estimates and the
forecast danger levels showed an agreement rate of 81% and a rather
strong over-forecast bias in case of disagreements between forecast and
nowcast. Both the agreement rate between forecast and local nowcasts
and the forecast bias are similar to other studies exploring larger data
sets (Suter et al., 2010; Techel and Schweizer, 2017) or data from other
countries (e.g. in Canada: Jamieson et al., 2008; Sharp, 2014; Statham
et al., 2018). Additionally, we showed that a tendency towards over-
forecasting also exists in a temporal and spatial context Sections 4.1.2
and 4.1.3

Under-forecasting is of greater concern than over-forecasting, as
potentially riskier decisions may be made by forecast users (Jamieson
et al., 2009). However, frequent over-forecasting will decrease the
credibility of the warning. Hence, forecast accuracy should be improved
in general, which will inevitably also reduce the number of days when
the forecast danger level is too high.

5.3. Forecast sub-levels: consistent? And better than random?

We explored whether anomalies in the use of the sub-levels existed
(Section 4.1), and whether the forecast sub-levels were better than a
random assignment of a sub-level (Section 4.3.1).

5.3.1. Consistent?
We noted two anomalies in the use of the sub-levels, which may

indicate some inconsistency in their use:

i. Sometimes, jumps of two or more sub-levels were forecast from 1
day to the next, or between immediately neighboring warning re-
gions. This anomaly was observed particularly on days when DRF
was lowered from 3-Considerable to 2-Moderate, often during per-
iods when D decreased rather gradually. On these days, DRF.sub de-
creased more often by two levels than on the days immediately
before (Section 4.1.2).

ii. 2-plus was used significantly less often in the forecasts than would
be expected, when compared to the frequency of the respective
lower and higher sub-levels (Fig. 2b).

While there are situations, when abrupt changes may be perfectly

Table 6
Contingency table showing the forecast DRF. sub and DLN, for cases when two
local estimates differed.

DRF. sub DLN 4-High/5-vHigh

1-Low/2-Mod 2-Mod/3-Cons 3-Cons/4-High

1-Low 14 0 0 0
2-minus 40 2 0 0
2-neutral 28 3 0 0
2-plus 9 10 0 0
3-minus 6 66 1 0
3-neutral 2 33 1 0
3-plus 0 10 3 0
4-minus 0 0 14 0
4-neutral 0 0 8 0
4-plus 0 0 3 1
5-minus 0 0 0 1
5-neutral 0 0 0 0

Values shown bold have a misclassification cost of 0.
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justified, there are likely also cases, when these are linked to limitations
in the availability of relevant observational data, not allowing a more
detailed assessment of avalanche danger. In these situations, forecasts
are kept more simple reflecting the reduced knowledge the forecasters
have. Furthermore, and despite forecasters having full flexibility of
aggregating warning regions to a large number of danger regions, al-
lowing in theory to assign more gradual spatial gradients in avalanche
danger between warning regions, each of the danger regions must be
described with the most critical aspects and elevations, avalanche
problem(s) and a danger description. However, in some circumstances,
as for instance at 2-Moderate, it may not be possible to make a further
distinction in terms of describing avalanche danger.

2-plus was used significantly less often in the forecasts than would
be expected. We believe this anomaly is linked to both the forecast bias,
which was observed in time and space (Section 4.3.1), as well as op-
erational constraints, like the need to provide a danger description for
each danger region.

Can this anomaly be addressed in the forecasts?
Some of these cases are likely linked to the forecast bias, observed in

time and space. Addressing this bias can only be achieved by actually
correcting the forecast danger level DRF. However, this would be a
change in the forecast danger level itself, and not merely a refinement
of the danger level, and does not reflect the state of knowledge the
forecaster has at the time the forecast is produced. This, clearly, is not a
suitable approach as the sub-levels are intended to describe where
avalanche danger is situated within a previously assigned danger level.

The danger levels are ordinal values with descriptions for each
danger level. Hence, sub-levels cannot be calculated, nor is there a clear
definition for them. The width of the sub-levels is therefore up to the
subjective assessment of the avalanche forecasters. However, in order
to ensure that sub-levels are used more evenly, the Swiss avalanche
forecasters should be encouraged to rate, in case of doubt, 2-plus rather
than 2-neutral, and at the same time 2-neutral rather than 2-minus.

Alternatively, we suggest a more consistent approach, which may
reduce both spatial gradients between warning regions (i) and increase
the use of 2-plus (ii) by automatically refining the sub-level as a function
of the danger level in neighboring warning regions:

• sub-level minus is assigned, whenever a warning region borders at
least one other region with a lower DRF but no region with a higher
DRF
• sub-level plus is assigned, whenever a warning region borders at
least one other region with a higher DRF but no region with a lower
DRF

In the presented data set, this approach would revise the sub-level of
about 13% of the cases. This adjustment would neither affect the danger
level communicated to the public, nor the agreement rate between DRF
and DLN, and it would only marginally and not significantly change the
misclassification cost. However, it would reduce the sub-level gradients
between neighboring warning regions (i) and would increase the pro-
portion of 2-plus (ii). However, aggregating the respective regions to
form a separate danger region would be difficult since it would require
at least some differences in the wording compared to the original de-
scription of avalanche danger for users to be able to understand why a
separate danger region is given. Thus, with the present format of the
avalanche forecast, such a refinement would mainly be useful for in-
ternal use or could be a basis for computer-driven models. Furthermore,
introducing such a smoothing might be correct on average, but smaller
or larger gradients may also be possible.

5.3.2. Better than random?
Despite these observed anomalies in the use of the sub-levels, the

comparison between local estimates and the forecast sub-levels showed
that DRF.sub was better than a random assignment of sub-levels
(DRF.sub.random):

• DRF. sub was most often neutral when DRF = DLN (Fig. 4a vs. Fig. 4b).
In contrast, DRF.sub.random was most frequently minus.
• In 70% of the cases, when DRF>DLN, DRF.sub was the sub-level
closest to the DLN estimate. Thus, DRF.sub leaned more strongly to-
wards the local estimate than DRF.sub.random (Fig. 4a vs. Fig. 4b).
• The misclassification cost was lower for DRF.sub compared to
DRF.sub.random (Section 4.3).
• 3-plus was more often associated with natural avalanches (35%)
than 3-minus (4%; Table 5).

This indicates that forecasters, at least when working in a setup as is
currently the case at the national warning service in Switzerland, can
indeed often refine avalanche danger at a higher resolution, by in-
dicating the trend within the five ordinal danger levels.

5.4. Refining avalanche danger ratings in regional avalanche forecasts -
operational prerequisites

The data show that it is possible to determine the regional danger
level with greater detail than the five danger levels. Prerequisites for
this, which apply to the provision of consistent and reliable forecasts in
general, include:

• Relevant and reliable data must be available in a sufficient spatial
density and temporal frequency.
• The warning regions, the smallest spatial units in the forecasts, must
be sufficiently small, and their aggregation to danger regions must
be highly flexible.

If the above requirements are fulfilled, a warning service should
refine avalanche danger as detailed as possible, at least for internal
assessment. This refinement has the following advantages:

• Expressing the conditions in a level of detail closer to the expected
avalanche conditions during the forecast production process will
increase consistency. While a categorization into fewer classes is
necessary to reduce the amount of complexity in the forecast pro-
duct; this should, however, only be done at the end of the forecast
process.
• Avalanche forecasters need to be aware of where in the danger level
the current situation is located. This facilitates the discussion re-
garding the conditions and the formulation of consistent danger
descriptions.

Such refined avalanche danger ratings may be used, for instance, to
train statistical models, or they could be fed into computer-driven
models like the Quantitative Risk Reduction method (Schmudlach
et al., 2018). Particularly for such modeling approaches, the provision
of a refined danger level could be highly relevant, considering that on
more than 75% of all the forecasting days, only two of the five danger
levels are forecast.

5.5. Relevance to forecast users?

In this study, we did not quantitatively explore whether providing
sub-levels to the user would actually be beneficial. While we believe
that some advanced users could benefit from this information, we
suspect that a higher granularity of danger ratings may be primarily
useful when integrated into computer models, as for instance those used
on web platforms assisting back-country recreationists during the
planning phase of a tour (Schmudlach et al., 2018), or to train statistical
models assisting avalanche forecasters in their data analysis.

We could imagine that providing more specific information on ex-
pected avalanche size, the likelihood of natural avalanches, the addi-
tional load required to trigger an avalanche, and the frequency and
location of these triggering locations might be of greater value to the
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user. However, the provision of this information must meet the same
quality criteria as we explored for the sub-levels: only when informa-
tion is of sufficient consistency and quality can it be of value to the user
(Murphy, 1993).

6. Conclusions

We explored a 4-year data-set of avalanche forecasts, which in-
cluded the indication of three sub-levels refining the forecast regional
dry-snow danger level. Comparing forecast danger levels with nowcast
estimates, we noted a similar agreement rate of 81% between forecast
and nowcast and a similar over-forecast bias as in previous studies.
Additionally, we showed that the tendency towards over-forecasting
was also present in a spatial and temporal context. Furthermore, we
demonstrated that the forecast danger levels refined by sub-levels have
skill, that is, they were better than a random assignment of sub-levels.
This indicates that forecasters, at least when working in a similar setup
as the national warning service in Switzerland, can indeed often refine
avalanche danger at a higher resolution, by indicating the trend within
the five ordinal danger levels. The results gained from this data analysis
may support discussions on optimizing the granularity of avalanche
danger ratings, last but not least for the internal assessment process and
as a data basis for computer-driven models.

From our perspective, the discussion, whether such sub-level in-
formation - or other more specific information - should be provided to
the public in avalanche forecast products, must include two aspects: (1)
in terms of consistency and quality, as explored here, and (2) in terms of
the benefits from this additional information to the user of avalanche
forecasts.
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