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AFFECT AVALANCHE HAZARD MAPS IN NORWAY
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ABSTRACT: Forests play a major role in the mitigation of avalanche risk in Norway, but the regula-
tions surrounding the management of “protection forests” are still being worked out. To promote pro-
tection forest management, avalanche hazard indication maps for Norway have been produced with
the automated mapping tool NAKSIN in a way that makes it possible to quantity the effects of the current
forests in a spatially explicit way. NAKSIN makes use of published relations for forest effects on snow
properties and uses national models of forest characteristics to estimate the effects on release proba-
bility and runout given local climate and topography. The forest properties contain parameters that are
directly measured (canopy cover), and properties that are predicted (tree diameter, number of trees)
with approximately 70% precision according to ground truth data. NAKSIN uses these forest properties
in long chains of models, comprising of both mechanistic and empirical elements, some of which are
iterated over timesteps during avalanche flow. This means that errors could be propagated throughout
those model chains in unexpected ways. The aim of this study was to conduct a sensitivity analysis to
examine the effects of errors in the forest data for hazard mapping in a relevant case study region in
flordic western Norway. We examined hazard maps produced using 95% prediction errors for tree di-
ameter and the number of trees per hectare to determine if these would dramatically affect the hazard
zones. These hazard maps focused on runout properties as common release areas were implied for
avalanches through a common forest canopy cover percentage applied across the two extreme sce-
narios. Across the entire region, the hazard zones were generally stable with respect to potential errors
in the forest data, suggesting the approach is robust and the braking effect of forest is not overstated.
There was one exception, where the prediction errors could reduce the forest braking function to negli-
gible. This exception was easy to identify from the difference in hazard zones and the process allows
us to consider where more precise measurements of forests could be required in areas with high con-
sequences. The implications of various approaches to estimate forest leaf area index, and how this
might impact on release probability are illustrated to further consider this in the next steps of this re-

search.
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1. INTRODUCTION

Norway is a fjordic country, the steepest slopes are
often found at sea level, and the northern latitude
means winter snow accumulates even at low alti-
tudes. An examination of the national avalanche da-
tabase, subset for events where the precise location
was known, suggests that approximately 95% of av-
alanches in Norway south of the Arctic Circle (i.e.
<66° 34'N), occur below the treeline (Figure 1). This
does not discern that there were forests present in
the avalanche zone, rather that low altitude ava-
lanches are a significant hazard and that forests
should be considered in avalanche dynamics. Fur-
thermore, due to the natural topography, a large frac-
tion of the population live at the base of steep slopes,
often with dwellings or transport infrastructure di-
rectly in risk zones. At the same time, people and in-
frastructure in the risk zones are for the most part not
protected by supporting structures due to the low
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Figure 1: Histogram of historical avalanche event
elevation south of the Arctic Circle. The figure
counts only events with precise geolocation and
the red line indicates the typical treeline altitude.
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population density and high cost of such protection
measures. For these people, the forest is their pro-
tection, and it is therefore important to understand
the degree of risk reduction provided by different for-
est areas.

The mechanisms by which forests provide protection
has been detailed in several studies (refs to add), but
generally it can be stated that they (i) alter snowpack
properties, by delaying or even preventing snow ac-
cumulation on the ground through interception in the
branches during snowfall (ref), (ii) provide mechani-
cal support to anchor the snow in place (refs) and (iii)
modify avalanche flow providing a braking effect (e.g.
Védrine et al 2022). In general, all these effects are
dependent on the number, size and type of trees in a
given area. These parameters are typically available
at low spatial resolution in national forest inventories;
for example Norway'’s traditional national forest in-
ventory is predominantly a 1 km grid. These meas-
urements are conducted with a high degree of preci-
sion, but they are not sufficient to be used at the
slope scale relevant for avalanche models. In the last

two decades, significant advances in so called re-
mote-sensing technology (mainly airborne LIDAR
and RGB imagery) coupled with empirical modelling
and/or machine learning have enabled high resolu-
tion measurements of forests with complete national
coverage in some countries, including Norway. This
means that national maps of forest cover contain in-
formation at sufficient spatial resolution to be used in
regional to national avalanche risk analyses. How-
ever, these national maps of forest attributes contain
errors because some of the important attributes for
avalanche models are predicted, not measured.
There is consequentially the potential for error prop-
agation throughout the model chain. These errors
could affect national regulations on forest manage-
ment and regional planning, and in the worst case
underestimate the risk to human life. It is important to
investigate and quantify the potential implications.

The aim of this study is to assess how errors in forest
attribute maps will impact avalanche runout behav-
iour at the slope scale. Some consideration is also
given to release probability.
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Figure 2 — Voss is in a typical fjordic landscape of western Norway. The avalanche hazard is significant
here. Voss is home to approximately 7000 inhabitants and frequented by many tourists. Comparing the
avalanche hazard zones with and without the current forest cover produced using NAKSIN (hosted at
https://temakart.nve.no/tema/snoskredaktsomhet) shows the important protection provided here. The

runout without forest includes the residences of 2800 people and about four km of railway line. Forests
cover about 42% (2847 ha) of the region of interest, with about 9% of this total forest area that can be
designated as protection forests. The base maps are provided by the Norwegian Mapping Authority under

CC BY 4.0. © Kartverket
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2. METHODS

2.1

Voss is a town and popular ski resort in Vestland
county (Western Norway) (Figure 2). The resort is at
low altitude (54 m asl, summit about 800 m asl) and
winter snow is common to the sea level. The main
railway line between Oslo and Bergen (Norway’s two
largest cities) passes through Voss. The forest in the
area is dominated by spruce forests planted in the
1960s and 1970s to create a timber resource in the
region and is predominantly privately owned. Today
this forest is at harvesting maturity and there is a con-
flict of interest between timber production and socie-
tal protection, which is becoming typical throughout
Norway.

The case study region

2.2

Forest data was obtained from the Norwegian Forest
Resource (SR16) map (Hauglin et al., 2021). The
map is produced by using remote sensing (both RGB
imagery and aerial laser scanning) to predict forest
attributes at a resolution of 16x16 m? primarily based
on empirical correlations (Astrup et al., 2019; Hauglin
et al., 2021; Rahlf et al., 2017), but also machine
learning approaches (Breidenbach et al., 2016, Brei-
denbach et al., 2021). Thus (i) the data are not nec-
essarily observations and (ii) there are errors associ-
ated with the predictions. The parameters that are
important for avalanches are canopy cover, the num-
ber of trees per hectare, tree species and trunk diam-
eter at breast height (Issler et al 2023). Within the pa-
rameters produced in the SR16 model suite, only
canopy cover can be considered a direct measure-
ment, whereby the number of ground returns can be
compared directly to the number of returns. In fact,
airborne laser scanning is currently the most reliable
way to measure canopy cover on a meaningful scale.
Dominant height (i.e. the height of the tallest trees in
each pixel) is also quite reliable because the view of
the forest canopy from the air is unrestricted,
whereas this is not always true for traditional ground-
based assessments using inclinometers. Dominant
height is not currently used in NAKSIN, but it is used
in the production of other forest parameters and to
discern if forests are tall enough to support the snow-
pack. The parameters describing forest attributes
typically assessed below the canopy (e.g tree diam-
eter, number of trees), are less reliable because the
low-resolution lidar (~5 points m=2) used in regional
mapping does not penetrate the canopy. Quantita-
tively this translates as approximately a 10% error for
height, and a 30% error for other measurements
(Hauglin et al., 2021). Nonetheless, as the corre-
sponding errors have been quantified, this allows the
production of 95% prediction intervals which should
reasonably estimate the range of possible forest
properties. In this study, we make use of the upper

Forest data
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and lower prediction intervals on a 16 m? grid to rep-
resent the largest probable errors in the forest data.
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Figure 3: Boxplots showing the distribution of forest
metrics used in avalanche modelling in this study.
These are according to lower (I), expected or mean
(m), and upper (u) values of 95% prediction intervals.
The boxes represent the 25th, median and 75th per-
centile of the data, while the whiskers represent the
2.5th and 95th percentiles.

2.3  The mapping tool NAKSIN

We use the same automated hazard mapping tool,
NAKSIN (Issler et al., 2023) as was used for the pro-
duction of the current national hazard indication
maps for snow avalanches in Norway. It is a Python
3 code that implements the following computational
steps:

1. Set up the calculation (mapping area, data
sources, model parameters) from the user-

supplied configuration file.

Find potential release areas (PRASs) accord-
ing to a set of topographic criteria (slope an-
gle, planform curvature, PRA size and alti-
tude span, boundary shape and water-
sheds),

For each PRA, estimate the annual release
probability and fracture depth by evaluating
a simple stability criterion for several million
synthetic "winter days”.

If the estimated annual release probability
exceeds the user-selected threshold (0.001
a~' in our study), simulate the run-out area
corresponding to an event of that frequency.

Superpose the run-out areas from all ava-
lanche paths to obtain the final map.

The sample “winter days” are generated by randomly
picking values for old-snow depth and snow water
equivalent (SWE), three-days precipitation and
snowfall following the distribution in the seNorge 2
data set, a more than 65 years long time series of
gridded daily data (Lussana et al., 2018; Saloranta,
2016). These data, referring to the average altitude
of a 1 km? grid cell, are extrapolated to the altitude of
the PRA and corrected for rain-on-snow events. The
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mean snow density derives from the ratio of snow
height and SWE.

For each “winter day”, the position of a weak layer in
the snowpack is randomly drawn and its shear
strength estimated based on field data (Jamieson
and Johnston, 2001), multiplied with a random factor
typically in the range [0.5, 2]. NAKSIN presently uses
a simple infinite-slope stability criterion, i.e., the ratio
of weak-layer strength to the gravitational traction of
the overburden. The stabilizing forces across the
snow slab are neglected, thus overestimating the re-
lease probability.

Where forest is present, the old-snow and new-snow
heights are reduced and the snow densities in-
creased, which leads to increased strength of the
weak layer. The modification depends on the can-
nopy coverage (i.e. crown size and number of trees)
and winter-time leaf-area index. The latter, in turn,
depends on the local dominant tree species, snow in-
terception being strongest for spruce, somewhat less
for pine and much less for deciduous trees like birch.
Another important effect is the supporting effect of
the tree trunks, which depends on the number of
trees per unit area and their average diameter. In the
search for PRAs (step 2 above), NAKSIN anticipates
these effects by eliminating cells with very dense for-
est, the threshold depending on tree species and lo-
cal slope angle.

In principle, many different run-out models could be
used in NAKSIN. We use MoT-Voellmy, a 2-D depth-
averaged flow model of the Voellmy type. The two
friction parameters, y and k = g/¢, are spatially vary-
ing and chosen according to the calibration proposed
in (SLF, 2017). However, the altitude dependence
suitable for the Swiss Alps is replaced by a depend-
ence on the local average winter temperature from
the seNorge 2 data set, adjusted for altitude (Issler et
al., 2023) so that it can be used universally.

MoT-Voellmy accounts for the braking effect of trees
on flowing avalanches by incrementing y and k by lo-
cal values Ay, Ak that depend on the Froude number
of the flow and n - ¢, the product of the stand density
(i.e. the number of trees per unit surface area or n)
and average tree diameter ¢:

Ap=125n-¢-h-cosb
Ak =0.5n-¢ - h.-cosf

)
)

where h is the flow depth perpendicular to the slope.
Detrainment effects (Teich et al., 2014; VVédrine et al.,
2022) are presently neglected. However, to avoid
overestimating the braking effect, MoT-Voellmy re-
moves the forest cover in a cell if and when the ava-
lanche exerts a moment that exceeds the individual
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tree i strength, i.e. a critical moment CM; which
breaks the tree i. This critical moment is calculated
based on the tree diameter and the wood material
modulus of rupture MOR, which varies by tree spe-
cies:

CM; = 3)

with the moment exerted on the tree by the ava-
lanche with density p , velocity v and height h being
represented by:

™ MOR - ¢
ZMOR - ¢

(4)

where H is the height of snow that the avalanche
flows over andg_ 1 the gravitational acceleration per-
pendicular to the slope. It then follows that if M; ex-
ceeds CM; then tree i will break. In large avalanches,
the lengthening of run-out due to forest destruction
may exceed 200 m.

M; = (0.5v% + 25g_L-Hp-¢- H(H +§)

3. RESULTS AND DISCUSSION

3.1 Risk area mapping

Table 1: Release areas and corresponding runout ar-
eas predicted by NAKSIN for the different forest sce-
narios in the study. “Upper” and “lower” correspond
to the prediction intervals for forest properties de-
scribed in the text.

Scenario No. of Total Total
release release runout area
zones area (ha)

(ha)

No forest 298 425 1941

Mean forest 161 143 927

Lower forest 161 143 946

Upper forest 161 143 901

The summary results from using NAKSIN to produce
hazard indication maps for the region of interest are
shown in Table 1. In general, the largest difference is
seen between the “no forest” and any of the “with for-
est” scenarios, this difference is already evident in
the map shown in Figure 2. When it comes to differ-
ences between the forest scenarios, the release ar-
eas can be seen to be almost identical. This is ex-
plained because canopy cover and tree species are
common between all scenarios as NAKSIN was run
in a custom setup for this study. When it comes to
runout, the effects of varying forest structure due to
prediction errors are more pronounced. Based on
how the braking effects of forest are implemented
within NAKSIN, we see the logical consequences of
fewer and smaller trees (lower scenario) having cor-
respondingly longer runouts than more and larger
trees (upper scenario). The differences between the
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forest scenarios appear almost negligible when ob-
served across the case study region (Figure 4), with
the one noticeable exception to the northeast of the
area, which will be examined in further detail below.
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Figure 4: Release zones and avalanche runouts
predicted by NAKSIN for the "upper” and "lower"
forest scenarios. The base maps are provided by
the Norwegian Mapping Authority under CC BY
4.0. © Kartverket
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Figure 5: An avalanche path where the errors of
predicted forest structure led to a noticeable dif-
ference in runout distance. The largest area is
outlined in both maps. The access road to the ski
resort and some residences are affected by these
differences. The base maps are provided by the
Norwegian Mapping Authority under CC BY 4.0.
© Kartverket

3.2

The effect of forest structure on a specific

avalanche runout

In one predicted avalanche the errors in forest struc-
ture had a more significant effect on runout (Figure
5). As the risk zone is extended or retracted it affects
residences and critical winter infrastructure (here the
only road to and from the ski resort). The predicted
release occurs on a convex section of the slope at,
or just above, the treeline. The runout passes
through a mixed forest structure consisting of dense
patches and open patches, before passing through
fields used for grazing. In principle therefore, this for-
est should provide a braking effect near the treeline
and the absence of this forest should lead to in-
creased runout. Indeed, the accumulations of snow
can be seen from the height profiles just below the
forest in the upper scenario (Figure 6). However, the
lower prediction interval for tree diameter and the
number of trees almost removes the forest in this
area (figure 7) rendering it ineffective in avalanche
braking.

574

Lower Upper

30 30

25 25

20 20

15 15

10 10
. 5 " 5
’ 2 0 ’ 0

Figure 6 — Height profiles of the simulated avalanche
depth (i.e the total of flowing and deposited snow) in
the lower and upper forest scenarios showing the
brakina effect of a dense forest in the runout path.
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Figure 7: Forest properties within the examined runout
zone shown in Figure 5. These properties are based
on 95% prediction intervals. In this area there is a high
degree of uncertainty in the forest and the number of
trees is almost negligible at the lower range of the pre-
diction
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Due to the way in which the forest effect is included
in the runout simulations (Equations 1-4), it follows
that any reduction in tree diameter will have a con-
siderable influence on the braking effect, which is
clearly demonstrated on a 2D transect through the
profile (Figure 8). This transect shows that the largest
accumulation of snow occurs at the toe when the for-
est braking effect is negligible, whereas the forest
has stopped most of the snow when the trees are
large and dense. As these scenarios represent the
upper and lower prediction intervals for tree diame-
ter, the uncertainly about the protection from this par-
ticular forest is high.
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Figure 8 — Tree diameters and simulated avalanche
depth (flow and deposit) illustrated along a transect
of the avalanche depicted in Figure 5. The braking
effect of the forest is observed in the upper forest
scenario. Trees in the lower scenario have negligible
diameters. Tree diameter is difficult to assess with
low resolution airborne laser scanning and the errors
are therefore large.

This result requires further investigation in more case
study areas, however here there are two important
practical outcomes. First, this process has identified
a forest with an extremely important braking effect.
More precise measurements of this forest could be
acquired, for example with higher spatial resolution
instrumentation, to improve quantification and assist
the appropriate management. The cost should be
justified based on the risk. Secondly, this could indi-
cate an area where additional engineered protection
in the release areas could be prioritised. Considering
the simulations of avalanches using the forest re-
source map, we need to accept that tree diameter
has relatively large prediction errors in the current
forest resource map. From the point of view of ava-
lanche hazards, improvements in how it is predicted
should be a priority, although predicting tree diame-
ters with low resolution airborne LIDAR measure-
ments used in national mapping does not offer much
scope for substantial improvements due to the inher-
ent technical limitations. Alternatively, and perhaps
more relevantly to avalanche hazard mapping incor-
porating the braking effect through an alternative ap-
proach such as the use of forest basal area, a com-
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mon composite metric of tree diameter and the num-
ber of trees per unit of surface area, could prove to
be less sensitive to such errors (Figure 9). Using ba-
sal area instead of diameter and the number of trees
could be tested through a direction incorporation in
the modification of the MoT-Vollemy friction compo-
nents in Equations 1 & 2, as these already contain
the product of tree diameter and the number of trees
in per unit surface area, which is in effect the defini-
tion of basal area.

Lower

Upper

Figure 9 — The prediction intervals for forest basal
area (in m? ha't) are narrower than for tree diameter
and could be more reliable for avalanche hazard

mapping.

3.3

Within NAKSIN, the forest partly influences release
probability through Leaf Area Index or LAI. LAl is a
metric that is used to describe how porous the can-
opy is in a way that can be related to both snow in-
terception and solar radiation, thereafter new snow
mass and snow density (Issler et al. 2023). LAl is di-
rectly proportional to snow stability as less porous
canopies (i.e. higher LAI) have increased intercep-
tion and increased shading properties.

Leaf Area Index and Release Probability

In the documented default setup, NAKSIN uses tree
diameter and number of trees to calculate crown ra-
dius, canopy cover and then converts this to LAI
based on a sequence of North American relation-
ships (Figure 10). In the custom setup used in this
study, canopy cover was a direct measurement and
therefore there are no prediction errors. While there
will certainly be measurement errors, these are not
easy to quantify within the confines of this study be-
cause of the variety of instruments, settings (resolu-
tion), carrier vehicle and so on. Moreover, measuring
canopy cover over large surface areas is prohibitive,
and in any case not guaranteed to produce better re-
sults to be used as a comparative standard. Tree
species is likely to have bigger errors, but as this is
produced using a machine-learning approach (Brei-
denbach et al., 2021), empirical prediction errors are
nor readily available. Nonetheless, it is expected that
this will be correct about 60% of the time, and that it
is reasonable to assume that it should be quite relia-
ble when distinguishing between coniferous and
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Figure 10 — LAI produced from a variety of methods, “indirectly” through a chain of models in the current
default setup of NAKSIN, or “quasi-directly” through remote sensing of forests. This includes prediction

intervals and the mean expected value.

broadleaved species, which is arguably the most rel-
evant for the purposes of considering snowfall inter-
ception.

Recent developments in forest remote sensing in
Norway have now allowed us to consider predicting
LAl directly in Norwegian conditions (Figure 10). Fur-
ther, these predictions have been produced with pre-
diction intervals. At the time of writing, it has not been
possible to investigate these effects in scenario mod-
elling due to time constraints, but the investigation of
the range of LAI values into the probability within this
case study region is ongoing and the full results will
be presented in due course. Nonetheless, it is appar-
ent that the values that are directly produced for Nor-
wegian conditions are lower (on average by a factor
of 0.85) than those derived indirectly from tree diam-
eter and number of trees, which have already ap-
peared to be problematic in at least one case for av-
alanche runout modelling, moreover the prediction
interval is noticeably smaller for the direct approach.
Applying a conservative approach would already
suggest that the direct measure will be the most ap-
propriate for the purposes of hazard mapping, how-
ever the error should be quantified in situ, meaning
there is more sensitivity testing to be conducted on
the NAKSIN simulator.

4. CONCLUSION

In the context of regional hazard mapping, simula-
tions of avalanche runout appear relatively stable
with the range of possible errors present in the forest
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data. However, there are some concerns with the un-
certainty in tree diameter measurements that could
lead to important differences in runout predictions. In
some cases, it may be possible to use these errors
to identify forests with an important braking effect,
which could justify more precise measurements of
these forests or prioritise additional engineered infra-
structure for release prevention. Further simulations
over a wider area are required, and the consideration
of alternatives to individual tree diameter predictions
within the current forest maps of Norway should be
investigated.
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