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Sammendrag / Abstract
The modeling system NAKSIN generates regional avalanche hazard indication maps in
a largely automatic manner. Potential release areas are determined by topographic con-
ditions. The corresponding release probabilities and fracture depths are estimated as a
function of topographic and climatic factors as well as of forest density and quality. The
hazardous area is determined by simulating run-out from each identified release area with
a depth-averaged quasi-three-dimensional model of Voellmy-type. A number of test runs
in different climate zones of Norway showed a substantial improvement in accuracy over
the existing maps. Avalanche experts tend to estimate the effect of forests on the release
probability much more optimistically than the published theories implemented in NAK-
SIN, indicating the need for focused research. Mapping the hazard due to the suspension
layer of dry-snow avalanches will require a new generation of numerical models. NAK-
SIN should be readily adaptable to other geographic and climatic conditions.

Anmerkning til leseren / Note to the reader
This Technical Note—although released in 2020—derives from a manuscript written in
early 2018 for inclusion in a topical issue of Annals of Glaciology, related to the IGS
Symposium “Cryosphere and Biosphere” in Kyoto, Japan in March 2018, where this
work was presented for the first time. Thus it reflects the state of development of NAK-
SIN at that time. However, the authors decided to withhold publication of the manuscript
because NAKSIN was undergoing significant changes. This situation has persisted until
at present, but the need for a comprehensive description of the approach and the program
structure has been increasingly felt. For this reason, the original manuscript is made
accessible in this Technical Note to bridge the time until an up-to-date description is
published in a scientific journal.
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1 Introduction: Avalanche hazard indication maps
A prerequisite for dealing with snow avalanche hazard in a rational way is knowing
how far avalanches (with a given occurrence probability) can reach. In many moun-
tain regions, avalanche-safe areas are scarce, hence the hazard needs to be mapped with
considerable precision; this is an expensive process, however. In Norway, avalanche
hazard indication maps (AHIM in the following) delineate potentially endangered areas
in a rather conservative way and can be used to guide land-use planning and to quickly
determine whether a potential construction site requires more detailed hazard mapping
or not. AHIMs have proved to be a very useful tool in Norway, and one may expect
that they would be similarly useful in other avalanche-prone countries, particularly if the
population density is low to moderate.

The first generation of AHIMs was produced manually between 1975 and 2007 for se-
lected areas only, combining interpretation of maps and ortho-photos, rapid surveying
and run-out calculations with the topographic-statistical 𝛼-𝛽 model (Bakkehøi and oth-
ers, 1983) for critical avalanche paths. The second-generation AHIM (AHIM-2G in the
following), issued in 2010, covers the entire country; it was produced—without expert
intervention—from a digital elevation model (DEM) with 25m spatial resolution (Der-
ron and Sletten, 2016). Each cell with slope angle between 30∘ and 55∘ is considered a
release area and is the starting point of a run-out calculation with a modified 𝛼-𝛽 model.
This model finds the point with run-out angle 𝛼−2.3° along the path of steepest descent
and also includes all cells within a corridor of predefined opening angle to both sides of
the steepest path. The main advantages of this map set are the complete coverage of Nor-
way, the objectivity of the method, and the moderate cost compared to manual mapping.
However, the following weaknesses were soon discovered: (i) The cone spreading from
both sides of the centerline of the path often predicts enormous run-out areas fromminus-
cule release areas. (ii) The single parameter set used for the 𝛼-𝛽 model does not account
for different behavior of avalanches in maritime or continental climate. (iii) The effect
of forest on both the release probability and the run-out distance is neglected. Where the
first-generation maps are available, they have been found to be more realistic and reliable
than the AHIM-2G and take precedence.

An improved, third generation of AHIMs was clearly desirable. In discussions between
the Norwegian Directorate of Water Resources and Energy (NVE), who are the govern-
ment entity responsible for overseeing mitigation of gravitational natural hazards, and
the authors, the following general goals were elaborated:

Forest and climate effects and the lateral extent of the run-out area were identi-
fied as the problems with the greatest potential for improving map quality.

The new AHIMs will primarily show the area endangered by snow avalanches
with a nominal return period of 1000 years (corresponding to the safety standard
for single-family homes stipulated by Norwegian law).
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The new AHIMs will not be produced for all of Norway at once, but according
to the need perceived by each municipality. Accordingly, the emphasis is on
developing the methodology for producing maps for areas of typically 100–
1000 kmଶ. A limited amount of user intervention will be possible, e.g. for taking
known avalanche events or the effects of powder-snow avalanches into account.

A DEMwith 10m grid resolution, which is available for all of Norway, shall be
used, with the option of using higher-resolution DEMs where they are available.

The method and the corresponding code should be modular to facilitate future
improvements.

The new code should adhere to open standards and build on open-source soft-
ware.

Under these conditions, both a terrain-followingmass-pointmodel (Maeno andNishimura,
1987) and a quasi-3D (depth-averaged) continuum model (Gruber and Bartelt, 2007) be-
came viable alternatives to the 𝛼-𝛽 model. In view of the anticipated increase of com-
puting power and positive experience with quasi-3D models, the latter approach was
chosen.

These premises are implemented in a linear work-flow:

1. Select a sufficiently large area of interest (AoI) and produce the corresponding
computational grid from the DTM.

2. Interpolate meso-scale climate data to the computational grid.

3. Determine the potential release areas (PRAs) from geometric criteria (slope,
size, curvature, shape).

4. Estimate the release probability for each PRA, taking into account terrain, cli-
mate and forest cover.

5. Estimate the release depth and friction parameters of each avalanche in the com-
putational domain.

6. Carry out numerical simulations with the quasi-3D model.

7. Combine the calculated avalanche areas from all paths and draw the AHIM.

Python 3 was chosen as the programming language for the framework and the modules
of the work-flow—collectively called NAKSIN—, because most geographic informa-
tion systems (GIS) offer a Python application programming interface. For the run-out
calculation, MoT-Voellmy is used (see the next section); it is an ISO-C code that can
easily be called from a Python routine. For the manipulation of geographic data, we use
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functions from the Geospatial Data Abstraction Library (GDAL) (GDAL/OGR contrib-
utors, 2018), NumPy (Oliphant, 2006) and SciPy (Jones and others, 2001–) functions or
wrote dedicated Python functions; a GIS is only needed to overlay the hazard areas on a
background map and to apply the desired symbolization. Geographic input data (DEM,
climatic and forest data) and NAKSIN’s output—the hazard area—are raster files in the
simple, published ESRI ASCII Grid or BinaryTerrain 1.3 formats. All parameter choices
in a session are documented in ASCII format in the master set-up file.

The rest of the paper will describe some of the steps in the work-flow in more detail and
present some examples that illustrate the improvement over AHIM-2G and the issues
that require further research and development.

2 The run-out model
For the run-out calculations, the NAKSIN script calls MoT-Voellmy, a simple quasi-3D
model developed at NGI. Very similar to the well-known code RAMMS (Christen and
others, 2010), it solves the depth-averaged mass and momentum balance equations for
an incompressible fluid:

𝜕௧ℎ + ׏ ⋅ (ℎ�) = 𝑤௘(ℎ, ‖�‖), (1)

𝜕௧(ℎ�) + ׏ ⋅ (ℎ��) + ׏ ൫𝑔⟂ℎଶ/2൯ = ℎ�‖ + 𝜏̂௕ (2)
Here, ℎ is the flow depth (measured perpendicular to the slope), � is the depth-averaged
slope-parallel component of the velocity, 𝑔⟂ > 0 and �‖ are the slope-normal and slope-
parallel components of the gravitational acceleration, 𝑔. The earth pressure is assumed
hydrostatic, i.e., active and passive states are not distinguished. NAKSIN does not use
the bed entrainment option that is available in MoT-Voellmy, setting 𝑤௘ ≡ 0. Voellmy’s
(1955) friction law, extended for the dominant terrain curvature effects, is adopted for
the bed shear stress per unit density, 𝜏̂௕ (a vector):

𝜏̂௕ = − �
‖�‖ ൣ𝜇ℎ(𝑔 cos𝜃 + 𝜅�ଶ) + 𝑘�ଶ൧ , (3)

𝜅 is the terrain curvature in the flow direction. 𝜇 and 𝑘 are the dimensionless coefficients
of quasi-static friction and of “turbulent” drag, respectively; 𝑘 relates to the traditional,
dimensional Voellmy drag coefficient as 𝜉 = 𝑔/𝑘. 𝜇 and 𝑘 may vary both in space and
time. Von Neumann boundary conditions allow the avalanche to flow out of the domain.
The initial conditions are � ≡ 0 in the entire domain, ℎ(�, 0) = ℎ଴(�) > 0 in the release
area and ℎ(�, 0) = 0 outside.

These equations are solved in a domain that follows the terrain surface and whose ver-
tical projection is a rectangular array of quadratic cells. The numerical scheme is the
simplest version of the Method of Transport (Fey and others, 1997), with only the princi-
pal wave corresponding to the flow velocity retained. Due to central differencing of the
earth-pressure term, the code in its present version is somewhat prone to checkerboard
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oscillations, but they do not usually affect the simulated run-out distances. For the time
evolution, a first-order explicit scheme with adaptive time stepping is used.

The Voellmy model does not fully describe the dynamics of dry-snow avalanches so that
the friction parameters must be tuned according to the size and assumed return period
of the avalanche, the climatic conditions and the topographic characteristics of the path.
The calibration developed by Gruber (1998) for the Swiss Alps was later refined for
RAMMS in (Bartelt and others, 2017, ch. 7). It gives plausible run-out distances also
in Norway if the altitude zones are adjusted for the high latitudes of Norway. As MoT-
Voellmy and RAMMS produce very similar simulation results with identical initial data
and friction parameter fields, this calibration was adopted for NAKSIN, but modified in
two respects: (i) 𝜇 and 𝑘 are interpolated linearly with respect to avalanche volume, tem-
perature and terrain curvature, and logarithmically for avalanche frequency. (ii) Instead
of three altitude zones with abrupt transitions at 1000 and 1500m a.s.l., NAKSIN uses
the average winter temperature (December to February) as a physically more immediate
proxy for the processes determining friction through the snow properties. Climate nor-
mals from Switzerland (MeteoSwiss, 2018) show that 𝑇winter(1000m a.s.l.) ≈ −2.0∘C
and 𝑇winter(1500m a.s.l.) ≈ −4.0∘C in the Swiss Alps. The friction values are interpo-
lated linearly over the range−5.0∘C ≤ 𝑇winter ≤ −1∘C between the values for the lowest
and highest altitude category in the RAMMS calibration.

3 Potential release areas
Whereas the AHIM-2G used only a simple slope-angle criterion to delineate potential
release areas (PRAs), NAKSIN adds a sequence of further topographic or geometric
conditions to it: A threshold on the convexity of contour lines (defaulting to−0.05mିଵ)
eliminates sharp ridges and shoulders, possibly dividing some PRAs. Next, a simple
algorithm eliminating protrusions and “bottlenecks” is applied iteratively until no further
eliminations occur; see Appendix A for details. Subsequently, small “islands” within a
PRA are added to it even though their slope angles are outside the allowed range. Then,
PRAs below a minimum size (user-selectable in the range 200–1000mଶ, default 400mଶ)
are eliminated because the corresponding release probability would be too small. After
this, connected patches are identified and numbered.

This algorithm produces plausible results in many cases. However, in some long glacial
valleys with many tributaries and steep, smooth sides or in long, steep gullies, PRAs with
unrealistic aspect ratio or size may arise. Excessively long PRAs are reduced starting
from the stauchwall until their altitude range is within a user-set bound (defaulting to
400m). PRAs whose area exceeds a user-set threshold (default 100,000mଶ) are split
along the boundaries of watersheds.
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4 Release probability without forest effects
An important step in the mapping process is to eliminate all release areas with a release
probability below a certain threshold, set at 0.001 yିଵ by default. There is presently
no well-established method for determining the release probability in a given avalanche
path, hence the method described here has to be considered preliminary. Except for the
spatial interpolation of climate data (average winter air temperature, average maximum
snow height and maximum snow fall within three days), it is a simplified version of the
model proposed by Gauer (2018). We first consider the case without forest and include
forest effects in the next section.

The climate data relevant for NAKSIN can be derived from the seNorge data set released
by the Norwegian Meteorological Institute (met.no). seNorge is based on spatial interpo-
lation of temperature and precipitation data fromNorwegian weather stations, augmented
with the output of physical or empirical models specific to each meteorological variable
(Saloranta, 2012, 2016). The grid with a cell size of 1 kmଶ covers the entire country with
daily data from 1957 onward. Normal winter temperature and the extreme-value statis-
tics of snow depth, HSmax, and snow precipitation within a three-days period, HNWଷd,
are particularly interesting for our purposes. These data were extracted from the time
series of the seNorge data set and, for each grid cell (𝑚, 𝑛), fitted to generalized Pareto
distributions with location 0 of the form

𝐶ொ,௠௡(𝑞) = 1 − ቆ1 + 𝜉ொ,௠௡
𝑞

𝜎ொ,௠௡
ቇ
ିଵ/కொ,௠௡

, (4)

where 𝐶ொ,௠௡ is the (cumulative) probability of the variable 𝑄 taking values smaller or
equal 𝑞 in grid cell (𝑚, 𝑛). 𝜎ொ,௠௡ is the local scale factor, 𝜉ொ,௠௡ the local shape coeffi-
cient in that cell. The generalized Pareto distribution is a preliminary choice, subject to
further analysis of the seNorge data set.

Even though the gridding performed by met.no is already fraught with considerable un-
certainty, bold further downscaling to the resolution of the DEM (10m) is needed because
the variations of the climatic variables can be large within 1 kmଶ. For each climate vari-
able 𝑄, we determine the base value at sea level, 𝑞଴, and the lapse rate, 𝑟 from a linear
regression of the data 𝑄௠௡ against the corresponding cell-average altitudes 𝑍௠௡ in the
mapping area. The value of 𝑄 in cell (𝑖, 𝑗) of the high-resolution DEM is then estimated
as 𝑞௜௝ = 𝑞଴+𝑟𝑧௜௝. This method is simple and works also in coastal areas where seNorge
data for snow and precipitation may be missing in many cells of the rectangular mapping
area. While Gauer (2018) disregards the relief within seNorge grid cells and interpolates
bilinearly in the horizontal dimensions, we neglect here the horizontal gradients to es-
timate the vertical ones. More advanced interpolation methods like kriging should be
explored in the future. Note, however, that the important effects of the local wind field
cannot be recaptured by interpolation.

In order to include the main factors driving or opposing avalanche release in a sufficiently
simple model, we follow Gauer (2018) and apply the infinite-slope approximation. The
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Figure 1 Simplified snowpack structure assumed for calculaƟng release probability. 𝐻ௌ
and𝐻ே are old-snow depth and new-snow depth, respecƟvely, and 𝜏௪ is the strength of
the weak layer, which is represented by the thin red layer within the old snow.

snowpack is schematically depicted as shown in Fig. 1, with a weak layer of strength 𝜏௪
located a distance 𝛼𝐻ௌ below the interface between the old and new snow, whose heights
are𝐻ௌ and𝐻ே, respectively. Fracture is assumed to occur if the down-slope gravitational
traction on the weak layer,

𝛴 = (𝛼𝐻ௌ𝜌ௌ + 𝐻ே𝜌ே)𝑔 sin𝜃 cos𝜃, (5)

exceeds 𝜏௪. 𝜌ௌ and 𝜌ே are the densities of the two layers. This simple stability criterion
can be expressed in terms of a characteristic function,

𝛩(1 − 𝜏௪/𝑇) = ቊ 1, if 𝜏௪ < 𝛴 (fracture),
0, if 𝜏௪ > 𝛴 (stability). (6)

If 𝐻ே is large enough, fracture will occur before the end of the snowfall. The fracture
depth (measured perpendicular to the slope) evaluates to

𝑑଴ =
𝜏௪

𝜌ே𝑔 sin𝜃
− ቆ𝜌ௌ𝜌ே

− 1ቇ𝛼𝐻ௌ cos𝜃. (7)

We arrive at a probabilistic formulation of avalanche release by regarding the charac-
teristic function (6) as a conditional release probability density for given values of the
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independent stochastic variables 𝐻ௌ, 𝐻ே, 𝜏௪ and 𝛼. Suppose that the latter have prob-
ability distribution functions (PDFs) 𝑝̃ଵ(𝐻ே), 𝑝ଶ(𝐻ௌ), 𝑝ଷ(𝜏௪) and 𝑝ସ(𝛼). Henceforth,
we denote absolute PDFs by 𝑝 and PDFs per unit time interval by 𝑝̃. Then the release
probability in PRA 𝑖 is

𝑃̃஺,௜ =න
ுே,max

଴
න
ுௌ,max

଴
න
ఛ௪,max

ఛ௪,min
න
ଵ

଴
𝛩 ቆ1 − 𝜏௪

𝛴(𝐻ே, 𝐻ௌ, 𝛼)
ቇ

×𝑝ସ(𝛼)d𝛼 𝑝ଷ(𝜏௪)d𝜏௪ 𝑝ଶ(𝐻ௌ)d𝐻ௌ 𝑝̃ଵ(𝐻ே)d𝐻ே. (8)

For given distributions of the stochastic variables, one can evaluate Eq. (8) using aMonte-
Carlo approach. To obtain the distribution of the fracture depth, one needs to record the
value of 𝑑଴ according to Eq. (7) for each trial that leads to release.

The snow densities 𝜌ௌ and 𝜌ே should be considered stochastic variables, but at this stage
we presume their variability to be included in the probability distribution of 𝐻ௌ and 𝐻ே,
respectively. Their values tend to increase with average winter temperature, 𝑇̄; we cap-
ture this by choosing

𝜌ௌ(𝑇̄) = max[200.0, min(400, 320 + 𝑇̄/0.05∘C)] kgmିଷ;
𝜌ே(𝑇̄) = 0.5𝜌ௌ, 𝜌௪ = 0.8𝜌ௌ.

(9)

Snow strength increases approximately exponentially with density at constant tempera-
ture (e.g. Mellor, 1975). Mellor and Smith (1966) found a non-dimensional relation that
describes their experiments on the temperature dependence of snow strength at constant
density reasonably well. Assuming the mean winter temperature, 𝑇̄, to be a sufficiently
accurate proxy for the real temperature history, we arrive at

𝜏௪(𝜌௪, 𝑇̄) ≈ 𝜏௪(−10∘C)e
ఘ௪ିమబబ kgmିయ

ఘ௥ ቆ0.41 + 1.73 ⋅ 10
ర.ళల∘C

்̄ ቇ , (10)

with 𝜌௥ ≈ 50 kgmିଷ inferred from (Mellor, 1975, Fig. 18).

The simplest choice for the distribution function of 𝛼 is 𝑝ସ(𝛼) = 1. Alternatively, one
might weight 𝛼 = 0 and 𝛼 = 1more strongly to account for surface hoar and depth hoar,
respectively, using 𝑝ସ(𝛼) = 𝑎𝛿(𝛼)+𝑏𝛿(1−𝛼)+1−𝑎−𝑏, with 0 < 𝑎, 𝑏, 𝑎+𝑏 < 1. For
the weak-layer shear strength, which takes only positive values, a log-normal distribution
seems appropriate:

𝑝ଷ(𝜏௪) =
1

𝜎√2𝜋
1
𝜏௪

exp ቈ−(ln(𝜏௪/𝜏௥) − 𝜇ଷ)ଶ
2𝜎ଶ ቉ (11)

With 𝜎 = 0.15, the standard deviation is about 15% of the mean strength ⟨𝜏௪⟩ =
𝜏௥ exp(𝜇ଷ+𝜎ଶ/2). Setting the arbitrary reference strength 𝜏௥ to 1 kPa, typical values of
𝜇ଷ—determined from Eq. (10)—are in the range [−1, 1].
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The PDF of the old-snow depth, 𝐻ௌ, will eventually be extracted directly from daily
seNorge data. Presently, we assume that, in the course of a winter, all snow heights
between 0 and HSmax have the same probability. The PDF of 𝐻ௌ is then obtained from
that of the yearly maximum values HSmax as

𝑝ଶ(𝐻ௌ) = 𝛥𝑡න
ஶ

ுௌ

1
ℎ𝑝̃HS,max(ℎ)dℎ. (12)

The factor 𝛥𝑡 = 1 y converts the annual PDF 𝑝̃ to a correctly normalized absolute PDF.

5 Incorporation of forest effects
In this section, we propose simple approximations for the reduction of the release prob-
ability and the increased flow resistance due to forest. For the time being, we assume
that the avalanche does not destroy the forest, and we disregard the enhanced potential
damage due to entrained tree debris. We also indicate how the necessary quantitative
information about the forest properties can be extracted for Norway from existing forest
data sets covering most of the country.

As a short-cut, in step 3 of the workflow we exclude all cells from PRAs with a winter-
time crown coverage CC (expressed in per cent) exceeding a threshold that depends on
the local slope angle 𝜃:

CCthr = 60%+ 4%
3° (𝜃 − 30°). (13)

We account for the influence of a forest stand on the release probability of avalanches
by adding an effective shear strength 𝜏௙ due to the supporting force from the trees to the
weak-layer shear strength 𝜏௪ in Eq. (8). Measurements of the snow loads on pylons and
avalanche defense structures have led to a semi-empirical formula (Haefeli, 1939; Mar-
greth, 2007; Ancey and Bain, 2015) that we simplify slightly in this application by using
average values for the creep and glide factors. At a total snow depth 𝐻, the supporting
force from a single tree with diameter𝐷 in a slope inclined at the angle 𝜃 is approximated
as

𝐹௧ ≈ 𝜌ௌ𝑔𝐻ଶ(0.8𝐷 + 1.2𝐻) sin(2𝜃). (14)

This formula needs to be adapted to the situation where the snowpack consists of two
layers with different densities and the supporting force 𝐹௧(𝑧) above some intermediate
horizon 𝑧 inside the lower layer is sought. The derivation is given in Appendix B. The
effective added shear strength is then

𝜏௙ = 𝐹௧(𝐻ௌ, 𝑧, 𝐻ே, 𝜌௦, 𝜌௡, 𝐷̄)𝑛 cos𝜃, (15)

also with 𝑛 the number of trees per unit (horizontal) area and 𝐷̄ the average trunk diam-
eter. The factor cos𝜃 converts 𝑛 to the tree density per unit oblique area.
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Themodified equation can be evaluated in the sameway as before since no new stochastic
variables have been introduced. However, since the release probability may be strongly
reduced by the forest, a larger number of Monte Carlo trials may be needed to attain
sufficiently small statistical uncertainty.

To calculate the braking effect of a forest on the moving avalanche, we assume that
the total force scales linearly with the number of trees. For super-critical flows—the
dominant situation for snow avalanches—in dense forest, this is likely to underestimate
the resistance (Tai and others, 2001). Averaged over a suitable area, the braking force
exerted by the trees can be expressed as an extra contribution to the bed shear stress per
unit mass, 𝜏̂tree, as

𝜏̂௧ = − �
‖�‖𝐹

(ௗ)
௧ (ℎ, ‖�‖)𝑛 cos𝜃, (16)

where 𝐹(ௗ)௧ is the force exerted by a single tree in a rapid flow. As discussed in Ap-
pendix B, the granular nature of avalanching snow leads to a velocity-independent con-
tribution as well as to one proportional to the square of the flow velocity, which can be
captured by modifying the friction coefficients of the Voellmy model by

𝛥𝜇 = 1.25 𝑛𝐷ℎ cos𝜃 and 𝛥𝑘 = 0.5 𝑛𝐷ℎ cos𝜃. (17)

This is easily implemented in MoT-Voellmy, which allows for variable friction coeffi-
cients 𝜇(�, 𝑡) and 𝑘(�, 𝑡). For an avalanche with a flow depth of 1.5m flowing through
a moderately dense, mature forest with 𝑛 = 400 haିଵ and 𝐷 = 0.4m with a slope an-
gle of 30∘, one finds 𝛥𝜇 = 0.03 and 𝛥𝑘 = 0.012. In many cases, 𝛥𝜇 and 𝛥𝑘 will be
smaller. For comparison, typical parameter ranges without forest are 0.15 < 𝜇 < 0.3
and 0.003 < 𝑘 < 0.01.

Data on stand density, 𝑛, and average tree diameter, 𝐷, is not directly available at present
but must be extracted from other data. In Norway, the data sets SAT-SKOG and SR16
provide a number of parameters characterizing forest stands. Based on satellite images
from 2006 and ground truth from a network of periodically visited study plots, SAT-
SKOG covers all of continental Norway except the northernmost county Finnmark at
a spatial resolution of about 30m (Gjertsen and Nilsen, 2012). SR16 uses more recent
high-resolution aerial LiDaR data instead of satellite data, but covers only about 25% of
the country at present. See Appendix C for a brief summary of the relations that were
used to extract the quantities of interest in NAKSIN.

6 Preliminary test results
Testing NAKSIN in a completely objective way is impossible because the true hazard-
zone boundaries will never be known. As the best available approximation, we used
areas where detailed avalanche hazard mapping, including extensive field work, has been
carried out recently. We chose locations at different latitudes, in maritime and continental
climate, above timberline and in densely forested terrain, and with a wide variety of
terrain features. Below we present two cases that show the potential of the new method.
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Similar results with realistic hazard zones were obtained in all other test sites with mar-
itime climate, except in locations where (large) avalanches are known to produce dam-
aging powder-snow clouds. In those cases, the experts who produced the detailed hazard
maps enlarged the hazardous areas obtained by numerical simulation according to the
available damage records.

Figure 2 View of the the Tjoflotviki area from south across the Hardanger Fjord (leŌ) and
locaƟon map (right)

Figure 3 LeŌ: Endangered areas at Tjoflotviki according to NAKSIN simulaƟons for all po-
tenƟal release areas with and without braking effect of forest taken into account. Right:
Forested areas with sufficient stand density to prevent avalanche release according to
NAKSIN criteria.

Tjoflotviki in the municipality of Ullensvang, Hordaland County, is located deep inside
the Hardanger Fjord, about 70 km east of Bergen and 100 km from the open sea (Fig. 2,
right). Despite that distance and the proximity to large glaciers, the climate is rather
maritime. The seNorge data set indicates annual mean temperatures in the range 4–
6∘C for the settlement areas near sea level and 0–4∘C for the potential release areas.
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Figure 4 LeŌ: Aerial photo of the Tyinstølen avalanche in January 2008, seen from
the north. Photo courtesy of iBa80 Helge Frækaland, Natl. Public Road AdministraƟon.
Right: locaƟon map.

The corresponding ranges of annual mean precipitation are 3–4000mm and more than
4000mm, respectively. The potential release areas extend from about 400m a.s.l. to a
ridge that rises from 550m a.s.l. in the north to about 1000m a.s.l. in the east. Medium-
dense to dense forest (predominantly spruce) is present to approximately 500m a.s.l.,
whereas much thinner birch stands are found up to 700m a.s.l. (Fig. 2, left).

In AHIM-2G, the entire area is shown as potentially endangered by avalanches. In con-
trast, NAKSIN run without forest effects indicates that most of the settlement and agri-
culture area on the plateau at 100–200m a.s.l. can be considered safe, even if the braking
effect of forest is not taken into account (Fig. 3). When it is taken into account, NAKSIN
also designates most of the settlements in the southeastern corner of the study area as safe
from avalanches. Comparison of the map of forest areas with sufficient stand density to
prevent avalanche release (Fig. 3, right panel) with the photo in Fig. 2 shows that the
simple criteria implemented in NAKSIN give plausible results in this case. The farm on
the plateau has been inhabited for several centuries, and no damage from avalanches has
been recorded.

In January 2008, a dry-snow avalanche at Tyinstølen, Vang municipality, Oppland
County with a drop height of only 150m (Fig. 4) ran far into a cabin area. Its run-
out angle of 14.5∘ is the lowest recorded in Norway so far and is more than five stan-
dard deviations below the prediction of the 𝛼-𝛽 model. Accordingly, the hazard zone
in the AHIM-2G ends 300m before the observed run-out. Photographs show that the
avalanche was strongly fludized, but that the deposits were not due to the powder-snow
cloud. NAKSIN is able to capture this event without further tuning (Fig. 5). Tests in
other areas with continental climate yet significant precipitation yielded similar results.

It has been observed, however, that NAKSIN in some cases strongly underestimates the
release probability of avalanches in very dry and cold areas. This is likely the compound
effect of underestimated lapse rates for precipitation, overestimated weak-layer shear
strength and the neglect of blowing snow and deserves particular attention in the further
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Figure 5 Comparison of avalanche release zones/hazard areas in theAHIM-2G (black/red
lines) and from NAKSIN simulaƟon (dark blue/yellow areas) with the events observed in
2008 (grey areas with dark outline).

development of the model.

7 Conclusions and outlook
The first tests of the mapping systemNAKSIN have confirmed the viability of the chosen
approach, and the improvements over the AHIM-2G are significant. In densely forested
areas in maritime climate as well as in high-mountain areas with continental climate, a
suitably calibrated dynamical model is far superior to the 𝛼-𝛽 model with a single cali-
bration for all of Norway. The computation times are moderate even on today’s standard
hardware if the mapping area is not too large.

Some promising avenues for further development of NAKSIN are the following:

Size effects: Experience shows that the release area of an avalanche most often com-
prises only a fraction of the potential release area, this fraction increasing with
the return period of the event (Maggioni and Gruber, 2003). Including this ef-
fect will be decisive for the quality of AHIMs from NAKSIN for return periods
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less than about 300–1000 years. To this end, the infinite-slope approximation
must be abandoned or at least refined by accounting for local variations of the
slope angle within a PRA and for the resistive forces along the slab boundary,
which are proportional to the length of the perimeter rather than the area of the
slab.

Climate effects: An improved parameterization of the effects of temperature, wind
and radiation on the PDF of 𝜏௪ is expected to improve NAKSIN’s predictions
considerably. Furthermore, alternatives to the presently assumed Generalized
Pareto distribution for both 𝐻ௌ and 𝐻ே should be tested, e.g., a Gumbel distri-
bution for 𝐻ௌ and a Generalized Extreme Value distribution for 𝐻ே. For large
study areas, longitudinal gradients of the climate variables 𝑄௠௡ ought to be ac-
counted for; this could be done by computing base values 𝑞଴,௠௡ and lapse rates
𝑟௠௡ only from the cells within a limited distance from cell (𝑚, 𝑛).

Further forest effects: Besides the direct mechanical resistance due to tree trunks,
forests influence snow metamorphosis and weak-layer formation in a complex
way through snow interception by the crowns, higher temperature, and reduced
short-wave radiation and wind speeds (e.g. Gubler and Rychetnik, 1991). Such
effects could be included in NAKSIN by modifying the PDFs of snowfall (𝑝̃ଵ,
𝑝௦) and weak-layer shear strength (𝑝ଷ) as a function of crown coverage (Gauer,
2016).

Wind effects: Blowing snow strongly influences both the release probability and the
fracture height through the old-snow depth 𝐻ௌ, the snowfall height 𝐻ே, and the
weak-layer shear strength 𝜏௪. One may try to account for it by computing a
simple topographic sheltering index 𝑆௜௝(DD௞), like the one proposed by Win-
stral and others (2002), for each cell (𝑖, 𝑗)) and for winds from different sectors
DD௞, assigning weights to these sectors from regional statistics of geostrophic
wind directions. Based on these index values and weights, the PDFs 𝑝̃ଵ, 𝑝ଶ and
𝑝ଷ would then be modified.

Run-out modeling: It would be appealing to replace the Voellmy model by a more
physically realistic model and to reduce the role of friction-parameter calibra-
tion. However, with regard to the quality of the AHIMs, most could be gained
by including the suspension layer (“powder-snow cloud”) in the modeling be-
cause it may cause damage well beyond the run-out of the dense part in large
avalanches.

Improved probability calculation: The Monte Carlo method for evaluating Eq. (8)
is inherently inefficient if the release probability is low. Different approxima-
tion techniques like FORM or SORM (First-/Second-Order Reliability Method,
Hasofer and Lind, 1974) should be explored to improve the performance of the
code. One may also analytically calculate, for given𝐻ௌ, 𝑧 and 𝜏௪, the minimum
value of 𝐻ே needed for release and use its exceedance probability to reduce the
number of integration variables in Eq. (8) by one.
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A Appendix A
This appendix provides additional details on the algorithms used for delimiting potential
release areas (PRAs).

In order to eliminate unrealistic protrusions and “bottlenecks” in PRAs, we apply a simple
algorithm counting the number of release-cell neighbors for each potential release cell:
Neighboring cells sharing an edge contribute one point, those only sharing a corner, one
half point. Cells with a score less than 2.5 are identified as protrusions and eliminated
because the fracture line is unlikely to follow such a ragged line. Bottlenecks are defined
as cells that have no neighbors in one or two coordinate directions, even though their
neighbor score may be as high as 4; they are eliminated and the release area cut in two
because it is unlikely that the fracture will propagate across such a narrow “bridge”.
These criteria are graphically represented in Fig. 6. They are applied iteratively until
no further eliminations occur. Note, however, that this algorithm is meaningful only if
the cell size is close to the relevant length scale for avalanche release, which experience
indicates to be of the order of 10m. If the DEM resolution differs greatly from this value,
the release areas should be determined on a DEM resampled to 10m cell size.

In glacial valleys with many tributaries and steep, smooth sides, continuous PRAs may
arise that are up to tens of kilometers wide and where even avalanche experts will find it
difficult to identify the most likely PRA boundaries. In such cases, we apply an upstream
basin-delineation algorithm: First, local topographic minima are identified. For each of
these cells, all upstream cells are assembled into a watershed with its unique number.
Then the over-sized release areas are divided along the boundaries between watersheds.
For a given avalanche return period, the size of the release area depends sensitively on
many factors like slope, terrain roughness, local climate and wind exposure. Moreover,
it increases with return period (Maggioni and Gruber, 2003). For this reason, the choice
of the size threshold for applying the watershed-delineation algorithm is left to the user;
it defaults to 100,000mଶ.

In long, steep slopes, the slope criterion for PRAs may be met over a large fraction of
the entire path, but it is unlikely that the release will occur over this entire altitude range.
One option for restricting the PRA to a more realistic range is to select the steepest part of
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Figure 6Graphical depicƟon of the algorithm for eliminaƟng protrusions and boƩlenecks
from potenƟal release areas (colored cells). The red cell is eliminated first, then the
turquoise one because its neighbor count dropped to 2. The yellow cell is a “boƩleneck”
and is also eliminated.

the slope because the release probability increases with slope angle. However, we chose
to focus on the uppermost part of the PRA, which tends to be widest and to receive most
precipitation. Thus, the algorithm finds the highest elevation for each PRA and removes
all cells whose elevation is less than that elevation minus a user-defined maximum eleva-
tion difference in the range 200–500m. As this process may split some PRAs into two or
more disconnected parts, each of which in addition may lie in more than one sub-basin,
the splitting algorithm described above is applied once more.

B Appendix B
The semi-empirical formula (14) assumes a homogeneous snowpack and gives the total
force on a tree. Modifying the formula for a layered snowpack and the force above
a given horizon requires several assumptions, which ought to be based on a physical
interpretation of Eq. (14). With the following two postulates, such an interpretation can
be given and a modified formula derived: (i) One contribution to the force is due to
creeping, and snow can be approximated as a Newtonian viscous fluid in this regard. (ii)
The other contribution is due to the inherent shear strength of the snow, which behaves
like a Coulomb material in this regard.

A simplified description of the force due to creep combines the velocity profile of sta-
tionary laminar flow on an incline,

𝑢(𝑦) = 𝑔 sin𝜃
𝜈 (𝐻𝑦 cos𝜃 − 𝑦ଶ/2), (18)

with the force due to Stokes flow of undisturbed velocity 𝑈 around a cylindrical obstacle
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of diameter 𝐷,
d𝐹(𝑈) = 𝑐𝜌𝜈𝑈𝐷d𝑦, (19)

neglecting three-dimensional effects due to the free surface around the obstacle. The
slope-normal coordinate, 𝑦, is related to the vertical one as 𝑦 = 𝑧 cos𝜃; 𝜈 is the kine-
matic viscosity of the fluid (units mଶ sିଵ). Note that the viscosity drops out if 𝑢(𝑦) from
Eq. (18) is substituted for 𝑈 in Eq. (19). The latter equation is to be integrated with
density 𝜌ௌ in the interval 𝛼𝐻ௌ ≤ 𝑧 ≤ 𝐻ௌ and with density 𝜌ே over 𝐻ௌ ≤ 𝑧 ≤ 𝐻ௌ + 𝐻ே.

Laboratory experiments on rapid, i.e., non-creeping granular flows, e.g. (Chehata and
others, 2003), show that the force exerted by a single tree is proportional to its diameter,
𝐷, and the avalanche density, 𝜌௔. The drag of an obstacle in a flow is customarily written
as 𝑝̄drag = (1/2)𝐶ௗ(Re)𝜌௔𝑣ଶ, with 𝐶ௗ(Re) a dimensionless drag coefficient depending
on the Reynolds number Re; 𝑣 is the undisturbed flow velocity. In our case, we can set
𝑣 ≈ ‖�‖ since the Voellmy model implicitly assumes a uniform velocity profile and slip
at the bed–flow interface. The standard definition of the Reynolds number for Newtonian
fluids, Re = 𝑣𝐷/(𝜌௔𝜈), needs to be modified for a granular fluid like snow, expressing
it as the ratio of inertial forces and (visco-plastic) shear stresses, Re ∼ �ଶ/𝜏̂௕. However,
since the shear stress may be difficult to determine in a granular fluid because the shear
strength may be only partially mobilized, we use the normal stress instead, as in, e.g.,
(Chehata and others, 2003). In a steady granular flow on an incline, the normal stress is
proportional to the distance from the flow surface; we therefore take the average normal
stress, 𝜎௡ = (1/2)𝜌𝑔ℎ cos𝜃. Then the Reynolds number becomes

Re ∼ 2Frଶ = 𝒪(1–200). (20)

for typical avalanches in a forest. In this range, 𝐶ௗ varies very strongly with Re.

The experiments byChehata and others (2003), covering dense flows in the range 10ିସ <
Fr < 1, found 𝐶ௗ ∝ Frିଶ to high precision, the coefficient of proportionality being
approximately 5. Numerical simulations of dilute flows at high Mach number and a
wide range of Knudsen numbers (the ratio of the mean free path of the particles and the
tree diameter in our case) reveal a more complex situation (Wassgren and others, 2003)
that we need to simplify somewhat, keeping to the conservative side. We thus propose
to use the relation

𝐶ௗ(Fr) ≈ 1.0 + 5.0Frିଶ, (21)

which has the correct limit as Fr → ∞ for flows with Knudsen number Kn ≪ 1, which
corresponds to relatively dense flows of small or moderately large particles. When mul-
tiplied with 𝑣ଶ according to the drag formula, the second term in Eq. (21) contributes a
velocity-independent friction, which dominates over the first term for Fr < 2. In terms
of the Voellmy model friction coefficients 𝜇, 𝑘, Eq. (21) translates into

𝛥𝜇 = 1.25 𝑛𝐷ℎ cos𝜃 and 𝛥𝑘 = 0.5 𝑛𝐷ℎ cos𝜃. (22)

The factor cos𝜃 converts from the number of trees per unit horizontal area to the number
of trees per unit area on the slope inclined at an angle 𝜃.
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C Appendix C
Herewe summarize how the product of stand density, 𝑛, and average tree diameter,𝐷, can
be extracted from the data sets SAT-SKOG (published in 2010) and SR16 (publication
ongoing). The former is the result of automated interpretation of satellite images from
Landsat-5 and Landsat-7 whereas the latter also makes use of orthophotos and LiDaR
measurements. A comprehensive network of periodically visited study plots provide
reference values for calibrating threshold values in the image analysis program (Gjertsen
and Nilsen, 2012). Among the many quantities that are present with a spatial resolution
of 30m (16m for SR16), the following are relevant for the present purpose: 𝑉, total
timber volume per hectare; 𝐴, average age of the stand at the time of the satellite image;
𝑆, the prevailing species at the location; and 𝑄, the quality (appraisal class) of the stand,
expressed as the average height of the dominant species 40 years after these trees reached
a height of about 1.3m.

SAT-SKOG has important limitations: (i) It does not reflect the forest cover at a single
point in time because the satellite images were obtained at different times. (ii) Many
satellite images date back up to 20 years; since then, there havemay have been significant
changes in the forest cover, e.g. growth of forest on abandoned agricultural land or at
higher altitudes, or radical timber harvesting. (iii) Errors may be large at the cell level.
(iv) Estimating 𝑛 and 𝐷 from 𝑉, 𝐴, 𝑆 and 𝑄 requires a number of assumptions that will
introduce additional errors. The SR16 data set is of significantly better quality, but does
not cover the entire country yet.

Gauer (2016) describes the assumptions and procedure for obtaining 𝑛 and 𝐷 from SAT-
SKOG in detail. In Norway, the dominant tree species are birch (betula), pine (pinus)
and spruce (picea); we will use indices 𝐵, 𝑃 and 𝑆 to distinguish between them where
required. We use the the empirical correlations between tree height 𝐻 and diameter 𝐷ଵ.ଷ
at breast height (about 1.3m) recommended by Widlowski and others (2003):

𝐻஻(𝐷ଵ.ଷ) = 1.3m+ 32.1mexp(−16.36 cm/𝐷ଵ.ଷ − 10.76 cmଶ/𝐷ଶ
ଵ.ଷ), (23)

𝐻ௌ(𝐷ଵ.ଷ) = 1.3m+ 47.0mexp(−19.5 cm/𝐷ଵ.ଷ), (24)
𝐻௉(𝐷ଵ.ଷ) = 1.3m+ 50.5mexp(−24.88 cm/𝐷ଵ.ଷ). (25)

According to Mitchell’s (1976) approximation, the diameter at breast height increases
linearly with tree age since reaching breast height, 𝐴ଵ.ଷ,

𝐷ଵ.ଷ(𝑆, 𝑄, 𝐴ଵ.ଷ) = 𝑓௚(𝑆, 𝑄)𝐴ଵ.ଷ, (26)

with the growth factor 𝑓௚ depending on tree species, 𝑆, and stand quality, 𝑄. Given 𝑄(�)
at location �, the local value of 𝑓௚ follows by solving Eqs. (23)–(25) with 𝐻(𝐷ଵ.ଷ) given
by 𝑄(�) for 𝐷ଵ.ଷ and dividing by 40 years according to Eq. (26). 𝐷ଵ.ଷ is a reasonable
approximation for the trunk diameter 𝐷 in Eq. (22).

In order to find the stand density 𝑛(�), we use the well-known empirical relation between
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Table 1 Coefficients used in Näslund’s (1940) parameterizaƟon of tree volume

Species 𝑐ଵ (m) 𝑐ଶ (—) 𝑐ଷ (—) 𝑐ସ (m)
Birch 0.03715 0.02892 0.004983 0
Spruce 0.1202 0.01504 0.02341 −0.0659
Pine 0.09314 0.03069 0.002818 0

tree volume, height and breast-height diameter due to Näslund (1940):

𝑣(𝑆, 𝐻, 𝐷ଵ.ଷ) = 𝑐ଵ(𝑆)𝐷ଶ
ଵ.ଷ + 𝑐ଶ(𝑆)𝐷ଶ

ଵ.ଷ𝐻
+ 𝑐ଷ(𝑆)𝐷ଵ.ଷ𝐻ଶ + 𝑐ସ(𝑆)𝐻ଶ, (27)

with the coefficients given in Table 1. The stand density can then immediately be esti-
mated as

𝑛(�) = 𝑉(�)
𝑣(𝑆(�), 𝐻(𝑆(�)), 𝐷ଵ.ଷ(�))

. (28)

To speed up the calculations, Gauer (2016) developed approximations of the type

𝑛
𝑛ref

= 10௕భభା௕భమொ ቆ𝐴ଵ.ଷ𝐴ref
ቇ
௕మభା௕మమொ 𝑣

𝑣ref
, (29)

𝑛𝐷
(𝑛𝐷)ref

= 10ௗభభାௗభమொ ቆ𝐴ଵ.ଷ𝐴ref
ቇ
ௗమభାௗమమொ 𝑣

𝑣ref
. (30)

The coefficients are given in (Gauer, 2016); they depend weakly on the tree species and
may be chosen equal until a more precise data set becomes available.
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