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A Simple Model for the Variability of Release Area Size

Abstract
The hazard mapping tool NAKSIN estimates the release probability of potential release
areas (PRAs) by testing a stability criterion based on the infinite-slope approximation
with a large sample of synthetic weather situations. The release area is thus assumed to
comprise the entire PRA, which is unrealistic for avalanches with return periods shorter
than 100–300 y. To remedy this, a stability criterion is proposed that accounts for stabi-
lizing forces across the slab perimeter and so is sensitive to the slab extent. The criterion
is applied to a sequence of subareas of the PRA with increasing minimum slope angle
to find the subarea with maximum release probability. The method is described and for-
mulated mathematically. Also, tools for coding it are suggested but implementation in
NAKSIN and testing are left for future work.
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1 Introduction
Since 2015, NGI has been developing Nye AktsomhetsKart for Snøskred i Norge (NAK-
SIN), a tool for creating detailed and high-quality avalanche susceptibility maps (more
precisely, avalanche hazard indication maps) in a largely automated way (Issler et al.,
2023). First, NAKSIN determines all potential release areas (PRAs) in the study area
using topographic criteria. For each of these PRAs, the release probability is estimated,
and if it exceeds a threshold set by the user, the fracture depth 𝑑0 associated with the
threshold probability is calculated. With a slab of thickness 𝑑0 covering the entire PRA
as initial condition, the run-out of this avalanche is simulated with the quasi-3D dynam-
ical model MoT-Voellmy. The final hazard indication map is the union of all grid cells
hit by one or more avalanches.

Perhaps the most innovative aspect of NAKSIN is the calculation of release probability
for each PRA, following an approach outlined by Gauer (2018):

1. Time series of daily weather data (mean air temperature, precipitation, snow
height and snow water equivalent, new snow height and new-snow water equiv-
alent) from SeNorge are interpolated (or extrapolated) from the nearest 1 km2

SeNorge grid cells to the PRA in question.

2. Probability distribution functions (PDFs) are directly derived from the weather
data and used to infer the mean values of relevant snow parameters like density
and shear strength of an assumed weak layer somewhere in the old-snow cover.

3. With these PDFs, augmented by PDFs for the location of the weak layer and
the distribution of the weak-layer shear strength around its average, a large set
(typically 1–5 millions) of synthetic snowfall situations are generated for each
PRA.

4. For each PRA, the annual probability of avalanche release is computed by eval-
uating the balance of driving and resistive forces in the infinite-slope approxi-
mation for all synthetic “snowfalls” and counting the number of unstable situa-
tions. In this approximation, gravity as the driving force is resisted by the shear
strength of the weak layer.

5. For the samples that lead to avalanche release, the fracture depth of an event
with a user-defined target return period is determined from the distribution of
simulated fracture depths.

An important shortcoming of this scheme is its assumption that the release area always
comprises the entire PRA, independent of the return period of the event. It is well
known that this is a valid approximation only for avalanche events with very long re-
turn periods—typically above 100–300 y (Maggioni & Gruber, 2003; Maggioni et al.,
2006). The length and often also the width of the run-out area increase with the size
of the release area, with all other parameters held constant. Moreover, the calibration
used for the friction parameters (Bartelt et al., 2017) depends on the release volume, so
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Figure 1 Schematic drawing of the release area of a slab avalanche. The slab is supported by
the shear strength 𝜏 of the weak layer, the compressive strength 𝜎𝑐 acting across the stauchwall,
the tensile strength 𝜎𝑡 across the crown, and the shear strength 𝜎𝑠 along the sidewalls of the
fracture line.

overestimating the release area may lead to overestimating the run-out area. However,
at present there is no established method for determining the dependence of the release
area on the return period of an avalanche event.

The objective in this Technical Note is therefore to find a physically reasonable yet prac-
tically applicable method for achieving this. This is equivalent to finding the cumulative
probability distribution function (CPDF) of release area, 𝑃(𝐴), which is the conditional
probability for the release area to be at least 𝐴 if there is an avalanche release. It is desir-
able that this method be compatible with the general approach used in NAKSIN so that
it can be implemented there without massive changes to the structure of the code.

2 Derivation of the method
Summary of the approach The proposed method rests on a few simple observations:

1. In the infinite-slope approximation, the factor of safety, 𝐼𝑆,∞(𝜓), of a slab with
given height ℎ (measured vertically) and weak-layer shear strength 𝜏 is infinite
for horizontal (𝜓 = 0°) and vertical (𝜓 = 90°) slopes, and it has a minimum at
𝜓 = 45°, see Eqs. (1) and (2) below.
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Figure 2 Patches ℬ𝜃 of increasing minimum slope angle 𝜃 and decreasing size 𝐴(𝜃) within a
potential release area𝒜 (yellow).

2. The factor of safety of a finite-size slab of depth ℎ, perimeter length 𝐿 and
area 𝐴 on an inclined plane with slope angle 𝜃 is larger than for an infinite
slab, 𝐼𝑆(𝜃, 𝐴, ℎ) > 𝐼𝑆,∞(𝜃, ℎ), because of the stabilizing forces acting along the
perimeter of the slab, characterized by the mean strength 𝜎, as shown in Fig. 1
(Lackinger, 1989).

3. Both the driving force of gravity and the stabilizing force due to the shear strength
of the weak layer are proportional to the slab area, whereas the stabilizing forces
along the slab perimeter are proportional to the perimeter length and an average
value 𝜎 of tensile, compressive and shear strength in the slab (Fig. 1).

4. In a real avalanche release area, the slope angle varies spatially. The largest con-
nected area for which the slope angle exceeds some value 𝜃, 𝐴̃(𝜃), is a mono-
tonically decreasing (but not necessarily continuous1) function of 𝜃. There is
a corresponding function 𝐿̃(𝜃) for the length of the perimeter, but its decrease
need not be monotonic.

Consider a PRA 𝒜 with area 𝐴𝒜 and perimeter 𝐿𝒜; denote its minimum, maximum
and average slope angles by 𝜃low, 𝜃high and 𝜓𝒜, respectively. Let 𝐿̃(𝜃) and 𝐴̃(𝜃) be the
perimeter and area of the largest connected patch in 𝒜—termed ℬ𝜃—inside which the
local slope angle is at least 𝜃 (Figs. 2 and 3). The average slope angle of the patches ℬ𝜃,
𝜓(𝜃) need not always increase monotonically with 𝜃, but 𝜃min ≤ 𝜃 ≤ 𝜓(𝜃) ≤ 𝜃max,
see Fig. 3. Clearly, 𝐴̃(𝜃min) = 𝐴𝒜 and 𝐿̃(𝜃min) = 𝐿𝒜. Moreover, in typical terrain
𝐴̃(𝜃) → 0 and 𝐿̃(𝜃) → 0 as 𝜃 → 𝜃high, which we will assume to hold2. 𝐴̃(𝜃) decreases
monotonically with increasing 𝜃, but this is not generally true for 𝐿̃(𝜃).

1Consider a patch ℬ0 consisting of three subpatches ℬ1, ℬ2, ℬ3 with slope angles 𝜃1 < 𝜃2 < 𝜃3 and
assume that ℬ2 and ℬ3 do not touch each other. Then 𝐴(𝜃) = 𝐴1+𝐴2+𝐴3 for 𝜃 ≤ 𝜃1. For 𝜃1 < 𝜃 ≤ 𝜃2,
one has 𝐴(𝜃) = 𝐴2 + 𝐴3, and for 𝜃2 < 𝜃 ≤ 𝜃3, 𝐴 = 𝐴3.

2It is, however, not difficult to construct a counter-example: Imagine a mountain slope consisting of a
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Next, assume that there is a weak snow layer covering the slope including 𝒜 and that
new snow is falling indefinitely. For each new-snow height ℎ, among the innumerable
patches ℬ𝜃 in 𝒜 there is one patch ℬ𝜃∗(ℎ) for which the factor of safety is lowest, i.e.,
𝐼𝑆(ℬ𝜃∗(ℎ), ℎ) = min(𝐼𝑆(ℬ𝜃 , ℎ)) for all 𝜃 ∈ [𝜃low, 𝜃high], and 𝜃∗(ℎ) is lowest if there is
more than one slope angle 𝜃′ for which 𝐼𝑆(ℬ𝜃′ , ℎ) = min(𝐼𝑆(ℬ𝜃 , ℎ)).

We further assume that the snow cover is not unconditionally stable. Such would be the
case if the stabilizing forces transmitted across the perimeter of the patch all by them-
selves exceeded the down-slope gravitational force on the slab, 𝜎𝐿̃(𝜃) > 𝜌𝐴̃(𝜃)𝑔 sin𝜃,
for all 𝜃 ∈ [𝜃low, 𝜃high]. 𝜌 is the density of the new snow forming the slab. Under such
conditions, the factor of safety decreases as the snow accumulates, but its asymptotic
value is larger than 1. Conversely, if 𝜎𝐿̃(𝜃) < 𝜌𝐴̃(𝜃)𝑔 sin𝜃 for some range of 𝜃, the
minimum factor of safety will eventually become 1—the critical condition for avalanche
release in this simplifiedmodel—for some new-snow height ℎ = ℎ𝑟 (measured verically)
and release angle 𝜃∗(ℎ𝑟). The corresponding patch area 𝐴̃(𝜃∗(ℎ𝑟)) is the sought release
area. An avalanche releases from that patch if and as soon as the snowfall height attains
the value ℎ𝑟. The corresponding fracture depth is approximated as 𝑑𝑓 ≈ ℎ𝑟 cos𝜓(𝜃∗),
where 𝜓(𝜃∗) is the average slope angle of the patch ℬ𝜃∗(ℎ𝑟).

𝜃∗ depends on 𝜌, 𝜎 and 𝜏. In the mathematical formulation of this mechanism, we will
provisionally assume that the angle 𝜃∗(ℎ) is unique and that 𝐴̃(𝜃) and 𝐿̃(𝜃) are differen-
tiable and monotonically decreasing with increasing 𝜃, even though both functions have
discontinuities in reality and 𝐿̃(𝜃) also may have local maxima. The strength 𝜎 is the
average of the tensile, compressive and shear strength of the slab, weighted with the rel-
ative lengths of the crown, the stauchwall and the flanks. For simplicity, we also assume
that this weighting is independent of 𝜃 (and ℎ). In reality, 𝜎 depends on the shape of the
patch and may change with 𝜃.

Size-dependence of the factor of safety We start by assuming that the mean slope
angle of patches, 𝜓ℬ(𝜃), is a monotonic function of the minimum angle, 𝜃, associated
with the patch, see Fig. 3. This ensures that the relation between 𝜓 and 𝜃 is invert-
ible (numerically). Then, we may define new functions 𝐴 and 𝐿 through the relations
𝐴(𝜓(𝜃)) ∶= 𝐴̃(𝜃) and 𝐿(𝜓(𝜃)) ∶= 𝐿̃(𝜃).

In the infinite-slope approximation, the factor of safety on a slope of uniform inclination
𝜓 is

𝐼𝑆,∞(𝜓, ℎ) =
𝜏

𝜌𝑔ℎ cos𝜓 sin𝜓 = 2𝜏̂
ℎ sin(2𝜓) , (1)

where 𝜏 is the shear strength of the weak layer and 𝜏̂ ∶= 𝜏/(𝜌𝑔) has the dimension of
a length. For 𝜓 → 0° and 𝜓 → 90°, 𝐼𝑆,∞ tends to ∞, and it attains its minimum value
2𝜏̂/ℎ at 𝜓 = 45°. In the present context, it is advantageous to work with a force residue
gently inclined plane with 𝜃 = 𝜃low in its lower part and a steep inclined plane with 𝜃 = 𝜃high in its upper
part.
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Figure 3 Example of how the total area ∑𝑙 𝐴𝑙(𝜃) that is steeper than a minimum angle 𝜃 de‐
creases with 𝜃 (lilac curve, left‐hand axis) and how the average slope angle 𝜓 of this total area
increases with 𝜃 (green curve, right‐hand axis). The area 𝐴1(𝜃) of the largest patch steeper than
𝜃 decreases much more rapidly with 𝜃 than ∑𝑙 𝐴𝑙(𝜃). Data drawn from the Midaou avalanche
path in the French Pyrenees.

function instead:
𝑅∞(𝜓, ℎ) ∶= 𝜏̂ − ℎ sin𝜓 cos𝜓, (2)

where 𝑅∞ < 0 implies instability.

If one includes the peripheral forces on a snow slab of area 𝐴 and perimeter 𝐿 corre-
sponding to a connected patch ℬ, the force residue becomes

𝑅(𝜓, ℎ) = 𝜏̂𝐴(𝜓) + 𝜎̂𝐿(𝜓)ℎ cos𝜓 − 𝐴(𝜓)ℎ cos𝜓 sin𝜓
= 𝐴(𝜓)(𝜏̂ − ℎ cos𝜓 sin𝜓) + 𝜎̂𝐿(𝜓)ℎ cos𝜓
= 𝐴(𝜓)[𝜏̂ − ℎ(sin𝜓 − 𝜎̂Λ(𝜓)) cos𝜓].

(3)

Here, we have defined Λ(𝜓) ∶= 𝐿(𝜓)/𝐴(𝜓) with units of inverse length and the scaled
slab strength 𝜎̂ ∶= 𝜎/(𝜌𝑔), which characterizes the slab properties and has units of
length. 𝜎̂ is typically an order-of-magnitude larger than 𝜏̂ because (i) the shear strength
of the weak layer is usually much lower than that of the overlying slab and (ii) the com-
pressive strength, which is substantially larger than the shear strength, contributes to 𝜎.

Equation (3) is, strictly speaking, only valid for a slab on an inclined plane. To apply it to a
slab on curved terrain, the numerator should be extended to vectorial form and expressed
as surface integrals while the denominator is to be evaluated as a volume integral. For
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Figure 4 Qualitative dependence of the factor of safety, 𝐼𝑆, on the mean slope angle 𝜓 for dif‐
ferent values of the new‐snow height ℎ. The thick curve touching the line 𝐼𝑆 = 1 represents the
fracture height for this synthetic event, the abscissa of themarked point indicates themean slope
angle of the release patch within the PRA.

the sake of simplicity, we here work with the average slope angle in ℬ𝜃:

𝜓(𝜃) ∶= න
ℬ𝜃

𝜙(𝑥)d𝐴. (4)

For given 𝜏̂ and 𝜎̂, the force residue is a function of the two variables 𝜓 and ℎ. The
qualitative behavior of the closely related factor of safety, 𝐼𝑆, is illustrated in Fig. 4 for
six values of ℎ and assuming that the local slope angles within the PRA range from
𝜃low = 30° to 𝜃high = 60°. Note that the plot is not based on actual data, but with the
stated assumptions the curves must diverge as 𝜓 → 60° and 𝜓 → 0°.

During a snowfall, as ℎ increases steadily, the stability of the slope is characterized by
progressively lower-lying curves in Fig. 4 and described by the function 𝑅(𝜓, ℎ(𝑡)) at
time 𝑡. The avalanche will be released when the minimum of this function crosses the
horizontal line 𝑅 = 0 (or 𝐼𝑆 = 1 in Fig. 4). The parameter ℎ = ℎ𝑟 of the curve that
touches the line 𝑅 = 0 (or 𝐼𝑆 = 1) is the (vertically measured) fracture height, and the
abscissa 𝜓 = 𝜓𝑟 of the tangent point is the mean slope angle of the release patch. From
𝜓𝑟, 𝜃𝑟, the release area 𝐴(𝜓𝑟) and domain ℬ𝜃(𝜓𝑟) for this event follow immediately.

If we furthermore assume that 𝑅(𝜓, ℎ) is differentiable and, for any fixed value of ℎ,
only has a single minimum, the release condition for a finite slab can be formulated as

𝑅(𝜓𝑟 , ℎ𝑟) = 0 and
𝜕𝑅
𝜕𝜓(𝜓, ℎ)ቤ𝜓𝑟,ℎ𝑟

= 0. (5)
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From Eq. (3), the first of the conditions (5) can readily be solved for ℎ𝑟 in terms of 𝜓:

ℎ𝑟(𝜓) =
𝜏̂

[sin𝜓 − 𝜎̂Λ(𝜓)] cos𝜓. (6)

To find the patch ℬ𝜃(𝜓𝑟) that is the first to become unstable during the snowfall, i.e., with
the minimum value of ℎ, one uses the second condition in Eq. (5). This is a condition for
the partial derivative of 𝐼𝑆 with respect to 𝜓, i.e., ℎ is to be kept fixed. Only after taking
the derivative is one to substitute the expression (6) for ℎ𝑟 as a function of 𝜓:

𝜕𝑅
𝜕𝜓 = 𝐴′(𝜓) [𝜏̂ − ℎ(sin𝜓 − 𝜎̂Λ(𝜓)) cos𝜓]

+ 𝐴(𝜓)ℎ ቂ𝜎̂[Λ′(𝜓) cos𝜓 − Λ(𝜓) sin𝜓] − cos(2𝜓)ቃ ,

which simplifies immediately because the factor multiplying 𝐴′(𝜓) vanishes at ℎ = ℎ𝑟
according to the first condition in Eq. (5). Thus one obtains

𝑄(𝜓𝑟) ∶= 𝜎̂[Λ′(𝜓𝑟) cos𝜓𝑟 − Λ(𝜓𝑟) sin𝜓𝑟] − cos(2𝜓𝑟) = 0. (7)

Once 𝜓𝑟 has been determined, ℎ𝑟 follows from Eq. (6).

Qualitative behavior Without an explicit form of the function Λ(𝜓), the highly non-
linear Eq. (5) cannot be solved. Since Λ(𝜓) is not known in analytic form for a natural
terrain, numerical techniques must be used. However, a few statements about the exis-
tence and properties of solutions can be made.

First—perhaps surprisingly—the shear strength of the weak layer, 𝜏, does not appear in
Eq. (7). This comes about because both the driving gravitational force and the supporting
forces across the periphery of the slab are proportional to the slab height, ℎ, whereas the
supporting force from the shear strength of the weak layer is independent of ℎ and of
𝜓. Thus, 𝜎̂ determines the critical angle for release while the fracture height depends
linearly on 𝜏̂.

Second, one should generally expect discontinuities to occur in 𝐴(𝜓) and 𝐿(𝜓), as Fig. 2
illustrates: In that example, the patch ℬ30° splits into a large one and two small ones as
𝜃 is increased from 30° to 33°, and similarly between 33° and 36°. Where this occurs,
𝐴, 𝐿 and Λ have discontinuities. An implementation of this model must therefore search
for solutions of Eq. (7) in each interval where Λ(𝜓) is continuous.

Third, as 𝜓 approaches 𝜃high from below, 𝐴(𝜓) → 0 and 𝐿(𝜓) → 0 in normal terrain so
that Λ increases as 𝐴−1/2 and 𝑅 thus vanishes as 𝐴1/2. If 𝑅(𝜃high) = 0 and 𝐴(𝜃high−𝜖) ∝
𝜖𝑎 for small values of 𝜖, 𝑅 has a horizontal tangent at 𝜃high for 𝑎 > 1. However, this
solution is practically irrelevant because the release area would be 0. One exception
from this behavior is described in Footnote 2, with 𝐴, 𝐿 and Λ taking finite values and an
avalanche releasing as soon as the new-snow height attains the value ℎ𝑟(𝜃high). (Another
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theoretical possibility is the patch showing fractal behavior, with 𝐴 tending to 0 but 𝐿
remaining finite; 𝑅 could then approach a finite positive limit.)

Fourth, if one expresses Eq. (3) in terms of the factor of safety,

𝐼𝑆(𝜓, ℎ) ∶=
𝜏̂ + 𝜎̂Λ(𝜓)ℎ cos𝜓
ℎ sin𝜓 cos𝜓 , (8)

one sees that 𝐼𝑆(𝜓, ℎ)|𝜓=cst. decreases with increasing ℎ and tends to the limit

𝐼min𝑆 (𝜓) = lim
ℎ→∞

𝐼𝑆(𝜓, ℎ) = 𝜎̂ Λ(𝜓)
sin𝜓 . (9)

Depending on the values of 𝜎̂, Λ and 𝜓, this may be smaller or larger than 1. If 𝐼min𝑆 >
1, the patch is unconditionally stable. This is in marked contrast to the infinite-slope
approximation where instability is inevitable if only ℎ is large enough. The reason is that
not only the gravitational force but also the stabilizing forces across the perimeter of the
slab grow linearly with ℎ.

Fifth, in the infinite-slope approximation (1), 𝐼𝑆,∞(45°+𝛼, ℎ) = 𝐼𝑆,∞(45°−𝛼, ℎ) for any
angle 𝛼, i.e., there is symmetry about𝜓 = 45°. Equation (8) shows how the contribution
from the perimeter forces breaks this symmetry. 𝜓𝑟 is pushed below 45° if Λ′(45°) <
Λ(45°), and above 45° otherwise. (Note that, when taking the derivative of Λ, d𝜓 is to
be measured in radians.) However, without further information on the function Λ(𝜓),
such questions cannot be answered definitively.

3 Pointers towards implementation in NAKSIN
Determination of the functions 𝐿(𝜓) and 𝐴(𝜓) Given a digital terrain model com-
prising the PRA, 𝐿(𝜓) and 𝐴(𝜓) can be obtained for a set {𝜃𝑖} of lower thresholds and
a corresponding set {𝜓𝑖} of mean slope angles, 𝜓1 < 𝜓2 < … < 𝜓𝑛 with 𝜃low < 𝜓1 <
… < 𝜓𝑛 ≤ 𝜃high using functions provided in a geographical information system (GIS)
or packages like GDAL/OGR. The obtained values are tabulated, and the {𝜓𝑖} should be
spaced densely enough to allow meaningful interpolation—this is particularly important
for estimating the derivative of Λ(𝜓).

With a view towards implementation in NAKSIN, which needs to estimate the total an-
nual release probability in a given PRA, one scenario neglected so far must be considered:
Using Fig. 2 as an example, suppose that the patch ℬ39° is most prone release in a given
situation. In a severe snow storm, an avalanche may release from it early during the
storm. But as the snow continues falling, one or both of the disjoint patches with mini-
mum slope angle 36°might also become unstable and produce avalanches. These events
ought to be counted as well and their fracture heights and patches recorded. This will
matter for the total release probability and for the release volume of the “target” aval-
anche, for which NAKSIN will calculate the run-out. Moreover, in APALI, an extension
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ofNAKSIN for probabilistic hazardmapping (Issler, 2023), probability distribution func-
tions of the release area and the fracture height must be extracted from the Monte Carlo
simulation results, which must include these minor releases as well.

This circumstance requires a data structure that can track the branching of a PRA in
several smaller partial release areas with increasing 𝜃𝑖. This structure must allow to de-
termine, for any patchℬ𝑗 prone to release when the new-snow depth reaches the threshold
ℎ𝑗, whether it is part of, or contains, another patchℬ𝑘 with lower threshold ℎ𝑘 < ℎ𝑗. One
may then exclude ℬ𝑗 from releasing or increase its threshold ℎ𝑗. This requirement sug-
gests that each patch be given a unique identifier and carry a list containing the identifiers
of its “parent” patches.

The analysis proceeds through the following steps:

1. Calculate the local slope angle 𝜃 for each DTM cell inside the PRA.

2. For sufficiently many values 𝜃𝑖, find the sets 𝒰𝑖 with 𝜃 ≥ 𝜃𝑖 for all cells in 𝒰𝑖.

3. In each 𝒰𝑖, find and store the connected subsets ℬ𝑖,𝑘, their mean slope angles
𝜓𝑖,𝑘, areas 𝐴𝑖,𝑘 and perimeters 𝐿𝑖,𝑘.

4. Reconstruct the “genealogic tree” (GT) of each PRA, starting from the “twigs”,
i.e., the patches that do not contain further subpatches of the “tree of patches”.
For each twig, there is a genealogic line going back to the PRA𝒜, which gives
rise to an array ℒ𝑔 = {Λ(𝜓𝑖,𝑘)} associated with the patches {ℬ𝑖,𝑘}.

5. For the given values of 𝜏̂ and 𝜎̂ and for each genealogic line, find the critical
slope angle 𝜓𝑟 and the corresponding fracture height ℎ𝑟 from Eq. (7), using
Λ(𝜓) interpolated from its array ℒ𝑔. Record all these data in a sorted list of
release events, which will be used later in the NAKSIN workflow.

If one uses Python for this analysis, the functions scipy.ndimage.generate_binary_-
structure, scipy.ndimage.label and numpy.unique will be handy. To obtain the
perimeter of a connected patch, it may be best to first vectorize the patch and then use
analysis tools for vector data to get the perimeter. The first step can be accomplishedwith,
e.g., the gdal.polygonize function from the GDAL library. For calculating the perime-
ter of the polygon, the class Polygon from the Python module shapely.geometry has
an attribute .length that can be used for the purpose.

Solution of the stability equation for 𝜓 To solve Eq. (7) for 𝜓𝑟, one calculates the
value of𝑄(𝜓𝑖) for the set of mean slope angles𝜓𝑖 derived from the patchesℬ𝜃𝑖 . If the𝜓𝑖
are spaced closely enough, a linear interpolation between the values 𝜓𝑗 with 𝑄(𝜓𝑗) > 0
and 𝜓𝑗+1 with 𝑄(𝜓𝑗+1) < 0 may suffice.

After 𝜓𝑟 has been found, ℎ𝑟 follows directly from substituting the value of 𝜓𝑟 in Eq. (6).
Finally, 𝐴𝑟 is obtained by interpolation of the tabulated values 𝐴(𝜓𝑖). If the 𝜓𝑖 are suffi-
ciently densely spaced, the patch𝒜𝑟(𝜓𝑗), where 𝜓𝑗 is the tabulated value nearest to 𝜓𝑟,
will give an adequate approximation of the release area.
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Required modifications of the NAKSIN program structure The modular structure
of NAKSIN restricts the necessary changes to the modules release_area.py, which so
far only determines the PRAs, and release_prob.py, where the release probability and
fracture depth are calculated for a large number of synthetic weather and snow situations.

Like the original version, the modified version of release_area.py carries out all to-
pographical operations: finding the maximal PRAs and applying the same constraints on
terrain curvature and connectedness as before. It may no longer be necessary to restrict
the vertical or areal extent of PRAs because very small areas tend to be eliminated by the
stabilizing effect of the surrounding snow cover and very large or long areas tend to be
divided into subpatches that have higher release probability than the full PRA.

In addition, the subpatches have to be identified and quantified as described above, and a
data structure describing the GT of each PRA created. As in the present version, the mod-
ule outputs one or two large lists (with or without forest effects included, patches_wf
and/or patches_nf). In contrast to earlier with entries for each PRA, these lists contain
entries for each node in the GT. Each entry in these lists is itself a list collecting all rel-
evant information on the patch, with two new elements, namely its associated value of
Λ and its GT (which is a list itself). Furthermore, for each patch, a raster or vector file
defining the patch must be stored for potential use in the run-out calculations.

In the module release_prob.py, the main changes are the following:

Besides the scaled weak-layer shear strength 𝜏̂, the scaled average slab strength
𝜎̂ must be estimated.

The release criterion is changed to implement Eq. (5).

For each synthetic “snow storm”, the stability must be evaluated not only for
the PRA but also for all nodes on its GT.

If there is a release in a patch during a “storm”, the release conditions (particu-
larly the available snow height) must be adjusted for all patches that are affected
by it.

All registered releases in a GT must be consolidated into one sorted list to deter-
mine the annual release probability of the corresponding PRA and the fracture
height and associated release patch for a given target return period.

4 Outlook
The proposed method first needs critical scrutiny. If no major flaws are found, it needs
to be tested thoroughly. This can be done either with custom-made scripts used in case
studies or by implementing it in NAKSIN as sketched in the preceding section.
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The precise way in which the effect of an avalanche release in one patch affects the
release probability in other patches in the same GT must be investigated in more detail.
In Nature, it is often observed that more than one avalanche releases from a PRA in
the course of one storm. Sometimes, the avalanches release from disjoint patches with
different snow properties or loading conditions. It may, however, also happen that the
same patch is involved in a subsequent release because blowing snow has recharged the
snow cover in the patch area. There are several possible ways to incorporate this in the
model; in view of the large areas to be mapped by NAKSIN, a good compromise between
completeness of the model and computational performance must be found.

The possibility of avalanches releasing from two separate patches in the same PRA (or
even in different PRAs threatening the same run-out area) highlights a general problem in
hazard mapping, which is often either neglected or only addressed through expert judg-
ment: Consider two avalanche paths, each with annual release probability 0.0007 a−1,
which would not lead to building restrictions for familiy homes in Norway. However,
where their run-out areas intersect, the annual probability exceeds 0.0014 a−1 and thus
the regulated threshold for construction permits. This problem is not satisfactorily han-
dled in the present version of NAKSIN, and including variable release-area size may
accentuate the problem. Solving it in a satisfactory way is not straightforward unless
one adopts a fully probabilistic framework, which requires a much larger computational
effort.

This report has not addressed the question how forest effects should be included in the
scheme, particularly if the stand density depends significantly on the slope angle. One
may average the relevant parameters like stand density, crown coverage and tree diameter
separately for each patch. It is, however, not clear yet how best to treat large spatial
variability of these parameters within a PRA or a patch.

One may expect that accounting for the dependence of release-area extent on the return
period will lead to two opposite effects:

In areas with high avalanche release probability due to high precipitation, one
may expect significantly smaller potential hazard areas if the return period is
chosen as 30 or 100 y rather than the 1000 y applied in the new, third-generation
avalanche hazard indication maps (AHIM). Judging from exploratory simula-
tions with NAKSIN 3 and 4, which always use the entire PRA, for return periods
of 100 years or less, there is strong reason to believe that this effect would make
an AHIM targeted at buildings in security class S1 more realistic.

In areas where the avalanche release probability is generally low and where
the mountain sides mostly are not steeper than 30–35° but contain signifi-
cantly steeper subareas, small to medium-size avalanches may have consider-
ably higher release probability than the entire PRA.

Further effects will likely appear when the model is being tested extensively. One will
also want to compare themodel and the release areas it predicts with different approaches,
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which emphasize topographic features like slope breaks, differences in aspect, and ter-
rain roughness but do not include explicit mechanical stability evaluation as NAKSIN
does (Bühler et al., 2013; Veitinger et al., 2016). Most likely, combining different ap-
proaches could improve the accuracy of the model, but it remains to see how this can
be implemented in a future model that can assess avalanche hazard at the scale of entire
countries.
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