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Abstract Snow avalanche-induced air-blasts are capable of breaking trees, damaging buildings and causing
fatalities. Predicting their destructive properties is an essential part of snow avalanche hazard mitigation. Here,
we propose a depth-averaged model that involves turbulent fluctuations to simulate the air-blast dynamics. The
turbulent energy of the air-blast arises from that of dust-mixed air transferred from the avalanche core, shearing
work in the cloud and entrained air, and is exploited to improve the air entrainment and drag relationships. We
further present a unique data set of air blast-induced tree breakage, providing type, status, diameter and falling
direction of the measured trees. Through case studies of two artificially released avalanches with measured
powder heights and three natural avalanches with tree-breakage information, we test the model and investigate
the turbulence effect on air-blast dynamics. The proposed model and tree-breakage data set quantify the
air-blast destructiveness and can be applied for avalanche hazard assessment.

Plain Language Summary Snow avalanche-induced air-blasts are common natural hazards in
high-altitude regions. They are fully turbulent mixtures of ice dust and gases capable of causing damage and
human fatalities far beyond the avalanche deposits, representing a major threat to societies in avalanche-prone
environments. In this study, we propose a robust numerical model that accounts for the turbulent fluctuations
to simulate the air-blast dynamics. An unprecedented data set of air blast-induced tree breakage in three natural
snow avalanches is further presented. Using five case studies in Switzerland, of which two artificial avalanches
and three natural avalanches with tree-breakage data, we test the model and investigate the impact of turbulence
on air-blast dynamics. Results suggest great performances of the proposed model in calculating the air-blast
height, impact area and dynamic pressure. Turbulent fluctuations play an important role in the travel resistance
and air entrainment of the air-blast, and can magnify the maximum pressure several times larger than the mean
value. The new air-blast hazard model gives promising perspectives for estimations of snow avalanche hazards,
and the tree-breakage data set can serve as a calibration basis for future more accurate numerical avalanche
models.

1. Introduction

The prediction of the destructive potential of snow/ice avalanche air-blasts remains a major uncertainty in moun-
tain hazard engineering (Eckerstorfer et al., 2016; Kargel et al., 2016; Schweizer, 2008). Powerful air-blasts can
cause damage and fatalities well beyond the reach of the core, essentially expanding the hazard range of the
avalanche (Stoffel et al., 2016; Zhuang, Xu, et al., 2023). This was the case of the devastating snow/ice avalanche
of Langtang in which the village was situated outside the reach of the avalanche core but was destroyed by
the air-blast (Fujita et al., 2017). Clearly, an engineering model that could predict the reach and magnitude of
the air-blast in a real mountain topography would find wide application in natural hazard mitigation planning.

Although the danger of the air-blast is well known, and even included in existing snow avalanche mitigation
guidelines (Stoffel et al., 2016), direct measurements of actual impact pressure are rare. Large, destructive events
are both sudden and seldom, and preclude direct measurements of their inner structure. Hazard engineers are
often interested in the force of the dust cloud, after it has decoupled from the core. In this situation, the momen-
tum exchange between the core and cloud is fully complete and the cloud movement can best be described as
an inertial flow (Sukhanov, 1982; Sukhanov & Kholobayev, 1982). The cloud is slowing by a combination of
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turbulent and laminar drag, both closely associated with the air entrainment. These processes are difficult to
model and require measurement data to calibrate how the cloud dissipates its kinetic energy over time (Nishimura
et al., 1995; Sovilla et al., 2018).

To date the best estimates of the air-blast power are based on tree-breakage observations (Bartelt et al., 2018b;
Feistl et al., 2015; Zhuang, Xing, et al., 2023). Fallen trees indicate the spatial extent of avalanche-induced
air-blast and create natural vector fields delineating their primary travel direction. In this paper we present an
unprecedented data set of air blast-induced tree breakage. The measurements provide the type, status, DBH and
falling direction of totally 488 trees in 17 forest plots, enabling testing hazard models in terms of the pressure and
travel direction of the air-blast. The first goal of this paper is therefore to provide the snow/ice avalanche commu-
nity with a unique data set to test both analytical and numerical air-blast models.

Over the past two decades, hazard engineers made numerous efforts to forecast the powder cloud movement.
Early models were based on simple spherical cap approximations (Ancey, 2004; Turnbull et al., 2007). The cloud
shape resembles a spherical cap, but these one-dimensional methods do not adequately model the formation
phase involving the interaction with the core. As an alternative, recent efforts applied three-dimensional compu-
tational fluid dynamics (CFD) method to reproduce historical avalanches (Fei et al., 2022; Sampl & Granig, 2009;
Zhuang, Xu, et al., 2023). These models appear to better capture the formation phase of the cloud dynamics, but
their time-costs are excessive for engineering applications. Many three-dimensional approaches treat the air-blast
as pure air, ignoring the ice-dust mass, leading to an underestimation of the air-blast pressure (Fei et al., 2022;
Zhuang, Xu, et al., 2023).

Depth-averaged models present an alternative to one-dimensional analytical approaches, without requiring the
computational resources of three-dimensional CFD models. They have been widely used to assess the avalanche
air-blast hazard (Bartelt et al., 2016, 2018a; Turnbull & Bartelt, 2003). The depth-averaged model speeds-up the
calculation since it reduces a three-dimensional problem to two-dimensions through integrating cloud properties
perpendicular to the ground. It allows the model to consider some essential physical processes, such as mass/
momentum exchanges between the core and cloud, air entrainment, cloud drag, and snow entrainment (Sovilla
& Bartelt, 2002). Avalanche-induced air-blasts, however, are known to exhibit turbulent features (Ito et al., 2017;
Ivanova et al., 2022), which contribute to their destructive power. The challenge lies in incorporating the forma-
tion and dissipation of turbulent structures within the depth-averaged framework. Significant gaps in understand-
ing remain concerning how the turbulent fluctuations modify depth-averaged velocity profiles, pressure profiles
and energy dissipation inside the cloud.

The second goal of this paper can now be stated. Using the measured tree-breakage data, we propose relationships
to model cloud drag, air entrainment and decay of turbulence, and introduce these measurement-derived rela-
tionships into a depth-averaged avalanche model. Our goal is to show how the dissipation of kinetic energy, both
laminar and turbulent, controls the air-blast magnitude. Five avalanches in Switzerland, including two avalanches
released in the Vallée de la Sionne (VDLS) field site (No. 509 and No. 628) and three natural avalanches with
the tree-breakage information, are analyzed for this purpose. Measurements in VDLS are used, since information
regarding the release and entrainment mass, avalanche speed and powder height are known (Dreier et al., 2016;
Veitinger & Sovilla, 2016).

2. Methods
2.1. Observed Tree Breakage

In January 2019, after a large snowfall, heavy orographic precipitation led to a level 5 avalanche danger (the
highest danger; Meister, 1995) in the Canton of the Grisons, Switzerland. On 15 January 2019, the Salezer and
Braemabuel South avalanches occurred in the Davos municipality and the Innerchinn avalanche occurred in
the Klosters municipality. Information about the three avalanches is presented in Text S1 and Figures S1-S3 in
Supporting Information S1.

Fieldwork was carried out from 16 April to 9 May 2019. We selected 17 study plots, including 5 plots in the
Salezer avalanche, 6 plots in the Innerchinn avalanche and 6 plots in the Braemabuel South avalanche. Each
circular plot covered an area of 314.16 m? (diameter 20 m). We measured trees with a diameter at breast height
(DBH, 1.3 m height) or diameter at breaking point (DBP) >10 cm (totally 488 trees). For each tree we measured:
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tree species, status (upright, fallen, leaning and stump), DBH/DBP and falling direction from north (for fallen and
leaning trees). Tree measurement details are listed in Text S1, Tables S1-S3 and Figures S4-S6 in Supporting
Information S1.

2.2. Tree-Breakage Calculation

The air-blast loading frequency is known to be similar to the tree eigenfrequency (Bartelt et al., 2018b). Hence,
inertial forces, which would make trees easier to damage, must be considered. In this study, the determination
of tree eigenfrequency w refers to Zhuang, Xing, et al. (2023): modeling trees as Euler-Bernoulli beams and
calculating the eigenfrequency according to the elastic theory. The frequency of air-blast loading derived from
@ = 7 /to, 1, is the loading duration calculated by the depth-averaged model. The inertial force effect is quantified
by the magnification factor D, defined as (Bartelt et al., 2018b):

D= +[sin(ﬂ) —ﬁsinﬁ%] p<1

gl

1
D=2 g=1 M

D= ——cos— p>1

where f = w/w is the ratio between the air-blast loading frequency and tree eigenfrequency. The tree-breakage
assessment is applied according to Feistl et al. (2015):

2

onzD-cnpnﬁszcosy 2
nd?

where ¢, is drag coefficient, uy; is air-blast velocity, d is stem diameter, H is tree height, w is effective crown

width, y is slope angle. Tree species in the calculation is Norway spruce and the stem diameter is the measured

average value in the plot. Tree height is estimated from stem diameter based on the measurements by Jonsson

et al. (2006). ¢; and w are experienced values. The breakage occurs when the bending stress o}; exceeds the

experienced tree strength.

2.3. Turbulent Depth-Averaged Avalanche Model
2.3.1. General Framework

We propose a turbulent, depth-averaged model to simulate the flow dynamics of the snow/ice avalanche. The
avalanche core @ and the cloud IT are separated into two different layers, Figure 1 (Bartelt et al., 2016). The core
is a granular, gravity-driven shear flow that can disperse and compress. The dispersive movement of the snow/
ice particles allows both the intake and expulsion of air, now loaded with ice-dust that becomes loose during
particle interactions, or when the core impacts and entrains the snowcover. The net effect of the interaction is
to transfer mass/momentum from the core to cloud and creates turbulent structure in the cloud. The cloud is
therefore modeled as a turbulent suspension of ice-dust that is driven by gravity, and momentum and turbulence
supplied by the core. The depth-averaged model predicts both the mean velocity and density of the cloud, as well
as velocity fluctuations. From these values the air-blast pressure can be found.

2.3.2. Avalanche Core ®

To model the avalanche core, we apply the general model developed by Bartelt et al. (2006, 2016); Buser and
Bartelt (2009, 2011, 2015) for mixed flowing/powder avalanche flow. The model includes entrainment (Bartelt
et al., 2018c), forest interaction (Feistl et al., 2015) and thermal processes of snow melting (Valero et al., 2015).
The core movement is described by three state variables, the so-called co-volume height /i, the flowing height hy,
and the slope-parallel velocity . The co-volume represents the snow packing in the deposition zone and is given
by the co-volume density g (Bartelt & McArdell, 2009). The governing equations for the core are:

(ild>), +div(holie) = ;—2qu¢ - Mo_v — ;—ZM@-»H 3

(ho), + div(holic) = D(1, k. k., k) “4)
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Figure 1. (a) Schematic diagram of a snow avalanche air-blast system. Panels (b)—(d) describe the assumed air-blast profile
of the turbulent velocity, powder density and turbulent pressure, respectively.
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Equations 3 and 5 are the mass and momentum balances, which involve the avalanche entrainment Mo, forest
interaction Mg_y, and mass/momentum transfer to the cloud Me_r. Equation 4 describes the dilution and
compression of the core. [D(t, kz, k2, kz) represents the change in core height due to dispersive pressure effects
(Bartelt et al., 2016). Equations 6 and 7 describe the balance of the fluctuation energy and heat energy. Shearing S,
is controlled by the process-based Voellmy rheology (Salm, 1993, Equation 8, parameters < 4,£,>, normal stress
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Ny). The total dissipative energy flux Ly is defined in Equation 9 and accounts for the avalanche energy lost during
entrainment. Snowcover is not only entrained but accelerated forward to create splashing pre-fronts (parameters
<ypI>, Bartelt et al., 2018c). Equation 10 describes the production and transport of meltwater. We note the mean
avalanche temperature T, never exceeds the snow melting temperature 7,,, therefore define latent heat energy dQ,,
as Equation 11 (latent heat L). The parameters (a,&,) split the shearing process Wo = Sollio|| and dissipative
energy flux of entrainment Ly_q into fluctuation energy R, and internal energy E, (Bartelt et al., 2006). The
model parameters are described in Bartelt et al. (2016, 2018c) and listed in Table S4 in Supporting Information S1.

2.3.3. Powder Cloud IT

The powder cloud IT is simulated by equations of mass (Equations 12 and 13) and momentum balance (Equa-
tion 14), and additional equations associated with the production and decay of turbulent fluctuations (Equation 15):

(?ln)r-i-dl'U(ilnaq)) = M<p_>n (12)

P P Mg + M (13)

(hn), +diU(hnun) =
Pi — PA

(/A’lnan)l + div(ilnan ® un + pn]) = Mﬁi’ln + Mo_nitio — _)n St — /:—AM,\_.nan 14)
P [lzam I P

. . P . . 1 . .
(han)l + dlv(Rnhnun) =Wn+ Mo-nRoe + EPAM/\—JIH%] — fnhnRn (15)
Similar to the core, /i represents the initial cloud height, corresponding to the initial cloud density jr; before blow-
ing out from the core; hn is related to the downward z-displacement of the core and driven by compression/expan-
sion of the granular ensemble (Equation 4, Bartelt et al., 2016); i represents the true cloud height affected by
clouds ejected from the core Me_p and air entrainment M _p;. Because of this air entrainment, the cloud density

bihn iy — kI : : — 3
ey + pa i P 971 kg/m" is the ice density, p, = 1.225 kg/m” is the

air density and ¢; = TN represents the ice fraction in the initial cloud. The cloud is driven by the momentum
Pi=PA

decreases to py, satisfying pp = p;

transferred from the core Mo_ e, and gravity (n)E 1y general, we find Mo_ e > (n=r) G
i 1451

A unique feature of the model is the inclusion of turbulence (Gorynina & Bartelt, 2023). The instantaneous
air-blast velocity 7 is integrated as a mean up and a fluctuating component 4/ :

i = U +ﬁ{-[ = <Hx + ux,(t), uy + “y,(t)’ uz + uzl(t» (16)

where x,y,z represents the directions. The turbulent energy Rj(x,y,z,f) attributes to the velocity fluctuation is
represented as (Richard & Gavrilyuk, 2012, 2013):

Ru(x.y.z.0) = 51 |00+ 0,0 + w0 = G0 an

The velocity fluctuation is assumed to be isotropic (Carroll & Blanquart, 2013) so that R x = Rn, = Rn: = %Rn.
The fluctuation energy is produced by three sources (Equation 15): fluctuation energy transferred from the core
Mo -1 Ro, internal shearing Wi = [pnSt]||in || and air entrainment % oM. Aqnuﬁ. Py is the parameter that controls
the decay, and therefore the lifetime, of the fluctuation energy — ﬂnfann.

In the model, the air entrainment M,_p and powder drag S, relationships are composed of both laminar and
turbulent parts. Air entrainment is suggested as a function of the turbulent velocity (\/R_n), see (Turnbull &
McElwaine, 2007): Ma_n = ar(w)(pn — pa) + ar(w)V Ruhn(pn — pa). The drag is suggested as a function of
the turbulent energy: St = pur({)un + ur(& )Rnizn. (ay,a7) and (u,,p;) are sets of laminar/turbulent parameters
governing air entrainment and drag. The governing equations, for both the core and the cloud, are numerically
solved using well-established finite volume schemes within the RAMMS software (Christen et al., 2010).

2.3.4. Vertical Profile of the Air-Blast Pressure

We assume the turbulent energy at the cloud top (z = hy) arises primarily from air entrainment. The upper
surface of the cloud is a permeable boundary with atmosphere, where the ambient air is entrained into the
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cloud (Andrews, 2014; Issler, 1998). We use the ratio of the entrainment energy to total turbulent energy
O = %M A_.nuﬁ / Pr to define the turbulence at the cloud top Rn(z = hp) = %” Rp. Similarly, the source of turbu-
lent energy at the lower surface (z = 0) is regarded to arise from the turbulent energy transferred from the core
and shearing work. The ratio of this energy to total turbulent energy 6y = (Mo_nRe + Wi)/ P is defined to
describe the turbulence at the cloud bottom Ry (z = hp) = %Rn. The velocity fluctuations at the upper(u’n, » and
lower surfaces(uh_o) are then calculated using Equation 17. ~According to field observations, the velocity profile
is assumed to follow the parabolic form: u],(z) = az* + bz + ¢ (Figure 1b). The coefficients are determined using
the boundary values (uh‘o; u;], ) and the mean value (Equation 15). The total pressure profile is thus written as
p(z) = % - pn(2) - un(z)* = % - pn(z) - [ﬁn(z) + uh(z)]z. A linear density profile p(z) is suggested considering
the decreasing density from the bottom to the top of the cloud (Hermann & Hutter, 1991) (Figure 1c). The
calculated pressure profile combined with the implemented tree-breakage assessment method (Section 2.2) can
calculate the tree bending stress. Modeling parameters for the avalanche cases are calibrated and listed in Table
S5 in Supporting Information S1.

3. Results
3.1. Model Validation From Core Velocity and Powder Height

The No. 509 and 628 avalanches are artificially released at the VDLS field site in Switzerland in 2003 and 2004,
respectively (Veitinger & Sovilla, 2016). We tested the core velocity along a longitudinal profile and the powder
height at monitoring points using video footage, providing the opportunity to test the proposed hazard model.
Details of the measurement are presented in Dreier et al. (2016).

Figures 2a and 2b show the simulated air-blast dynamics of the two avalanches. The calculated air-blast pressure
reaches far beyond the core deposits. The calculated maximum velocity of No. 509 and 628 avalanches reaches
53 m/s and 50 m/s, respectively. The simulated velocity evolution and measured values are highly similar
with only slight deviations (Figures 2c and 2d). For the powder heights, the modeled results are in the same
order of magnitude as the measurements (Figures 2e and 2f). The cloud height reaches the peak value within a
few seconds after initiation with oscillatory fluctuations. Horizontal time deviations between the modeled and
measured results arise from the error of the calculated core velocities. A model assumption is that the fracture
slab has completely granularized after release. The slab break-up process is not modeled. At locations next to
the release area (MP1 and MP4), the core has not completely fluidized, leading to an overestimation of the
interstitial pore space between granules and subsequently a difference between the calculated and observed
powder heights. We acknowledge that the exact shape of the turbulent cloud is unpredictable in both time and
space. The proposed model is designed to predict air-blast pressures and maximum cloud heights for engineer-
ing calculations.

3.2. Turbulence-Enforced Air-Blast Dynamics

Regarding the fully turbulent structure of air-blasts, it is interesting to investigate the impacts of turbulence on
air-blast dynamics. Parametric analysis of the turbulence decay coefficient §; is applied to the No. 628 avalanche.
Modeling results suggest that a larger f; leads to a longer propagation distance (Figure 2g) but a lower powder
height (Figure 2h). In the proposed model, we defined the drag and air entrainment as functions of turbulent
energy. Therefore, the amount of turbulent energy is related to the moving resistance and volume of entrained air.
In the case of a low f; value (f; = 0.2), the concentrated turbulent energy leads to a high drag resistance after
the air-blast initiation, so that the generated air-blast loses momentum within a short duration and shows a short
extent. However, air entrainment attributed to the turbulence arises in a powder height of over 70 m, ~1.5 times
the actual condition. In the case of a high f; value (f; = 5), after the rapid dissipation of turbulent fluctuations,
the cloud propagation is controlled by the low laminar drag, moving slowly to long distances with a low height.

Figure 2i shows the impact of turbulence on the dynamic pressure. The total pressure can be several times larger
than that arises from the mean velocity, indicating the great importance of turbulence. In the case of f; = 1,
the best-fitted value, the maximum pressure at the cloud bottom reaches 1.8 kPa, nearly twice the mean value.
However, in the case of a small f; (f; = 0.2, unrealistic), the maximum pressure at the cloud bottom is 1.7 kPa,
almost six times the mean pressure.

ZHUANG ET AL.

6 of 12

85U8017 SUOLULIOD A0 |cfed! (dde U Aq peuenob a8 Saoike O ‘SN JO SaInJ 10} ARIq1T8UIIUO A1 UO (SUO N IPUOO-PUR-SLLIBYWI0D A8 1M AteIq1[eul [UO//:SdNY) SUORPUOD pue Ss | 8u18es *[£202/TT/ST] Uo AriqiTauliuo AB|IM ‘ISd INHIsu| Je1euds Med Aq #E€S0T 19€202/620T 0T/10pALI0d A8 AReiq puljuo'sgndnBe//:sdny woly pepeo|umoa ‘Tz ‘€202 ‘20081 6T



Ay
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Geophysical Research Letters

10.1029/2023GL105334

30l N
825 A
=3
o
520
2
o
515
o}
kel
210
o
Q
8s
= I
0 8
60 ¢ No.509 A—» A’ —Calculated velocity 60 d No. 628 B—> B’ — Calculated velocity
..... Measured velocity — ----- Measured velocity
% 50 N, @50
E E
> 40 240 A
£ ki
S 30t 230} f
e B f
2 20} 20t A
8 8
10 10
0 0
0 500 1000 1500 2000 0 500 000 1500 2000
Distance (m) D1|slance (m)
e No. 509 f No. 628
40 FMP1MP2MP3 40| MPAMP5MP6 o
s ~—— — —Calculation ~— —— —Calculation
£ © @ O Observation B © © O Observation
= 30 =30
5 z
= =3
o k]
< =
5 200 <20
o)
g kel
H H
o 10f &£ 10F
0 L N 0 L L L
10 20 30 . 40 50 60 70 10 20 30 .40 50 60 70
Time (s) 80 Time (s)
h No. 628 —fn=0.2
—/n=1.042600
—f1=5.0
ESr -
= E
5 422005
2 40t s
3 =
% T 1800<
a 20
0g 500 7000 7500 2000 750440
Distance (m)
i No. 628
Point A in Fig. 2g
404 g
E
£ 304 -
2
o
<
8 204
3
o
a
104
0

30

N s s s N
10 20 1 4 T 2
Powder velocity (m/s) Powd%r dens%y (kg/m®) Powder pressure (kPa)

Figure 2. (a)—(b) Simulated air-blast pressure (arise from mean velocity) of the No. 509 and 628 avalanches and the locations
of monitoring points. (c)—(d) Comparation between the calculated core velocity with measurements. (e)—(f) Comparation
between the calculated powder height with measurements. The measured powder height has an error of +5 m. (g)—(i) Impacts
of turbulence decay coefficient f; on the impact area, height and pressure of the air-blast, respectively. In panel (i), solids
lines represent the air-blast pressure attribute to the mean velocity and dotted lines represent the total pressure attribute to
both mean velocity and turbulent fluctuations.

3.3. Air Blasts-Induced Tree Breakage

Tree breakage outlines the impact area and travel direction of the air-blast, providing information to estimate
the air-blast pressure. Figure 3 shows the calculated results of the three natural avalanches and plot locations.
Modeling results of the core and air-blasts are validated through comparing with the observed deposit area and
tree-breakage area. In the Salezer and Innerchinn avalanches, most plots (P1-P9) are located outside the core
deposits, so the tree breakage results from the air-blast loading. Measured forest destruction in the Braemabuel
South avalanche is in the avalanche travel path. The core and air-blasts jointly cause the forest destruction.

Similar to the No. 509 and 628 avalanches, air-blasts of all three cases show a larger impact area than core, in
terms of both the longitudinal travel distance and the width (Figure 3). Modeled air-blast pressure in the longi-
tudinal profiles indicates an increase in the initial stage and a subsequent fluctuation (Figures 3c, 3h, and 3m).
Air-blasts arise from the avalanche core. Therefore, high powder pressure occurs at places with sudden terrain
changes. Modeling results in the cross-sections indicate high powder pressure above the core (Figures 3d, 3i,
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Figure 3. Air-blast dynamics of the three natural avalanches and the location of measured plots. Panels (a)—(e), (f)—(j), and
(k)—(0) show the simulated maximum core height, maximum powder pressure contour, powder pressure evolution in the
longitudinal profile and cross-section of each case, powder pressure profile at specific points, respectively. Gray shadows
in the longitudinal profiles indicate the plot-covered altitude. Blue shadows in the cross-sections indicate the core width,
showing the extent of air-blasts.

and 3n). Deep pressure gradients are observed near the core boundary, making the air-blast pressure drops to a
low value after a short extent. Furthermore, the turbulent fluctuation greatly magnifies the dynamic pressure in all
three cases (Figures 3e, 3j, and 30). Especially in the Salezer and Innerchinn avalanches, the total powder pressure
is over two times that attribute from the mean velocity at plots outside the core deposits.

The status and mean DBH of trees in each spot are presented in Figures 4a and 4b. Two key factors in quantifying
air-blast risk are estimates of the dynamic pressure and loading direction. To test the proposed model with the
measured tree-breakage data, we calculate the air-blast and core dynamics, and the associated tree-bending stress
at the center of each plot (Table S6 in Supporting Information S1). Modeling results indicate tree breakage in 15
plots. Trees in Plot 1 and 2 in the Salezer avalanche remain upright, basically matching the measurements. Nota-
bly, the calculated tree bending stress in Plot 3 is 75.7 MPa, close to the experienced bending strength (72 MPa).
This phenomenon explained observations that only half trees were damaged by the air-blast loading.
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Figure 4. (a) Status of trees in each plot. (b) Average DBH and eigenfrequency of trees in each plot. The eigenfrequency is calculated using the average DBH. (c)
Direction deviation of fallen/leaning trees. Dark colors represent overlapping data. (d) Frequency distribution of the direction deviations. The lines represent Gauss fits

in different cases.

Figures 4c—4d shows the deviation of the calculated cloud moving direction with the measured tree falling direc-
tions. The falling directions of trees present a symmetrical distribution along the air-blast moving direction.
Among the 326 fallen/leaning trees, the direction deviations of 241 trees list within 45°, accounting for 74% of
the total amount. Dynamic response and breakage of trees subjected to air-blasts are complex due to the impacts
of tree interaction and topography, thus leading to direction deviations. Interestingly, for plots affected by the
avalanche core (P10-P11 in Innerchinn avalanche, P12-17 in Braemabuel South avalanche), tree falling directions
show certain dispersivity, even some trees fell in the opposite direction with air-blasts. This is an indication of
intense impact pressures near the ground, causing the trees to fall against the avalanche. Furthermore, 78% of the
measured trees are in the fallen/stump status, but this percentage becomes 52% in P1-P9. The front of air-blast is
known to move faster than the core and can destroy the trees before the core arrives. Therefore, we suggest the
forests are primarily destroyed by the air-blast, but the subsequent avalanche flow can also destroy the remaining
standing trees. The complex intermittent structure in the core and the rough terrain jointly changed the direction
of some fallen trees. The core intensifies the extent of tree breakage and leads to the deviation of tree falling
directions.

4. Discussion and Implications

With this contribution we supply a data set of powder avalanche air-blast tree breakage. We show that risk
assessment of snow and ice avalanche air-blasts involves impact area, dynamic pressure and loading direction.
This information can be used to quantify the attenuation of the powder cloud velocity involving both laminar/
turbulent air-entrainment and drag. As comparable data sets are scarce, the publicly available tree-breakage data
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set allows for the evaluation of existing air-blast models and can serve as a calibration basis for future, more
robust air-blast models, ultimately leading to more accurate hazard assessment for societies in snow avalanche
prone environments.

We have updated a depth-averaged mixed flowing/powder avalanche model to include the turbulent energy
associated with velocity fluctuations in the cloud. Originally proposed by Russian scientists (Bozhinskiy &
Losev, 1998), depth-averaged cloud models offer a middle way between simple, analytical spherical cap models
(Ancey, 2004), and more complex three-dimensional CFD approaches (Zhuang, Xu, et al., 2023). Using the
proposed model, we explored the magnification effects of turbulence on the air-blast pressure. The maximum
air-blast pressure could exceed the mean values (arises from the mean velocity), which are commonly esti-
mated for avalanche hazard assessments, by a factor of 2—4. According to practical experience in Switzerland
(BFF/SLF, 1984), a pressure threshold of 3 kPa is suggested for air-blast hazard mapping. This implies a mean
dynamic pressure of 1 kPa might be accompanied by a maximum pressure exceeding the threshold of 3 kPa, caus-
ing potential damage to the surrounding forests and infrastructure. Similar conclusions are experimentally found
in pyroclastic surges (Brosch et al., 2021), which suggested the maximum pressure arises from the turbulence is
at least three times the mean values. Notably, the turbulent velocity profile we assume is in the same direction as
the mean velocity, indicating the most dangerous scenario. The air-blast hazard is overestimated in some places.
However, according to the powder avalanche measurements (Sovilla et al., 2018), spikes of maximum pressure
are not local but appear almost simultaneously over a large part of the flow depth. Our modeling of the most
dangerous scenario is therefore a necessary precaution for the air-blast hazard assessment.

Although we apply a depth-averaged model to analyze our data set of tree breakage, the proposed air-entrainment
and drag functions can help the development of all future modeling approaches. The cloud drag controls the
air-blast propagation, while the entrained air increases the powder height (Turnbull & McElwaine, 2007). In
previous air-blast models, though scientists recognized the influence of turbulence, the drag and air entrainment
relationships are established as functions of the mean velocity (e.g., Bartelt et al., 2016). Both mechanisms are
highly related to turbulent fluctuations and are influential to the destructive potential of air-blasts. An important
parameter becomes the rate of turbulent dissipation in the cloud (in our model f;). We quantify this parameter
using the measured powder height and spatial extent of the observed tree-breakage. We recognize that more direct
measurements are appropriate, and our results can only serve as a first, rough quantification for avalanche risk
assessment.

Through modeling analysis of five avalanches, the air-blast modeling parameters are calibrated and are now
listed within a comparatively small scope (Table S5 in Supporting Information S1). Practitioners can conduct
the avalanche-air blast hazard mapping with the proposed model and parameters. Further case studies will help
quantify the modeling parameters of air-blasts with less uncertainty. The present work is not only relevant for
snow avalanche air-blasts, but for other particle-laden gravity currents, including pyroclastic surges (Brosch
et al., 2021) and air-blasts triggered by ice/rock avalanches (Zhuang, Xu, et al., 2023).
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