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Innsbruck, Tyrol, Austria

Avalanches north of Innsbruck
1: ,Hottinger Graben* avalanche wSchneckengufi“avalanche 3: ,Gerlehner” avalanche 4: ,Rastlboden* & , Gerschrofen* avalanches,
5: ,Penzeniahn* avalanche, JArzler Alm* avalanche, 7: ,Mihlauer Kiamm" avalanche
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1999 Galtur, Austria

destructive potential of extreme snow avalanches
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hazard mapping mitigation planning
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how far? how destructive?
—  runout ) — pressure
v

methods: computational and experimental avalanche dynamics
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computation [5]

simulation results

peak pressure [kPal|
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@ simulations for: back calculation and prediction (inverse
calibration/optimization)

o learn something new about snow avalanche simulation in three
dimensional terrain (simulation concepts, uncertainties, ...)

@ objective analysis method for comparison and evaluation of
100,1000,10000,... simulation runs

@ provide definitions representing main avalanche features
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computational avalanche dynamics
° I

avalanche types in nature
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° I

avalanche types in nature
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computational avalanche dynamics
 Je]
avalanche model

snow avalanche model

three layer structure - dense core - fluidized layer -
powder cloud

o flow depth
o flow velocity

@ impact pressure

[11, 10,9, 7]

dense core

v,
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computational avalanche dynamics
oe
avalanche model

dense flow avalanche model

dfa - dense flow avalanche

@ dense snow
o granular flow

@ moderate velocity,
high density
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computational avalanche dynamics
@000
internal structure and processes

dense flow avalanche

dense core

’o..og

o 2d depth averaged shallow water/Savage Hutter equations
@ model parameters: density, bottom friction...
e c=10"1 p =150 — 400 kgm—3, [10]
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computational avalanche dynamics
@000
internal structure and processes

dense flow avalanche

dense core frictional regime

o 2d depth averaged shallow water/Savage Hutter equations
@ model parameters: density, bottom friction...
e c=10"1, p =150 — 400 kgm—3, [10]
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computational avalanche dynamics

(o] lele]
internal structure and processes

model equations - shallow water/Savage Hutter

h huy hu, 0
O huy + Ox huf + nghz + 8y huxuy . = Sy
hu, huyu, hu§ + % S,

b

Si=hg — -

Jull p

flow height: h, velocity: u = (ux, u,), grav. acceleration: g = (g, &y, &)

model assumptions

@ boundary conditions

@ incompressible material
o depth integration

@ shallowness/dimension analysis
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computational avalanche dynamics
0000
internal structure and processes

phenomenological bottom friction

rg
Thamms = HPhg: + les] ¢ HU2
0 2
b s pu
= 14+ —=5_VYph =
TSamosAT :u“( +R2+Rs)p gZ+(%|n£+B)2 + 7o
T)’?YZ =
with
pu’
Rs = E, friction parameters: pu, &, Rg, Kk, R, B, 19, ...
V4
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computational avalanche dynamics
{eJele] ]
internal structure and processes

model results and their interpretation

model results - spatiotemporal evolution of flow variables:
o h(x,y,t) - flow depth
@ u(x,y,t) - flow velocity

4

simulation results - maximum impact pressure

° P(vavt):pﬂowuz
° /E’(X,y):maxtP(X,y, t)

[9. 1]
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computational avalanche dynamics
@00
implementation

example Vallée de la Sionne, Switzerland:

simulation inpu

measurements

e Digital Elevation
model

@ release area

o release depth

el P

e P
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computational avalanche dynamics
(o] o}
implementation

dfa - SPH - continuum dfa - SPH - numerical particles

e sty i

i

o discretization in: time, space, mass
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computational avalanche dynamics
ooe
implementation

dfa-SPH-25¢s dfs - SPH - 25s

.

@ computation of spatiotemporal evolution of flow variables
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computational avalanche dynamics
L]

input

example Vallée de la Sionne, Switzerland:

simulation inp

measurements

e Digital Elevation
model

@ release area

o release depth

—

Feey

AVL FIRE

R
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computational avalanche dynamics
[ 1o}

output

example Vallée de la Sionne, Switzerland:

simulation results 25s:

@ how far?
—  runout

@ how destructive?
—> pressure

v

@ initial conditions — measurements
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computational avalanche dynamics
[ 1o}

output

example Vallée de la Sionne, Switzerland:

simulation results 50s:

@ how far?
—  runout

@ how destructive?
—> pressure

v

@ initial conditions — measurements
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computational avalanche dynamics
[ 1o}

output

example Vallée de la Sionne, Switzerland:

simulation results 75s:

@ how far?
—  runout

@ how destructive?
—> pressure

v

@ initial conditions — measurements
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computational avalanche dynamics
[ 1o}

output

example Vallée de la Sionne, Switzerland:

simulation results 100s:

@ how far?
—  runout

@ how destructive?
—> pressure

v

@ initial conditions — measurements
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computational avalanche dynamics
[ 1o}

output

example Vallée de la Sionne, Switzerland:

simulation results 125s:

@ how far?
—  runout

@ how destructive?
—> pressure

v

@ initial conditions — measurements
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computational avalanche dynamics
[ 1o}

output

example Vallée de la Sionne, Switzerland:

simulation results 150s:

@ how far?
—  runout

@ how destructive?
—> pressure

v

@ initial conditions — measurements
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computational avalanche dynamics
[ 1o}

output

example Vallée de la Sionne, Switzerland:

simulation results 175s:

@ how far?
—  runout

@ how destructive?
—> pressure

v

@ initial conditions — measurements
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computational avalanche dynamics
[ 1o}

output

example Vallée de la Sionne, Switzerland:

simulation results 200s:

@ how far?
—  runout

@ how destructive?
—> pressure

v

@ initial conditions — measurements
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computational avalanche dynamics
(o] J

output

example Vallée de la Sionne, Switzerland:

simulation results final:

@ how far?
—  runout

@ how destructive?
— pressure

mic peak

V.

@ model parameters — back calculation
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computational avalanche dynamics

C > O ®0000000( (
AIMEC- automated indicator based model evaluation and comparison

method for evaluation and comparison [2]

input: topography, release information, model parameters
output: flow depth, velocity, ... maximum impact pressure - P(x, y)

JT Fischer snow avalanche dynamics



computational avalanche dynamics
0@000000

AIMEC- automated indicator based model evaluation and comparison

how destructive?

how far?

scalar metric, to represent main avalanche features
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computational avalanche dynamics
0@000000

AIMEC- automated indicator based model evaluation and comparison
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how far?

scalar metric, to represent main avalanche features
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computational avalanche dynamics
[o]e] le]ele]ele]
AIMEC- automated indicator based model evaluation and comparison

@ how to determine start and end point in a global framework?

@ how would an avalanche see it?
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computational avalanche dynamics
000@0000
AIMEC- automated indicator based model evaluation and comparison

@ how would an avalanche see it - change of framework

@ coordinate transformation along the avalanche path
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computational avalanche dynamics
0000@000
AIMEC- automated indicator based model evaluation and comparison

coordinate transformation

Cartesian

GIS

how destructive?

how far?

where?

where? path dependent coordinate system

JT Fischer

snow avalanche dynamics




computational avalanche dynamics
00000800
AIMEC- automated indicator based model evaluation and comparison

indicators - path dependent metric

what is runout?

runout is a threshold, e.g.
Plimit = 1kPa

C7 of the cross sectional peak pressure
L ort maximum

PMax (s) = max; P(s,/)

Cross

defines runout position

runout

y Srunout
| along the avalanche path

X S

v,
two dimensional pressure results P(x, y) to define scalar indicators in new
coordinate system P(s, /)
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computational avalanche dynamics

000000080
AIMEC- automated indicator based model evaluation and comparison

indicators - path dependent metric

destructiveness

what is destructiveness?

a measure for destructiveness is the
Averaged (along the avalanche path)
Maximum (cross sectional)
Peak Pressure (AMPP)

PIex(s) = max; P(s,/)

Cross

Srunout

| Pass(s) ds

Sstart

AMPP =

| Sstart — 5runout |

v,

two dimensional pressure results P(x, y) to define scalar indicators in new
coordinate system P(s,/)
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how destrtuctive?

how far?

where?

comparison of multiple simulation runs
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computational avalanche dynamics
®000000

Example - Ryggfonn

Example - Ryggfonn

peak pressure [kPa]

._.
w
(=1

.
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Ul
|

04
|

<

definition of path dependent coordinate system
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computational avalanche dynamics

O@00000
Example - Ryggfonn

Ryggfonn Norwa

peak pressure [kPa]|

results of snow avalanche simulation in computational coordinate system
and path dependent coordinate system
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computational avalanche dynamics

00@0000
Example - Ryggfonn

variation of release depth

.
— z—profile 1500
Sl # Ve=5510°n?
% Vg=13.7510° m’
A 41250
,l
o I —_
o
St : £
< . N
. 1000
T
4750
;
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950
s [m]
v

main avalanche features of 100 simulation
runs with varying input
topography, release information, model
parameters
‘ summarized in objective and clear way
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computational avalanche dynamics
[e]e]e] le]ele)
Example - Ryggfonn

variation of release depth

3
—— z—profile 1500
Lol * Ve=5510°m?
% \g=13.7510°m’
= 1250
3° o =
o i £
1S Y N
™ . e ® 1000
o <.
— . .
T
> :
& ' ' 750
0 . i - ‘ ‘ ]
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950
s [m]
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computational avalanche dynamics
0O000e00

Example - Ryggfonn

variation of model parameters

1250 3

— z-profile < arsf| —2z-profle ] 150
® V,=137510°m Sl + V=5510°m
i ;
i
1250 1250
E g E
~N ] ~
1000 = 1000
2
5
S
3
70 70
S em w0 Ww B o 0 mw
s ml
V. V.

simulation input: topography, release information, model parameters
density distribution of main simulation features for 1000 simulation runs
with varying friction parameters, and different release volume
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computational avalanche dynamics
[e]e]ee]e] o)
Example - Ryggfonn

variation of model parameters

1.25~
— z—profile =6
% \[,=13.7510° m’
-1250
o —~ —_
o X £
s " =
< Q N
i) -11000
[}
©
o |
O
-750
0 i Il Il Il Il I i
400 600 800 1000 1200 1400 1600 1800
s [ml

application in sensitivity analysis, calibration, uncertainty analysis ....
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O00000e
Example - Ryggfonn

variation of model parameters

3,
2.75H z—profile 3 3 1500
sl F Va=5510"m
225

100

1250

rAMPP
z [m]

1000

quantiles [%]

750

400 600 800 1000 1200 1400 1600 1800
s [m]

application in sensitivity analysis, calibration, uncertainty analysis ....
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experimental avalanche dynamics

computation [5]

simulation results

peak pressure [kPa]I
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experimental avalanche dynamics

computation [5]

simulation results

peak pressure [kPal|
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Objectives

@ learn about the velocities, mass balance and dynamics of avalanches
@ estimate accuracy of simulated avalanche velocities
@ provide optimized model parameters/input
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ental avalanche dynamics

Doppler radar measurements

field measurement data processing

pulsed Doppler radar measurements range gate width ~ 25 — 100 m
5.8 GHz =~ 5cm snow clods topographic correction and projection

JT Fischer snow avalanche dynamics



experimental avalanche dynamics l
(o] lele] [
Doppler radar measurements

Ryggfonn Vallée de la Sionne

Doppler radar positions at test sites
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experimental avalanche dynamics
(e]e] o]

Doppler radar measurements

Ryggfonn - 17.04.1997
Vallée de la Sionne - 10.02.1999

w
(=]
.|

o
0 Viep =~ 40 x 103 m3 o Vo ~84x103m3
o a=28° ® Vyep ~ 505 x 103 m3
e AZ=900m ) o a=30°

o AZ=1200m
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| avalanche dynamics
Doppler radar measurements

Ryggfonn

Vallée de la Sionne

A ;
S
E DR
, 4 S G
Vallée de la Siongle, 10. 2. 1999 o
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experimental avalanche dynamics
[

Doppler radar data processing

Ryggfonn 17.04.1997

00m

range gate:8

45 I I ] I\ 2

w0 ’ ‘ @ range gate intensity spectra
T T [ I T gc g Yy sp

| \ I(t, Af) — I(t,v)

= T e Y R T . . .
Eas ] I'E e lowpass and noise filtering
%, U ICRLAE IR LT L o _
: . . @ normalizing with background
10 singnal

5

0 -1

0 20 40 60 80 100

time [5]
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Doppler radar data processing

Ryggfonn 17.04.1997

400-450m (450-500m ]

range gate:7

range gate:8
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Yol

Doppler radar data processing

Ryggfonn 17.04.1997

range gate:6
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Yol
Doppler radar data processing

Ryggfonn 17.04.1997

300-350m (350-400m ]

range gate:s

range gate:6
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Doppler radar data processing

experimental avalanche dynamics
Yol

Ryggfonn 17.04.1997

250-300 m 300-350 m

range gate:d
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@000«
Doppler radar data processing

Ryggfonn 17.04.1997

200-250m (250-300m ]

range gate:3 range gate:4
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Yol

Doppler radar data processing

Ryggfonn 17.04.1997

150-200 m 200-250 m
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Yol

Doppler radar data processing

Ryggfonn 17.04.1997

range gate'8

- - @ max I(v.t) | b
different velocity types ol e ) ALY
. . . . R Uy (T TR
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e front velocity 2% "“ o0 s el T
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% 20 40 80 100 !

60
time [s]

T ey
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simulation evaluation

evaluation - Ryggfonn

‘Vvelocity [m/s]

simulation input: topography, release height (measurement
uncertainty), model parameters
transformation in measurement system,
comparison of multiple (10000) simulation runs.

JT Fi
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0@000000
simulation evaluation

Ryggfonn - avalanche simulation with release depth variations

20— z—profile
——+— measurement -11500
[Jrange
—O©— average
60 L
optimized
— 50
B 11250
Ry
E —
= 40F S
= A=
3 N
o 3OF = PR e A <1000
> Y Ji;
10 -1750
0 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
s [m]

velocity evaluation and uncertainty estimation with probabilistic
methods
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[e]e] le]ele]ele]
simulation evaluation

Vallée de la Sionne - avalanche simulation with release depth variations

20— z—profile
—— measurement
[lrange 7| 2500
—O— average
60 L
optimized
— 50 J T ‘ 2250
Y o i
£ —
— 40f =
& =
‘c 42000 Ny
le) (@]
o) 30F
>
20 <1750
10
-1500
0 Il Il Il Il
0 500 1000 1500 2000 2500
s [m]

velocity range, average and best fit...
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[e]e]e] lelelele]

simulation evaluation

evaluation - Ryggfonn

‘Vvelocity [m/s]

g / ¥ =

simulation input: topography, release height (measurement
uncertainty), model parameters (+50%)
transformation in measurement system,
comparison of multiple (10000) simulation runs,

JT Fi
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[e]e]e]e] leJele}
simulation evaluation
Ryggfonn - avalanche simulation with monte carlo input variations
&),
z—profile
—4— measurement 1500
70H [ range
—O— average
&0 optimized
g % 1250
2 40 =
(@] N
)
T 1000
g
20
10 750
Il Il Il Il Il
% 20 a0 60 80 1000 1200 1400 1600 1800 2000
s [m]

velocity evaluation and calibration/optimization with probabilistic
methods
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simulation evaluation

Vallée de la Sionne - avalanche simulation with monte carlo input variations

70H [ range <2500
—O— average

& optimized
—_ 12250
% 50
2 40 E
§ -12000 Ny
g 30

20 - 1750

10

- 1500
Il Il
00 500 1000 1500 2000 2500
s [m]

velocity range, average and best fit...
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simulation evaluation

Ryggfonn - optimized for best 10% simulation runs

Ryggfonn
20}
0
0.1 0.15 0.2 0.25

u

20} II III

%.2 0.3 0.4 0.5 0.6 0.7
K

20

10

v 1 1.5 2 2.5

release depth [m]

distributions of optimized model input/parameters
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simulation evaluation

Vallée de la Sionne - optimized for best 10% simulation runs

Vallee de la Sionne
Zot IIII I
0
0.1 0.15 0.2 0.25
M
20}
0 —
0.2 0.25 0.3 0.35
K
40
20} I H
v 0.6 0.8 1 1.2
release depth [m]

distributions of optimized model input/parameters
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@0000
field measurements - mass balance

laser scanni

lasser scanning

@ terrestrial - airborne

3d topographic data
digital elevation models

mass balance

e e o ¢
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field measurements - mass balance

Ryggfonn, Norway - scanning position
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field measurements - mass balance

avalanche deposition
avalanche release

artificially released slab
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field measurements - mass balance

scanner z coordinate [m]
relative height difference [m]

scanner y coordinate [m] scanner x coordinate [m]

volume ~ 15000 m3
areas of erosion and deposition

JT Fisch snow avalanche dynamics



experimental avalanche dynamics
[e]e]e]e] ]
field measurements - mass balance

summary

@ model independent method for the interpretation of avalanche
simulations in three dimensional terrain with a broad applicability in
model evaluation and comparison

o identify and quantify sources of uncertainties in dependence of input
variations

@ comprehensive evaluation of simulation results with velocity
measurements

o improved calibration/optimization procedure of simulation software

JT Fischer snow avalanche dynamics
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what is extreme?

Arzler Alm avalanche, Innsbruck, Tyrol, Austria

- ,Sthneﬁenlml“an\lnch- 3: .Gerlehner* avalanche 4, Rastiboden” & ,Gerschrofen” avalanches,
6t wArzler Alm* av 7: Mihlauer Klamm® avalanche
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what is extreme?

historical events - e.g. 1923

idhard 0 Hud. .

Cin DBild der Miihlauer Lawine vom Jahre 1923, die faft am gleichen Tage, am 3. G& vuar,
aug dem Gebiefe des Arzler Horns herabkam. .

@ what run out is expected for a certain return period?
@ what return period can be assigned to an event?
@ can extreme value analysis be helpful?
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what is extreme?

time series data

4000
3500+
3000k = = = F = - o - e e - - B
2500+
2000+
1500 | | G systematic series

1000} || IS historical series
"""" threshold

oLl . . .
1860 1880 1900 1920 1940 1960 1980 2000
year

return level - s [m]

500+

@ horizontally projected runlength - return level s[m]
@ systematic series: block maxima of continous observation (30 y)
o historical series: observed events above limit (5 y)

o threshold: upper limit for all non observed events (121 y)

JT Fischer snow avalanche dynamics



what is extreme?

generalized extreme value (GEV) distribution

aR) = 2(-e Bhoen oo @ - Bty e 2o

F(R) = exp(~(1—¢ BBy ez

with 8 = {u, 0, &}: location p, scale o and shape &.

— maximum likelihood estimate fit with customized likelihood function

L_Hf R,,m|9”h5Hf(R\9

J

with n, the total length of the investigated series, the run out threshold
Riim, Ri the run out values of the systematic series of length s and R; the
run out values of the historical series of length h, respectively.
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what is extreme?

return level - return

4000
3800
3600
3400
€
_‘f’. 3200
K] 3000 [ A0
@
£ 2800
= O  systematic series
€200 4" | threshold 1
e/ A historical series
Il MLE :1:2644.7, 0:508.2, £:~0.46 |
220009 o |t 95% confidence intervals i
2000 ‘ ;

10" 10° 10°
retumn period [years]

return period = 1 / exceedance probability



what is extreme?

return level - return period - largest event 1859

4000 T T T T T T
3800} .
_»""" /‘/
3600 - H SR I
3400} L ]
% 3200 - -
1
© 3000 - Lo 3
8
c 2800 -
g O systematic series
2600 7 s threshold 7

A historical series

2400 J*‘ MLE:|1:2644.7, 0:508.2, §:—0.46| ~
»o0lds | 95% confidence intervals |
2000

10 10° 10°
retum period [years]

@ empirical observation: return level s =3735m return period 187y
o GEV estimate for RP 187y: 3657 m (3486 m to 3840 m)
o GEV estimate for RL s =3735my: 4313y (52y to coy)

— return period estimates difficult - return level estimates O.K.
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