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Abstract
This paper concerns the geomorphological, nivo -meteorological and seismic
analysis of snow avalanches release ar eas in Central Italy in Januar y 2017. The
whole analysis was perf ormed using GIS supports. The largest magnitude sno w
avalanches, occurred in th e Central Apennines in Januar y 2017, wer e obtained
f ollowing a photo - int erpretation work carried out on high -resolution satellite images.
In particular, the whole perimet er of individual events was m apped. From these ,
release areas were extracted . Besides, two algor ithms f or PRA (Potential Release
Areas) delineat ion have been implemented, and their results were compared wit h
real release areas extracted f rom photo -inter pretation wor k. Starting f rom DEM
SRT M (30 m), the geomorphological analysis of Central A pennines was developed.
It led to a stat istical char acteriz ation of main topographic attributes (elevation,
slope, aspect, and cur vature) of snow avalanches release areas. Release areas
nivo-meteorological analysis was based mainly on data of cumulative sn ow
precipit ation, during the period 15 t h - 18 t h Januar y 2017, deriving f rom the
meteorological model. In particular, the geomorpholog ical and nivo -meteorological
analyses were carried out on the totalit y of release areas and on Sibillini Mountains,
Laga Mountains, Gran Sasso Massif , Maj ella Massif , and Sirente Velino Mountains
release areas. For each mountain sector, release areas were also character ized by
dif f erentiating bet ween Adriat ic and T yrr henian side. Seismic character izat ion was
perf ormed taking int o account the most r elevant earthquakes occurred in the same
period and evaluating accelerations that aff ected snow avalanches release areas.
In addit ion to these earthquakes, release areas have been character ized by PGA
reported by the INGV seism ic hazar d map, considering an exceeding probabilit y of
10% in 50 years. In this case, release ar eas were analyzed diff erencing f or three
selected mountain sectors: Sibillini Mountains, Laga Mountains, and Gran Sasso
Massif . Again, f or each mountain sect or , release areas were character iz ed by
dif f erentiating bet ween Adriatic and Tyrr henian side. The release model proposed
by Pérez-Guillén ( 2014) cum bibl . was applied f or the achievement of a critical
accelerat ion, produced by an earthquake, that c ould trigger snow avalanches.
These calculations were carried out at the scale of the three selected mountain
sector, always dif f erentiat ing bet ween Adriat ic and T yrrhenian side. So, r elease
areas that could be triggered by most relevant earthquakes were identif ied. Finally,
the Rigopiano disast er was analyzed . Also, Rigopiano release area was statist ically
character ized by the geomorphological, nivo -meteorological and seism ic viewpoint.
Accelerat ions suf f ered by Rigopiano release area were compared wit h the cr itical
accelerat ion f ound f or Gran Sasso, Adriat ic side sector, to which the sno w
avalanche belongs. From this compar ison , and consider ing the time gap bet ween
the earthquakes and the avalanche, we concluded, with the highest probabilit y , that
earthquakes had a marginal role in t he detachment of the Rigopiano snow
avalanche.
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1. Snow avalanches: general notions (hints)
1.1 Snow avalanches: definitions and classifications
Snow aval anche can be def ined a s a r apid snow mass movem ent along a
slope. This mass movem ent can also contain other t ypes of materials beyond the
snow: rocks, soil, vegetation or ice (Schweizer et al., 2015) . Generally, in all sno w
avalanches, it is possible to recognize three dif f erent areas: release area , track
zone and runout zo ne. These areas are def ined below and reported in Fig. 1.1. The
release area is the place where the phenomenon has its origin . Generally, this is a
particularly st eep ar ea, also if the critical release angle depends on t he sno w
conditions. The starting zone is usually located in snow accum ulat ion zones or near
the ridges. The track zone is the area bet ween the release area and runout zone.
In this area, snow avalanche reaches maximum speed. It is character ized by high
inclinat ion (t ypically 15° -30°) and scarce vegetat ion. Somet imes it is vegetated, but
only wit h shrubs and young age trees and with dif f erent species compared to
neighboring wooded areas. Track zones are essentially subdivided in to t wo
categories descr ibed below ( see track shape paragraph) . It is possible to f ind som e
track zones f ormed by the combination of the two categories. The runout zone is
the place where the avalanche slows down unti l it stops. In this area the slope angle
(typically < 15°) is close to the static f riction angle . It can be a wide terrace , a valley
f loor or the opposit e side of a valley ( McClung et al., 2006; Schweizer at al., 2015) .

Fig. 1.1 Snow avalanche release area, track zone and runout zone.
Modified after. Source: http://www.lavocedelnordest.eu/wp-content/uploads/2016/12/CauriolFoto_1.jpg

It is crucial, f or studying snow avalanches, to def ine a classif ication s ystem.
Because of the presence of many par ameters descr ibing this type of phenomenon,
it is dif f icult to f ind a single one exhaust ive system. For this reason, sno w
avalanches can be described uniquely using diff erent criteria. They are summarized
below.
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Release type. Ther e are t wo release types: point and linear . They are
reported in Fig. 1.2. In the f irst one, f ailure begins as a sm all volume (< 1 m 3 ;
Schweizer et al., 2015) and it produces an avalanche of weak cohesion snow (loose
snow avalanche) characterized by t he t ypical inverted cone shape. The involvement
of limited volumes generally dist inguishes this phenomenon , usually, less than 10 4
m 3 ( McClung et al., 2006), as a substantially harmless one, though the complet e
snowpack saturat ion could cause the involvement of larger volumes incr easing
snow avalanche dangerousness. The second one t ype of f ailure consists of linear
f ractures which propagate along a weak layer, beneat h the slab, and intersect each
other, on the snowpack surf ace, thus isolat ing a port ion of a slab. The weak layer
beneath the slab act s as a sliding plane, and the slab avalanche is released. It is
character ized by cohesion.

Fig. 1.2 On the left a loose snow avalanche; on the right a slab snow avalanche
Source: Schweizer, Bartelt, van Herwijnen. Snow and Ice-Related Hazards, Risks, and Disasters; Chapter 12: Snow
Avalanches, (2015), p.401;

The slab avalanche is the most dangerous and there is, in literat ure, a
specif ic nomenclatur e about it . It is reported in Fig. 1.3. Generally, the f irst fracture
aff ecting the slab originates the sliding plane , called bed surf ace. Subsequent ly, a
f racture perpendicular to the sliding plane , called crown, is created. It def ines the
upper lim it of the slab; it lies on the bor der with the snow that remains in place. In
the end, a diagonal shear f racture, called stauchwall, is f ormed in the lower part of
the slab, appr oximately at the same time of flanks (lef t and right sides of the slab )
f ormation ( McClung et al., 2006).

Fig. 1.3 Nomenclature of a typical snow slab in a cross section
Source: McClung, Schaerer. The Avalanche Handbook, 2006
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Position of sliding surface . If the f ailure occurs inside the snowpack, i.e.,
f ailure does not af fect whole snowpack thickness, a surf ace layer avalanche is
generated. If f ailure occurs at ground level, a f ull-depth avalanche is generated and
the whole snowpack thickness is involved. These snow avalanches t ypes ar e
reported in Fig. 1.4.

Fig. 1.4 On the left a surface layer avalanche; on the right a full-depth avalanche.
Source left image: http://www.stradadeiparchi.it/cosa-si-formano-le-valanghe/
Source right image: Schweizer, Bartelt, van Herwijnen. Snow and Ice-Related Hazards, Risks, and Disasters; Chapter 12:
Snow Avalanches, (2015), p.408

Snow hum idity. Depending on the water content, snow avalanches can be
considered wet or dr y. In particular, we r ef er to the ICSI ( International Commission
on Snow and Ice ) classif icat ion system reported in Table 1 (Fierz et al., 2009) . The
f irst ones are characterized by the presence of water in the snowpack and their
movement is t ypical of a f low . The second ones could also be nubif orm or powder y
and they consist of three stratif ied components : dense f lowing snow at the bottom ,
light f lowing snow, and powder snow ( Schaerer et al., 1980). It is important to
under line that f low r egimes can be co -present and they could change along the
avalanche way. An exemplif icat ion o f these snow avalanches types is reported in
Fig. 1.5.

Fig. 1.5 On the left a dry snow avalanche; on the right a wet snow avalanche.
Source left image: http://cdn-media.ingegneri.info/wp-content/uploads/2017/11/formazione-valanga-1024x576.jpg
Source right image: http://www.realsnow.it/wpcontent/themes/realsnow/images/snowboard/valanga_bagnata.gif
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Table 1 ICSI (International Commission on Snow and Ice) Classification System depending on Water Content.
Source: Fierz, Armstrong, Durand, Etchevers, Greene, McClung, Nishimura, Satyawali and Sokratov. The International
Classification for Seasonal Snow on the Ground. IHP-VII Technical Documents in Hydrology N°83, IACS Contribution N°1,
UNESCO-IHP, Paris, (2009)

Term

Remarks

Water Content
(% by volume)

Dry

Usually T is below 0°C, but dry snow can occur at any
temperature up to 0°C. Disaggregated snow grains have little
tendency to adhere to each other when pressed together, as in
making a snow ball.

0%

Moist

T=0°C. The water is not visible even at 10X magnification. When
lightly crushed, the snow has a distinct tendency to stick
together.

<3%

Wet

T=0°C. The water can be recognized at 10X magnification by its
meniscus between adjacent snow grains, but water cannot be
pressed out by moderately squeezing the snow in the
hands.(Pendular regime)

3-8 %

Very Wet

T=0°C. The water can be pressed out by moderately squeezing
the snow in the hands, but there is an appreciable amount of air
confined within the pores. (Funicular regime)

8-15 %

Slush

T=0°C. The snow is flooded with water and contains a relatively
small amount of air.

> 15 %

Track shape. W hen the snow avalanche f lows inside a channel (f or example,
f ormed by the intersection of two mountainsides or by stream river bed) it is called
channeled. If it f lows f reely on a mount ainside , it is called unconf ined or slope
avalanche and, in this case, the phenomenon is not dr iven by the topography .

Fig. 1.6 On the left a channeled snow avalanche; on the right a slope snow avalanche.
Source left image: https://en.wikipedia.org/wiki/Avalanche#/media/File:Avalanche_on_Everest.JPG
Source right image: http://www.sfu.ca/~yla312/IAT%20235/P04_week%2013/img/avalanche.jpg

The characterist ics mentioned above, together wit h others as roughness and
contamination of deposits , were used to def ine the International Morphological
Avalanche Classif ication ( UNESCO, 1981) that considers t he three char acteristic
areas of a snow avalanche : release area, track zone and runout zone . This
classif icat ion is reported in Table 2. There is also anot her snow avalanches
classif icat ion , based on events sizes. The avalanche size c lassif icat ion is r eported
in Table 3.
5

Table 2 International Morphological Avalanche Classification (UNESCO, 1981)
Source: Schweizer, Bartelt, van Herwijen. Snow and Ice-Related Hazards, Risks, and Disasters; Chapter 12: Snow
Avalanches, (2015), p.400

Zone

Criteria
Type of detachment

Release
Position of slip plane
Area
Liquid water in snow

Track
zone

Type of path
Type of movement
Surface roughness of deposit

Runout Liquid water in snow
zone
Contamination of deposit

Distinguishing features

Denomination

point detachment ( no cohesion)

loose snow avalanche

linear detachment

slab snow avalanche

within the snowpack

shallow snow avalanche

at ground level

background snow avalanche

absent

dry snow avalanche

present

wet snow avalanche

slope

slope snow avalanche

channel

channeled snow avalanche

snow dust cloud

nubiform snow avalanche

flowing along ground

flowing snow avalanche

Coarse

Coarse deposit

Fine

Fine deposit

absent

dry avalanche deposit

present

wet avalanche deposit

no visible contamination

Clean avalanche

visible contamination (debris, soil,
Contamined avalanche
branches, trees)

Table 3 The avalanche size classification. In the "Size" field the new denominations for the avalanches sizes, based on
decisions from the 2017 EAWS General Assembly, are reported. The names have been shifted to the previous number,
defining category 5 "Extremely large": previously absent item. In this way, it improves the effectiveness of avalanche
warnings
Source: Schweizer, Bartelt, van Herwijen. Snow and Ice-Related Hazards, Risks, and Disasters; Chapter 12: Snow
Avalanches, (2015), p.398

Size

Description

Typical Mass

Typical Path Length

Typical Impact Pressures

1: Small

Relatively harmless to
people

< 10 t

10 m

1 kPa

2: Medium

Could bury, injure or
kill a person

102 t

100 m

10 kPa

103 t

1000 m

100 kPa

104 t

2000 m

500 kPa

105 t

3000 m

1000 kPa

Could bury a car,
destroy
a
small
3: Large
building or break a few
trees
Could
destroy
a
railway car, large
truck,
several
4: Very large
buildings or a forest
with an area up to 4
hectares (4000 m 2)
Largest
snow
avalanches
known;
5: Extremely
could destroy a village
large
or a forest of 40
hectares
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1.2 Snow avalanches causes
It is possible to dist inguish t wo dif f erent types of snow avalanches causes:
predisposing and triggering.
The f irst ones are connected wit h the process that led to
conf ormation of the slope and snowpack: they can be identif ied in slope
terrain mechanical characterist ics, morpholog y, f orests absence,
presence of thick snowpack over a weak layer and meteorological
(mainly wind and pr ecipitat ions) .

the actual
inclination,
exposur e,
condit ions

Slope steepness is surely a predisposing cause of primary importance. As
previously ment ioned , there is no absolute slope inclinat ion value f or which the
snow avalanches ar e released: it depends on snow condit ions. The experiment al
obser vat ions , regarding release area s inclinat ion and the relative ind uced snow
avalanches, are reported in Table 4.
Table 4 Experimental observations relating release areas inclination and snow avalanches types
Source: McClung, Schaerer. The Avalanche Handbook, (2006)

Release Area Inclination

Related snow avalanches

60°-90°

Avalanches are rare; snow sluffs frequently in small amounts

30°-60°

Dry loose-snow avalanches

45°-55°

Frequent small slab avalanches

35°-45°

Slab avalanches of all sizes

25°-35°

Infrequent (often large) slab avalanches; wet loose-snow avalanches

10°-25°

Infrequent wet snow avalanches and slush flows

A not negligible aspect is given by the f orest presence. Trees prevent snow
avalanches f ormation f or diff erent reasons: (1) their abilit y to intercept the
snowf all;(2) the reduction of near -surf ace wind speeds; (3) the modif ication of the
radiation and temper ature regimes; and ( 4) the direct support of the snowpack by
stems, remnant stumps, and dead wood (Schweizer et al., 2015). Snowpack is
composed by snow layer s accumulated over time. Among these layers , it is possible
to f ind a weakness plan with poor mechanical properties compared to adj acent
layers. In such layer , which can present dif f erent thicknesses , stress and strains
are concentrat ed , and so a f ailur e can occur. Precipitations are a very relevant
f actor f or snow avalanches release because they produce a loading process. As
well as precipitat ions also snow r edeposited by wind can produce a process of
loading . So, it can create unstable snow deposits. Schaerer (1977) proposed a
qualitat ive W ind I ndex (W I), reported in Table 5, which allows to identif y areas in
which snow is accumulated and which can develop release areas. As the index
grows, more snow can be accumulated .
Table 5 Qualitative Wind Index indicating snow deposits sizes in release areas (Schaerer, 1977)
Source: McClung, Schaerer. The Avalanche Handbook, (2006)
W.I.

Description

1

Start zone completely sheltered by dense surrounding forest

2

Start zone sheltered by open forest or facing prevailing wind direction

3

Start zone on open slope with rolls or other irregularities where drifts can form

4

Start zone on the lee side of a sharp ridge

5

Start zone on the lee side of a wide, rounded ridge or open area where large amounts of snow can be moved by wind
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The second ones ar e represented by the last action which led to snow mass
movement : it is essential to under line that, in the occurrence of a snow avalanche,
there are many predisposing causes but only one triggering cause . Triggering
causes can be subdivided in to t wo t ypes: natural and art if icial. Artif icial triggering
causes are, f or example, explosions. N atural tr iggering causes can be recognized
in melt ing snow, br inging changes in the eff ective shear strength , and in other
causes which generally produce a process of loading : f or example, the crossing of
skiers, frequent precipitat ions increasing snow weight , volcanic activit ies and
earthquakes.
In this study, the characterist ics of real snow avalanches release areas were
analyzed. Among these character istics, we studied predisposing f eatures such as
slope and morphology. Furthermore, we concentrated on the release of snow
avalanches considering as tr iggering cause snowf all accumulat ion and
earthquakes . Bef ore analyzing characteristics of real snow avalanche s release
areas, it’s crucial to digress about the importance of avalanche prevent ion. So, the
state of techniques in avalanches monitoring and f orecasting is presented.

1.3 Why study snow avalanches and their prevention?
The deep reason f or invest igating snow avalanches is that , ever y year , they
produce many accidents and f atalities. For example, f rom data reported by AINEVA
(Associazione Interr egionale Neve e Valanghe) about accidents in Italy, consider ing
seasons f rom 1985-86 to 2017-2018, it is possible to obser ve t he situat ion r eported
in Fig. 1.7. In a period of only 33 years, the mean of dead and wounded people is
42 per season. The total num ber of people caught in snow avalanches , in the
considered period, amounts to 3137 of which 1386 ( 44%) are dead or injured . This
number is enormous , and sometimes it is possible to run into particular ly disastrous
seasons.

Fig. 1.7 Incidents data caused by snow avalanches in Italy reported by AINEVA considering seasons from 1985-86
to 2017-2018
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Fig. 1.8 Incidents data caused by snow avalanches in Italy reported by AINEVA considering the 2016-2017 season

Starting f rom data reported by AINEVA about accidents, it is possible to
analyze more in detail, in the per iod consider ed, the 2016 -2017 season in which a
high number of deaths and injuries was recorded. Graph reported in Fig. 1.8 shows
that 153 people wer e caught by snow avalanches: among these people , 78 (51%)
were killed or injured. It is also possible to point out that there is a peak of 38
caught people, 29 of whom die d and 7 were injur ed, at the date of January 18 t h
2017 when a snow avalanche swept the Rigopiano Hotel ( Far indola, Abr uzzo, Italy) .
Indeed, such events cause sensat ion and attract attention , but vict ims due to snow
avalanches are st ill many ever y year, despite less memorable events which ar e,
commonly, related to recreational act ivit ies.
In addit ion t o the loss of human lives , it is necessar y t o consider the economic
damages caused by a f lux reduction of tourists and the possible impracticabilit y of
the inf rastructures . There are often also considerable material and environmental
damages to buildings or inf rastructures and f orests .
To mitigate the eff ects of these natural phenomena, in Italy , #ItaliaSicura
presented on May 10 t h 2017, at Chigi Palace, “I l piano nazionale di opere e
inter venti e il piano f inanziario per la riduzione del rischio idrogeologico ”. In this
plan, through the collaboration o f various inst itutions act ing on the territory, a
f inancial requirement map, was created. It was based on data about projects
presented on the nat ional territ or y (updat e Februar y 2017) that are available f rom
ReNDiS ( Repertorio Nazionale degli int erventi per la Dif esa del Suolo) platf orm.
This map was the st arting point f or the development of a large action plan to be
developed in the mitigation of hydrogeological instabilit y wit h a natural hazards
prevent ion purpose . The result s of this work are reported in T able 6.
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Table 6 Number of projects, total cost and resources requested to the State for the mitigation of hydrogeological instability;
update February 2017. In evidence data about snow avalanches
Source: #ItaliaSicura: http://italiasicura.governo.it/site/home/dissesto/piano.html

Hydrogeological
instability

n° of
projects

Total Cost (*106 €)

Resources requested to the State
(*106 €)

Floods

3284

15046

13809.4

Landslides

4828

8144.1

7709.9

Coastal erosion

227

2126.8

1251.9

Mixed

555

2922.5

2778

Snow avalanches

32

125.1

121.6

Other

471

745.5

737.1

TOTAL

9397

29110

26407.9

W e can observe that 9397 projects, with a request f or f unds of 26 billion euros
were required , of which 32 projects (0.34%) with a r equest f or f unds of 121.6 million
euros (0,46%) were r equired f or snow avalanches.
These data must be compared with costs f or compens ating and repair ing
damages. #ItaliaSicura states that , since 1945, Italy pays an aver age of 3.5 billion
euros annually f or the repair of damages due to hydrogeological inst abilit y . From
this data it is ea sy to understand that, f rom 1945 to 2017, around 250 billion eur os
were spent on damages due to the var ious types of instabilit ies . Assuming that 1
euro spent in prevention saves up to 100 euros in damage s repair (source:
#ItaliaSicura), it is possible to understand that, by investing in prevention the 3.5
billion that Italy pays on average each year f or the disasters, we would avoid 350
billion euros of repair costs: more than spent on damage s in about 70 years.
In this perspect ive of prevention, among inter ventions that must be c arried
out and in addition t o physical prot ection works, it is essent ial to develop methods
f or monitor ing, f orecasting and character izing snow avalanches.

2. Earthquakes: general notions (hints)
2.1 Release of elastic waves
An earthquake (from the Latin terrae motu or movement of the earth) is a
rapid movement of the earth's surf ace due to the abrupt release of the energy
accumulated inside the Earth in an ideal point called hypocenter or fire. The point
on the ground surf ace, placed on the vert ical of the hypo cente r, is called epicenter
(INGV). Energ y travels in the ground in the f orm of mechanical waves that
propagate f rom the hypocenter in all dir ections up to the surf ace . These waves are
mainly of two categories: compression or shear. Compression waves (P waves)
cause part icles to move in the same direct ion as wave propagation , causing
volumetric def ormations. Shear waves (S waves) gives origin to particles oscillat ion
perpendicular ly to the direction of wave propagation , causing shape def ormations.
Moreover, thes e waves have a dif f erent propagation speed :
𝑀
𝜆 + 2𝜇
𝑣𝑃 = √ = √
𝜌
𝜌

𝐺
𝜇
𝑣𝑠 = √ = √
𝜌
𝜌

(1)
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W here, 𝑣𝑃 and 𝑣𝑠 are respectively the propagation velocities of P waves and
S waves, 𝑀 is the edometric module, 𝐺 is the shear module, 𝜌 is t he mater ial densit y
and 𝜆, 𝜇 are the Lamé constants. Theref ore, if compression and shear waves are
generated at the same time and in the same material, the f ormer propagate f aster
than the latter.
In addit ion to P and S waves , there are surf ace waves. T hey are subdivide d
into Rayleigh and Love waves. The part icles mot ion, caused by Rayleigh wav es, is
elliptical within a vert ical plane: it is a combination of P and S waves, with variations
of both volume and shape. Love waves , instead, cause transverse movements,
compared to the wave direction of propagation, in a horizontal plane. The surf ace
waves are less aff ected by geometric at tenuat ion , so, they disperse their energ y
less. A schemat izat ion of the seismic waves described above is reported in Fig.
2.1.

Fig. 2.1 Schematization of seismic waves with indication of particles movements around their equilibrium position

2.2 Site effects and amplification
The wave speed can considerably change depending on the material that is
crossed. In f act, in the passage from rock to soil the phenomenon of seismic
amplif ication can occur (stratigraphic amplif icat ion) . During the passage of the
wave through interf ace areas of diff erent materials, wave transmission and
ref lection phenomena can occur too. They are governed by a single parameter that
relates the amplitude of ref lected (A r ) and transmitted (A t ) wave with that of the
incident wave (A i ): t his parameter is the impedance contrast (𝛼𝑧 ):
𝛼𝑧 =

𝜌2 𝑣2
𝜌1 𝑣1

𝐴𝑟 =

1 + 𝛼𝑧
𝐴
1 − 𝛼𝑧 𝑖

𝐴𝑡 =

2𝐴𝑖
1 + 𝛼𝑧

(2)
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W here the subscript 1 indicates the medium from which the wave or iginates,
while the subscr ipt 2 indicates the medium in which the wave propagates . Generally,
f rom the depth to the surf ace , you will encount er more def ormable layers that will
always tend to amplif y the seismic wave. To evaluate this t ype of amplif icat ion , it
is possible to use m athematical models or simplif ied f ormulas provided by seism ic
reg ulations. Among these f ormulas , there is the evaluat ion of the aver age speed
f or S waves until a depth of 30 m ( v s , 3 0 ). On this, the def inition of diff erent subsoil
categories, to evaluate the amplif ication , is based. v s , 3 0 is def ined as f ollows:
𝑚

30
ℎ𝑖
𝑖=1 (
𝑣𝑠,𝑖 )

𝑣𝑠 , 30 = ∑

𝑚
[ ]
𝑠

(3)

where ℎ𝑖 is the i-th layer thickness, 𝑣𝑠,𝑖 is t he S wave velocit y in the i -th layer
and m the total num ber of layers. By convent ion , the rigid ref erence, in which t he
amplif ication is absent, was def ined as a mater ial having a 𝑣𝑠 , 30 ≥ 800 m/s.
Compared to this reference, more the 𝑣𝑠 , 30 decreases and more the amplif ication
increases.
It is also possible t o come across anot her amplif ication t ype: topographic
amplif ication. The latter has a purely geometric nature and it is, f or example, f ound
near the ridges . Here, due to the reflect ion of the seismic rays, the ener gy
converges towar ds the ri dges. Approxim a ting the incident wave to a plane wave, it
is possible to estimate a topographic am plif ication f actor (A T ) equal to:
𝐴𝑇 =

2𝜋
𝜑

(4)

W here 𝜑 is the angle subtended by the t wo sides that converge in the r idge.
Obviously, it is necessar y to under line that the two types of amplif icat ion work
together.

2.3 Origins, models, and definitions
Earthquakes occur because, according to the theor y of plate t ecton ics, ther e
are portions of the E arth's crust in contact with each other tha t reach a f ailure
condition, generating f aults. A long f aults, there is a relat ive sliding of these portions
that generates mechanical waves. Faults are classif ied , according to their
orientation and movem ent type (traction, compression, shear), respect ively in
normal, reverse and transcurrent f aults. The cracks in the Earth's crust release
energy according to Reid's elastic rebound theor y. According to this theory , the
surf aces that move along a f ault have roughnesses that show a frictional resi stance.
Once this resistance is overcome, due to the accumulation of elastic energy, the
roughness f ailure occurs. T heref ore, a recipr ocal movement of the two f laps in
contact , unt il new r oughnesses don’t show a f riction al resistance to st op the
movement , goes on. This theor y explains the cyclicit y of earthquakes . In addit ion,
it clarif ies that a seismic event is characterized by the main shock, which may be
preceded by precursor shocks (f oreshocks) or f ollowed by af tershocks. About that ,
it is essential to intr oduce t he concept of seism ic sequence. The INGV def ines the
latter as " …a series of earthquakes located in the same ar ea and in a certain tim e
inter val, character ized by the main shock f ollowed by sm aller replicas, which
decrease over time in numb er and magnitude f ollowing a t ypical trend def ined as
Omori's law ( 1894) ". A particular seismic sequence is constit uted by the seism ic
12

swarm def ined by Utsu as "a concentration (clust er ) of earthquakes in which ther e
is not a single earthquake wit h a pred ominant magnitude (pr edominantly large)” .

2.4 Faults description
W hen stresses are created wit hin the E arth's crust and they exceed t he
elastic limit, a f ractur e is generated. W hen movements are f ound a long the f racture,
we speak of a f ault. The plane along which the sliding occurs is called the fault
plane and the t wo contact blocks are called lips. The block that runs above the
other is called t he hanging wall; the other is c alled foot wall. As ment ioned above,
f aults are classif ied according to their or ientat ion and movement type. Regarding
the movement, t hey are classif ied into normal, inverse and transcurrent . The normal
f aults originate because of traction movem ents , and there is a lower ing of the
hanging wall compar ed to the f oot wall. The reverse f aults originate as a result of
compressive movements which cause the hanging wall to slide upwards concerning
the f oot wall. The transcurrent f aults are characterized by a relat ive movement of
the two blocks generated by shear stress. An example of the three types of f ault is
shown in Fig. 2.2.

Fig. 2.2 Fault classification based on type of movement

To describe f aults on the territory, INGV compiled a database including
potent ial earthquake sources called DISS (Dat abase of Individual Seismogenic
Sources) . “The Individual Seismogenic Sources are def ined by geological and
geophysical data and are charact erized by a f ull set of geometric (strike, dip, length,
width and depth), kinematic (rake), and seismological parameters (single event
displacement, magnitude, slip rate, r ec ur rence inter val) ” (I NGV). The geometrical
parameters, described below, are t hose t hat make it possible to classif y f ault f or its
orientation. A graphic represent ation of these parameters is shown in Fig. 2.3.

Fig. 2.3 Geometric and kinematic characteristics of an Individual Seismogenic Source
Source: http://diss.rm.ingv.it/diss/index.php/help/15-individual-seismogenic-sources
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Fault dip is t he angle bet ween the f ault and the horizontal ground surf ace.
Fault strike is the dir ection , relative to North , of the line created by the intersect ion
of the f ault plane an d the horizontal ground surf ace. Rake is the direct ion in which
the hanging wal moves during rupture. It is measured counterclock wise, on the f ault
plane, concerning the strike line. In this study, we will ref er to CSS (Composit e
Seismogenic Sources). These are f ault syst ems that embr ace an unspecif ied
number of individual sources . They were designed to achieve completeness in the
identif icat ion of potential earthquake sources, alt hough this implies less accur acy
in their descript ion (INGV). DISS reports the composite seismogenic sources on the
maps as a projection of the f ault syst em on the Earth's surf ace , according to the
scheme shown in Fig. 2.4.

Fig. 2.4 Geometric and kinematic characteristics of a Composite Seismogenic Source.
Source: http://diss.rm.ingv.it/diss/index.php/help/16-composite-seismogenic-source

By consult ing the ITHACA catalog (ITaly HAzar d f rom CApable f aults) , it is
possible to identif y the capable f aults. These are f aults that can potent ially creat e
def ormation on the surf ace. Despite capable f aults can also be seismogenic
structures, ITHACA catalog cannot be used f or a characterization of the
seismogenic source in terms of shaking . In f act, superf icial f aults are not always a
continuat ion of the deep ones. S uperf icial f aults could be provoked by secondar y
collater al breaks that make the reasoning , about the actual f ault ruptures, more
complex.

2.5 Characteristics quantities
The quantities that are detected by an earthquake, through seismographs,
are mainly accel eration, speed and displacement. The y must be recorded in 3
dif f erent directions ( East -W est, North-South, Up-Down) to exhaust ively describe
the motion. Com monly, accelerometers are used because speed s and
displacements can be achieved by integrating the accelerogram s. It is necessar y to
introduce shake par ameters because quantit ies ment ioned above var y over time
and, theref ore, are diff icult to use. Not always the maximum value of the time series
evaluated can be considered representative, especial ly in the case of acce lerat ions.
Sometimes, in the case of speed s and displacements the diff erence can be
signif icant , and this makes it possible to capture additional aspects. It is int eresting
to add a parameter t hat quantif ies duration such as bracket ed durat ion or unif orm
duration. However, these depend on the value of the chosen threshold. So, it is
possible to use the intensit y f unction of the motion:
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𝐼(𝑡) =

𝜋 𝑡 2
∫ 𝑎 (𝜏)𝑑𝜏
2𝑔 0

(5)

This f unction allows calculating the cumulat ive acceleration values that wil l
tend to a maximum value , called Arias int ensity. This value is like a velocit y, and it
is associated with t he local energy given by the shock at the point where the
measuring instrument is loca ted. Normalizing the f unction, I(t), wit h respect to the
Arias intensit y, it is possible to obtain the value of the signif icant durat ion . It is
equal to the durat ion in which the maximum energy release is obtained (f rom 5 to
95%). Since the f ailure occurs in a point and then it pr opagat es, larger the f ault is,
more time will pass so that the whole ar ea is af f ected by the f ailure.
Another critical shaking parameter is the elast ic response spectrum. It
descr ibes the eff ect of the shaking produced by an earthq uake at the base of a
structure. The elast ic response spectrum is def ined as t he place of the points of
the maximum accelerations of a simple oscillator f or diff erent per iods. A cr it ical
parameter of the response spectrum is t he PG A (Pick Ground Accelerati on). It is
read in the response spectrum as t he acceler ation corresponding to the null per iod .
Subsequently, it will be explained that the seism ic macro -zonation was
carried out by mapping the values of PGA considering the exceeding probabilit ies
(P V R ) related to the operation limit states and the last limit states f or constructions.
These PGA values are obtained f ollowing the application of laws called G MPEs
(Ground Mot ion Pr ediction Equations). The GMPEs are empir ical laws that,
according to the expect ed magnitude and the site -source distance, allow
understand ing the eff ect at the site in terms of a specif ic motion parameter. These
laws are obtained af ter a seism ic data collection , on a regional scale , by
seismologists wit h a subsequent interpolation in graphs showing a specif ic motion
parameter as a f unct ion of the epicentral distance. The magnit ude and the distance
are undoubtedly the t wo most relevant parameters even if , sometimes, in t hese
laws, inf ormation s r egarding the t ype of source (normal, inve rse or transcurrent) ,
site ef f ects (stratigraphic amplif ication and topographic am plif ication) and the
def ormabilit y of the ground (dependent on 𝑣𝑠 , 30) were also included . The f unctional
f orm of GMPE der ives, theref ore, f ro m the interpolation of data and , increasing
inf ormation on earthquakes recorded over time, these laws are subject to constant
changes. Among the most well -known GMPE we have the Ambraseys’ law and
Sabetta&Pugliese’s law.

2.6 Quantification scales
There are several scales f or the earthquakes’ quantif icat ion . Surely the oldest
is the Mercalli-Cancani- Sieberg (MCS) scale, reported in Table 7. It def ines the
macroseismic intensit y that grows as the damage increases. T his type of scale is
not object ive . I n f act, equal earthquakes in areas wit h dif f erent types of buildings
will cause diff erent damages. Even if this scale is not objective, it is nevertheless
of f undamental importance to know the earthquakes that occurred in pre instrumental t imes. I t is, however, possible to f ind a presumed correlation bet ween
the value of perceived intensit y and the energy em itted by the earthquake, also
def ined as magnitude.
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Table 7 Mercalli-Cancani-Sieberg intensity scale

Degree

Shock

Description

I

imperceptible Only sensed by seismic instruments.

II

very light

Only warned by some people in appropriate conditions.

III

light

Warnings from few people. Objects hanging with vibrations similar to those of a
car's passage oscillate.

IV

moderate

Warning by many people; trembling of fixtures and crystals, and slight oscillations of
hanging objects.

V

rather strong

Also felt by sleeping people; falling objects.

VI

strong

Some slight injury in the shattered buildings and windows.

VII

very strong

Fall of smokestacks, injuries in buildings.

VIII

ruinous

Partial ruin of some building; some isolated victims.

IX

destructive

Total ruin of some buildings and serious injuries in many others; sparse human
victims but not numerous.

X

completely
destructive

Ruin of many buildings; many human victims; crevasses in the ground.

XI

catastrophic

Destruction of urban agglomerations; many victims; crevasses and landslides in the
soil; tsunami.

XII

apocalyptic

Destruction of every artifact; few survivors; soil upheaval; destructive tsunami.

The scale most used today is the Richter or magnitude scale. I t is possible to
def ine t wo types of magnitude: the local magnitude ( M L ) and t he moment magnitude
( M W ) as f ollows:
𝑀𝐿 = log10(𝐴𝑚𝑎𝑥 )

𝑀𝑊 =

log10(𝑀0 )
− 10.7
1.5

𝑀0 = 𝜇𝐴𝐷 [

𝑑𝑦𝑛𝑒
]
𝑐𝑚

(6)

W here 𝐴𝑚𝑎𝑥 is the m aximum amplitude recorded by W ood -Anderson
seismomet er (located 100 km from the epicenter ), 𝜇 is the shear module, 𝐴 is the
f ault area and 𝐷 the amount of displacement. 𝑀0 is the seismic moment . It quantif ies
the released energy. This scale is certainly more object ive since the magnitude ,
represent ing the energy, is a char acteristic of the earthquake and not of the
recording. So, there is a one -to-one correspondence : an ear thquake corresponds
to one and only one magnitude, and vice versa. Keep in mind that the magnitude
depends on the seismic moment, which in turn depends on the f ault area. Since the
signif icant duration increases wit h the increase of f ault area, it is possible to state
that the incr ease of earthquake magnitude also increases its signif icant duration.

2.7 Basic and local seismic hazard
The basic hazar d is based on a study car ried out since 1996 by the INGV. In
this study all t he seismic sources ( i .e., the f aults) wer e consider ed to realize, by
means of the probabilistic method, a mapping with a regular grid of 0.05 ° step.
This map shows , f or each node , the main shaking parameters on the whole Italian
territor y in the hypothesis of rigid and plan soil. Theref ore, t he basic hazard allows
identif ying and classif ying diff erent areas of the national territ ory , according to the
PGA (Pick Ground Accelerat ion) f ound. The mapping of the basic hazard is also
def ined as seismic m acro - zonation.
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It is emphasized that the seism ic macro - zonation was carr ied out by mapping
the PGA or the elastic response spectrum values considering the exceeding
probabilities (P V R ) relat ive to oper ation and last lim it states f or the constructions.
They ref er to the per f ormances of constructions when subjected to seismic act ions.
The exceeding probabilities f or the limit states are shown in Table 3.2.I , extracted
f rom NTC (Norme Tecniche per le costruzioni) 2018 and report ed below.
Tab 3.2.I – Probabilità di superamento PVR in funzione dello stato limite considerato
Source: Ministero delle Infrastrutture e dei Trasporti. Aggiornamento delle "Norme tecniche per le costruzioni".
Gazzetta Ufficiale della Repubblica Italiana, n. 42 (febbraio 2018) p.45

For each limit state it is possible to derive the return per iod 𝑇𝑅 of the
earthquake, i.e. the average time bet ween the occurrence of two successive events
of entity equal to or higher than an assigned value. T he f ollowing relationship is
used:
𝑇𝑅 = −

𝑉𝑅
ln(1 − 𝑃𝑉𝑅 )

=−

𝐶𝑈 ∙ 𝑉𝑁
ln(1 − 𝑃𝑉𝑅 )

(7)

W here 𝐶𝑈 is the coef f icient of use. I t quantif ies the degree of crowding and
f requency of human presence. 𝑉𝑁 is the nominal lif e. It represents the number of
years in which the st ructure has to f ulf ill its f unction. 𝑉𝑅 is the ref erence lif e and it
corresponds to the product of the two quantit ies previously described.
The local hazard , or seism ic micr o - zonation, allows evaluat ing , starting f rom
macro-zonat ion, the site ef f ects, i .e., all site condit ions that could not be taken int o
account by the nat ional study carried out by INGV. The local hazard is based on
the ident if ication of stable, suscept ible t o local amplif ication and unst able areas
(landslides, surf ace breakage caused by f aults, dynamic liquef actions) .

3. State of the art in monitoring, characterizing and forecasting snow
avalanches
3.1 Snow avalanches monitoring, characterizing and forecasting methods
Considering the loss of human lives and econom ic damage s, of which an
approximate bu dget has been made in paragraph 1.3, it is important to study ne w
snow avalanches monitor ing, f orecasting , and character izing techniques and keep
the already known ones continuously updated. Among the most popular techniques,
there are seismic, remote sensing, inf rasonic, radar and phot ographic methods. In
this introduction we will main ly f ocus on seism ic and inf raso nic methods .

3.1.1 Seismic Methods
Since the end of the 70s , it was known that seismic signals were suitable f or
detecting snow avalanche s. The use of seism ic methods is based on vibrat ions,
caused by snow avalanche s, that propagate unt il they reach sensors (geophones)
which record them . They can be used f or multiple purposes , summarized below, and
in part icular f or character izing and monit oring snow avalanches.
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Snow avalanche signal and environmental noise
To use seismic methods f or avalanches study, it is essential to try not to
conf use signals pr oduced by the phenomenon with the environmental noise. For
this purpose, it is necessar y to study signals in time and f requency domain (the last
ones obtained using the Fourier transf orm). van Her wijen et al. (2011) obser ved
that the most energetic signals generat ed by snow avalanches were generally below
50 Hz, t ypically 1-30 Hz, with a triangular spectrogram shape ( Surinach et al.,2005 ) .
On the other hand, most signals energy generated by envir onmental noise was
above 50 Hz. It is important to stress that earthquakes are an exception because
the energ y is concentrated at low f requencies : just like snow avalanches.
Earthquakes can be detected, even aut omatically, thanks to the compar ison with
signals in the database (Lacr oix et al., 2012 ). In addit ion, they can be recognized
because the seismogram shows quite clearly the arrival of P and S waves. This is
not the case of snow avalanches whose seismograms have the typical spindle
shape. Signals derived f rom snow avalanches can be of ten conf used with those of
landslides because they are ver y similar. Nevertheless, snow avalanche s
seismograms are smoother and their spectrograms are more regular (Lacroix et al. ,
2012). Fig. 3.1 shows seismograms and spectrograms , obtained f rom Lacroix et al.
(2012), which highlight diff erences in signals shape and in the energ y content
concentration at dif ferent f requencies , depending on the considered phenomenon .

probable avalanche
stop

Fig. 3.1 Signals (on the left) and Spectrograms (on the right) generated by snow avalanche, earthquake and a general
environmental noise.
Modified after. Source: Lacroix, Grasso, Roulle, Giraud, Goetz, Morin, Helmstetter. Monitoring of snow avalanches using
a seismic array: Location, speed estimation, and relationships to meteorological variables. Journal of geophysical research
117 (2012) p.3

So, af ter def ining , in general terms , how to dist inguish signals produced by
snow avalanches f rom those pr oduced by other phenomena, it is possible to use
them to character ize snow avalanches.
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Snow avalanche vel ocit y
The immediate way to use seismic signals is the estimat ion of the snow
avalanches f rontal velocit y. Given the signal obtained f rom a sensor , it is possible
to understand the ar rival of the snow avalanche f ront at the geophone . The instant
in which the f ront reaches t he sensor is when the signal shows a decidedly greater
amplitude c ompared to the background noise . It is not easy to identif y this moment.
Theref ore, the standard seismological picking technique can be used. W hen this
technique is diff icult to use , because of signal complexit y, t he cross-correlation
procedure can be applied : in this way, the dif f erence bet ween arrival t imes of the
f ront at two diff erent geophones is obtained (Vilajosana et al., 2007). Consequently,
if the signals obtained f r om two sensors are available, it is possible to obtain easily
the advancing speed of the f ront. For example, in Fig. 3.2, are reported t wo possible
seism ic signals ( vert ical component) , obt ained f rom two dif f erent geophones and
caused by the same snow avalanche.

Fig. 3.2 Signals obtained from two geophones and generated by the same snow avalanche. Arrows indicate first time
arrival of the front at the sensors (t1 and t2). Δt is the difference between t2 and t1.

It is possible to det ect the arrival t imes of the f ront, t 1 and t 2 (f or example
obtained with standard seism ological technique ), respectively to the geophone 1
and 2. Def ined 𝑑 the distance bet ween the two geophones, which are posit ioned
alo ng the snow avalanche trajector y, and def ined ∆𝑡 the dif f erence bet ween the t wo
times indicated above (or obtained direct ly with the cross -corr elat ion method ), it is
possible to est imate the f ront velocit y according to the f ollowing relation:
𝑣𝑓 =

𝑑
∆𝑡

𝑚
[ ]
𝑠

(8)

The arrival times of the f ront, in the case of dry snow avalan ches, generall y
do not ref lect the arrival of the powder f ront . This is caused by an insuff icient
sensitivit y. So, only the arrival of the other two zones f ront is detected . The passage
of various avalanche portions can be also detected in f requency domain. The
passage of the f ront is characterized by a low energ y dissipation at f requencies
bet ween 1- 40 Hz. The passage of turbulent region (only present in dr y snow
avalanches) is characterized by a high dissipation of energy at low f requencies (< 10
Hz). Finally, the passage of the tail, usually denser, presents a sp ectrum wit h hig h
f requencies (> 10 Hz) with a higher energ y dissipat ion f or wet snow avalanches than
dry snow avalanches (Pérez -Guillen, Ph. D. Thesis, 2016).
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There are also ot her more sophisticat ed methods f or estimating sno w
avalanche speed. For example, using beam -f orming methods, it is possible to obtain
avalanches azimuth , and so, through azimuth time series pr ocessing, avalanche
velocit y can be estimated by linear regression (Lacr oix et al., 2012 ).
Instant of snow avalanche detachment and stop
Previous studies tried to ident if y in seism ic signals what is the exact moment
of snow avalanches release , but it is of ten dif f icult to identif y the wav es that really
correspond to such instant. Probably, so that sensor perceives the signal, it is
necessar y to accum u late a certain quantit y of snow that is higher than the amount
present at the t ime of detachment (Sur inach et al., 2000 ). This is even mor e d iff icult
if the avalanche is t riggered by an earthquake because, at the release time, the
energy due to the earthquake is also present (Pérez-Guillen, Ph.D. Thesis, 2016).
It is possible to have inf ormation r egarding the interrupt ion of the snow avalanche
f low f rom the presence of peaks in the tail of the seismogram , as shown in Fig. 3.1.
Probably, t hese are related to the sudden and violent stop of the avalanche when
it reaches the deposition area (Pérez-Guillén et al., 2016).
Snow avalanche path
There are also som e f eatures of seismic signals that pro vide inf ormation
about the path f ollowed by the avalanche. This inf ormation can be f ound thanks to
the study of the signal wave trains (Fig. 3.3). If wave trains have long durations,
they are associated with the presence of obstacles along the avalanche descent
path. In the absence of obstacles, the wave trains can indicate changes in the
avalanche path slope, alter ations in the f low or avalanche t ype, and phenomena
associated with the decelerat ion stage of the avalanche. In the latter c ase, wave
trains have a shorter duration. Another signals characterist ic is the f ollowing: snow
avalanches that travel ed the same way show sim ilar seism ic signals . This simi lar ity
is not f ound in signals amplitude , but in the seismic energy distribution, in the
spectral cont ent and ground motion velocit y direct ions (in vertical and hor izontal
planes), as shown in Fig. 3.3 (Surinach et al., 2000 ).

Fig. 3.3 The top graph shows the trend of snow avalanche (triggered by explosion) ground motion velocity (g.m.v. : z
component). There are two different types of wave trains: the number 1 indicates longer wave trains associated to
changes in slope and obstacles; the number 2 indicates shorter wave trains associated to the avalanche stopping
phase. The bottom graphs in figure shows a similarity in spectral content and in ground motion velocity directions
(horizontal plane) between 2 events occurred in the same location.
Modified after. Source: Surinach, Sabot, Furdada, Vilaplana. Study of Seismic Signals of Artificially Released Snow
Avalanches for Monitoring Purposes. Phys. Chem. Earth (B), 25, n. 9 (2000), p.725
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Snow avalanche size
The ground motion velocit y module can be related to the size ( volume and
length) of the avalanche: as the module grows, the size of the av alanche increases
(Surinach et al., 2000 ). Making this consideration, the distance bet ween the snow
avalanche and the sensor must always be taken into account. In f act, a small
avalanche closer to the sensor can provide a signal with greater amplitudes than a
larger avalanche f urthest f rom the sensor . It is necessar y to under line that , due to
the anelastic attenuation with the distance , there is a limit of detection related t o
avalanches size (Biescas et al.,2003 ; Surinach et al., 2001 ). For evaluating the
event size, energy cr iteria based on seismic energ y dissipat ion (estimated throug h
the knowledge of front speed) can be used (Vilajosana et al., 2007 ). More recent
studies have shown that it is possible to estimate the avalanche size by using the
run-out distance as a f unction of the seism ic signal dur ation. In this case, the
avalanche t ype must be known f irst. The relat ionship bet ween the seism ic si gnal
duration and the avalanche run- out dista nce f ollows a linear f unction:
𝐷 = 𝐴 ∙ 𝑇𝐴

[𝑚]

(9)

W here 𝐷 (m) is the run -out distance, 𝑇𝐴 (s) is avalanche seismic signal
duration, and 𝐴 (m s − 1 ) is the regression coeff icient f itted to the data. By reporting
known data on a 𝐷 − 𝑇𝐴 graph and tracing the regression lines , it is possible , f or
each snow avalanche category, to f ind the 𝐴 coeff icient value . Theref ore, it is
possible to estimate avalanche dimensions using equation (9 ) being known 𝐴 and
𝑇𝐴 . There are also other types of regression but, in these cases, the avalanches
size est imation is less dependable (Pérez-Guillén et al., 2016 ). An example is
shown in Fig. 3.4.

A = 13 ± 1 (R2 = 0.90)

A = 4.5 ± 0.3 (R2 = 0.83)

Fig. 3.4 Correlations between the seismic signal duration and run-out distance with indication of A values obtained from data
linear regression.
Modified after. Source: Peréz-Guillen, supervised by Surinach Cornet. Advanced seismic methods applied to the study of
snow avalanche dynamics and avalanche formation (Ph.D. Thesis), (2016), p.36

Snow avalanche type
The ground motion velocit y module can also be an indicator of sno w
avalanche t ype. It was shown that avalanches with a similar runout dis tance
produce seismic sig nals with more or less high amplitudes depending on snow
avalanche t ype: wet or dr y respect ively . Furthermore, wet -snow avalanches usu ally
generate more extended signals, i.e. , with longer duration , compared to dr y snow
avalanches ( Biescas et al., 2003 ). Another seismogram f eature that allows knowing
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the snow avalanche t ype is its shape. For example, loose snow avalanches manif est
the t ypical spindle shape , i.e. the amplit ude increases as the snow mass , involved
in the phenomenon , increases. Snow slab avalanches, on the other hand, can be
identif ied by the pr esence in the seismogram of a f irst arrival that is made to
correspond to t he f racture occurring in the weak layer. Few times sensors can
perceive the energ y released by this f racture, unl ess it occurs at relatively short
distances f rom the sensor. Considering that seismogram, apart f rom this f irst
arrival, is ver y similar to that of loose snow avalanches, it is challenging to def ine
a signal that correspond s uniquely to a snow slab avalanche (van Her wijen et al.,
2011). However, an exam ple of the t wo seismogram types is shown in Fig. 3.5. More
recent studies have shown that it is possible to understand the avalanche t ype
studying f requencies in which energ y is dissipated by mass movement. However ,
this is only possible if the f low passes direct ly on the geophone . If it does not
happen, all avalanches have similar energy con tent at low f requencies due to
anelast ic attenuation . (Pérez-Guillén et al., 2016 )

Fig. 3.5 Seismogram of Loose Snow Avalanche (on the left) and Snow Slab Avalanche (on the right).
Modified after. Source: van Herwijen, Schweizer. Monitoring avalanche activity using a seismic sensor. Cold Regions
Science and Technology 69 (2011), p.170 and p.174

Snow avalanche distance from the sensor
Signals can also be used t o know the snow avalanche dist ance f rom the
sensor. In f act, past research showed that snow avalanches f requency content is
due to the dist ance bet ween the mass movement and the geophone ( Sur inach et
al., 2005). It is necessar y to obser ve f requencies in which t he greatest energy is
present. The reason is that anelastic attenuat ion depends on f requency: high f requency signals are attenuat ed more quick ly than t hose at low f requency. It
f ollows that, if most of the energy is situated at low f requencies, the avalanche
release took place f ar f rom the sensor; on the contrar y if most of the energ y is
situated at high f requencies ( van Her wijen et al.,2011). It must be remembered what
we said previously about a nelast ic attenuation . There are also other methods to
locate snow avalanches us ing f irst -time picking. W hen the se methods cannot be
used, the polar izat ion and beam f orming methods can be used ( Lacroix et al., 2012 ) .
Site effects
Signals can also be studied to learn about site ef f ects. The presence of these
eff ects is highlighted by a dif f erent energy distribut ion in the 3 signals components,
recorded in dif f erent places, but generat ed by the same avalanche .
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Forecasting snow avalanches
Seismic dat a can also be used f or f orecasting snow avalanches. From these
data, it is possible to identif y avalanches release times for understanding the
periods in which these phenomena ar e more concentrated and if they show a
periodicit y. For example, som e studies revealed that in the spring season,
avalanches show a periodicit y corresponding to the dayt ime hours , as it could be
expected intuitively. This inf ormation can be validated by data obtained f rom visual
obser vat ions . So, it is possible to create c atalog s. It is known that t he past
avalanches act ivit y is correlated with the f uture one, therefore, it is possible t o
def ine predict ion m odel s based on the past activit y reported in catalog s (van
Her wijnen et al.,2016 ).
Automatic detection
The f irst seismic methods f or the automatic detect i on of avalanches wer e
based on the comparison of some signal character istics , obser ved in time or
f requency domain, with those of pre-recorded signals that could be conf used with
the avalanches (Pér ez-Guillen, Ph.D. Thesis, 2016) . Subsequently, Bessason et.
al. (2007) proposed an automatic detection method based on the calculat ion of 10
character ist ic param eters ( 𝛼𝑖 , 𝑖 = 1,2, … , 10) f or each event occurr ing in the same
avalanche path. W hen a new event occurs in the r ef erence avalanche path, it is
compared t o all known events in the same avalanche path and t he proportional error
is calculated:
10

𝑒

𝛼𝑖𝑘 − 𝛼̅𝑖𝑗𝑘
𝐸𝑗𝑘 = ∑ 𝑊𝑖𝑘 |
| ; 𝑗 = 1,2, … , 𝑁𝑘 ; 𝑘 = 1, 2, … , 𝑛
𝛼̅𝑖𝑗𝑘

(10)

𝑖=1

W here 𝑘 indicat es the ref erence pat h, 𝑗 indicates the event occurred in the
ref erenced path, 𝑁𝑘 is the total number of known events in the path, 𝑊𝑖𝑘 is a f actor
related to the weight assig ned to each parameter. The exponent 𝑒 is genera lly
considered equal to 2. To understand what kind of p henomenon the ne w recorded
event is related to, t he most sim ilar events are taken into considerat ion and they
are compared using the proportional error . At this point , we pr oceed acco r ding to a
majorit y principle: i f most of the similar sign als identif y the new event as a snow
avalanche, although there ar e others that indicate the opposite, the new event is
identif ied as a snow avalanche. If the proportional error value exceeds a certain
threshold, it is possible to identif y the signal as “ unknown” (Bessason et al., 2007).
Another more sophisticated method f or automatic detect ion of avalanches is
presented below. As previously stated, spectrograms generated by avalanches have
a typical triangular shape. Thi s shape depends on the a nelastic atten uation, the
distance bet ween avalanche and geophone and on the mass increasing dur ing the
f low. On the basis of this spectrogram shape, automatic det ection methods have
been developed . One way is to proceed, f irst ly, wit h an extract ion of spectral
attributes f rom the signal, which allows dif f erentiating classes of seismic signals.
Secondly, f or each class of interest , it is carried out a probabilistic description of
the spectral attributes time ser ies by means of Gaussian distr ibut ions. This
procedure is called Hidden Markov Model (HMM). Paramet ers of HMMs created ar e
lear ned f rom pre-classif ied training data. Subsequent ly, a single ref erence wave is
used to create an ad hoc classif ier f or the event in question : an avalanche HMM is
immediately created allowing the detection. This procedure was successf ully
developed only f or the detection of wet -snow avalanches and it works only when
the source-receiver distance is at most equal to 8 times the avalanche length
(Hammer et al.,2017 ).
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3.1.2 Infrasonic methods
Inf rasonic signals can be used, like seismic signals, f or dif f erent purposes.
In particular, they can be used f or monitor ing and detect ing avalanche s phenomena.
It was considered usef ul to use these systems since it was shown how the snow
mass movement causes low-f requency a coustic waves.
Snow avalanche signal, environmental noise , and automatic detection
As in the case of seismic methods, also f or inf rasonic met hods , it is essent ial
to be able to distinguish bet ween the signal of interest, associated with the event,
and environmental noise. The main element of disturbance during the use of
inf rasonic methods is the wind action. Of course, dif f erent signal det ection
conditions may occur. The ideal detection c ondit ion verif ies when t here is a strong
signal generated by t he avalanche and a low disturbance produced by the wind. O n
the contrar y, the most unf avorable condition occurs when there is a weak signal
generated by the avalanche and a great disturbance produced by the wind (Scott et
al.,2007). An example, given by records of cases described above , is shown in Fig.
3.6 .

Avalanche signal

Fig. 3.6 The top graph shows infrasound data (0.1-8.5 Hz) in ideal conditions for avalanche identification; The bottom
graph shows infrasound data (0.1-8.5 Hz) in unfavorable conditions for avalanche identification.
Modified after. Source: Scott, Hayward, Kubichek, Hamann, Pierre, Comey, Mendenhall. Single and multiple sensor
identification of avalanche-generated infrasound. Cold Regions Science and Technology 47 (2007) p.161-162

If the registration occurred in ideal conditions , the avalanche is easily
identif iable; in the second case , the identif ication of the signal com ing f rom th e
avalanche is challenging , despite t he development of single sensor signal
processing algorit hm (Comey et al., 2004). Envir onmental noise can make snow
avalanches ident if ication diff icult dir ectly f rom the signal . So, techniques based on
signals autocorrelat ion were developed. By applying these techniques to the signals
reported in Fig. 3.6, it is possible to obtain the autocorrelat ion coef f icient trend,
shown in Fig. 3.7. It is possible to obser ve how, in ideal conditions , the identif icat ion
is immediate because the developed alg orithms allow, throug h the application of
f ilters, discard ing some energ y content , such as that of the explosives, bef ore
calculating autocorr elat ion. Theref ore, a single peak due to the avalanche is
produced. On the contrar y, the calculation of autocorrelation in unf avorable
conditions produces dif f erent peaks. Surely , the r eading of autocorrelat ion
coeff icient allows to have a clearer vision of what can represent an avalanche and
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what can be environmental noise , but peaks of avalanches and wind can of ten be
ver y sim ilar and so dif f icult to distinguish. For this reason, it is usef ul to have
records obtained f rom dif f erent sensors. I n f act, under unf avor able conditions, while
autocorrelat ion data of a sensor produ ces dif f erent pronounced peaks, the same
operat ion carried out in a dif f erent sensor could better highlight the peak due to the
avalanche as shown in Fig. 3.7 (Scott et al., 2007) .

Peak due to
avalanche

Peak due to
avalanche

Peaks due to wind

Peak due to
avalanche

Fig. 3.7 The two top graphs show the autocorrelation coefficient trend related to infrasound data reported in Fig. 3.6. The
bottom graph shows the autocorrelation coefficient trend, related to infrasound data, obtained from a different sensor, but
for the same event occurred in unfavorable conditions. Peak due to the avalanche is confirmed at 600 s.
Modified after. Source: Scott, Hayward, Kubichek, Hamann, Pierre, Comey, Mendenhall. Single and multiple sensor
identification of avalanche-generated infrasound. Cold Regions Science and Technology 47 (2007) p.162-163

Nowadays it is known that , f or robust identif icat ion of the avalanches , it is
necessar y to have data coming f rom diff erent sensors . In f act, instead of calculat ing
autocorrelat ion of data, obtained in one sensor, it is possible to cross -correlate
signals obtained f rom diff erent sensors . In the case of cross -correlation, it is also
possible to discer n ambient noise, such as explosions, using f iltering techniques
(Scott et al., 2007). More recent studies allow the signal to be discrim inated by
noise through the applicat ion of multi -channe l correlat ion methods (Ulivieri et al.,
2011). The paramet er that allows dist inguishing the signal f rom the noise is the
resid ual time (∆𝑇𝑛 ). Having an array composed of 𝑛 sensors, for each triplet of
sensors, it is possible to calculate the residual ti me, as indicated by the f ollowing
expression:
∆𝑇𝑛 = |∆𝑡𝑖𝑗 + ∆𝑡𝑗𝑘 + ∆𝑡𝑘𝑖 |

(11)
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W here ∆𝑡𝑖𝑗 is the delay bet ween inf rasound recorded at sensors 𝑖 and 𝑗. The
calculation of the residual time is repeat ed f or all t he triplets and then an averag e
residual time is calculated . If the latter is lower than a thr eshold value, which
depends on the opening of the array and on the f requency of the signal, avalanche
detection is consider ed valid (Ulivieri et al., 2011) . Avalanches common det ection
and classif icat ion methods are generally character ized by the extract ion of some
salient charact erist ics of signal s (as back -azimuth, apparent velocit y or event
duration) . For each of these character istics, threshold values are normally assigned
and, on t he basis of these values, event s detect ion and classif ication ar e carried
out. Thuring et al. (2015) showed that these techniques of ten originate f alse and/ or
missed detections . For this reason , a machine learning -based approach was
developed. This type of algorithm allows, through the input of training data,
optim izing the decision margins , taking into considerat ion also the possible mutual
dependencies of the parameters extracted f rom the signal. In particular, raw data
are pre-pr ocessed bef or e the f eatures extraction. Af ter this, part of the data is used
f or the algorithm training . Subsequent ly, t he classif ier is optim ized through a cr oss validation procedure. Classif icat ion can be a chieved af ter applying a f ilter (Thuring
et al., 2015).
Snow avalanche front velocity
Some recent studies have shown how, from the inf rasound signals , it is
possible to est imate the avalanche f ront velocit y. During the path f ollowed by the
avalanche there is a continuous migration of back azimuth . It identif ies the direction
f rom where the signal is com ing from . A possible trend of the back -azimut h angle ,
over time, is reported in Fig. 3.8.

Fig. 3.8 Possible back azimuth angle trend over time with identification of 3 path phases followed by the avalanche.
Modified after. Source Marchetti, Ripepe, Ulivieri, Kogelnig. Infrasound array criteria for automatic detection and front
velocity estimation of snow avalanches: towards a real-time early-warning system. Nat. Hazards Earth Syst. Sci 15 (2015)
p. 2548

It is possible to see that the chart is divided into 3 phases. The f irst phase is
dominated by the inf rasound produced by the avalanche f ront and the angle
var iat ion is related to the path f ollowed by the f ront. The second phase shows a
constant trend due t o the rapid change of slope. The third phase is r elated to a
source that extends horizontally . Theref ore, it represents the stopping phase in the
deposit ion ar ea. S ince it is possible to correlat e the back azimuth var iat ions with
the f ront positions, then it is possible to obtain inf ormation related to the f ront
velocit y. I n f act, given the absolute coordinates ( 𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖 ) of successive points that
will be met by the avalanche, it is possible to calculate the recipr ocal , horizontal
(ℎ𝑖 ) and vertical ( 𝑙𝑖 ), distances and the theoretical back azimut h angle ( 𝑎𝑧𝑖 ), as
shown by the f ollowing relation s:
ℎ𝑖 = √(𝑥𝑖 − 𝑥𝑖−1 )2 + (𝑦𝑖 − 𝑦𝑖−1 )2
𝑙𝑖 = √(𝑧𝑖 − 𝑧𝑖−1 )2 + ℎ𝑖2
{

(12)

𝑥𝑖 − 𝑥𝑎
𝑎𝑧𝑖 = tan−1 (
)
𝑦𝑖 − 𝑦𝑎
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W here 𝑥𝑎 and 𝑦𝑎 are the coordinates of the central element of sensors array.
By compar ing the theoretical values with those obtained f rom the inf rasonic signal ,
it is possible to understand the posit ion of the f ront alo ng the path. Theref ore,
convert ing the azim uth angles to the f ront positions occupied over t ime, it is
possible to obt ain the i nstantaneous speed of the f ront ( Marchetti et al., 2015).
Snow avalanche localization
The delay t ime in t he arr ival of avalanche signal, evaluat ed at dif f erent
sensors (obtained f rom the lag values of pair - wise cross-corr elat ion coeff icients) ,
together with data about sensors geometry disposit ion can be employed to f orm
aggregate beam pat terns . The result ing beams make it possible t o est imate the
signal source position, i.e. , the localizat ion of the avalanche . As the amount of
available data grows , the accuracy in the estimat ion of the location increases and
the beam pr esents a smaller opening ( Scott et al., 2007). An example of source
localizat ion is report ed in Fig. 3.9 that shows a t ypical detection map .

Fig. 3.9 Detection Map for snow avalanches localization. In this case, from data processing obtained from the sensor array,
it is very likely that the signal was generated by the detachment of the avalanche Cajunglass. Distance from the sensor
can be evaluated on the detection map.
Modified after. Source: Scott, Hayward, Kubichek, Hamann, Pierre, Comey, Mendenhall. Single and multiple sensor
identification of avalanche-generated infrasound. Cold Regions Science and Technology 47 (2007) p.167

Other inf ormation r elated to the source localization can be obtained thanks
to the calculation of the propagation back -azimuth ( 𝛼) and apparent velocit y (𝑐) as
indicated by Ulivieri at al. (2011) . The first one shows the origin dir ection of the
signal; the second one is related to the wave incidence angle and, theref ore, to the
source height. These parameters can be calculated using the system of equations
reported below, assuming a planar wavef ront and a constant wave propagation
velocit y bet ween t wo sensors of the array. The system to be solved is :
𝐿𝑖𝑗 cos(𝛽𝑖𝑗 − 𝛼)
= 𝑐𝑖𝑗
∆𝑡𝑖𝑗
𝐿𝑖𝑘 cos(𝛽𝑖𝑘 − 𝛼)
= 𝑐𝑖𝑘
∆𝑡𝑖𝑘
{

(13)

W here 𝑖, 𝑗, 𝑘, indicate the three elements of the triplet, 𝛽𝑖𝑗 is the angle bet ween
the North direction and the one connecting 𝑖 and 𝑗 sensors, 𝛼 is the angle bet ween
the North direct ion and the wave propagation direct ion , 𝑐𝑖𝑗 is the apparent
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velocit y bet ween 𝑖 and 𝑗 sensors and 𝐿𝑖𝑗 is t he distance bet ween two sensors . By
hypothesis, apparent velocit y is the same among all sensor pairs, theref ore 𝑐𝑖𝑗 = 𝑐𝑖𝑘 :
it is possible to solve the system. The apparent speed depends on the wave
incidence ang le ( 𝛾) and on the sound propagation speed in the air, which in turn
𝑐
depends on temperature and humidit y, according to the relation : 𝑐 = 𝑎𝑖𝑟
. From this
𝛾
expression, it is possible to understand the sour ce altit ude . I n f act, small incidence
angles correspond at high speeds and theref ore high altitude sources; vice versa
in the case of small speeds. (Ulivier i et al., 2011)

3.1.3 Seismic and infrasonic methods compared
Finally, it is possible to compare the seism ic and inf rasonic methods . As
already ment ioned, avalanches can have dif f erent f low regimes and ar e made up of
dif f erent parts. It is known , f rom past studies , that seismic signals are generated
mainly by the densest portion of the avalanche due to f riction with the basal surf ace;
the turbulent powder cl oud generates inf rasonic signals . A comparison bet ween
inf rasonic and seismic signals , obtained for the same phenom enon , could be usef ul
f or understanding the f low regime . In f act, wet snow avalanches generate high
amplitude s in seismic registrations; vice ver sa, powder snow avalanches generate
lower seismic amplitudes, but high er inf rasonic amplitudes. Another aspect to
under line is that, despite the seismic waves are attenuated a lot due to a nelastic
attenuat ion and to geometric diff usion , depending mainly on the source -receiver
distance, inf rasonic waves are not aff ected by attenuat ions for distances up to 5
km. For these reasons, it was f ound that inf rasonic methods are more suitable in
detecting the init ial phase of the avalanche. In f act, the movem ent is perceiv ed
earlier than seism ic sensors. The latter are more suitable f or detect ing the f inal
phase of the phenomenon. The avalanche stop ping phase is only detected b y
seism ic sensors, probably because the powder cloud is drast ically reduce d, while
increasing dense f low and f riction . Theref ore, f or the same avalanche monitored by
seism ic and inf rasonic methods, it is observed, wit h the phenomenon development,
an inf rasonic amplitude decr ease and a seism ic amplitude increase. The
combination of seismic and inf rasonic measurements is also usef ul f or
understanding accur ately and exhaustively the real durat ion of the phenomenon . A
comparison bet ween a seismic and an inf rasound signal , recorded f or the sam e
avalanche, is shown in Fig. 3.10. In short, it is possible to obser ve a
complementar it y of the t wo methods which can together provide a n excellent
potent ial f or monitoring snow avalanches (Kogelnig et al. 2011).

Infrasonic signal

Seismic signal

Fig. 3.10 Comparison between a seismic and an infrasound signal recorded for the same avalanche.
Modified after. Source: Kogelnig, Surinach, Vilajosana, Hubl, Sovilla, Hiller and Dufour. On the complementariness of
infrasound and seismic sensors for monitoring snow avalanches. Nat. Hazards Earth Syst. Sci 11 (2011) p.2366
monitoring snow avalanches
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3.2 Introduction to snow avalanches triggered by earthquakes
3.2.1 General notions, definitions and identification of seismic-induced avalanches
Global spatial extension of seismic-induced snow avalanches
Earthquakes can be a possible triggering f actor of snow avalanche s and a
large area, even up to hundr eds of kilometers, around t he epicenter may be
subjected to a shake suff icient t o ca use t he snow cover to br eak ( Podolskiy et al.
2010, II). Past studies ha ve shown that, in all the wor ld, areas that can be subject
to avalanches, def ined as areas with snow cover > 30 cm, slope > 17 ° and rise of
20-30 m, are about 6.2% of the entire Eart h’s surf ace . Instead, earthquakes verif ie d
in regions where act i ve f aults are present . Faults ar e normall y known and mapped.
From the overlap of such data , it has been possible to evaluate areas that may incur
in seismic- induced snow avalanches corr esponding to 3.1% of the total land area.
Despite this, in the last cent ur y , documented cases of this t ype ar e ver y f ew
(Podolskiy et al. 2010 , I). In general, the relat ionship that exists bet ween the snow
avalanches r elease and the earthquake s depends on t he hypocentral distance, the
local condit ions (geological, topographical, stabilit y of the snowpack) and on t he
seism ic source characterist ics that are am plit ude, f requency and durat ion ( PérezGuillén et al. 2014).
What is a "snow avalanche triggered by an earthquake"
It is of ten dif f icult to underst and when the triggering f actor of a snow
avalanche is ef f ectively an earthquake. First of all, it is necessar y to def ine what is
meant by "avalanche triggered by an earthquake". It is possible to ident if y co seism ic snow avalanches, whose release occurr more or less at th e same timing of
the earthquake. Mor eover, there are snow covers that, due t o an earthquake that
produced stress changes , have irremedi ably compromised t heir stabilit y. In this
case, snow avalanches release occurs a certain period of time af ter the earthquake
(Podolskiy et al. 2010 , I). This could also be caused by secondar y af tershocks
f ollowing the main shock . If the snowpack, due to the main shock, is close to limit
equilibr ium condit ions, it is ver y likely that a secondar y shock, even a minor one,
can complet ely mak e it unstable. If the shear stress, caused by accelerat ions
arriving f rom the earthquake, is higher than the shear strength o f a point within the
weak layer inside the snowpack , a necessar y condition f or the rupture is verif ied.
This shear stress increases as the accelera t ion incr eases. T he latter depends on
the earthquake magnitude, the hypocent ral distance and on- site ef f ects ( PérezGuillén et al. 2014). Moreover, it is possible to obser ve t he amplif icat ion of the
shear stress depending on the inert ial loading . Theref ore, it results to be greater
where the acceler ation is h igher (Podolskiy et al. 2010 , I).
Identification of earthquakes -induced snow avalanches
To understand if an earthquake induced a snow avalanche, an approximate
determination of the avalanche release time and the knowledge of seismic waves
arrival time to the site are requir ed. As already mentioned, the snow avalanche
release t ime identif ication , in the case that an earthquake occurred too, is diff icult
to determine precisely because of the signals over lapping. An excellent approach
to the problem was follow ed by Pérez-Guillén et al. 2014: a comparison was made
bet ween seismic and inf r asonic signals of earthquakes , which are thought to cause
avalanches, and others in which no release s occurred. Below, in Fig. 3.11, are
shown seism ic and inf rasonic signals , registered at the same station , of two
earthquakes: the f irst one triggered a snow avalanche; the second one didn’t cause
any release. W here the earthquake didn’t cause releases, seismic and inf rasonic
signals are well cor related . In particular, correspondence is f ound between the
arrival of the P waves and the increase i n amplitude of the inf rasound signal, as
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well as it is f ound in amplitude decreasing of both signals over time. A diff erent
behavior was f ound in the compar ison of seism ic and inf rasonic signals f or the event
in which the avalanche was released . Fir stly, the increase in amplitude due to t he
arrival of the P waves is not f ound in the inf rasound sequence, but this may be due
to the low signal -to- noise ratio and to the low energ y of the earthquake. Secondly,
while the seismic signal decreases in amplit ude , with the passage of time, the
inf rasound signal, on the contrar y, increases its amplitude. The latter phenomenon
is probably caused by the reception, at the sensor, of the inf rasound generated by
the passage of the avalanche.

Fig. 3.11 Seismic and infrasonic signals, registered at the same station, of two earthquakes: Event 1 has triggered an
avalanche, Event 2 has not caused any release.
Modified after. Source: Pérez-Guillén, Tapia, Furdada, Suriñach, McElwaine, Steinkogler, Hiller. Evaluation of a snow
avalanche possibly triggered by a local earthquake at Vallée de la Sionne, Switzerland. Cold Regions Science and
Technology 108 (2014): p.154-155

The importance of snowpack stability and loading fact ors
Another important obse r vat ion t hat emer ged f rom the study of Pérez-Guillé n
et al. 2014 is that the earthquake alone is not enough to cause detachment : also
other conditions must coexist . In f act, with the same characteristics of earthquake,
in some cases the avalanches release was f ound, in other c ases not. It f oll ows that
the evaluation of snowpack stabilit y condit ions is f undament al . It is expected that
as the seismic event magnitude increases , both the total number of avalanches and
the area subject to avalanche phenomena increase too . At the sam e time, it is
known that snow stabilit y plays a signif icant role. In f act , if a snow avalanche was
identif ied at a dist ance d f rom the epicenter , it does not necessarily mean t hat other
avalanches occurred in a dist ance < d (Podolskiy et al. 2010 , I). The shaking
produced by the ear thquake causes a rapid large scale loading , usually or iented
normal to the shear plane, which, depending on the snow stratigraphy , can lead t o
the slabs release (Podolskiy et al. 2010 , I, Pérez-Guillén et al. 2014). Other f actors
to take into consider ation are the unif orm and gradual loading caused by snowf all
and the surf ace he ating phenomena that can lead to som e changes in shear
strength.
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Surely, it is crit ical to take into account the weather condit ions, since extrem e
events, with high return times, can signif icant ly increase the risk of avalanches,
especially when combined with the presence of earthquakes (Fujita et al. 2017) . To
obtain inf ormation on snow stratigraphy, simulat ions using snow cover models are
of ten implemented as well as data f rom the avalanche bulletins an d/or f rom other
available stat ions. Among the well-known snow cover m odels ther e are the
Meteoblue model and the SNOW PACK model. The substant ial diff erence bet ween
the t wo is that the f ormer is a meteorolog ical model that provides inf ormation only
about snowf all heig ht f rom data deriving from precipitat ion s. This model is used
when there is a def iciency of data f rom stations. The SNOW PACK model, on the
other hand, allows reconstruct ing snowpack stratigraphy starting f rom real data
recorded directly in weather stations.
Parallelism with earthquake -induced landslides magnitude
To understand som e aspects relat ed t o snow avalanches triggered by
earthquakes , we ref erred to earthquake-induced landslides . Some studies have
shown that , as the earthquake magnitude increases, the maximum distance f rom
the epicent er , in which a landslide occur s , raises too. For landslides , it was also
ver if ied that as the magnitud e of the seismic event incr eases , both the total number
of landslides and their area increase too. Relationship s f or correlat ing the number
of landslides and t heir ar ea with eart hquakes magnitude were f ound in semi
logarithm ic graphs. They present the f ollowing f orm:
log 𝑋 = 𝑎 ∙ 𝑀 − 𝑏

(14)

W here 𝑋 is the var iable concerned (t otal number of landslides (𝑁) or their
area (𝐴)), 𝑀 is the magnitude, 𝑎 and 𝑏 are the correlat ion coefficients. Similar
behavior is expected in the case of snow avalanches ( Podolsk iy et al. 2010 , I, cum
bibl.).
A f urther comparison was made regarding magnitude values that trigger
landslides and those triggering snow avalanches. From liter ature, the upper limit
f or triggering a landslide, close to the source ( d = 0), is a magnitude equal to 4. At
the same time, the lower limit was equal to 2.9 ( Podolskiy et al. 2010 , I, cum bibl.).
Podolskiy et al. (2010, I) proposed a higher upper limit , about the initiat ion of
landslides, but a smaller lower lim it , about the initiation of snow avalanches
(compared to the limit f ound f or landslides ). This limit magnitude (considering a
mine site) was assumed to be 1.9, corresponding to a PGA of 0.03 g.
The importance of geologi cal surroundings
It is essential to take into consideration the eff ect that deep geological
conditions c ould have on seism ic waves. Generally, site ef f ects, and theref ore
amplif ication phenomena, are taken into account considering the value of 𝑣𝑠 , 30 that,
as explained in par agraph 2.2, is calculated with the S waves speed in the f irst 30
m of depth. This is due to the f act that data , at greater depths , are of ten not
available. However, some studies showed t he signif icant inf lue nce of deep
geological f eatures ( Bulajic et al. (2018) cum bibl.). Thanks to the use of a G MPE
(Ground Motion Prediction Equation) , created by Bulaj ic et al. (2013) , it is possible
to calculat e the PGA taking into account the s hallow and deep geologic al
conditions. Bulaj ic et al. (2018) showed that PGA values obtained considering deep
geological data were amplif ied f rom 30 % to 70% compared t o those in which such
data were not consider ed. Moreover, diff erent scenar ios, with the same shear
strength and snow densit y, wer e considered . Subsequently, the possible
detachment areas were mapped when the geological condit ions w ere taken into
account and when they were not. It was obser ved that, regardless of the snow
densit y and the shear strength, the release areas increased when deep geological
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conditions were considered. Consequent ly, it must be remem bered that when this
inf ormation is not available, an underest imation of the PGA , as well as the release
areas, is obtained (Bulaj ic et al., 2018).

3.2.2 Snow avalanches release models with earthquake action
Podol skiy and others (2010) model
Over the years, studies tried to understand how the action of the earthquake
can aff ect the stabilit y of the snow cover. Among these studies, Podolskiy and
others (2010, II) developed a release model obt ained f rom laborator y tests. In
particular, they proceeded to create artif icial snow samples, with a weak layer , and
to carr y out te sts using a shaking table. T ests were realized consider ing diff erent
table inclinat ions and dif f erent degrees of freedom ( one degree of freedom:
horizontal direct ion; two degrees of f reedom: both horizontal and vertical
direct ions). Conventionally, the tensions are considered negative , while the
compressions are posit ive. From tests, it was obser ved that f ractures occurred
either in the lower part of the sample, or along the weak layer or in both positions,
but at dif f erent times. Since the shaking table was monitored with a camera, it was
possible to see when the f ailur es occurred. It was observed that f ractures
originated, in most cases, when the shaking -table trajector y reached the f arthest
point, on the same side where the slope is oriented , and when the platf orm re verses
direct ion ( Podolskiy et al. 2010, II) . In this point, shear and tensile f orces r e ach the
maximum value. Considering that at this point the greatest f orce is reached, t he
greatest acceler ation, def i ned 𝑎𝑝 , is reached too . It is possible to calculate the
inert ial f orce (𝐹), applied to the snow sample , and d ividing it by t he shear plane
area (𝐴). So, the crit ical shear strength ( 𝜏𝑎𝑝 ) is obtained:
𝐹 = 𝑚𝑓 𝑎𝑝 𝑔

𝜏𝑎𝑝 =

𝐹 𝑚𝑓 𝑎𝑝 𝑔
=
𝐴
𝐴

(15)

W here 𝑚𝑓 is the mass of f ractured snow and 𝑔 is the gravitat ional
accelerat ion. Af ter the calculat ion of the inertial f orce , it is possible to calculate the
normal and tangential stresses act ing on the f ailur e surf ace 𝐴 in the 3 cases
reported below (Fig. 3.12).
In the case a) t her e is no presence of shaking, theref ore the normal ( 𝜎𝑛 ) and
tangential ( 𝜏𝑛 ) tensions, along with sliding surf ace 𝐴, are generated by the weight
of the block itself (they are both assumed posit ive) :
𝜏𝑛 =

𝑚𝑓 𝑔 𝑠𝑒𝑛(𝛼)
𝐴

𝜎𝑛 =

𝑚𝑓 𝑔 𝑐𝑜𝑠(𝛼)
𝐴

(16)

In case b), in addition to weight action, the accelerati on due to the
earthquake, and ther ef ore the inertia l f orce, is taken into account. In this case, the
normal ( 𝜎𝑡 ) and tangential (𝜏𝑠𝑡 ) tensions, act ing on the sliding surface 𝐴, become:
𝜏𝑠𝑡 = 𝜏𝑛 + 𝜏𝑎𝑝 𝑐𝑜𝑠(𝛼) =

𝑚𝑓 𝑔 𝑠𝑒𝑛(𝛼) + 𝑚𝑓 𝑎𝑝 𝑔 cos(α)
𝐴

𝜎𝑡 = 𝜎𝑛 − 𝜏𝑎𝑝 𝑠𝑒𝑛(𝛼) =

𝑚𝑓 𝑔 𝑐𝑜𝑠(𝛼) − 𝑚𝑓 𝑎𝑝 𝑔 𝑠𝑒𝑛(𝛼)
𝐴

(17.1)
(17.2)

In this case, in addition to t he shear str ess, that tends to slide the block
downwar ds, there is also normal stress that tends to move it away f rom the slope.
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In the case c) the inertia l f orce has the same module, same direct ion but it
has the opposite way com pared to case b ). The normal (𝜎𝑐 ) and tangent ial (𝜏𝑠𝑐 )
tensions, act ing on the sliding surf ace 𝐴, are:
𝜏𝑠𝑐 = −𝜏𝑛 + 𝜏𝑎𝑝 𝑐𝑜𝑠(𝛼) =
𝜎𝑐 = 𝜎𝑛 + 𝜏𝑎𝑝 𝑠𝑒𝑛(𝛼) =

−𝑚𝑓 𝑔 𝑠𝑒𝑛(𝛼) + 𝑚𝑓 𝑎𝑝 𝑔 cos(α)
𝐴
𝑚𝑓 𝑔 𝑐𝑜𝑠(𝛼) + 𝑚𝑓 𝑎𝑝 𝑔 𝑠𝑒𝑛(𝛼)
𝐴

(18.1)
(18.2)

In this phase, the block presents normal and t angential tensions which lead
to keeping it adherent to the slope .
Applying this model to a real case , it is possible to obtain the critical value
of 𝑚𝑓 , being known the crit ical shear strength , the peak acceleration, slope
inclinat ion, and the sliding surf ace area, merely invert ing the equation (17 .1):
𝑚𝑓 =

𝜏𝑠𝑡 𝐴
𝑔(𝑠𝑒𝑛(𝛼) + 𝑎𝑝 cos(𝛼))

(19)

Being the snow densit y ( 𝜌) known , it is possible to estimate t he critical snow
thickness above the sliding surf ace (typica lly coinciding with t he weak layer):
ℎ𝑐𝑟 =

𝑚𝑓
𝜏𝑠𝑡
=
𝜌𝐴
𝑔 𝜌 (𝑠𝑒𝑛(𝛼) + 𝑎𝑝 cos(𝛼))

(20)

Fig. 3.12 a) Calculation of normal and tangential stresses in absence of shaking b) Calculation of normal and tangential
stresses when the shaking-table reaches the farthest point, on the same side where the slope is oriented c) Calculation of
normal and tangential stresses when the shaking-table reaches the opposite position compared to the case b.
Source: Podolskiy, Nishimura, Abe, Chernous. Earthquake-induced snow avalanches: II. Experimental study. Journal of
Glaciology 56, n. 197 (2010) p.453

Stability index of Hiroki Matsushita et al. (2013)
Matsushita et al. (2013) evaluat ed the st abilit y of the snowpack consider ing
the action of the earthquake. They began the analysis, as Podolskiy et al. (2010 ,
II), starting f rom the snowpack conditions in the absence of the earthquake, thus
def ining the f o llowing stabilit y index ( 𝑆𝐼), calculated with ref erence to a natural
slope, reported in Fig. 3.13:
𝑆𝐼 =

Σ𝑠
𝜎𝑛 𝑠𝑒𝑛𝜓

(21)
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where Σ𝑠 is the shear strength of the weak layer, 𝜎𝑛 is the weight of the block
above the weak layer divided by its surf ace (it can also be calculate d as the product
of snow densit y ( 𝜌), gravit y accelerat ion ( 𝑔) and snow thickness ( 𝐷) above the weak
layer: 𝜎𝑛 = 𝜌𝑔𝐷 [𝑁/𝑚2 ] ) and 𝜓 is t he inclination of the slope. Obviously, the
denom inator pr esent s the component of the weight acting along the weak layer.
At this point , it is possible to update the stabilit y index ( 𝑆𝐼𝐸 ) adding the
contribution given by the action of the earthquake . Given t hat the accelerat ion
generated by the earthquake is consider ed only in its horizontal component , as
shown in Fig. 3.13, the f ollowing expression f or stabilit y index is obtained :
𝑆𝐼𝐸 =

Σ𝑠
𝜎𝑛 (𝑠𝑒𝑛𝜓 + 𝑎 𝑐𝑜𝑠𝜓)

(22)

W here 𝑎 is the degree of horizontal acceleration, def ined as the ratio of the
accelerat ion generated by the earthquake to the acceler ation of gravit y ( 𝑔)
( Matsushita et al. 2013 cum bibl.). Below ar e shown , in Fig. 3.13, two ref erence
schemes f or the calculat ion of stabilit y indexes pr eviously reported:

Fig. 3.13 Schemes for the calculation of the stability index. I) Normal and tangential actions acting on the weak layer under
natural conditions II) Normal and tangential components of the acceleration, due to the earthquake, acting on the weak
layer.
Modified after. Source: Matsushita, Ikeda, Ito, Matsuzawa, Nakamura. Avalanches induced by earthquake in North Tochigi
prefecture on 25 February 2013. International Snow Science Workshop. Grenoble – Chamonix Mont-Blanc, (2013), p.1126

It is possible to make explicit the saf ety index, reported in equation 22 , taking
a cue f rom the saf ety f actor in case of soil slopes in and f rom the equilibr ium of
stresses inside the snowpack ( Matsushita et al. 2013 cum bibl.). Making these
considerat ions the saf ety index (equation 23) can be expressed as:
𝑆𝐼𝐸′ =

𝐶𝐿 + 𝜎𝑛 𝐿(𝑐𝑜𝑠𝜓 − 𝑎 𝑠𝑒𝑛𝜓)𝑡𝑎𝑛𝜙 + Σ𝑡 𝐷
𝜎𝑛 (𝑠𝑒𝑛𝜓 + 𝑎 𝑐𝑜𝑠𝜓)

(23)

W here 𝐶 [𝑁/𝑚2 ] expresses t he cohesion bet ween the grains and it can be
considered equal to the SFI (Shear Frame Index) ( Matsushita et al. 2013 cum bibl.) ,
𝜙 is the internal f riction angle, 𝐿 is the length of the sn ow layer above the weak
layer (Fig. 3.13.I), Σ𝑡 [𝑁/𝑚2 ] is the shear strength of the weak layer. The latter can
be def ined by the f ollowing relation in t he case of rounded grains ( Matsushita et al.
2013 cum bibl.) :
Σ𝑡 = 3.40 ∙ 10−4 𝜌3.24

(24)
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It is possible to observe that the shear strength in equation 23 was expr essed
in the same f orm as the Mohr -Coulomb f ailure cr iter ion ( Matsushita et al. 2013 cum
bibl.), namely:
Σ𝑠 = 𝐶 + 𝜎𝑛 𝑡𝑎𝑛𝜑

(25)

Stability factor of C. Pérez -Guillén et al . (2014) and Newmark analysis
Other studies concer ning the stabilit y of t he snowpack have been carried out
by Pérez-Guillén et al. (2014). They developed a r elease model, which takes into
account earthquake action, studying the relat ionship b et ween the shear strength of
the snowpack , at the weak layer , and the shear stress act ing on it. They, theref ore,
def ined the f ollowing stability f actor (S):
𝑆=

𝜏𝑓
𝜏 + ∆𝜏

(26)

where 𝜏𝑓 is the shear strength, 𝜏 is t he shear stress due t o the weight of the
snow slabs above the weak layer and ∆𝜏 is the additional she ar stress due to the
earthquake ( Pérez- Guillén et al.,2014). This model was conceived as a s af ety
f actor: f ailure occur s when the denominator is equal (limit equilibr ium) or higher
than the numer ator.
Assum ing the x-direction as the d irection in which the weak layer develops,
the shear stress (𝜏𝑥 (𝑡)), acting on the weak layer , can be descr ibed as the sum of
the weight ( x component) of the dif f erent snow layers above it, to which the stress
along x, caused by earthquake acceler ation ( 𝑎𝑥 (𝑡)), is added ( Pérez-Guillén et
al.,2014) :
𝜏𝑥 (𝑡) = ∑ 𝜌𝑖 ℎ𝑖 ∙ (𝑔 ∙ 𝑠𝑒𝑛(𝛼) + 𝑎𝑥 (𝑡))
𝑖

(27)

where 𝜌𝑖 and ℎ𝑖 are the densit y and height of each layer, 𝛼 is the inclinat ion
of the slope and 𝑔 is the gravitat ional acceleration. It is possible to obser ve the
dependence of the shear stress over time. It f ollows that the maximum shear stress
is obtained at the tim e f or which maximum accelerat ion ( PGA) occurs (Pérez-Guillén
et al.,2014) :
𝜏𝑥 𝑀𝐴𝑋 (𝑡) = ∑ 𝜌𝑖 ℎ𝑖 ∙ (𝑔 ∙ 𝑠𝑒𝑛(𝛼) + 𝑎𝑥 (𝑡𝑃𝐺𝐴 ))
𝑖

(28)

For shear strength dif f erent expressions can be used depending on layers
composition: decomposing f orms (𝜏𝐼 ) or f aceted cr ystals ( 𝜏𝐼𝐼 ). The expressions were
obtained by Jamieson and Johnson (Pérez-Guillén et al.,2014 cum bibl. ):
𝜏𝐼 = 14.5 ∙ 103 (

𝜌 1.73
)
𝜌𝑖𝑐𝑒

𝜏𝐼𝐼 = 18.5 ∙ 103 (

𝜌 2.11
)
𝜌𝑖𝑐𝑒

(29.1)
(29.2)

W here 𝜌 is the layer densit y and 𝜌𝑖𝑐𝑒 is the ice densit y. These expr essions
were used to calculate the stabilit y f actor respectively in the case of shallow ( 𝑆𝑠 )
and deep ( 𝑆𝑑 ) snow avalanche release (Pér ez-Guillén et al.,2014) .
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𝑆𝑠 =
𝑆𝑑 =

𝜏𝐼
𝜏𝑚𝑎𝑥
𝜏𝐼𝐼

(30.1)
(30.2)

𝜏𝑚𝑎𝑥

Finally, it is possible to use t he Newmark method to def ine the cumulat ive
displacement (D) of a block , due to the earthquake accelerat ion, as f ollows (Pér ezGuillén et al.,2014) :
𝐷 = ∬(𝑎(𝑡) − 𝑎𝑐 )𝑑𝑡 2

(31)

W here 𝑎(𝑡) is the acceleration of the earthquake at time t, 𝑎𝑐 is the crit ical
accelerat ion. The lat ter can be expressed , by combining the parameters descr ibed
above, as f ollows ( Pérez-Guillén et al.,2014) :
𝑎𝑐 = (𝑆 − 1) ∙ 𝑔 ∙ 𝑠𝑒𝑛(𝛼)

(32)

4. The case study: Central Apennines in January 2017
The present study will deal , f or Appennino Umbro - Marchigiano and Appennino
Abruzzese, the geomorphological and nivo-meteorological analysis of snow
avalanches release areas sur veyed in Januar y 2017, through photo - interpret ation,
by Ph.D. Igor Chiambr etti, AINEVA Technical Director. Also, release areas were
character ized on the basis of the PGA reported by the seism ic hazar d map.
Subsequently, we tr ied to understand which accelerations wer e f elt by these areas
during some earthquakes that occurred during the 18 t h Januar y 2017 . Also, we tried
to def ine, as a result of statistics made from GIS elaborations, which are the
possible releases triggered by earthquakes. To have a well -def ined border, the
study area is contained within the administrative limits of Abruzzo, Lazio, Marche,
Molise and Umbr ia regions. It is emphasized that the elaborations that will be
carried out have reliabilit y only on a regional scale.

4.1 Regions of interest seismicity
To carry out the processing described above, we started by searching f or
regions of inter est seismicit y . The seism ic basic hazard map, provided by the ING V,
which shows the PG A values (50 t h percentile) , according to a regular grid of 0.02°
(planar distance of about 3 km ), f or a given exceedance probabilit y (P V R ) in a given
ref erence lif e ( V R ), was taken into consideration . Fig. 4.1 exhibit s, f or regions of
interest, the seism ic basic hazard map with PGA values f or an exceedance
probabilit y of 10% in 50 years.
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Fig. 4.1 Seismic basic hazard map for regions of interest: PGA (50 th percentile) for a exceedance probability of 10% in 50
years. Note: The figure was obtained by mapping the standard values of ag (50th percentile), with a regular step of 0.02 °,
found on the INGV website: http://zonesismiche.mi.ingv.it/elaborazioni/.

It is possible to o bserve how the Apennine area, located in the central por tion
of the map, show PGA values included bet ween 0.175 and 0.275 g. According to
the Ordinance of Mar ch 20, 2003, n.3274, Italy was divided int o 4 se ismic zones as
shown in Table 8. It f ollows that the Apennine area, being in seism ic zones 1 and
2, is a strongly seismic area with the highest PGA values. This is because the
Apennine arc h of Central Italy, as report ed by DISS in version 3.2.1, completed in
July 2016 and published in Apr il 2018, pr ese nts a high concentration of CSS.
Table 8 Definition of seismic zones according to the ordinance of March 20, 2003, n.3274

1

horizontal acceleration with an exceedance
probability of 10% in 50 years
> 0.25

2

0.15 - 0.25

3

0.05 - 0.15

4

< 0.05

zone

In Fig. 4.2 the seism ic basic hazar d map, with an exceedance probabilit y of
10% in 50 years , to which the CSS , reported by the DI SS, were super imposed, is
shown. Each CSS presents an ident if ication code (ID Source) that allows its
recognit ion. Name and c haracterist ics of each CSS ar e repor ted in Table 9.
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Fig. 4.2 Seismic basic hazard map for regions of interest (PGA (50th percentile) for an exceedance probability of 10% in
50 years) to which the CSS, reported by DISS (version 3.2.1; Source: http://diss.rm.ingv.it/diss/index.php/DISS321 ), were
superimposed. Each CSS presents an identification code (ID Source) that allows its recognition. Information for each CSS
is reported in Table 9.

Table 9 Characteristics of each CSS in the study area. Note: the information shown in the table are fewer than those
available from the database (Source: http://diss.rm.ingv.it/diss/index.php/DISS321 (exported from CSS shapefile Attribute
Table))
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The seismic f ramework was completed searching f or earthquakes that
occurred in these regions in the year 2017. Earthquakes have been recovered f rom
the database ITACA (Italian Acceleromet ric Archive rel. 2.3) which reports events
data f rom 1972 to 2017 allowing to search using dif f erent f ilters. An identif ying ID ,
dif f erent f rom the original one , was attributed to each earthquake. The earthquakes
location is shown in Fig. 4.3, while their character ist ics are r eported in Table 10.

Fig. 4.3 Earthquakes occurred within the regions of interest (2017), superimposed on CSS. The earthquakes
representation is different depending on the magnitude. An identifying ID, different from the original one, has been
attributed to each earthquake. Information for each earthquake is reported in Table 10.
Table 10 Information for each earthquake recovered from the database ITACA in the study area (2017). Note: the
information shown in the table are fewer than those available from the database (Source: http://itaca.mi.ingv.it ). The
earthquakes that occurred in January 2017 (17/30 total) are shown in red. Among these, 4 earthquakes have Mw ≥ 5 (ID:
5, 8, 12, 13)

ID

Event id (ITACA)

mm/dd/yy

hh:min:sec Region

Epicenter

z [km] ML MW

1 EMSC-20170910_0000129

09/10/17

7:58:10 PM

Abruzzo

Tagliacozzo

8.0

4.0

-

2 EMSC-20170722_0000016

07/22/17

2:13:07 AM

Abruzzo

Campotosto

20.0

4.3

-

3 EMSC-20170409_0000007

04/09/17

1:52:28 AM

Abruzzo

-

5.0

4.0

-

4 EMSC-20170220_0000016

02/20/17

3:13:30 AM

Abruzzo

Montereale

11.0

4.0

-

5 EMSC-20170118_0000119

01/18/17

1:33:37 PM

Abruzzo

Montereale

10.0

5.1

5

6 EMSC-20170118_0000077

01/18/17

12:01:17 PM Abruzzo

-

13.7

3.4

-

7 EMSC-20170118_0000048

01/18/17

10:39:24 AM Abruzzo

Capitignano

11.0

4.1

-

8 EMSC-20170118_0000037

01/18/17

10:25:26 AM Abruzzo

Montereale

8.9

5.3 5.4

9 EMSC-20170118_0000049

01/18/17

10:24:16 AM Abruzzo

Amatrice

10.0

4.0

-

10 EMSC-20170118_0000051

01/18/17

10:16:39 AM Abruzzo

Montereale

10.7

4.6

-

11 EMSC-20170118_0000059

01/18/17

10:15:33 AM Abruzzo

Capitignano

9.8

4.7
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12 EMSC-20170118_0000034

01/18/17

10:14:12 AM Abruzzo

Capitignano

9.1

5.4 5.5

13 EMSC-20170118_0000027

01/18/17

9:25:42 AM

Abruzzo

Montereale

9.2

5.3 5.1

14 EMSC-20170105_0000083

01/05/17

7:52:59 PM

Abruzzo

Barete

10.0

3.3

-

6 EMSC-20170118_0000077

01/18/17

12:01:17 PM Abruzzo

-

13.7

3.4

-

7 EMSC-20170118_0000048

01/18/17

10:39:24 AM Abruzzo

Capitignano

11.0

4.1

-

8 EMSC-20170118_0000037

01/18/17

10:25:26 AM Abruzzo

Montereale

8.9

5.3 5.4

9 EMSC-20170118_0000049

01/18/17

10:24:16 AM Abruzzo

Amatrice

10.0

4.0

-

10 EMSC-20170118_0000051

01/18/17

10:16:39 AM Abruzzo

Montereale

10.7

4.6

-

11 EMSC-20170118_0000059

01/18/17

10:15:33 AM Abruzzo

Capitignano

9.8

4.7

-

12 EMSC-20170118_0000034

01/18/17

10:14:12 AM Abruzzo

Capitignano

9.1

5.4 5.5

13 EMSC-20170118_0000027

01/18/17

9:25:42 AM

Abruzzo

Montereale

9.2

5.3 5.1

14 EMSC-20170105_0000083

01/05/17

7:52:59 PM

Abruzzo

Barete

10.0

3.3

-

15 EMSC-20170624_0000039

06/24/17

8:30:09 AM

Marche Penna San Giovanni

20.0

4.1

-

16 EMSC-20170427_0000119

04/27/17

9:19:43 PM

Marche

Visso

8.0

4.1

-

17 EMSC-20170427_0000114

04/27/17

9:16:59 PM

Marche

Visso

9.0

4.2

-

18 EMSC-20170203_0000032

02/03/17

5:40:34 AM

Marche

Pieve Torina

8.0

3.9

-

19 EMSC-20170203_0000018

02/03/17

4:10:05 AM

Marche

Monte cavallo

7.1

4.4 4.2

20 EMSC-20170203_0000016

02/03/17

3:47:55 AM

Marche

Monte cavallo

6.0

4.1

-

21 EMSC-20170105_0000041

01/05/17

11:34:18 AM

Marche

-

10.0

3.3

-

22 EMSC-20170209_0000098

02/09/17

9:58:27 AM

Umbria

Spoleto

9.0

4.0

-

23 EMSC-20170105_0000079

01/05/17

6:38:32 PM

Umbria

Norcia

11.0

3.1

-

24 EMSC-20170102_0000021

01/02/17

3:36:14 AM

Umbria

Spoleto

7.5

4.1 3.9

25 EMSC-20171203_0000085

12/03/17

11:34:11 PM

Lazio

Amatrice

0.0

4.6

-

26 EMSC-20170630_0000001

06/30/17

12:25:17 AM

Lazio

Amatrice

12.0

4.1

-

27 EMSC-20170121_0000027

01/21/17

9:35:55 AM

Lazio

Accumoli

10.3

3.8 3.7

28 EMSC-20170118_0000199

01/18/17

7:32:32 PM

Lazio

Amatrice

12.6

4.3 4.2

29 EMSC-20170118_0000154

01/18/17

3:16:13 PM

Lazio

Amatrice

10.2

4.3 4.3

30 EMSC-20170118_0000053

01/18/17

11:07:39 AM

Lazio

Amatrice

10.3

4.3 4.1

4.2 Nivo-meteorological data in the period of interest
As alr eady mentioned, it is cr itical to take into considerat ion the weather condit ions
and the state of the snowpac k. In this regard, the Meteomont service bullet ins were
consulted. In part icular, the bullet ins of the Appennino Umbro - Marchigiano ( 07
sector) and Grandi Massicci A ppenninici and Appenninno A bruzzese (04 sector )
sectors were consult ed. Ident if ication of investigated sect ors is reported in Fig. 4.4.
Dates of greatest interest are Januar y 14 t h to 18 t h , 2017, because, dur ing this
period, there was an intense avalanche activit y. Sibillini Mountains, Mont i della
Laga, Gran Sasso Massif , Majella Massif and Matese Massif wer e the mountain
sectors mainly concerned (Chiambr etti at al., 2017).

Fig. 4.4 Investigated Meteomont sectors.
Modified after. Source: http://www.meteomont.gov.it/infoMeteo/jsp/mwablx803.jsp
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4.2.1 Sector 07: “Appennino Umbro-Marchigiano”
Below is reported the descr ipt ion of snow conditions f or the “Appennino
Umbro- Marchigiano” sector in the period of interes t. The f ollowing evaluat ions are
carried out on a synoptic -regional scale.
On Januar y 14 t h , 2017, the snowpack, moderately consolidated on many steep
slopes, consisted of wet snow layers up to the ground . In the release areas, snow
settled on wind crusts , which can act as a weak interf ace. Such situation can cause
avalanches with low overload. On January 15 t h , 2017, f resh and dr y snow layers
were deposited over the pre-exist ing wind crusts. Once again, the snowpack was
moderately consolidated on many steep slopes . On Januar y 16 t h , 2017, due to
abundant snowf alls accompanied by strong wind the presence of sof t wind slabs
was highlighted over the pre-exist ing wind crusts . The snowpack was already
weakly consolidated and mostly unstable on man y slopes. The greatest danger was
connected to t he wind act ivit y which reworked the f resh snow distr ibut ion loading
the downwind slopes . On Januar y 17 t h , 2017, the snowpack condit ions wer e sim ilar
to those of the previous day, but due to the widespr ead snowf alls , of moderate and
strong intensity, the snowpack thickness increased. At the highest elevat ions, the
wind act ivit y persist ed. On Januar y 18 t h , 2017, the situat ion was still ver y similar to
the previous day. As a result of wind act ivit y, the slabs releases, medium or large,
on the wester n and souther n slopes , were possible also with weak overload.
(summarized f rom Meteomont bullet ins).
In this area, there are t wo subsectors: “Appennino Marche Settentr. ” and
“Appennino Marche M er id.-Sibillini”. For these subsect ors, the bullet in provides
snow height (line) and snow avalanches hazard data (histog ram) , reported in Fig.
4.5, f or days of inter est.

Fig. 4.5 Snow height (line) and snow avalanches hazard data (histogram), for days of interest, in "Appennino Marche
Settentr." and "Appennino Marche Merid.-Sibillini" sub-sectors.
European scale of avalanche hazard degree: 1- weak 2- moderate 3- marked 4- strong 5- very strong
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do

It is possible to observe the increasing snow height (f resh and not), as wel l
as the snow avalanches hazard level, f rom Januar y 14 t h to 18 t h , 2017.
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Inside the daily bulletin, there are f orecasts, concerning the values of
temperature, winds, and precipitation, regarding the t wo f ollowing days. For each
bullet in con sult ed, to improve dat a reliabilit y, only t he f orecast f or the f ollowing da y
was considered. Theref ore, the f orecast for the second f ollowing day is entrusted
to the f ollowing bulletin. Start ing f rom f orecast ed data, it is possible to understand
temperature, f reezing level and wind trend f or days of interest. These quantities are
shown in the f ollowing graphs.

Fig. 4.6 Forecasted data for temperatures at 1000, 2000 and 3000 m, in the days of interest, in "Appennino Marche
Settentr." and "Appennino Marche Merid.-Sibillini" subsectors.
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do

Fig. 4.6 shows temperatures trend (at the alt itude of 1000, 2000 and 3000 m)
in the t wo subsectors. At 1000 m , on January 16 t h , temperatures tend ed to decrease
by f ew degrees in both subsectors, while they returned to their initial values on
Januar y 18 t h , wit h a t wo-degree increase in the sub sect or "Appennino Marche
Mer id.-Sibillini". On average, there was an increase in temperature f rom Januar y
15 t h to 18 t h at 2000 and 3000 m . This incr ease was part icular ly evident at 3000 m.
Fig. 4.7 shows f reezing level trends 1, in subsectors analyzed, for the days of
interest . Freezing level is t he alt itude value at which temperature is zer o Celsius
degrees and above which temper ature is always below zero Celsius degrees . A
similar trend is observed in both subsectors. In particular , we obser ve a f irst
decrease of f reezing level f rom Januar y 15 t h to 17 t h h: 6.00, f rom which an increase
was expect ed until Januar y 18 t h . Values reached on this last date are similar to t he
initial ones f or th e "Appennino Marche Settentr." subsector, while they are higher
in the other one . Moreover, f reezing level of "Appennino Marche Mer id. - Sibillini"
subsect or is always above than the other one . On average, the dif f erence bet ween
sectors increases f rom Januar y 15 t h to 18 t h , going from 100 m up to 400 m .

The bulletin presents an altitude range within which it is possible to find the freezing level. For convenience,
we have shown the freezing level trend considering the average value of the indicated range. The real value
of the freezing level could be above or below the indicated value, up to ±100 m.
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Fig. 4.7 Forecasted data for freezing level, in the days of interest, in "Appennino Marche Settentr." and "Appennino Marche
Merid.-Sibillini" subsectors
Source: Graph obtained from data of Meteomont bulletins: : http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do

The f ollowing f igures show wind speed (line) and direction (dots) data, in the
two subsectors, f or the days of interest , at altitudes of 1000, 2000 and 3000 m (Fig.
4.8, Fig. 4.9, Fig. 4. 10). Compar ed to the bulletin , wind speed, expressed in knots,
was converted to Km/h , while th e wind dir ection was expressed in degrees.

Fig. 4.8 Forecasted data for wind speed (line) and wind direction (dots) (1000 m), in the days of interest, in "Appennino
Marche Settentr." and "Appennino Marche Merid.-Sibillini" subsectors
Wind direction Legend: 0: N 45: N-E 90: E 135: S-E 180: S 225: S-W 270 W 315: N-W 360: N
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do
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Fig. 4.9 Forecasted data for wind speed (line) and wind direction (dots) (2000 m), in the days of interest, in "Appennino
Marche Settentr." and "Appennino Marche Merid.-Sibillini" subsectors.
Wind direction Legend: 0: N 45: N-E 90: E 135: S-E 180: S 225: S-W 270 W 315: N-W 360: N
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do

Fig. 4.10 Forecasted data for wind speed (line) and wind direction (dots) (3000 m), in the days of interest, in "Appennino
Marche Settentr." and "Appennino Marche Merid.-Sibillini" subsectors
Wind direction Legend: 0: N 45: N-E 90: E 135: S-E 180: S 225: S-W 270 W 315: N-W 360: N
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do
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At an altitude of 1000 m (Fig. 4.8), a very diff erent wind speed is obser ved in
the t wo subsectors. The trend was f ound to be approximately constant, wit h slight
var iat ions in the "Appennino Marche Mer id. -Sibillini" subsect or , while it was more
var iable and with greater intensit y (about 3 times higher) in the other sub sector .
Vice versa, the wind blew in both cases mainly f rom North-East, although in the
initial phase of the day Januar y 15 t h and in the f inal phase of the days Januar y 17 t h
and 18 t h the wind blew mainly f rom East. At an altit ude of 2000 m (Fig. 4.9), in the
"Appennino Marche S ettentr." subsect or, wind speeds did not change much,
compared to those expected at an altitude of 1000 m. On the contrar y, in the other
subsect or, wind speeds grew considerably, more than doubling. E xcluding the end
of January 15 t h , the entire Januar y 16 t h and the beginning of Januar y 17 t h , in which
a prevailing wind direction (North- East), in both sectors , was f ound, on the other
days, wind provenance varied in both sectors bet ween North and North -East. At an
alt itude of 3000 m (Fig. 4.10), wind speeds were ver y similar in two sub -sectors and
slightly higher than those expected at 2000 m. Mor eover, there was a marked
intensit y increasing on Januar y 18 t h f or the "Appenni no Marche Merid.-Sibillini"
subsect or. It was f ound that, at this altit ude, wind, in both sectors and throughout
the whole period of interest, blew mainly f rom East.

4.2.2 Sector 04: “Grandi Massicci Appenninici and Appennino Abruzzese”
Below is reported t he description of snow conditions f or “Grandi Massicci
Appenninici and Appennino Abr uzzese” sector in the period of interest. The
f ollowing evaluations are carried out on a synopt ic -regional scale.
On Januar y 14 t h , 2017, the snowpack consisted of melt and f reeze crusts,
hard and sof t, alternating wit h loose snow layers over moderately consolidated
layers. The avalanche hazard grew in areas where wind act ivit y redistr ibuted the
snowpack , with the f ormation of great accumulations. Small spontaneous surf ace
loose snow avalanches , were obser ved. On Januar y 15 t h , 2017, the snowpack
situat ion was almost identical to that f ound the previous day . On Januar y 16 t h , 2017,
the snowpack was composed by f resh and dry snow layers with weak cohesion over
moderately cons olidated laye rs. The snowpack was generally moderately
consolidated. On Januar y 17 t h 2017, t he snowpack was weakly consolidated and
mostly unstab le on all steep slopes: f resh and dr y snow was above weak ly
consolidated layers. On Januar y 18 t h , 2017, the snowpack situat i on was almost
identical to that f ound the previous day . ( summarized f rom Meteomont bulletins).
In this ar ea, ther e are f our subsectors: “Laga-Gransasso-Terminillo”,
“ Maiella”, “Appennino Centro -mer idionale” and “Appennino Molisano” . For these
sectors, the bullet in provides snow height (line) and snow avalanches hazard data
(histogram) , f or days of interest, reported in Fig. 4.11. It is possible t o obser ve the
increasing snow height, as well as the snow avalanches hazar d level, f rom Januar y
14 t h to 18 t h 2017., There was a f resh snow height increasing up to Januar y 16 t h ,
while bet ween January 16 t h and 17 t h there was a f resh snow thickness decreasing
in all subsectors. The achieved values will remain constant even on Januar y 18 t h
2017.
As previously stated, inside t he daily bullet in t her e are f orecasts regarding
the t wo f ollowing days . Also in this case , to improve data reliabilit y, f or each daily
bullet in con sult ed, only the f orecast f or the f ollowing day was considered. T he
f orecast f or the second f ollowing day is entrusted to the f ollowing bullet in.
Theref ore, s tarting from f orecasted data, it is possible to understand temperatur e,
f reezing level and wind trend f or days of interest. These quant ities ar e shown below .
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Fig. 4.11 Snow height (line) and snow avalanches hazard data (histogram), on days of interest, in “Laga-GransassoTerminillo”, “Maiella”, “Appennino Centro-meridionale” and “Appennino Molisano” subsectors
European scale of avalanche hazard degree: 1- weak 2- moderate 3- marked 4- strong 5- very strong
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do

Fig. 4.12 Forecasted data for temperatures at 1000, 2000 and 3000 m, in the days of interest, in “Laga-GransassoTerminillo”, “Maiella”, “Appennino Centro-meridionale” and “Appennino Molisano” subsectors
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do
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Fig. 4.12 shows t he temperatures trend (at the alt itude of 1 000, 2000 and
3000 m) in the f our subsect ors. The overall temperature trend, at all alt itude s and
f or all subsectors, was a gradual increasing f rom Januar y 15 t h to 18 t h . Concerning
the init ial value , in all subsectors and at all altitudes , there was a 4 -5 °C average
increase dur in g the period of interest. For all the altitudes, except f or 1000 m, it
was f ound that "Laga-Gransasso-Terminillo" subsector was the one with the lowest
temperatur es. At 1000 m the " Maiella" subsector had the lowest temperatures. The
highest temperatur e values, at all alt it udes, wer e mainly f ound in "Appennino
Molisano" and " Appennino Centro Meridionale " subsectors.
Fig. 4.13 shows f reezing level trend, in subsectors analyzed, f or days of
interest. The same considerat ions, relat ing to the analysis of the f reezing level data
of Meteomont bulletins, previousl y carried out f or the "Ap pennino Umbr oMarchigiano" sector , and reported in note 1, are repeated. A similar trend was
obser ved in considered subsectors. It is noted that lower f reezing levels values
were shown by "Laga-Gransasso-Terminillo" subsect or while, a mong the r emaining
subsect ors, no one had predominant values concerning the others. It is also
obser ved that, except f or the "Maiella" sub sect or, in the ot her cases there was a
sort of periodicit y, of about 12 hours, in the trend. However, on average, f rom
Januar y 15 t h to 18 t h , a f reezing level growth was obser ved in all subsectors.

Fig. 4.13 Forecasted data for freezing level, in the days of interest, in “Laga-Gransasso-Terminillo”, “Maiella”, “Appennino
Centro-meridionale” and “Appennino Molisano” subsectors.
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do

The f ollowing f igures show wind speed (line) and direction (dots) data, in the
investigated subsect ors, f or the days of interest, at alt itudes of 1000, 2000 and
3000 m (Fig. 4.14, Fig. 4.15, Fig. 4.16) . As already ment ioned , compar ed to the
bullet in, wind speed, expressed in knots, was converted to Km/h, while the wind
direct ion was expressed in degrees.
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Fig. 4.14 Forecasted data for wind speed (line) and wind direction (dots) (1000 m), in the days of interest, in “LagaGransasso-Terminillo”, “Maiella”, “Appennino Centro-meridionale” and “Appennino Molisano” subsectors.
Wind direction Legend: 0: N 45: N-E 90: E 135: S-E 180: S 225: S-W 270 W 315: N-W 360: N
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do

Fig. 4.15 Forecasted data for wind speed (line) and wind direction (dots) (2000 m), in the days of interest, in “LagaGransasso-Terminillo”, “Maiella”, “Appennino Centro-meridionale” and “Appennino Molisano” subsectors.
Wind direction Legend: 0: N 45: N-E 90: E 135: S-E 180: S 225: S-W 270 W 315: N-W 360: N
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do
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Fig. 4.16 Forecasted data for wind speed (line) and wind direction (dots) (3000 m), in the days of interest, in “LagaGransasso-Terminillo”, “Maiella”, “Appennino Centro-meridionale” and “Appennino Molisano” subsectors.
Wind direction Legend: 0: N 45: N-E 90: E 135: S-E 180: S 225: S-W 270 W 315: N-W 360: N
Source: Graph obtained from data of Meteomont bulletins: http://www.meteomont.gov.it/infoMeteo/caricaPaginaStorici.do

At an alt itude of 1000 m (Fig. 4.14), in the investigated areas, wind speeds
were ver y similar to each other. The high est values were f ound in t he " Appennino
Centro Meridionale " subsect or, while the smaller one s were f ound in t he " Maiella"
sub-sector. There was a visible wind speed increasing in all sub-sectors bet ween
Januar y 17 t h and 18 t h , f ollowed by a rapid decreasing at the end of the last day.
Throughout the whole period, the "Appennino Centro Meridionale " subsect or
presented a wind that blew mainly f rom East, while in the "Laga-GransassoTerminillo" sub sector the wind blew mainly f rom the North -East. In the remaining
two subsectors, it changed direct ion roughly ever y day and, in both sectors, on
Januar y 16 t h and 18 t h , the wind blew northward and north -east respect ively. At an
alt itude of 2 000 m (Fig. 4.15), there was a wind speed trend similar to that already
seen above. In the "Laga -Gransasso-Ter minillo", "Appennino Centro Mer idionale "
and " Maiella" subsectors cont inuous speed increases and decr eases were obser ved
throughout the whole per iod. The trends were in phase. O n the contrar y, in the
"Appennino Molisano " subsector, the trend was in phase opposition, except on t he
day Januar y 18 t h in which there was a sudden incr ease. In t he "Appennino Centro
Mer idionale" subsector the wind blew mainly f rom East, while in "Laga -GransassoTerminillo" subsector it blew mainly f rom North-East. In the ot her subsect ors, daily,
there were continuous changes in wind direct ion. At an altit ude of 3 000 m (Fig.
4.16), The same tr end was obser ved in all the sub sectors: moderate or low intensit y
up to h:12.00 on Januar y 17 t h , f rom which there was a sudden speed increasing. It
was f ollowed by a rapid speed decreasing at the end of Januar y 18 t h . In the
"Appennino Centro Mer idionale " subsect or a prevalent wind direct ion , f rom SouthEast, up to Januar y 16 t h was recorded; subsequent ly , the prevailing direct ion was
East. The latter was t he main direct ion, in the other sectors, during the entire per iod
of interest.
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4.2.3 Cumulated snow precipitation
In addition to data retrieved f rom bullet in s, it was possible to consult the f resh
snow cumulative values, f or the period Januar y 15 t h to 18 t h , 2017, and f or regions
of interest (courtesy of Ph.D. Igor Chiambretti). It is emphasized that in Meteomont
bullet ins, in addit ion to the previously reported inf ormation , there are data of snow
height, cumulative snow in 24 h and minimum and maximum temperature recor ded
in some stations. These data are f undam ental because they are real dat a and not
f orecasted data. The main problem is that, in the period considered, stations with
available dat a are not always the same and, moreover, they are ver y thin ned away
on the t erritor y. Such data can be usef ul at the local scale, but they are virtually
unusable on a regional scale. G iven the lack of data availabilit y in many stat ions,
the cumulative values were calculated thanks to the application of a meteorological
model ( Moloch) and compared with NASA satellite images (Chiambretti et al., 2018) .
These values have been reported in Fig . 4.17. During the considered per iod, the
average cumulative values , at 1500 m , were bet ween 150 and over 300 c m on the
Adriatic slopes and around 100 - 150 cm on the Tyrrheni an slopes. Locally, the
cumulative values were higher, also reaching 500 cm . (Chiam bretti et al., 2018).

Sibillini Mountains

Laga Mountains
and Gran Sasso
Massif

Sirente Velino
Mountains

Majella Massif

Simbruini and
Ernici Mountains

Matese Mountains

Fig. 4.17 Fresh snow cumulated values [cm] for the period January 15th-18th 2017 in regions of interest and indication of
main mountain sectors. Data derived from Moloch model and compared with NASA satellite images.
Source: Image obtained from cumulative precipitation raster data (courtesy of Ph.D. Igor Chiambretti) and cut out for
regions of interest.
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To better understand how the perturbation developed, the cumulat ive snow
height f requency values were calculated f or the main mount ain sectors aff ected by
the snow avalanche s. The mountain sectors considered are Gran Sasso Massif and
Laga Mountains, Majella Massif , Matese Mountains, Sibillini Mountains, Simbruini
and Ernici Mountains and Sirente Velino Mountains. To ident if y dif f erent mountain
sectors the SIC- ZPS off icial catalog, reported by Geoportale Nazionale, was used.
Frequency graphs of cumulative snow height , calculated f or previous mount ain
sectors, are shown in Fig. 4.18. For comparing the distribut ions obtained, f or each
of them a boxplot has been cr eated and compared to all the ot hers. The compar ison
bet ween the dif f erent boxplots is shown in Fig. 4.19.

Fig. 4.18 Frequency graphs of cumulative snow height calculated for main mountain sectors affected by snow avalanches
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Fig. 4.19 Cumulative snow height boxplot (minimum, 1st quartile, median, 3rd quartile, maximum and mean) for main
mountain sectors affected by the avalanche phenomena

It is obser ved that the mountainous areas mainly aff ected by t he perturbat ion
are Laga Mountains, Gran Sasso and Maj ella Massif s. In these sectors the averag e
cumulative value is bet ween 400 and 5 00 cm, but the maximum values also exceed
500 cm. The minimum values are just under 350 cm. Sibillini f ollows: in this case,
the average cumulat ive value is located just above 400 cm. The maxima in this ar ea
are more contained, but still bet ween 400 and 500 cm. In all t hese sectors, most of
the cells presen t very high cumulative values and this can be considered as the
main reason f or which in these sectors the high est concentrat ion of avalanches was
f ound. To this , the pr edisposing conditions such as slopes, exposure and cur vatur e
of these areas must be added . These f actors will be taken into consideration
subsequently f or the character izat ion of snow avalanches release ar eas . In this
study also the eart hquake will be investigated as a possible cause of snow
avalanches release. In Mat ese and Sirente Velino Mountains, there are still hi gh
values of cumulative snow height , but still lower than sectors already listed. In the
Matese Mountains the maximum values are just above 350 cm, while the minimum
values f all to about 130 cm. In Sirente Velino the maximu m and minimum values
are higher, and the aver age value is around 350 cm. Fina lly, there is the Simbruini
and Ernici mountain sector where the lowe st cumulative values were f ound, in f act,
the cumulat ive snow height values are bet ween 50 and 200 cm. In these last 3
sectors a lso snow avalanches were less f requent. Overall, it is obse r ved that the
mountain areas most aff ected by the perturbation are the east ern ones. This aspect
will be deepened in t he char acterization of release areas. For t he mountain sectors
most aff ected by snow avalanches, the release areas will be character ized f rom the
meteorological point of view considering both the Adr iat ic side and the Tyrrhenian
side. W e proceeded in this way to understand if the snow deposition has mainly
aff ected a certain mountain sector side and, if so, we will try to research the reason.
Bef ore character izing release areas, it is necessar y to perf orm the
geomorphological analysis f or the study area by calculat ing dif f erent topographic
attributes. Subsequently , it will be possible to extr act obt ained values exclusively
f or release areas. In this way, it will be possible to proceed to the stat istica l
character izat ion f or these areas . These aspects will be deepened af ter.
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4.3 Geomorphological analysis2
4.3.1 DEM: SRTM (Shuttle Radar Topography Mission)
DEM ( Digit al Elevation Model) can be considered as a stat istical surf ace that
estimates the altitude value at a poi nt starting from measured data, obtained wit h
a repetit ive and regular patter n, and only in some equidistant points. Gener ally,
DEM is a r aster product in which each cell is character ized by 3 coordinat e s: t wo
spatial coordinates and one coord inate indicating altitude value . DEM represents
the trend of the Ear th's surf ace elevat ion including the nat ural elements and t he
human-made artif acts . DEM obtained f rom SRT M (Shuttle Radar Topography
Mission) was used in this study . In particular, NASA Version 3.0 SRTM 3 (SRT M
Plus), with 30 m resolution, was used. This data was obt ained thanks to the
collaborat ion of various international space agencies , using the radar interf erometry
method. Topographic data f rom other sour ces were used to f ill the gaps (“ voids”) in
earlier versions of SRT M data (The SRT M Collection User Guide, 2015) . The
alt itude values are obtained starting from the phase dif f er ence bet ween signals sent
by satellite and signals returning to the aerial platf orm, which depend on the
distance to the ground. Subsequently, the database must be completed by f illing
“voids" with processing data carr ied out on other DEMs. This last operat ion ,
consisting of shif ting, resampling and int erpolating data, can introduce art if acts in
some topographic f eatures (The SRT M Collect ion User Guide, 2015) . It is possible
to obser ve the pr esence of such artif acts, f or example, in the extract of the slope
raster, reported in Fig. 4.20 , and obtained start ing f rom SRTM DEM. Anyway, an
accurate descr ipt ion of the SRT M version 3.0 processing can be f ound in The SRT M
Collection User Guide (2015), while r adar interf erometry i s explained in Rosen and
others (2000) (The SRT M Collect ion User Guide, 2015).

Fig. 4.20 Slope raster extract. Some artifacts produced starting from the SRTM DEM are highlighted with treated lines.

In this case, slope values obtained along these artef acts do not represent the
true slope values of the topographic surf ace. Consequently, the f inal result present s
the background noise. It is possible t o use some f ilter ing techniques to improve the
shape of the s urf ace, even if the backgrou nd noise will always be present (W ilson
All geomorphological analysis rasters were obtained with SAGA GIS Tools and using a Kernel of 3x3 (cell
unit). Geomorphological structures greater than this window couldn’t be correctly classified. Used kernel was
dimensioned according to the average size of structures of interest.
3 It was decided to use the SRTM DEM since the open source data available for the entire national territory
present inferior quality. Furthermore, it would be difficult to combine DEM data from different regions because
they are obtained with different resolutions and methods.
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and Gallant, 2000) . In this case, no f iltering techniques were used. The qualit y of
DEM must be evaluated about the use that must be made of it. In this case it was
considered that, f or a regional-scale analysis, the DEM SRT M could be used wit hout
being f iltered, but carrying out the common preprocessing operations. First ly,
appropr iate correct ions were made so that SRT M DEM nodes were arranged in
system units and theref ore at a constant distance (meters), rather than at constant
angles ( degrees) . Subsequent ly, the W ang & Liu algorithm was used to identif y and
f ill the depressions of the DEM surf ace. This is accomplished by preser ving a
minimum slope (and thus elev ation diff erence) bet ween cells (SAGA-GIS Module
Libr ar y Documentat ion). In this case, a minimum slope gradient of 0.1 was
maintained. The method basically consist s of raising the height of some cells to a
minimum value that can guarant ee the f low in the adjacent cells. This opera tion is
perf ormed to eliminate errors in the DEM, f or example when a cell is surrounded by
adjacent cells with higher alt itude values or when a cell presents negative values .
Below, in Fig. 4.21, the diff erence between the FILLED DEM, obtained af ter the
application of the W ang & Liu algorit hm, and the raw SRT M DEM is reported.

Fig. 4.21 Difference between the FILLED DEM, obtained after the application of the Wang & Liu algorithm, and the raw
SRTM DEM

Af ter completion of the SRT M DEM prepr ocessing procedure, the DEM portion
of interest was ident if ied. In this regard, note the perimeter of avalanches occurred
in the Apennines in 2017 , it was decided to apply an altitude f ilter equal to 500 m.
Theref ore, only the areas above this altimetric threshold wer e consider ed. In this
way, the input DE M to perf orm the geomorphological analysis was obt ained , and it
is reported in Attached 1.
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Elevation f requency graph f or the input DEM , used to perf orm the
geomorphological analysis , is reported in Fig. 4.22. It is possible to obser ve that
the median f alls around 840 m, so 50% of the cells have values bet ween 500 and
840 m, while the remaining 50% have values bet ween 840 and 2914 m. Moreover,
about 65% of the cells have values below 1000 m, another 33% have values
bet ween 1000 and 2000 m, while the rem aining 2% have values above 2000 m. The
average height of the whole ar ea is around 950 m.

Fig. 4.22 Frequency values of input DEM, used to perform the geomorphological analysis, and relative boxplot (minimum,
1st quartile, median, 3rd quartile, maximum and mean)

4.3.2 Slope
Slope measur es the rate of change of elevation in the direction of steepest
descent (W ilson and Gallant, 2000). Substantially, it consists in a plane tangent t o
a specif ic point of the surf ace whose angle can be calculated concerning the
horizontal: it is, theref ore, the f irst derivat ive of the sur f ace in the steepest
direct ion. The s lope can be calculated with diff erent methods. In this study , the
Zevenbergen and Thorne (1987) and Hor n (1981) methods were used. Tipically, the
Zevenbergen and Thor ne algorithm works well f or low -resolut ion data and ver y large
areas, while the Horn algor ithm works well f or medium r esolution areas and
articulated morphology. For calculat ing slope , the f ollowing f ormula is used:
𝛿𝑧 2
𝛿𝑧 2
𝑆𝑙𝑜𝑝𝑒𝑑𝑒𝑔 = atan (√( ) + ( ) )
𝛿𝑥
𝛿𝑦

(33)

Depending on the algorithm used, the long x and long y gradients are
calculated diff erently. About Fig. 4.23, to obtain slope in "e" cell, the Zevenbergen
and Thorn e (1987) algorithm uses only t he 4 DEM cells along t he car dinal dir ect ions
(cells b, d, h, f ) and gradients assume the f ollowing expr essions :
𝐺=

𝛿𝑧 𝑓 − 𝑑
=
𝛿𝑥 2 ∙ ∆𝑥

𝐻=

𝛿𝑧 𝑏 − ℎ
=
𝛿𝑦 2 ∙ ∆𝑦

(34)

In Zevenbergen and Thorne algorithm, the two gradients reported in equatio n
(34) correspond to the parameters G and H of an equation , reported below,
descr ibing a surf ace that passes precisely thr ough the alt itude values of the 9 cell s
considered f or the ca lculation.
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𝑍 = 𝐴𝑥 2 𝑦 2 + 𝐵𝑥 2 𝑦 + 𝐶𝑥𝑦 2 + 𝐷𝑥 2 + 𝐸𝑦 2 + 𝐹𝑥𝑦 + 𝐺𝑥 + 𝐻𝑦 + 𝐼

(35)

These parameters can be obtained f rom the 9 cells elevat ion data through
Lagrange polynomials (Zevenbergen and Thorne, 1987) . The Horn algorithm (1981),
instead, always about Fig. 4.23, uses all 8 DEM cells adj acent to the cell "e" (a, b,
c, d, f , g, h, i cells) , but with a dif f erent weight: 2 f or cardinal cells and 1 f or
diagonal cells . Consequently, gradients are expressed as f ollows :

𝛿𝑧 (𝑐 + 2𝑓 + 𝑖) − (𝑎 + 2𝑑 + 𝑔)
=
𝛿𝑥
8 ∙ ∆𝑥

𝛿𝑧 (𝑎 + 2𝑏 + 𝑐) − (𝑔 + 2ℎ + 𝑖)
=
𝛿𝑦
8 ∙ ∆𝑦

(36)

Fig. 4.23 3x3 Kernel for the slope calculation in the “e” cell; Δx and Δy are the pixel raster dimension. On the left, grey color
indicates cells used in Zevenbergen and Thorne algorithm. On the right, grey color indicates cells used in Horn algorithm.
Modified after. Source: http://desktop.arcgis.com/en/arcmap/10.3/tools/spatial-analyst-toolbox/how-slope-works.htm

In Fig. 4.24 are shown the f requency values obtained f rom slope rasters
dif f erence. It is possible to obser ve that about 70% of the values obtained f r om the
dif f erence is equal to 0. T heref ore, the t wo algorithms provide , in most cases , a
substant ially equal slope value. Moreover, the distribut ion has a slight asymmet ry
whereby the Zevenbergen and Thorne algorithm returned hig her slope values than
Horn in about 20% of the total cells , while the Horn algori thm r eturned higher values

Fig. 4.24 Frequency values of slope rasters difference (Slope Z&T – Slope Horn)
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than Z&T in about 10% of the total cells. However, more than 99% of the cells have
a slope var iat ion of less than or equal t o 2 degrees; only 0.3% of the cells have
higher var iations which do not exceed 16 degrees. Given the lim ited dif f erence
obtained f rom the applicat ion of the t wo algorithms, it was decided to continue the
geomorphologic al analysis , calculating s lope dependence par ameters , using slope
obtained with Zevenbergen and Thorne method. Slope f requency graph , obtained
with the Zevenbergen and Th orne and Horn methods, is reported in Fig. 4.25. This
graph f urther highlight s the minimum dif ference bet ween values obtained with t he
two algor ithms . From such inf ormation it is possible to understand the acclivity of
the considered ar e a. The slope range starts from 0° up to 69 °. About 12 % of total
cells have a slope bet ween 30 ° and 60 °: this range is conventionally ident if ied as
the one in which it is possible to f ind snow avalanches release areas. Almost 90%
of the cells have slope values lower than 30 °, and only 0.1% have values higher
than 60°. Slope rast er obtained by the application of Z&T algorithm is r eported in
At t ached 1.

Fig. 4.25 Frequency values. of Slope Z&T and Slope Horn rasters and relative boxplots (minimum, 1st quartile, median,
3rd quartile, maximum and mean)

4.3.3 Aspect
Aspect is the orient ation of the line of steepest descent , and it is usuall y
measured in degrees clock wise f rom N orth (W ilson and Gallant, 2000). Aspect is
theref ore substanti ally the direct ion , respect to North, in which the slope is
calculated. Theref ore, depending on the method used f or calculat ing slope, chang e
the method used f or calculating aspect. For this last calculat ion , the f ollowing
f ormula is used:
𝛿𝑧
𝛿𝑦
𝜃 = arctan (
)
𝛿𝑧
−
𝛿𝑥
−

(37)

The signs of the numerator and denominator of equation (37 ) determine in
which quadrant 𝜃 lies. Depending on the algorithm used, also in this case, the long
x and long y gradients are calculated diff erently. If the Zevenbergen and Thorne
method was used f or the slope calculat ion, then gradients are calculated as in
equations (34). If the Horn method was used f or the slope calculation, then
gradients are calculated as in equations ( 36). In both cases , expr essions ref er to
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Fig. 4.23. In Fig. 4.26 are shown the f requency cells values obtained f rom aspect
rasters dif f erence . It is possible to obser ve that about 3 0% of the values , obtained
f rom the diff erence , is equal to 0; ther ef ore, in these cells the two algor ithms
provide an equal aspect value. In any case, more than 98% of cells have variations
in aspect smaller than or equal to 10 degrees. This variation does not bring
substant ial changes to the aspect value. About 1.5% of the cells, on the other hand,
exhibit var iat ions in aspect above 10 deg rees. Overall, the results obtained have a
good matching despite having been calculated with diff erent algorit hms. Aspect
raster obtained by the application of Z&T algorithm is reported in Attached 1.

Fig. 4.26 Frequency values of aspect rasters difference (Aspect Z&T – Aspect Horn)

Aspect f requency graph, obtained with the Zevenbergen and Thorne and Hor n
methods, is reported in Fig. 4.27. From this graph it is possible to understand how,
even f or the aspect, the values obtained with the t wo algor ithms are absolutely
comparable. In par ticular, f rom the cumulative f requency values, it is obser ved that
there is no preponderant exposur e value. This is also because the survey scale is
vast. A minimum prevalence is f ound f or values bet ween 180° and 270 °, presented
in about 27% of the cells . In the ot her quadrants the per centages f ound var y
bet ween 20 and 25% of the total cells.

Fig. 4.27 Frequency values of aspect Z&T and aspect Horn rasters and relative boxplots (minimum, 1st quartile, median,
3rd quartile, maximum and mean)
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4.3.4 Curvature
Cur vatur e attributes are based on second derivat ives and they consist in the
rate of change of a f irst derivative such a slope or aspect, usually in a particular
direct ion (W ilson and Gallant, 2000). Consequently, f or ever y cell and in an y
direct ion, the cur vature is calculated as the second derivative of 𝑍, expressed in
equation ( 35) (Zevenbergen and Thorne, 1987). Cur vat ure was calculated using the
Zevenbergen and Thorne method which def ines it as f ollows:
𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 =

𝛿 2𝑧
= 2(𝐷 𝑐𝑜𝑠 2 𝜑 + 𝐸 𝑠𝑖𝑛2 𝜑 + 𝐹 𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜑 )
𝛿𝑆 2

(38)

W here 𝑆 is in the aspect direct ion ( 𝜃), 𝜑 represents the gener ic direction and
𝐷, 𝐸, 𝐹 are the parameters of the equation ( 35). As mentioned above, t hey can be
obtained f rom the 9 cells elevat ion data , through Lagrange polynomials
(Zevenbergen and Thorne, 1987), assuming the f ollowing values (in relation to Fig.
4.23):
𝑑+𝑓
2 −𝑒]
𝐷=
,
𝐿2
[

∆𝑥 = ∆𝑦 = 𝐿 ,

𝑏+ℎ
− 𝑒]
2
𝐸=
,
𝐿2
[

𝐹=[

−𝑎 + 𝑐 + 𝑔 − 𝑖
]
4 𝐿2

(39)

The two main directions in which the cur vature is calculated are the direct ion
of aspect (𝜑 = 𝜃), returning the value of prof ile cur vature, and the direct ion
𝜋
perpendicular to that of aspect (𝜑 = 𝜃 + ), returning the value of plan cur vatur e
2
(Zevenbergen and Thorne, 1987) . It is important to study these t wo t ypes of
cur vature since the prof ile cur vature pr ovides indicat ions on the acceler ations or
decelerat ions of the gravitat ional f low, while the plan cur vat ure provides indications
on the convergence or divergence of this f low ( Cur vature f unction - Help | ArcGIS
f or Desktop) . Prof ile and P lan cur vatur e are then calculated as f ollows:
𝑃𝑅𝑂𝐹𝐶 = −2(𝐷 𝑐𝑜𝑠 2 𝜃 + 𝐸 𝑠𝑖𝑛2 𝜃 + 𝐹 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 ) =

2

2

𝑃𝐿𝐴𝑁𝐶 = 2(𝐷 𝑠𝑖𝑛 𝜃 + 𝐸 cos 𝜃 − 𝐹 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 ) =

−2(𝐷𝐺 2 + 𝐸𝐻 2 + 𝐹𝐺𝐻)
(𝐺 2 + 𝐻 2 )

(40)

2(𝐷𝐻 2 + 𝐸𝐺 2 − 𝐹𝐺𝐻)
(𝐺 2 + 𝐻 2 )

(41)

W here 𝐺 and 𝐻 are def ined in equat ion (34), while 𝐷, 𝐸, 𝐹 are def ined in
equation (39). Obviously, equat ions (38), (40) and (41) are directional derivatives
and do not provide the true curvature value. The mathematical def init ion of
cur vature (expr essed in radians / m, where [m] indicates the unit of measu rement
of altitude) is a f unction of both the f irst derivat ives and the second derivatives, as
shown below ( Zevenbergen and Thorne, 1987) :

𝐾=

𝛿 2𝑧
( 2)
𝛿𝑆
3

𝛿𝑧 2 2
{1 + (𝛿𝑠 ) }

(42)

Af ter having expressed cur vatur e in the conventional dimension , since it
generally has small values, it is good to multiply the equations used f or the
calculation by a f actor equal to 10 2 . In this way, the unit of measurement of the
cur vature is 1/100 m (Zevenbergen and Thorne, 1987). Cur vature rasters obtained
by the applicat ion of previous calculat ions are reported in Att ached 1.
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Subsequently, the convent ions used to def ine the concavit y or convexit y of
the cells in which the c ur vature is calculated are descr ibed . For the prof ile
cur vature, a positive value indicates that the surf ace is upwardly convex at that
cell, a negative value indicates that the surf ace is upwardly concave at that cell,
while a value of zer o indicate s t hat the surf ace is linear ( Cur vature f unction - Help |
ArcGIS f or Desktop adapted). For the plan cur vature, a positive value indicat es the
surf ace is later ally convex at that cell, a negative value indicates the surf ace is
laterally concave at that c ell, while a value of zer o ind icates the surf ace is linear
(Cur vature f unction - Help | ArcGIS f or Desktop adapted). Below is shown in Fig.
4.28 a schematization of the conventions used.

Profile Curvature:

Upward convex (+)

Upward concave (-)

Laterally convex (+)

Laterally concave (-)

Linear surface (0)

Plan Curvature:

Linear surface (0)

Fig. 4.28 Schematization of the conventions used for profile and planar curvature calculation.
Modified after. Source: http://desktop.arcgis.com/en/arcmap/10.3/manage-data/raster-and-images/curvature-function.htm

Planar and prof ile curvatur e f r equency graph, obtained with Zevenbergen and
Thorne method, is reported in Fig. 4.29. Frequency distr ibut ion of Plan cur vature
values is substantially symmetr ical to 0. Theref ore, t his means that concave and
convex structure s ar e present in equal quantit ies in the perpendicular direction of
steepest descent . On the contrar y, the frequency distr ibut ion of prof ile curvatur e
values is slightly asymmetrical, and about 70% of total cells has a negative value.
Theref ore, this means that concave structures are higher than convex ones in the
direct ion of steepest descent.

Fig. 4.29 Frequency values of profile and plan curvature rasters obtained with Zevenbergen and Thorne method and
relative boxplots (minimum, 1st quartile, median, 3rd quartile, maximum and mean)

60

4.3.5 Curvature classification (Dikau, 1989)
From the cur vatures , it is possible to obt ain a geomor phometr ic classif icat ion
of the slope shapes. Many authors have proposed classif ication criter ia , but Dikau' s
(1989) approach is the most used . It is based, f or slopes, on 9 basic shapes
obtained f rom the combinat ion of th e profile and planar cur vat ure. There are also 6
basic f orms evaluat ed by the combination of maximum and minimum cur vature in
the f lat areas, but in this st udy f lat areas have not been classif ied. In Fig. 4.30 a)
the exemplar y diagram of the f orms classif ied by Dikau (1989) f or the slopes is
shown. Extracts of plan and prof ile cur vature rasters, f or the same area, f rom which
Dikau’s classif icat ion is obtained, ar e reported below in Fig. 4.30 b). Negative
values represent concave structures, while posit ive ones represent convex
structures.
a)

b)

Fig. 4.30 a) Diagram of the forms classified by Dikau (1989) for the slopes. b) Extracts of profile and plan curvature rasters
Modified after. Source: https://pdfs.semanticscholar.org/8ce2/6a7a1f003d5e032155292d6eb4b62f8fee21.pdf pag.5

Each f orm is identif ied by t wo letters separated by a "/". The first letter ref ers
to the prof ile cur vat ure, while the second letter ref ers to the plan cur vat ure. The
possible letters are X, S, V which respectively mean convex, concave and planar.
In Fig. 4.30 a), the number at the top right of each quadrant represents the value
that the algorit hm attributes to the cells that present that particular
geomorphometric shape. Cur vature classif ication raster obtained by Dikau criter ion
application is r epor ted in Att ached 1 . The graph of the f requency of the
geomorphometr ic f orms is shown below in Fig. 4.31. It is emphasized t hat even the
f lat areas have been classif ied in categ ory 4 as a degenerate case of the planar
slope. Following the application of the Dikau criterion, in the area of inter e st about
30% of the cells wer e classif ied as hollow f oot, a 3% as hol low and 10% as hollo w
shoulder. A 4% of the cells have been classif ied as a f oot slope, while a 3% as a
shoulder slope. A 10% of the cells have been classif ied as spur f oot, while a 3% as
a spur. Another 30% was classif ied as a nose. Finally, there are about 5% of cells
classif ied as planar slope, but within this percentage , there are also f lat areas. It
f ollows that the prevailing structures in the area are hollow f oot and nose, cover ing
over 60% of the total area.
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Legend
0V/V: hollow foot
1S/V: hollow
2X/V: hollow shoulder
3V/S: foot slope
4S/S: planar slope
5X/S: shoulder slope
6V/X: spur foot
7S/X: spur
8X/X: nose

Fig. 4.31 Frequency of the geomorphometric forms classified through Dikau (1989) criterion

4.3.6 Specific Catchment Area (SCA)
Upslope contributing area or total catchm ent area (TCA), is the area above a
certain length of contour that contributes f low across the cont our I. This parameter
is ther ef ore crucial because it allows understanding the dimensions of the area in
which precipitat ion can be conveyed (Gruber at al., 2008). Theref ore, TCA is
calculated f rom the number of cells that f eed the f low to the cell of interest. A
multiple f low direct ion ( MFD) method was used to calculate the total catchment
area. In particular, t he method used is known as the TOPMO DEL approach (Quinn
et al., 1991; Freeman, 1991). This method h as been used since, unlike the s ingle neighbor f low alg orit hms, it is possible to model a divergent f low, i .e., when a cell
drains adjacent cells (Gruber at al., 2008) . Single-neighbor f low algorithms solve
the problem of diver gent f low by arbitrar ily assigning a dr ainage direction. On the
contrar y, the TOPMOD EL appr oach def ines, f or each cell adjacent to the one
considered, a f raction of central cell f low that will pro ceed towards the adjacent
cells (Gruber at al., cum bibl.). This f raction is def ined as f ollows:

∆𝐴𝑖 = 𝐴 ∙

tan(𝛽𝑖 )𝑣 ∙ 𝐿𝑖
𝑣

∑8𝑗=1(tan(𝛽𝑗 ) ∙ 𝐿𝑗 )

(43)

where 𝑛 is the total number of outf low dir ections (co nsider ing only the cells
with an alt itude lower than the central one) indexed with the letter 𝑗 , ∆𝐴𝑖 is the f low
portion, expressed in cells area, which passes into the ad jacent i-th downhill cell,
𝐴 is the t otal upslope area accumulated in the c entral cell, 𝛽𝑖 is the slope in the
outf low direct ion and 𝐿𝑖 is the contour length of the i -th direct ion. (Quinn et al.,1991)
The contour lengths, that are roughly equal to the size of a cell (W ilson and Gallant ,
2000) wer e weighed dif f erently f or the cardinal and diagonal cells. In the f irst case
a weight f actor of 0.5 was used, while in the second case a weight f actor of 0.35
was used (Gruber at al., 2008) . The exponent 𝑣 allows to control the dispersion. As
𝑣 incre ases, the f low increases in maxim um slope direct ion. Quinn's TOPMO DEL
approach used 𝑣 = 1, but Freeman suggested using 𝑣 = 1.1 (Gruber at al., 2008) . It
was decided to use this last value (SAGA GIS def ault value ). Total catchment area
raster obtained by TOPMODEL approach is reported in Attached 2. Since values
var iat ion range is very wide, a logar ithmic (log 1 0 ) scale has been used f or a better
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visualization of the TCA. The graph of the f requency of the TCA is shown below in
Fig. 4.32 a). For a better representat ion, also in this graph, TCA was repr esented
by calculat ing its logarithm (log 1 0 ). It is possible to obser ve that , about 75% of the
cells, have a TCA value bet ween 10 3 and 10 4 m 2 . Approximately 3 % of the cells
have TCA values above 10 5 m 2 , while the remaining 22 % have values bet ween 10 4
and 10 5 m 2 . An extr act of the TCA raster is reported below in Fig. 4.32 b). It is
obser ved that valleys reveal highest contribut ing areas (> 10 4 m 2 ), while lower
values are f ound in ridges (< 10 3 m 2 ). The majority of the cells (10 3 -10 4 m 2 ) ,
theref ore, f all in int ermediate zones between ridges and valleys. It is t heref ore
obser ved that TCA grows f rom ridges to valleys.

b)

a)
Fig. 4.32 a) Frequency of TCA obtained with TOPMODEL approach and relative boxplot (minimum, 1st quartile, median,
3rd quartile, maximum and mean) b) An extract of the TCA raster

The specif ic catchment area (SCA), as reported below, is the ratio of the total
catchment ar ea (TCA) to the contour length (or f low width) 𝑤 (W ilson and Gallant,
2000):
𝑆𝐶𝐴 =

𝑇𝐶𝐴 𝑚2
[ ]
𝑤
𝑚

(44)

The specif ic catchm ent area has been calcul ated because, starting f rom it ,
two important indices can be obtained: Topographic W etness I ndex (TW I) and
Stream Power I ndex (SPI). SCA raster, obtained with Quinn et al. 1991 method , is
reported in Attached 2. Also in this case, s ince values var iat ion range is ext ensive,
a logarithm ic (log 1 0 ) scale has been used f or a better visualizat ion of the S CA raster .
The graph of the frequency of S CA is shown below in Fig. 4.33 a). For a better
represent ation , its logarithm (log 1 0 ) was calculated. It is possible to obser ve that
about 50% of the cells have values lower than 10 2 m 2 /m. Anot her 40% of the cells
have val ues bet ween 10 2 and 10 3 m 2 /m, while the remaining cells, about 10 %, have
values above 10 3 m 2 /m. An extract of the SCA raster (same area considered f or
TCA) is reported below in Fig. 4.33 b).
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b)

a)
Fig. 4.33 a) Frequency of SCA obtained with TOPMODEL approach and relative boxplot (minimum, 1st quartile, median,
3rd quartile, maximum and mean) b) An extract of the SCA raster

4.3.7 Topographic Wetness Index (TWI)
Topographic W etness I ndex (TW I) was def ined because it was f ound that, in
areas wher e SCA is high , and the slope is low, i .e., f lat areas, the f low was
distr ibuted according to random type assignments , despite t he applicat ion of an
MFD method ( Boehner at al., 2006). Assum ing a steady -state condition and
homogeneous ground condit ions (t ransmissivit y = 1), the satur ation in the f lat areas
can be predicted by the Topographic W etness Index (TW I), which is def ined as the
natural logarithm of the ratio of SCA to the slope ( 𝛽) tangent (W ilson and Gallant,
2000):
𝑆𝐶𝐴
𝑇𝑊𝐼 = ln (
)
𝑡𝑎𝑛𝛽

(45)

It is noted that the TW I is a f unction of Specif ic Catchment A r ea and slope.
High TW I values represent valleys and high potential of saturation , while low TW I
values represent ridges and a low potent ial of saturation . Cells with the same TWI
value, albeit at dif f erent scales, are hydr ologically simil ar, i.e., they have a similar
hydrologic response (USGS: Alabama W ater Resources Conf erence, 2007).
Topographic W etness I ndex raster, obtained by TOPMODEL approach , is reported
in Attached 2. The graph of the f requency of TW I is shown below in Fig. 4.34. It is
possible to obser ve that about 21% of the cells show TW I values lower than 5: these
values highlight crests and ther ef ore a low saturat ion potential. Another 72% reveal
TW I values bet ween 5 and 10 , i.e., areas with intermediate saturation pot ential,
while the remaining 7 % of the cells report TW I values higher than 10. The latter
represent valleys, having a high saturation potential. TCA and TW I raster extracts,
f or the same area, are re ported in Fig. 4.35 a) and b) . As alr eady ment ioned, this
comparison highlight s the limits of the algorithm used f or calculating TCA, which,
in f lat areas, presents diff icult y in f low distribut ion. TW I algorithm does not present
this problem by corr ectly def ining f lat areas degree of saturation.
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Fig. 4.34 Frequency of TWI obtained with TOPMODEL approach and relative boxplot (minimum, 1st quartile, median, 3rd
quartile, maximum and mean)

25.8
1.7

a)

b)

Fig. 4.35 Comparison between a) TCA and b) TWI raster extracts, for the same area. Two flat areas are indicated in red
circles

4.3.8 Stream power Index (SPI)
The Stream Power Index (SPI) is an index linked to the erosive power of the
water f low. Stream power can be def ined as f ollows ( Moore et al., 1991):
Ω = 𝜌𝑔 𝑞 𝑡𝑎𝑛 𝛽

[

𝐽
]
𝑚2 𝑠

(46)

W here 𝜌𝑔 is the unit weight of water, 𝑞 is the discharge per unit channel widt h
( Moore et al., 1991) and 𝛽 is def ined as in TW I. The stream power, basically,
represents the power of a watercourse, or better, the work that the watercourse can
perf orm (understood, f or example, as the sediment transport) in the unit of time
(Goudie, 2004). Equation (46) calculates watercourse power per unit channel area.
Along with channel, this quan tit y tends to have low values at the highest and lowest
parts of the river basin because, respectively, there are small discharges and small
slope values. The highest stream power values are reached in t he intermediate
areas of the basin (Goudie, 2004) . Since 𝑞 is proportional to the Specif ic Catchment
Area (SCA) it is possible to use the St ream Power Index (SPI), def ined as the
product of SCA and slope tangent, as shown in equation (47), like a measure of the
stream power.
𝑆𝑃𝐼 = 𝑆𝐶𝐴 ∙ 𝑡𝑎𝑛 𝛽

𝑚2
[ ]
𝑚

(47)
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As the SPI grows, theref ore, the water f low energ y grows , and dif f erent
morphologies can be created as a result of solid transpo rt. Stream Power I ndex
raster, obtained by multiple f low direct ion method , is reported in Attached 2. The
graph of the f requency of SPI is shown below in Fig. 4.36 a). For a better
represent ation , its logarithm (ln) was calculated. It is obser ved that about 4 0% of
the cells have SPI values lower than 20 (e 3 ): these cells r epresent not suitable
zones f or erosion. Approximately 58% of the cells have SPI values bet ween 20 (e 3 )
and 1096 (e 7 ), which are respectively mildly erodible areas and erodible area s. The
remaining cells, about 2 %, have SPI values higher than 1096 (e 7 ) and they
represent highly er odible areas. In the extract of the SPI raster (same area
considered f or TCA and SCA), reported in Fig. 4.36 b), it is possible to obser ve how
the most erodible zones coincide wit h valleys and with mount ainsides wher e ther e
are both high TCA and slope values. Near ridges, the SPI values are reduced
because the TCA and, theref ore the SCA, have small values.

e18
e-10

b)

a)
Fig. 4.36 a) Frequency of SPI obtained by multiple flow direction method and relative boxplot (minimum, 1st quartile,
median, 3rd quartile, maximum and mean) b) An extract of the SPI raster

4.3.9 Convergence Index (CI)
Convergence Index (CI) is a parameter used to def ine the structures that
show convergence, i. e., channels, and those that show divergence, i.e., ridges. The
method used f or calculating CI is based on aspect cells values, and it uses a 3x3
kernel. CI is evaluat ed by the degree of agreement bet ween the ideal convergence
matrix (3x3) aspect values and real aspect values within the considered matr ix.
Specif ically, if we want to calculate the CI in the central cell of the considered 3x3
matrix, the index is calculated as the aver age, on the 8 cells adjacent to the central
one, of the angles 𝜃𝑖 , measured counterclockwise, bet ween the real aspect direction
of the i-th cell and the ideal convergence direct ion f or that same cell, to which 90 °
are subtracted. Below , in Fig. 4.37 a), is shown a schemat izat ion f or the calculat ion
of the convergence index f or a 3x3 matrix. Formula f or CI analyt ical calculat ion is
reported in equat ion (48) :
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8

1
𝐶𝐼 = ( ∑ 𝜃𝑖 ) − 90°
8

(48)

𝑖=1

b)

a)

100
-100

θi

Fig. 4.37 a) Schematization for the calculation of the convergence index (3x3 matrix) b) An extract of the CI raster
Modified after. Source: Thommeret, Bailly, Puech. Robust Extraction of Thalwegs Networks from DTMs for Topological
Characterisation: A Case Study on Badlands. Proceedings of Geomorphometry 2009. Zurich, Switzerland, (2009) p.219

W ith the f ormula reported in the equation (48) the range of var iat ion of this
index go f rom 90 ° (completely divergent areas) to -90° (entirely convergent areas) .
In this case, the used algor ithm, reports CI on a scale between -100 and 100
multiplying by a f actor equal to 10/9. Cells that have a CI value equal to zero
represent areas wit hout cur vature ( Thommeret et al., 2009) . Convergence Index
raster, obtained by Aspect method, is reported in Att ached 2. The graph of the
f requency of CI is shown below in Fig. 4.38. It is obser ved that about 10% of the
total cells have a value equal to 0, even if the cells having a CI in the neighborhood
of 0 (from -2 to 2) ar e about 20 %. These cells are substant ially linear, i.e. without
cur vature. Approxim ately 45% of the cells have values below -2 which repr e sent
convergent struct ures as channels, while the remaining 35% shows values higher
than 2, which represent divergen t struct ures such as the r idg es . In the extract of
the CI raster (same area considered f or TCA and SCA), reported in Fig. 4.37 b), it
is possible to obser ve these structures. Compar ing the value of CI in this extract
with that of the TCA it is possible to notice that the zones having a major
contrib uting area have a negative CI (convergent areas), while the zones having a
lower TCA have a positive CI (divergent areas).

Fig. 4.38 Frequency of CI obtained by Aspect method and relative boxplot (minimum, 1st quartile, median, 3rd quartile,
maximum and mean)
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4.3.10 Topographic Position Index (TPI)
The Topographic Position Index (TPI) compares the altitude value of a cel l
with that of cells ar ound it , within a given distance called t he neighborhood size
(n.s.). Substant ially, by changing t he neighborhood size value, typically expressed
in map units, it is possible to identif y geomorphological st ructures at diff erent
scales. Also in this case the t wo pr imar y structures that can be recognized are
ridges and valleys. It is essential to def ine the scale of computation because, a
large-scale structure can tur n out to be a ridge, but on a small scale it could even
present itself as a valley. This concept is exemplif ied in Fig. 4.39.

Fig. 4.39 Different morphometric structures identified when the neighborhood size varies around the point P.
Modified after. Source: http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.127.9302&rep=rep1&type=pdf p.109

In pract ice, as reported in equat ion ( 49), the TPI is calculated as the
dif f erence bet ween t he altitude value of the cell i-th and t he aver age of the elevation
values of all 𝑛 cells, around the considered one, which f all within the specif ied
neighborhood size.
(∑𝑛𝑗=1 𝐷𝐸𝑀𝑗 )
𝑇𝑃𝐼 = 𝐷𝐸𝑀𝑖 − (
)
𝑛
𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟ℎ𝑜𝑜𝑑 𝑠𝑖𝑧𝑒

(49)

From this def init ion it is possible to understand that posit ive TPI values def ine
ridges, since the considered cell i-th has higher elevat ion values than mean of
surrounding cells, whil e negative TPI values def ine valleys, since the considered
cell i-th has lower elevation values than t he aver age of the surrounding cells . Cell
i-th with TPI value close to 0 represents flat area because the considered cell i-th
presents roughly the same elevation value of the aver age of the surrounding cells .
Topographic Posit ion Index r aster, obtained using dif f erent neighborhood sizes, is
reported in At tached 3. Specif ically, consider ed neighbor hood sizes correspond to
50, 100, 150, 200, 250 and 450 m. In Fig. 4.40, TPI raster extracts f or the same
area are reported. Each extr act corresponds to a dif f erent neig hborhood size.
Dif f erent outputs, passing f rom a n.s. of 50 m to one of 450 m, wer e obser ved .
Broadly speaking, main structures are not subject to upheaval, but we note that f or
small n.s. art if acts are much m ore evident. F or large n.s., they are less evident
because they ar e blunted by the values of the surrou nding cells. The graph of the
f requency of TP I is shown below in Fig. 4.41. It is possible to see that f or 50 m n.s.,
about 30% of the cells have a value of 0 (f lat are as), while the remaining cells ar e
equally distributed bet ween positive and negative values (symmetrical distr ibut ion) .
Progressively we obser ve a sprawl of the distr ibut ion such that a decr easing of 0
value cells is obser ved . In particular, as n.s. grows, we obser ve a decrease in
positive cells (r idges) and an increase of negative cells ( valleys). For n.s. of 450
m, in f act, excluding the cells equal to 0, about 60% of the remaining ones show
negative values, while 40% have positive values.
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Fig. 4.40 TPI dependence on the scale of investigation. TPI raster extracts of the same area. Each extract corresponds to
a different neighborhood size (reported in Legend)

69

Fig. 4.41 Frequency of TPI obtained for different neighborhood sizes (previous page) and relative boxplots (minimum,
1st quartile, median, 3rd quartile, maximum and mean)

4.4 Snow avalanches in Central Apennines and geomorphological, nivometeorological analysis of release areas (January 2017)
Thanks to a work of photo -interpr etation , carr ied out by Ph.D. Igor
Chiambretti on high resolut ion satellite images, it was possible to obtain the
perimeter of snow avalanches , with greater magnitude, occurred in the Apennines
(Januar y 2017). It is anticipated that the timing of suc h avalanches is not known.
This is underlined since this data could be handy f or understanding a possible
correlation bet ween snow avalanche s and earthquakes. The mountain sector s
concerned, as alr eady m entioned, are Sibillini Mountains, Laga Mountains, Gran
Sasso Massif , Majella Massif and Sirente Velino Massif . In order to identif y dif f erent
mountain sectors the SIC -ZPS of f icial catalog, reported by Geoportale Nazionale,
was used. Overall, 514 snow avalanches were ident if ied . Surely the mountain areas
mainly af f ected by the events are Gran Sasso, Laga and Majella Massif s where
more than half of the total events occurred. Gran Sasso and Laga Massif s counted
259 snow avalanche s, while in Majella Massif 125 releases verif ied. Furthermore,
in the complex of Sibillini Mount ains, 65 releases have been ident if ied and 30 in
Sirente Velino com plex. There are also some areas less aff ected by sno w
avalanches, such as the Simbruini and Er nici M ountains, wher e occurred 11 events,
Pizzuto-Alvagnano Mountains wher e 6 events have been mapped, Matese
mountains that counts 5 events and , f inally, 1 event in bot h Reatini and Monte
Ceresa mountains. There are still 11 events that do not f all inside an of f icial SIC ZPS area. Seven of these events, however, were located in the Sibillini mountains
because of their nearness . These obser vations are summarized in Table 11 and in
Fig. 4.42. It is emphasized that, f or simplicit y of treatment, some SIC-ZPS have
been merged. In this case, the table shows the ident if ication codes of individual
areas that have been merged to count the events and f or calculat ing areas sectors.
The f irst obser vation about the data is that, in this specif ic meteorological contest ,
mountain sectors with comparable ar eas can present a ver y dif f erent number of
events. Compar ing , for example, Simbruini and Ernici mountains data with those of
Majella Massif , it is possible to see that their areas are roug hly the same, but in
the Majella Massif there are 10 t imes mor e events. It f ollows t hat zones subject ed
to snow avalanches are not homogeneously distributed on the territory, but there
are areas more pr edisposed to this t ype of phenomenon.
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Table 11 Considered mountain sectors with the indication of code ZPS-SIC, area and number of events.

Denomination
Gran Sasso and Laga Massifs
Majella Massif
Sibillini Mountains
Sirente Velino Mountains
Simbruini and Ernici Mountains
Pizzuto-Alvagnano Mountains
La Gallinola -Monte Miletto Monti del Matese
Reatini Mountains
Ceresa Mountain
Others

Code ZPS-SIC
IT7110128
IT7140129
IT5210071
IT5340014
IT5330029
IT7110130
IT6050008
IT7110207
IT5210067

Area (Km2)
1433.11
740.82
179.32
37.75
266.11
591.34
520.99
198.86
13.94

IT7222287

250.02

IT6020005
IT6020007
IT5340011
-

234.83
31.86
10.24
-

Total Area (km2) n° events
1433.11
259
740.82
125
445.43

72

591.34

30

719.85

11

13.94

6

250.02

5

234.83

1

10.24
-

1
4

Fig. 4.42 Lack of correlation between number of events and area of the mountain sector considered.

Snow avalanches perimeters were mapped on the Apennine range , and
mountain sectors partition, are reported in Attached 4. Precisely because areas
subjected to snow avalanches are more concentrat ed in some zones, it is necessar y
to understand what are their characteristics. As already def ined in par agraph 1.1,
a snow avalanche is primaril y composed of 3 parts: release area, track zone and
runout zone. Among these three parts, the most interesting, in order to understand
detachment causes, is the release area. For this r eason, release areas were
extracted f rom mapped snow avalanches (example reported in Fig. 4.43). On the
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basis of the latter, it was possible t o perf orm a statistical analysis of the main
topographic attribut es (elevation, slope, aspect and cur vat ures) and cumulat ive
snow precipitat ion . This analysis was developed bot h on the entir e area of interest
and on mountain sector s with the higher release areas concentration . Each
mountain sector w as f urther subdivided into Adriatic and Tyrrhenian side , to
ascertain any diff erences. The stat istical analysis was perf ormed on the t otalit y of
release areas cells f alling into the int erested mountain sect or. Theref ore, reasoning
was made on a large scale and not considering ever y single release area.

Fig. 4.43 Example of release areas extraction from snow avalanches obtained by photo-interpretation

4.4.1 Total release areas
The statistical analysis carr ied out f or all release areas extracted, taking int o
account the totalit y of mountain sectors , is shown below. Fig. 4.44 a) shows the
distr ibut ion of release areas elevation . Firstly, it is obser ved t hat detachment areas
are f ound in a range of altitudes bet ween 750 and 28 00 m. As was f oreseeable,
theref ore, detac hment areas are f ound at high altitudes and well above the value
chosen as the alt imetric f ilter (500 m). The majority of cells, about 70%, present
values bet ween 1700 and 2200 m. Fig. 4.44 b) shows the distribution of release
areas slope. The latter is included in a range f rom 0° to 68 °. The median is located
just above 30°. About 70 % of the cells manif ests values bet ween 28° and 60°, which
is the optim al range for which detachment is believed to occur. The remaining cells ,
about 30 %, present values lower than 30 °.Most likely, these values below 28 °-30°
are due to a DEM low qualit y. In Fig. 4.44 c) the release area s aspect d istribut ion
is reported. About 21 % of the cells show an exposure bet ween 0° and 90 ° ( N  E) ,
about 24% of the cells have exposure va lues bet ween 90° and 180° (E  S), a 35%
of the cells has valu es bet ween 180° and 270° (S W ), while the remaining 20 %
shows exposure valu es bet ween 270° and 360° (W N).Release areas , theref ore,
manif est a prevalence aspect in correspondence of 3 r d quadrant values (180° -270°).
Fig. 4.44 d) shows the Plan and Prof ile cur vatures f requencies distribut ion f or all
release areas . It is obser ved that prof ile and plan cur vature are almost symmetrical
with respect to 0, theref ore, in the aspect direct ion, and in the perpendicular
direct ion, the f ound structures are about 50% concave and ab out 50% convex. This
data must be critically evaluated . W hat is expected in correspondence to release
areas is a prevalence of concave areas, which ar e more powerf ul in a ccumulat ing
snow. The result obt ained, in f act, is indeed subject to error since the cur vature
corresponds to the second der ivative of DEM. For release areas, th e f requency
distr ibut ion of the cumulat ive snow p recipitation, during the period Januar y 15 t h 18 t h 2017, was also evaluated and repor ted in Fig. 4.44 e). It is obser ved that in
these areas the cum ulat ive snowf all vari es in a range bet ween 150 and 51 0 cm.
Furthermore, dur ing the 3 days considered, snow dept h values greater than 463 cm
were f ound in half areas .
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a)

b)

c)

d)
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e)

Fig. 4.44 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) aspect and d) curvature (previous
page) and e) cumulative snow precipitation carried out for release areas extracted from mapped snow avalanches

4.4.2 Gran Sasso release areas
The statistical analysis carried out f or release areas extract ed in Gran Sasso
Massif is shown below in Fig. 4.45. Fig. 4.45 a) shows the distr ibut ion of release
areas elevat ion in the interested mountain sector. Firstly, it is obser ved that
detachment areas are f ound in a range of altitudes bet ween 9 25 and 2805 m. It is
obser ved that about 49% of the cells have height values between 1 000 and 2000
m. The remaining 51 % shows values above 2000 m. Fig. 4.45 b) shows the
distr ibut ion of release areas slope in Gran Sasso Massif . Slopes are included in a
range f rom 1° to 67 °. The median is located around 33°. About 76 % of the cells
manif ests values bet ween 28° and 60°, which is the optimal range f or which
detachment is believed to occu r. The remaining cells, about 24 %, present values
lower than 28°. Most likely, these values bel ow 28° depend ing DEM low qualit y. Fig .
4.45 c) shows the Plan and Prof ile cur vat ures f requencies distribution f or Gran
Sasso Massif release areas. In det ail, it is obser ve d t hat about 10 % of the cells
have prof ile cur vatur e values equal to 0, i.e. f lat areas in the direct ion of maximum
slope. The concave area s (negative values) are about 51 % while the convex area s
(posit ive values) ar e about 39 %. W ith regard to Plan cur vatu re, release areas
present, in the direction p erpendicular to the aspect, a 10% of f lat cells, a 56% of
concave cells and a 34 % of convex cells. Thus a pr evalence of concave cells in
Plan cur vature is obser ved. This dat a must be cr itically evaluated because of error
propagation through second derivatives starting f rom a DEM low- qualit y. For
release areas, the f requency distr ibut ion of the cumulative snow precipitat ion,
during the period Januar y 15 t h -18 t h 2017, is reported in Fig. 4.45 d). It is obser ved
that in these areas t he cumulat ive snowf all var ies in a range bet ween 408 and 510
cm. Furthermore, sn ow depth values greater than 510 cm were f ound in half areas.
In Fig. 4.45 e) the r elease ar eas aspect distribut ion is shown. The main aspect
presented b y release areas is S -W (about 30 % of total cells shows values in 3 r d
quadrant), but there are also a 25 % of cells in 4 t h quadrant , a 23 % of cells in 1 s t
quadrant and a 22% in 2 n d quadrant . During the days of interest, the pert urbation
mainly came f rom north-east/east with an average wind speed , at 2000 m, of 28
km/h. Nevertheless, it is obser ved that release areas exposures are distributed
almost hom ogeneously in the f our quadrants with a slight pr evalence in the thir d
quadrant, corresponding to the direct ion in which the wind blew.
Gran Sasso Massif was subdivided into the Adriatic side and t he Tyrrhenian
side f or which the same f requency analysis was perf ormed. The statistical analysis
carried out f or diff erent sides is reported in the f ollowing par agraphs.
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b)

c)

d)

e)

Fig. 4.45 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation and e) aspect carried out for Gran Sasso release areas extracted from mapped snow avalanches

4.4.3 Gran Sasso, Adriatic side, release areas
The statistical analysis carried out f or release areas extract ed in Gran Sasso
Massif , Adriat ic s ide, is shown below in Fig. 4.46. Fig. 4.46 a) shows the distribution
of release areas elevation in the int erested side of the mountain sector. It is
obser ved that detachment areas are f ound in a range of alt i tudes bet ween 92 5 and
2805 m. It is obser ved that almost 54 % of the cells have height values bet ween
1000 and 2000 m. The remaining 46 % shows values above 2000 m. Fig. 4.46 b)
shows the distr ibut io n of release areas slope in Gran Sasso Adriat ic Massif . Slopes
are included in a range f rom 1° to 67 °. The median is locat ed around 35°. About
75% of the cells manif ests values bet ween 28° and 60°, which is the optimal range
f or which detachment is believed to occu r. The remaining cells, about 25 %, present
values lower than 28°. Most likely, these values below 28° depend ing on low qualit y
DEM. Fig. 4.46 c) shows the Plan and Pr of ile cur vat ures f requencies distr ibut ion
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f or Gran Sasso Adriatic release areas. In det ail, it is obser ved that about 8 % of the
cells have prof ile curvatur e values equal to 0, i.e. , f lat areas in the direct ion of
maximum slope. The concave area s (negative values) are about 42 % while the
convex areas (positive values) are about 50 %. W ith regard to Plan cur vatur e,
release areas present, in the direction pe rpendicular to the aspect, a 9% o f f lat
cells, a 54% of concave cells and a 37 % of convex cells. Thus a prevalence of
concave cells in Plan cur vatur e is observed. As ment ioned, this dat a must be
critically evaluated. For release areas, the f requency distribut ion of the cumulative
snow pre cipitat ion, during the period Januar y 15 t h -18 t h 2017, is reported in Fig. 4.46
d). It is obser ved that in these areas the cumulat ive snowf a ll var ies in a range
bet ween 409 and 510 cm. Furthermore, snow depth values greater tha n 510 cm
were f ound in half areas. In Fig. 4.46 e) the release areas aspect distr ibut ion is
shown. The main aspect p resented by release areas is report ed in t wo quadrants:
about 43% of total cells shows values in 4 t h quadrant (N/N-W ), but there is also a
40 % of cells that pr esent values in 1 s t quadrant (N/ N-E).
a)

b)

c)

d)

e)

Fig. 4.46 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation and e) aspect carried out for Gran Sasso Adriatic release areas extracted from mapped snow avalanches
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4.4.4 Gran Sasso, Tyrrhenian side, release areas
The statistical analysis carried out f or release areas extract ed in Gran Sasso
Massif , Tyrrhenian side, is shown below in Fig. 4.47. Fig. 4.47 a) shows t he
distr ibut ion of release areas elevation in the int erested side of the mountain sect or.
It is obser ved that detachment areas are found in a range of altitudes bet ween 1085
and 2500 m. It is observed that almost 42% of the cells have height values bet ween
1085 and 2000 m. The remaining 58% shows values above 2000 m. Fig. 4.47 b)
shows the distribution of re lease areas slope in Gran Sasso Tyrrhenian Massif.
Slopes ar e included in a range f rom 5° to 60°. The median is locat ed around 32 °.
About 72% of the cells manif ests values bet ween 28° and 60°, which is the opt imal
range f or which detachment is believed t o occur. The remaining cells, about 28%,
present values lower than 28°.These values below 28° depend ing on low qualit y
DEM. Fig. 4.47 c) shows the Plan and Prof ile cur vatur e s f requencies distr ibut ion
f or Gran Sasso Tyrrhenian release areas. In detail, it is observed that about 9% of
the cells have prof ile curvatur e values equal to 0, i.e. , f lat areas in the direction of
maximum slope. The concave area s (negative values) are a bout 50% while the
convex areas (positive values) are about 41 %. W ith regard to Plan cur vatur e,
release areas present, in t he direction pe rpendicular to the aspect, a 7 % of f lat
cells, a 54% of concave cells and a 39 % of convex cells. Thus a prevalence of
concave cells in Plan cur vature is obser ved. This dat a must be crit ically evaluated
because of error propagation through second derivatives starting f rom a low qualit y
DEM. For release areas, the f requency distr ibut ion of the cumulat ive sno w
precipit ation , dur ing the per iod Januar y 15 t h -18 t h 2017, is reported in Fig. 4.47 d).
It is obser ved that in these areas the cum ulat ive snowf a ll var ies in a range bet ween
408 and 510 cm. Furthermore, sn ow dept h values greater than 497 cm were f ound
in half areas. In Fig. 4.47 e) the release areas aspect distr ibution is shown. The
main aspect p resent ed by release areas is reported in t wo quadrants: about 56% of
total cells shows values in 3 r d quadrant (S/S-W ), but there is also a 41 % of cells
that present values in 2 n d quadrant (S/S- E).
a)

c)

b)

d)
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e)

Fig. 4.47 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation (previous page) and e) aspect carried out for Gran Sasso Tyrrhenian release areas extracted from mapped
snow avalanches.

4.4.5 Laga release areas
The statist ical analysis carried out f or release areas extr acted in Laga
Mountains is shown below in Fig. 4.48. Fig. 4.48 a) shows the distr ibut ion of release
areas elevat ion in the interested mountain sector. Firstly, it is obser ved that
detachment areas are f ound in a range of altitudes bet ween 940 and 2400 m . It is
obser ved that 40% of the cells have height values bet ween 1000 and 2000 m. The
remaining 60% shows values above 2000 m. Fig. 4.48 b) shows the distr ibut ion of
rele ase areas slope in Laga mountains. Slopes are included in a range f rom 3 ° to
65°. The median is located around 31 °. About 62% of the cells manif ests values
bet ween 28° and 60°, which is the opt imal range f or which det achment is believed
to occur. The remai ning cells, about 38%, present values lower than 28°. Most likely,
these values below 28° depend ing on low qualit y DEM. Fig. 4.48 c) shows the Plan
and Prof ile cur vatures f requencies distribut ion f or Laga release areas. It is
obser ved that about 10 % of the cells have prof ile cur vature values equal to 0, i.e.
f lat areas in the direction of maximum slope. The concave ar ea s (negative values)
are about 34 % while the convex areas (positive values) are about 56 %. W ith regard
to Plan cur vature, r elease ar ea s pr esent, in the dir ection perpendicular to the
aspect, a 10 % of f lat cells, a 60% of concave cells and a 30 % of convex cells. Thus
a prevalence of concave cells in Plan c ur vat ure is obser ved. As already ment ioned
above, this dat a must be critically evaluated. For release areas, the f requency
distr ibut ion of the cumulat ive snow precipitation, during the period Januar y 15 t h 18 t h 2017, is reported in Fig. 4.48 d). It is observed that in these areas the
cumulative snowf a ll var ies in a range between 459 and 510 cm. Furthermore, snow
depth values gr eater than 486 cm were f ound in half areas. In Fig. 4.48 e) the
release areas aspect distr ibut ion is shown. The main aspect presented b y release
areas is S-W (about 46 % of total cells shows values in 3 r d q uadrant), but there is
also a 24 % of cells t hat present values in 4 t h quadrant. During the days of inter est,
the pert urbat ion mainly came f rom north-east/east with an average wind speed , at
2000 m, of 28 km/h. It is ther ef ore observed that most of release areas hav e
opposite aspects wit h respect to the or igin direct ion of the wind.
Laga mountain sector was subdivided into the Adr iat ic side and the
Tyrrhenian side f or which t he same f requency analysis was perf ormed. The
statistical analysis carried out f or different sides is reported in the f ollowing
paragraphs.
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b)

a)

c)

d)

e)

Fig. 4.48 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation and e) aspect carried out for Laga release areas extracted from mapped snow avalanches

4.4.6 Laga, Adriatic side, release areas
The statist ical analysis carried out f or release areas extr acted in Laga
Mountains, Adr iat ic s ide, is shown below in Fig. 4.49. Fig. 4.49 a) shows the
distr ibut ion of release areas elevation in the int erested side of the mountain sect or.
It is obser ved that detachment areas are f ound in a range of alt itudes be t ween 940
and 2400 m. It is observed that almost 89 % of the cells have height values bet ween
1000 and 2000 m. The remaining 11 % shows values above 2000 m. Fig. 4.49 b)
shows the distribution of release areas slope in Laga Adriat ic mountains. Slope s
are included in a range f rom 5° to 65 °. The median is locat ed around 34°. About 74
% of the cells manif ests values bet ween 28° and 60°, which is the optimal range f or
which detachment is believed to occu r. The remaining cells, about 26 %, present
values lower than 28°. Most likely, these values below 28° depend ing on low
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qualit y DEM. Fig. 4.49 c) shows the Plan and Prof ile cur vat ures f requencies
distr ibut ion f or Laga Adriatic r elease areas. In detail, it is observed that about 7 %
of the cells have prof ile cur vature values equal to 0, i.e. , f lat areas in the direct ion
of maximum slope. The concave area s (negative values) are about 47 % while the
convex ar eas (posit ive values) are about 46 %. W ith regard to Plan cur vature,
release areas present, in t he direction perpend icular to the aspect, a 5 % of f lat
cells, a 60% of concave cells and a 35 % of convex cells. Thus a prevalence of
concave cells in Plan cur vatur e is observed. As ment ioned, t his dat a must be
critically evalu ated. For release areas, the f requency distribut ion of the cumulative
snow pre cipitat ion, during the period January 15 t h -18 t h 2017, is reported in Fig. 4.49
d). It is obser ved that in these areas the cumulat ive snowf a ll var ies in a range
bet ween 459 and 510 cm. Furthermore, snow depth values greater than 510 cm
were f ound in half areas. In Fig. 4.49 e) the release areas aspect distr ibut ion is
shown. The main aspect presented by release areas is N -E (about 57 % of total
cells shows values in 1 s t quadrant), but there is also a 20 % of cells that present
values in 2 n d quadrant and a 15% of cells in 4 t h quadrant.
a)

b)

c)

d)

e)

Fig. 4.49 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation and e) aspect carried out for Laga Adriatic release areas extracted from mapped snow avalanches
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4.4.7 Laga, Tyrrhenian side, release areas
The statist ical analysis carried out f or release areas extr acted in Laga
Mountains, Tyrrhenian s ide, is shown below in Fig. 4.50. Fig. 4.50 a) shows the
distr ibut ion of release areas elevation in the int erested side of the mountain sect or.
It is obser ved that detachment areas are found in a range of altitudes bet ween 1390
and 2420 m. It is observed that almost 25 % of the cells have height values bet ween
1390 and 2000 m. The remaining 75 % shows values above 2000 m. Fig. 4.50 b)
shows the distr ibut ion of release areas slope in Laga Tyrrhenian mountains. Slope s
are included in a range f rom 3° to 64 °. The median is locat ed around 30°. About 58
% of the cells manif ests values bet ween 28° and 60°, which is the opti mal range f or
which detachment is believed to occ ur. The remaining cells, about 42 %, present
values lower than 28°.These values below 28° depend ing on low qualit y DEM. Fig.
4.50 c) shows the Plan and Prof ile cur vat ures f requencies distribution f or Laga
Tyrrhenian release areas. In det ail, it is obser ved that about 8 % of the cells have
prof ile cur vature values equal to 0, i.e. , f lat areas in the direct ion of maximum slope.
The concave area s (negative values) are about 41 % while the convex area s
(posit ive values) ar e about 51 %. W ith regard to Plan cur vature, release areas
present, in the direct ion perpendicular to th e aspect, a 10 % of f lat cells, a 57% of
concave cells and a 33 % of convex cells. Thus a prevalence of concave cells in
Plan cur vature is obser ved. T his dat a must be cr itically evaluated because of error
propagation through second derivatives st arting f rom a low qualit y DEM. For release
areas, the f requency distr ibut ion of the cumulat ive snow precipitation, dur ing the
period Januar y 15 t h - 18 t h 2017, is reported in Fig. 4.50 d). It is obser ved that in these
areas the cumulative snowf all var ies in a range between 459 and 510 cm.
Furthermore, sn ow depth values greater than 485 cm were f ound in half areas. In
Fig. 4.50 e) the release areas aspect distr ibut ion is shown. The main aspect
presented by release areas is S -W (about 57 % of total cells shows va lues in 3 r d
quadrant), but ther e is also a 26 % of cells that present values in 4 t h quadr ant and
a 15% of cells in 2 n d quadrant.
a)

b)

c)

d)
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Fig. 4.50 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation (previous page) and e) aspect carried out for Laga Tyrrhenian release areas extracted from mapped snow
avalanches.

4.4.8 Majella release areas
The statistical analysis carried out f or release ar eas extr acted in Majella
Massif is shown below in Fig. 4.51. Fig. 4.51 a) shows the distr ibut ion of release
areas elevat ion in the interested mountain sector. Firstly, it is obser ved that
detachment areas are f ound in a range of altitudes bet ween 757 and 2740 m. It is
obser ved that 49 % of the cells have height values bet ween 1 000 and 2000 m. The
remaining 51 % shows values above 2000 m. Fig. 4.51 b) shows the distr ibut ion of
release area s slope in Majella Massif . Slope s are included in a range f rom 2° to
64°. The median is located around 33°. About 68 % of the cells manif ests values
bet ween 28° and 60°, which is the opt imal range f or which det achment is believed
to occur. The remaining cel ls, about 32%, present values lower than 28°. Most likely,
these values below 28° depend on low qualit y DEM. Fig. 4. 51 c) shows the Plan
and Prof ile cur vat ures f requen cies distr ibution f or Majella Massif release areas. I n
detail, it is obser ved that about 8 % of the cells have prof ile curvatur e values equal
to 0, i.e. , f lat areas in the direction of maximum slope. The concave ar ea s (negative
values) ar e about 41 % while the co nvex areas (posit ive values) are about 51 %. W ith
regard to Plan cur vature, release areas present, in the direction p erpendicular t o
the aspect, a 6% of f lat cells, a 52% of concave cells and a 42 % of convex cells.
Thus a prevalence of concave cells in Plan cur vature is observed. This data m ust
be cr itically evaluated because of error propagat ion through second der ivat ives
starting f rom a low qualit y DEM. For release areas, the f requency distribut ion of the
cumulative snow precipitat ion, dur ing the period Ja nuar y 15 t h - 18 t h 2017, is reported
in Fig. 4.51 d). It is obser ved that in these areas the cumulative snowf a ll var ies in
a range bet ween 382 and 506 cm. Furthermore, sn ow depth values greater than 459
cm were f ound in half areas. In Fig. 4.51 e) the release ar eas aspect distr ibut ion is
shown. The main aspect presented by r elease areas is S-W (about 45% of total
cells shows values in 3 r d quadrant), but there a re also a 24 % of cells in 1 s t quadr ant ,
and a 20% of cells in 4 t h quadrant . During the days of inter est, the perturbat ion
mainly came f rom east/north/north-east with an averag e wind speed , at 2000 m, of
16 km/h. It is therefore obser ved that most of the release areas have opposit e
aspects with respect to the origin direct ion of the wind.
Majella Massif was subdivided into the Adriat ic side and the Tyrrhenian side
f or which the same f requency analysis was perf ormed. The statist ical analysis
carried out f or diff erent sides is reported in the f ollowing par agraphs.
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a)

b)

c)

d)

e)

Fig. 4.51 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation and e) aspect carried out for Majella release areas extracted from mapped snow avalanches

4.4.9 Majella, Adriatic side, release areas
The statistical analysis carried out f or release ar eas extr acted in Majella
Massif , Adriat ic s ide, is shown below in Fig. 4.52. Fig. 4.52 a) shows the distribution
of release areas elevation in the int erested side of the mountain secto r. It is
obser ved that detachment areas are f ound in a range of altitudes bet ween 1190 and
2740 m. It is obser ved that almost 47 % of the cells have height values bet ween
1190 and 2000 m. The remaining 53 % shows values above 2000 m. Fig. 4.52 b)
shows the distribut ion of release areas slope in Majella Adriat ic Massif . Slope s are
included in a range from 2° to 64 °. The median is located ar ound 31°. About 59 %
of the cells mani f ests values bet ween 28° and 60°, which is t he opt imal r ange f or
which detachment is believed to occur . The remaining cells, about 41 %, present
values lower than 28°. Most likely, these values below 28° depend ing on low DEM
qualit y. Fig. 4.52 c) shows the Plan and Prof ile cur vatures f requencies distribution
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f or Majella Adriatic r elease areas. In det ail, it is obser ved that about 8 % of the cells
have prof ile cur vatur e values equal to 0, i.e. f lat areas in the direct ion of maximum
slope. The concave areas (negative values) are about 42% while the convex area s
(posit ive values) ar e about 50 %. W ith regard to Plan cur vatu re, release areas
present, in the direction perpendicular to the aspect, a 7% of f lat cells, a 53% of
concave cells and a 40 % of convex cells. Thus a pr evalence of concave cells in
Plan cur vature is obser ved. As mentioned, this data must be critically eval uated.
For release areas, the f requency distribution of the cumulat ive snow precipitat ion,
during the period Januar y 15 t h -18 t h 2017, is reported in Fig. 4.52 d). It is obser ved
that in these areas t he cumulat ive snowf a ll var ies in a range bet ween 384 and 506
cm. Furthermore, sn ow depth values greater than 463 cm were f ound in half areas.
In Fig. 4.52 e) the r elease ar eas aspect distribut ion is shown. The main aspect
presented by release areas is N - E (about 42% of total cells shows values in 1 s t
quadrant), but there are also a 23% of cells in 4 t h quadrant, and a 20% of cells in
3 r d quadrant.
a)

b)

c)

d)

e)

Fig. 4.52 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation and e) aspect carried out for Majella Adriatic release areas extracted from mapped snow avalanches

84

4.4.10 Majella, Tyrrhenian side, release areas
The statistical analysis carried out f or release ar eas extr acted in Majella
Massif , Tyrrhenian s ide, is shown below in Fig. 4.53. Fig. 4.53 a) shows t he
distr ibut ion of release areas elevation in the int er ested side of the mountain sect or.
It is obser ved that detachment areas are f ound in a range of alt itudes bet ween 830
and 2600 m. It is observed that almost 51 % of the cells have height values bet ween
1000 and 2000 m. The remaining 49 % shows values above 2 000 m. Fig. 4.53 b)
shows the distr ibut ion of release areas slope in Majella T yrrhenian Massif . Slope s
are included in a range f rom 2° to 63 °. The median is locat ed aroun d 34°. About
80% of the cells manif ests values bet ween 28° and 60°, which is the optimal range
f or which detachment is believed to occu r. The remaining cells, about 20 %, present
values lower than 28°.These values below 28° depend ing on low qualit y DEM. Fig.
4.53 c) shows the Plan and Prof ile cur vatures frequencies distribut ion f or Majella
Tyrrhenian release areas. In detail, it is obse r ved that about 5 % of the cells have
prof ile cur vature values equal to 0, i.e. , f lat areas in the direct ion of maximum slope.
The concave area s (negative values) are about 44 % while the convex area s
(posit ive values) ar e about 51 %. W ith regard to Plan cur vature, release areas
present, in the direction perpendicular to the aspect, a 5% of f lat cells, a 49% of
concave cells and a 46 % of convex cells. Thus a pr evalence of concave cells in
Plan cur vature is obser ved. This dat a must be cr itically evaluated because of error
propagation through secon d derivatives st arting f rom a low qualit y DEM. For release
areas, the f requency distr ibut ion of the cumulat ive snow precipitation, dur ing the
period Januar y 15 t h - 18 t h 2017, is reported in Fig. 4.53 d). It is obser ved that in these
areas the cumulative snowf a ll var ies in a range between 383 and 485 cm.
Furthermore, sn ow depth values greater than 456 cm were f ound in half areas. In
Fig. 4.53 e) the release areas aspect distr ibut ion is shown. The main aspect
presented b y release areas is S -W (about 80% of total cells sh ows values in 3 r d
quadrant), but there is also a 16 % of cells that present values in 4 t h quadr ant.
a)

b)

c)

d)
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Fig. 4.53 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation (previous page) and e) aspect carried out for Majella Tyrrhenian release areas extracted from mapped snow
avalanches.

4.4.11 Sibillini release areas
The statist ical analysis carried out f or release areas extracted in t he Sibillini
Mountains is shown below in Fig. 4.54. Fig. 4.54 a) shows the distr ibut ion of release
areas elevat ion in the interested mountain sector. Firstly, it is obser ved that
detachment areas ar e f ound in a range of alt itudes bet ween 1000 and 245 0 m. It is
obser ved that 77 % of the cells have height values bet ween 1 000 and 2000 m. The
remaining 23 % shows values above 2000 m. Fig. 4.54 b) shows the distr ibut ion of
release areas slope in Sibillini mountains. Slopes are included in a range f rom 0°
to 65°. The median is located around 33°. About 72% of the c ells manif ests values
bet ween 28° and 60°, which is the opt imal range f or which det achment is believed
to occur. The remaining cells, about 28 %, present values lower than 28 °. Most
likely, these values below 28° depend ing on low quality DEM. Fig. 4.54 c) shows
the Plan and Prof ile cur vatures f requencies distribut ion f or Sibillini release areas.
It is obser ved t hat Prof ile and P lan cur vat ure are symmetrical wit h respect to 0,
theref ore, in the as pect direct ion, and in the perpendicular direction, the f ound
structures are about 50% concave and about 50% convex. As alr eady mentioned,
this data must be cr itically evaluated. In f act, what is ex pected in correspondence
to release areas is a prevalence of negative values cur vature , which corresponds
to concave areas . The result obtained, in f act, is indeed subject to error since the
cur vature corresponds to the second der ivat ive of the DEM which, as described in
paragraph 4.3, does not appear to be of excellent qualit y. For release areas, the
f requency distr ibut ion of the cumulative snow pr ecipit ation, during the per iod
Januar y 15 t h -18 t h 2017, was also evaluated and reported in Fig. 4.54 d). It is
obser ved that in these areas the cumulative snowf a ll varies in a range bet ween 383
and 459 cm. Further more, af ter the 3 days considered, snow depth values greater
than 459 cm were f ound in half areas. In Fig. 4.54 e) the r elease ar eas as pect
distr ibut ion is report ed. It is obser ved that there is no prevalent exposure of Sibillini
release areas . Dur ing the days of interest , the perturbation mainly came f rom northeast/east with an aver age wind speed , at 2000 m, of 29 km/h. The axis of the
mountain range turns out to be approxim ately tangent to the prevailing direct ion of
perturbat ion. For this reason, all the mountain sides were loaded by huge layers of
snow that caused the releases. There is a slight prevalence of release areas in the
second and third quadrant (90°-270°).
The mountain sector of the Sibillini was subdivided into the Adriat ic side and
the Tyrrhenian side f or which the same f requency analysis was perf ormed. The
statistical analysis carried out f or different sides is reported in the f ollowing
paragraphs.
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Fig. 4.54 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation and e) aspect carried out for Sibillini release areas extracted from mapped snow avalanches

4.4.12 Sibillini, Adriatic side, release areas
The statist ical analysis carried out f or release areas extracted in t he Sibillini
Mountains, Adr iat ic side, is shown below in Fig. 4.55. Fig. 4.55 a) shows the
distr ibut ion of release areas elevation in the int erested side of the mountain sect o r.
It is obser ved that detachment areas are found in a range o f altitudes bet ween 1000
and 2450 m. It is observed that almost 73% of the cells have height values bet ween
1000 and 2000 m. The remaining 27% shows values above 2000 m. Fig. 4.55 b)
shows the distr ibut ion of release areas slope in Sibillini Adr iat ic mountains. Slopes
are included in a range f rom 1° to 65°. The median is locat ed around 34°. About
78% of the cells manif ests values bet ween 28° and 60°, which is the optimal range
f or which detachment is believed to occur. The remaining cells, about 22 %, present
values lower than 28° . Most likely, these values below 28° depend ing on low
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qualit y DEM. Fig. 4.55 c) shows the Plan and Prof ile cur vat ures f requencies
distr ibut ion f or Sibillini Adr iat ic release areas. It is observed that P rof ile cur vature
is symmetrical with respect to 0, theref o re, in the aspect direction, excluding plan
areas, the f ound structures ar e about 50% concave and about 50% convex. Plan
cur vature presents a slight asymmetr y f or which about 60 % of total cells present a
negative value, while the remaining 40% shows positive values. Theref ore, in the
aspect per pendicular direction, concave structures are pr evalent . As already
mentioned, this data must be cr itically evaluated because of error propagation
through second der ivatives start in g f rom a low qualit y DEM. For release areas, the
f requency distr ibut ion of the cumulative snow pr ecipit ation, during the per iod
Januar y 15 t h -18 t h 2017, is reported in Fig . 4.55 d). It is obser ved that in these areas
the cumulat ive snowf a ll var ies in a range bet ween 408 and 459 cm. Furthermore,
snow depth values greater than 4 59 cm were f ound in half areas. In Fig. 4.55 e) the
release areas aspect distr ibut ion is shown . The main aspect p resented by release
areas is S-E (about 42 % of total cells shows values in 3 r d quadrant), but there is
also a 30 % of cells that present values in 1 s t quadrant.
a)

b)

c)

d)

e)

Fig. 4.55 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation and e) aspect carried out for Sibillini Adriatic release areas extracted from mapped snow avalanches
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4.4.13 Sibillini, Tyrrhenian side, release areas
The statist ical analysis carried out f or release areas extracted in the Sibillini
Mountains, Tyrrhenian side, is shown below in Fig. 4.56. Fig. 4.56 a) shows the
distr ibut ion of release areas elevation in the int erested side of the mountain sect or.
It is obser ved that detachment areas are found in a range of altitudes bet ween 1250
and 2 300 m. It is observed that almost 87% of the cells have height values bet ween
1250 and 2000 m. The remaining 13% shows values above 2000 m. Fig. 4.56 b)
shows the distribution of release areas slope in Sibillini Tyrrhenian mountains.
Slopes ar e included in a range f r om 0° to 57°. The median is locat ed around 30 °.
About 57% of the cells manif ests values bet ween 28° and 60°, which is the opt imal
range f or which detachment is believed t o occu r. The remaining cells, about 43 %,
present value s lower than 28°.T hese values below 28° depend ing on low qualit y
DEM. Fig. 4.56 c) shows the Plan and Prof ile cur vatur es f requencies distr ibut ion
f or Sibillini Tyrrhenian release areas. In detail, it is obser ved t hat about 8% of the
cells have Prof ile curvature values equal to 0, i .e., f lat areas in the direction of
maximum slope. The concave areas (negative values) are about 42% while the
convex areas (positive values) are about 50%. W ith regard to Pla n cur vatur e,
release ar eas present , in the direction perpendicular to the aspect, a 6% of f lat
cells, a 60% of concave cells and a 34% of convex cells. Thus a prevalence of
concave cells in Plan curvature is obser ved . Anyhow, this data must be critically
evaluated because of error propagation t hrough second der ivatives start ing f rom a
low qualit y DEM. For release areas, the f requency distribution of the cumulative
snow precipitat ion, during the period January 15 t h -18 t h 2017, is reported in Fig. 4.56
d). It is obser ved that in these areas the cumulat ive snowf a ll var ies in a range
bet ween 383 and 459 cm. Furthermore, sn ow depth values greater than 434 cm
were f ound in half areas. In Fig. 4.56 e) the release areas aspect distr ibut ion is
shown. The main aspect p resented by r elease ar eas is S -W (about 66 % of total
cells shows val ues in 3rd q uadrant), but there is also a 21 % of cells that present
values in 4 t h quadr ant.
a)

b)

c)

d)
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Fig. 4.56 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation (previous page) and e) aspect carried out for Sibillini Tyrrhenian release areas extracted from mapped snow
avalanches

4.4.14 Sirente Velino release areas
The statist ical analysis carried out f or release ar eas extracted in the Sirent e
Velino Mountains is shown below in Fig. 4.57. Fig. 4.57 a) shows the distribut ion of
release areas elevation in the inter ested mountain sector. Firstly, it is obser ved that
detachment areas ar e f ound in a range of alt itudes bet ween 1415 and 2430 m. It is
obser ved that 42% of the cells have height values bet ween 1 415 and 2000 m. The
remaining 58% shows values above 2000 m. Fig. 4.57 b) shows the distr ibut i on of
release areas slope in the Sir ente Velino Mountains . Slopes ar e included in a range
f rom 4° to 63°. The median is located around 32°. About 70 % of the cells manif ests
values bet ween 28° and 60°, which is t he opt imal range f or which detachment is
believed to occur. The remaining cells, about 30%, present values lower than
28°. Most likely, these values below 28° depend ing on low qualit y DEM. Fig. 4.57 c)
shows the Plan and Prof ile curvatures frequencies distr ibut ion f or Sirente Velino
Mountains release areas. In det ail, it is obser ved that about 12% of the cells have
Prof ile cur vature values equal to 0, i.e. f lat areas in the direct ion of maximum slope.
The concave area s (negative values) are about 40 % while the convex area s
(posit ive values) ar e about 4 8%. W ith regard to Plan cur vature, release areas
present, in the direction perpendicular t o the aspect, a 5% of f lat cells, a 46 % of
concave cells and a 49% of convex cells. Thus a prevalence of convex cells in Plan
cur vature is obser ved. This data must be crit ically evaluated because of error
propagation through second derivatives st arting f ro m a low qualit y DEM. For release
areas, the f requency distr ibut ion of the cumulat ive snow precipitation, dur ing the
period Januar y 15 t h - 18 t h 2017, is reported in Fig. 4.57 d). It is obser ved that in these
areas the cumulative snowf all var i es in a range between 280 and 408 cm.
Furthermore, snow depth values greater than 316 cm were f ound in half areas . In
Fig. 4.57 e) the release areas aspect distr ibut ion is shown. The main aspect
presented by release areas is S-W (about 50% of total cells shows values in 3 r d
quadrant), but there are also a 15 % of cells in 1 s t quadr ant. During the days of
interest, the perturbation mainly came f rom the east with an average wind speed ,
at 2000 m, of 33 km/h. It is obser ved that part of release areas has opposite aspects
with respect to t he origin direction of the wind, but the greater part has S -W aspect.
This is pr obably due to a wind velocit y peak of 48 km/h coming f rom N -E.
Sirente Velino w as not subdivided into the Adriatic and Tyrrhenian side
because it is an inter nal massif so that, it can be consider ed as a Tyrrhenian massif .
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a)

b)

c)

d)

e)

Fig. 4.57 Statistical analysis of the main topographic attributes a) elevation, b) slope, c) curvature d) cumulative snow
precipitation and e) aspect carried out for Sirente Velino release areas extracted from mapped snow avalanches

4.4.15 Mountain sectors release areas compared
Following the statist ical analysis of interested mountain sectors and their
respect ive Adriatic and Tyrrhenian sides, it is possible to compare the dif f erent
distr ibut ions obt ained. Bef ore doing so, however, it was evalua ted the number of
events that occurred in each mountain sector by relat ing it to the release areas
ext ension, as report ed in Fig. 4.58. It is obser ved that, except f or Laga Mountains ,
the highest number of events were f ound on the Adr iatic sides. Observing the trend
of release areas ext ension, it is noted that where there are more events there is
also a more signif icant release areas extension, but this data mu st be analyzed
critically. In Sibillini Mountains the events number occurred on the Adriat ic and
Tyrrhenian side s is comparable, but release areas extension presents a diff erence
of about 3 km 2 . This means that snow avalanches of the Adriatic side wer e of greater
magnitude, af f ecting large release areas . In Laga Mount ains events number is
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comparable on the t wo sides, but the m ost signif icant extension is f ound on the
Tyrrhenian side ( wit h a diff erence of about 2 km 2 ). In this case, events of higher
magnitude occurred on the T yrrhenian side. In the Majella M assif , Adriat ic side,
there were 27 event s more than the Tyrrhenian side. Despit e this, release areas
ext ension is compar able on both sides. This leads to say that t he events of stronger
magnitude occurred on the Tyrrhenian side . This reasoning cannot be conduct ed
f or the Gran Sasso M assif , since the di f f erence in extension could mere ly be related
to the higher number of events occurr ing on the Adr iat ic side (15 more compared
to the Tyrrhenian side) .

Fig. 4.58 Number of events that occurred in each mountain sector, Adriatic and Tyrrhenian sides, in relation with release
areas extension (on the left) and distribution of release areas extension in considered mountain sectors (on the right)

Below is reported the comparison bet ween the var ious mount ain sect ors with
regard to the primary topographic attribut es and the cumulative snow precipitat ion.
Elevation
In Fig. 4.59 is repor t ed the comparison, through boxplots, between r elease
areas elevation distr ibut ions of consider ed mountain sectors, also dif f erencing f or
the Adr iat ic and Tyr rhenian side. From the compar ison, it emerged that release
areas at higher altitudes are those of Gran Sasso and Majella Massif s. This, in the
f irst place, may be due to the f act that the two massif s intrinsically present higher
alt itudes than the others . It is noted that the trend of release areas maximum
elevation f ollows t he trend of mountain sector s maximum elevation . Regarding
minimum values, despite the mount ain sectors present a constant value (about 500
m f ollowing the altit ude f ilt er used), the trend of release areas minimum elevation
shows some dif f erences. This is, in part, an indicator of th e altimetric areas where
more snow layers were accumulated. As regards Gran Sasso , there ar e no
signif icant dif f erences bet ween Adr iat ic and Tyrrhenian sides. In the Majella Massif
it is obser ved that distributions ar e sim ilar even if , on the Adriat ic side , release
areas are f ound at higher alt itudes compared to the Tyrrhenian side . The same is
true f or Sibillini mountains. On the other hand, it is observed that t he Laga
Mountains present r elease ar eas at a lower elevat ion on the Adriatic side . Having
regard t o the direction of perturbation in the period of interest, coming f rom north east/east, it is possible to explain a higher release areas elevation on the
Tyrrhenian sector of Laga Mountains. Since the axis of the mountain range is
substant ially per pendicular to the perturbation, in t he upwind sector the Stau eff ect
is obtained while on the leewar d sector a Fohn current is generated and it allowed
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the snow accumulation in the higher par t of the mountain range and, theref ore,
releases. This phenomenon is less pronounced f or Majella and Sibillini Mountains
because the main r idges are, on average, more aligned with the perturbat ion.
Moreover, Sirente Velino, despite it shows elevat ion values below Gran Sasso and
Majella, presents release areas with elevation comparable wit h those of the main
massif s. It is noted that the alt itude average values of release areas are always
higher than the elevat ion average values of respective mountain sector. The
dif f erence bet ween mean values is on average 650 m. Looking at ever y single
massif , there is a good matching bet ween altit ude average values of release areas
and those of the sector consider e d. In general, we can conclude that release areas
elevation indeed depends on the intrinsic altitude of the mountain sector to which
they belong, but in some cases , the meteorological cont ext can lead to some
var iat ions.

Fig. 4.59 Comparison, through boxplots (minimum, 1st quartile, median, 3rd quartile, maximum and mean) between
elevation distributions of release areas in considered mountain sectors, also differencing for Adriatic and Tyrrhenian side.
Min, Max and Mean values of mountain sectors elevation are reported for a further comparison

Slope
In Fig. 4.60 is repor ted the comparison, through boxplots, between release
areas slope distribut ions of considered mountain sectors, also dif f erencing f or the
Adriatic and T yrrhenian side. Regarding slope, there ar e no signif icant dif f erences
bet ween relea se areas of interest ed mountain sectors and, within the same sector ,
bet ween release ar eas of the Adr iat ic and Tyrrhenian side. In general, there ar e
higher slopes on the Adriat ic sides release areas, except f or the Majella Massif . In
any case, any dif f ere nces are mere ly due to the morphological structure of the
slopes caused by the tectonic f ormation of the mountain range. In f act, observing
maximum and average slope values f or the mount ain sect ors, we see a good
matching with the aver age slope values f or release areas. The only exception is
presented by the Majella Massif because, despite the Adr iat ic side is on average
more sloping than the Tyrrhenian side, release areas with greater slope were f ound
in this last sector. Four t ypical sections of the inter est ed mountain sectors ar e
represent ed in Fig. 4.61. These sections allow visualizing , on a large scale, the
morphological struct ure of mountain sect ors. Most of the release areas slope values
are f ound, f or all t he distributions , in the range bet ween 28° and 45°. It is
considered, f rom literature, the optimal r ange that f avors det achment. Slope data
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above 60° (too steep) and below 28° (too f lat), since t his r ange is deeply
consolidated, can be attributed to outliers due to a low qualit y DEM.

Fig. 4.60 Comparison, through boxplots (minimum, 1st quartile, median, 3rd quartile, maximum and mean) between slope
distributions of considered mountain sectors, also differencing for Adriatic and Tyrrhenian side. Min, Max and Mean values
of mountain sectors slope are reported for a further comparison

Tyrrhenian side

Tyrrhenian side

Adriatic side

Adriatic side

Tyrrhenian side

Tyrrhenian side

Adriatic side

Adriatic side

Fig. 4.61 Four typical sections of the interested mountain sectors. The distance 0 refers to a point in Tyrrhenian side of
mountain range. As the distance increases, you are moving from the Tyrrhenian to the Adriatic side

Aspect
In Fig. 4.62 and in Fig. 4.63 are reported the comparison s, through boxplots
and polar graphs , bet ween release ar eas aspect distributions of consider ed
mountain sect ors, also dif f erencing f or the Adr iat ic and Tyrr henian side. All the
mountain sectors, considered as a whole , present release areas with an average
exposure of about 180 ° (South). Another obser vat ion is that all the release areas
in T yrrhenian sectors present a much more concentrated distr ibut ion than the
Adriatic ones. This is mainly due to the orographic constraint, present in downwind
slopes, which leads t o channeling of f lows, loading with snow only areas that
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intercept and obstruct such f lows . In particular, it is noted that a lmost all the
exposure values of release ar eas in the Tyrrhenian side s ar e bet ween 180° and
270° (South-W est). This is because f lows were channeled m ainly in the orographic
structures with opposite exposure concerning the origin direction of perturbation .
On the other hand, in the windwar d sides, more turbulence is generated and it leads
to having release ar eas in an expanded range of aspects since more ar eas can
intercept the f lows . The average exposure of release areas in the Adriat ic s ides is
bet ween 90° and 180 ° (South-East) also if , e specially in the Gr an Sasso and Majella
massif s, particular ly expan ded distr ibut ions can be seen on t he Adr iat ic side. This
can be attributed to ma ny f actors: in the f irst place, the turbulent regime, on the
Adriatic side, leads to an indiscr iminate loading of all area s, regardless of their
exposure; in second place, it may also depend on the morphology of the mountain
massif . Majella Massif , f or example, is character ized by a rounded shape and, f or
this reason, it is more prone to homogeneous snow loading even if the prevailing
direct ion of the perturbation var ies. Finally, another simple reason is to be f ound in
the ext ent and the orographic complex ity of mountain massif s: Gransasso and
Majella Massif s are indeed the largest massif s in Central Apennines and they
include, more likely, areas with more varied exposures. As already mentioned, in
the Sibillini Mountains there is not a common release areas aspect. In this case ,
the explanat ion can be f ound in the reciprocal posit ion bet ween the main ridge of
the chain and the origin dir ection of the perturbation. Indeed, the winds, especially
towards the end of the perturbat ion, rotated counter clockwise, blowing f rom North
/ North-East. The mountain range is r oughly parallel to the perturbat ion dir ection,
so the loading has been more homogeneous. Despite this, on the downwind side
the channeling of f lows has led to release areas wit h a concentra ted exposure
bet ween 225° and 270 °. It is also noted that release areas of Sirente Velino, despite
it is an internal massif f or which we expected a more concentrated distribution,
present most of the exposure values in a reasonabl y wide range bet ween 135° and
225°.

Fig. 4.62 Comparison, through boxplots (minimum, 1st quartile, median, 3rd quartile, maximum and mean) between aspect
distributions of considered mountain sectors, also differencing for Adriatic and Tyrrhenian side.
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Fig. 4.63 Comparisons, through polar graphs, between release areas aspect distributions of considered mountain sectors,
also differencing for Adriatic and Tyrrhenian side. The subdivision of mountain sectors in Adriatic and Tyrrhenian sides,
performed for the calculation, is reported.

Curvature
In Fig. 4.64 and Fig. 4.65 is reported the comparison, thr ough boxplots,
bet ween release ar eas Plan and Prof ile curvature distr ibutions of considered
mountain sectors, also dif f erencing f or the Adriatic and T yrrhenian side.

Fig. 4.64 Comparison, through boxplots (minimum, 1st quartile, median, 3rd quartile, maximum and mean) between Plan
curvature distributions of considered mountain sectors, also differencing for Adriatic and Tyrrhenian side.
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Fig. 4.65 Comparison, through boxplots (minimum, 1st quartile, median, 3rd quartile, maximum and mean) between Profile
curvature distributions of considered mountain sectors, also differencing for Adriatic and Tyrrhenian side.

From an initial analysis of the data it is obser ved that release areas, in all
the mountain sect ors, present ver y similar values, not showing part icular
dif f erences bet ween Adriatic and Tyrrhenian side. So that data could be
appropr iately described, the boxplots must be displayed in the neig hborhood of 0.
Theref ore, the minimum and maximum curv atur e values are not displayed.
Regarding release ar eas Plan cur vature, it is obser ved that almost all distr ibut ions
have a negative median value. This means that more than 50% of values shows
negative Plan cur vat ure . These values correspond to concave areas , in the direction
perpendicular to the maximum slope , which are the ones more appropr iate t o
accumulate snow. In the Majella sect or, Tyrrhenian side, there is a median
practically equal to 0 and the f irst and third quarti les ar e practically symmetrical ,
while in the Sirente Velino the median is posit ive and theref ore there is a prevalence
of convex cells. As r egards the values of Prof ile cur vature, it is obser ved that in the
Gran Sasso and in the Sibi llini the median is practically equal t o 0 and the f irst and
third quartiles are practically symmetrical. In the mountains of Laga, Majella and
Sirente Velino the median is instead slight ly ab ove 0: consequently, there is a
prevalence of convex cells in th e direct ion of steepest descent. Exceptions are the
Laga Mountains, Adriat ic side, where the median is negative. W e expected, f rom
these distributions , a signif icant presence of concave structures since, as alread y
mentioned, they are the ones that allow t he accum ulation of sno w and theref ore the
snow avalanches releases. It must, however , be stressed that this data must be
critically evaluated because o f error propagation through second der ivat ives
starting f rom a low-qualit y DEM.
Cumulative snow precipitation
In Fig. 4.66 is reported the comparison, through boxplots, between release areas
cumulative snow pr ecipitat ion distr ibut ions of considered mountain sectors, also
dif f erencing f or the Adriat ic and Tyrrhenian side. The data obtained allow us to see
those release ar eas in which the greatest cumulative snow pr ecipitat ion values wer e
recorded are those present in the Gran Sasso Massif and in Laga Mountains. Then
f ollow, in order, release areas of the Majella Massif , Sibillini and f inally those of
Sirente Velino Mount ains. As mentioned, release areas in which more snow was
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accumulated ar e those of Gran Sasso Massif . This is due to the f act that the massif
in question is ver y h igh, presenting peaks that reach even 2900 m. Being the chain
ver y high, the phenomenon of the Stau is more accentuated allowing the f ormation
of clouds and, theref ore, of snowf all. According to this r easoning in the Majella
Massif , there should be values comparable to those f ound in the Gran Sasso. This
did not happen most likely due to the rounded shape of the massif that tends to
f orce less the displacement of air upwar d. W e can see instead that, in the Laga
Mountains, the cumulat ive values are comparabl e to those of the Gran Sasso
despite the lower altitudes. This can be caused by the f act that the massif has
allowed a greater orographic elevation since the main ridge is perpendicular to the
direct ion of the perturbation. By obser ving the number of snow avalanches mapped
in each sector, a good matching can be f ound bet ween the number of events and
the cumulat ive precipitat ion values. There is , theref ore, a higher number of event s
in sectors where ther e were more snowf alls . The only except ion is f ound f or events
occurred in Laga Mountains, Adriatic and T yrrhenian sides. Although on release
areas of the Adriatic side there are higher cumulative values, in the T yrrhenian s ide
there are 4 more events. It 's interesting as , consider ing individually the Sibillini ,
Tyrrhenian side, and th e Serente Velino, despite ver y dif f erent cumulative values ,
the number of event s is almost identical (even in this case there is a gap of only 4
events).

Fig. 4.66 Comparison, through boxplots (minimum, 1st quartile, median, 3rd quartile, maximum and mean) between
cumulative snow precipitation distributions of considered mountain sectors, also differencing for Adriatic and Tyrrhenian
side.

4.5 Potential Release Areas (PRA) delineation algorithms
The def inition of semi -automat ic procedures f or the determinat ion of Potent ial
Release Areas (PRA) is crucial f or the snow avalanche risk management. These
areas can be used f or prevent ion purposes and to evaluate t he prior it y of protection
works on the territor y. Together with other evaluat ions, PRA can also be used t o
create hazard or risk maps. In the latter case, inf ormation on exposure and
vulnerabilit y (of structur es) must be available. GIS techniq ues, together with a
digital terrain model (DEM), lend themselves well to the cr eation of such procedures
that can be applied to diff erent regions (Maggioni, 2004). Below, two possible
algorithms f or PRA delineation, used in our case study, ar e described .
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4.5.1 Maggioni (2004)
Af ter having performed the snow avalanches real release areas
character izat ion, obtained f rom events perimeters through photo-interpretat ion, a
semi-aut omatic procedure that allows def ining the potent ial release areas (PRA)
was applied. This procedure is based on some topographic f eatures . Basically,
starting from t he primary topographic at tributes and th e land cover , we f ollow a
chain of consecutive f iltering that leads to the def inition of the PRA. The f iltering
criteria are chosen on the basis of the typical values, drawn f rom literature , of
predisposing causes (Maggioni, 2004). The paramet ers that have been used are
f orest cover, slope, cur vature, main ridges, size, aspect and height diff erence
( Maggioni, 2004 ).
Assum ing DEM as the starting point, the primar y topographic attributes, i . e.,
slope, aspect and curvatur e, can be calculated. As already defined above, it is well
known that f orest cover leads to prevent ing detachment , so much that it can also
act as a protect ive element f or snow avalanches ( Maggioni, 2004 ). For this reason,
f irst f iltering was car ried out by subtracting all the areas covered by t he f orest f rom
the starting DEM. To do this we used the Corine Land Cover 2012, IV level, retrieved
f rom Geoportale Nazionale, and all areas corresponding to “boschi di conif ere ”,
“boschi di latif oglie” and “boschi mist i di conif ere e latif oglie” were excluded f rom
starting DEM. For remaining areas, slope values were extracted. It is known that
typical slope values f or release areas are those bet ween 30 ° and 60°, so only areas
that respect t his crit erion have been considered.
At this point , there will be a wide single release ar ea consisting of areas
without f or est and with a slope bet ween 30° and 60 °. W e tried to divide this area
into smaller units that can r ef er, in pr inciple, to individual snow avalanches events
( Maggioni, 2004 ). To do this, the ridges have been calculated. The latter, in f act,
separate the diff erent basins and theref ore are used as an elemen t of separation.
To calculate t he ridges, we used a dif f erent algor ithm than t he one suggested by
Maggioni (2004). The algorithm used to calculate the ridges basically involves the
calculation of a negative DEM (allowing to invert ridges and valleys) and t o use it
as input f or the usual procedure used f or the calculation of the f low grids, which in
this case will correspond to the ridges. The original procedure f or the calculat ion of
the ridges involved the construct ion of two TIN s (Triangular Irregular Net work) wit h
a resolut ion of 10 and 50 m. Starting f rom these TINs , it is necessar y to calculat e
the aspect using the TIN with a resolut ion of 10 m and the curvat ure employing the
TIN with a resolut ion of 50 m. Subsequently the der ivat ive of the aspect can be
calculated. At this point the ridges are def ined as the ar eas having an aspect
var iat ion g reater than 40 ° and a cur vatur e greater than 1 1/100 m. Among the two
procedures f or the calculation of the ridg es it was decided to use the f irst because
it has be en shown that, in our case, it allows us to identif y many more ridges. This
is most likely due to the qualit y of the starting DEM. The comparison bet ween ridges
obtained with the t wo procedures is reported in Fig. 4.67. In this f igure there is only
an extract of the ridges raster, but it is possible to see how the geomorphological
structures ident if ied by the alternative algorithm are superior to those identif ied b y
the algorithm proposed by Maggioni (2004). Quantitatively, it has been calculated
that the r idges identif ied by t he alternative algor ithm are 6.3 t imes higher than those
identif ied by the algorithm proposed by Maggioni (2004) . Snow avalanches
perimeters were superimposed f or showing how the alternative algorithm def ines,
within the lim its of the qualit y of the init ial D T M, the individual avalanche channels
quite accurat ely. Af ter calculating the ridges, they have been eliminated f rom the
potent ial release areas.
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Fig. 4.67 Raster extract of comparison between ridges obtained with Maggioni 2004 method and alternative method.
Ridges identified by the alternative algorithm are 6.3 times higher than those identified by the algorithm proposed by
Maggioni (2004).

Another topographic parameter taken into account to obt ain PRA is cur vat ure.
In particular, ref erence has bee n made to the plan cur vatures because previous
studies have shown that areas with a concave (negative) plan curvature are more
likely to accumulate snow carr ied by the wind, while areas wit h a convex (posit ive)
plan cur vature do not have such propensity and t hey accumulate lower sno w
thicknesses ( Maggioni, 2004 ). Using the Plan cur vatur e criter ion, the concave PRAs
were then separ ated f rom the f lat and convex ones. Areas with a Plan Cur vat ure
present ing values lower than or equal to -0.2 (1/100 m) were considered concave,
while areas showing Plan Cur vature values greater than -0.2 (1/100 m) wer e
considered f lat and convex. The Plan curvatur e was calculat ed starting f rom a 50
m re-sampled DEM in order to consider the large-scale cur vature variations. The
concave areas are also def ined as self -contained, i.e., considered as the core of a
single release area. At this point, f or the PRA f lat and convex, a dimensional
criterion was used to def ine which PRA can be def in ed as self -contained and which
are not. It has been def ined that the PRA having a dimension high er than 5000 m 2
are considered self -contained, while those of smaller dimensions are considered
not self -contained and they can act as expansion zones f or the c ores of the release
area.
For all self -contained PRAs an addit ional f ilter is now applied to try to
eliminate the avalanche track and deposit ion areas. Basically, the maximum height
value within each PRA is calculat ed and only cells with a height greater than the
dif f erence (max altit ude - 200 m) are considered to belong to the release area. The
value of 200 m was chosen based on real events ( Magg ioni, 2004).
At this point , it is necessar y to homogeniz e the results obtained because the
DEM qualit y and the large -scale analysis ret urn areas tha t may not be
homogeneous. T he self -contained PRA, t o which the Alt itude Range f ilter has been
applied, are merged with the possible expansion areas (not self -contained PRA)
and f or their adjacent areas wer e evaluat ed the aspect and altitude dif f erences. If
in the adjacent areas the dif f erence in height was less than 100 m and the aspect
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dif f erence is lower th an 45°, then these ar eas wer e joined in the self -contained PRA
while if the diff erence in height was less than 100 m and the diff erence in aspect
higher than 45 ° the self -contained PRAs have been expanded in these areas. This
procedure is repeated iterat ivel y unt il a satisf actory result is obtained f rom the point
of view of homogeneit y. In this case, 4 iterat ions were perf ormed. The entire
procedure is summarized in the f ollowing f lowchart (Fig. 4.68).

Fig. 4.68 Schematization of the procedure for obtaining PRAs. STEP A: Total PRA; STEP B: Identification of the individual
release areas; STEP C: homogenization procedure. Whole ArcGIS passages are reported in Appendix A.
Modified after. Source: Maggioni (2004), p.30
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As a result of the application of the previous procedure, it is theref ore
possible to obt ain the Potent ial Release A reas (PRA). Once obtained, it is possible
to compare the latter with the real r elease areas obtained f rom photo - interpret ation .
Bef ore doing this, since the real det achment areas have been character ized, it is
possible to f ollow some addit ional steps to clean up the result . In particular, it was
f ound that all the real release ar eas lie above 750 m. For t his r eason , also the PRA
obtained f rom Maggioni pr ocedure have been f iltered using this altimetr ic f i lter. The
PRAs having an area lower than 5000 m 2 have been elim i nated again, because
some of these areas may have appear ed as a consequence of the expansion
procedure. Moreover , PRAs’ cells that f ell in known snow avalanches track zones
were eliminated. At this point, a comparison bet ween PRA obtained f rom the
procedur e and those obtained f rom photo -interpret ation is possible. A sample of
this comparison is reported in Fig. 4.69. The whole ArcGIS passages, to clar if y this
algorithm to GIS experts, are reported in Appendix A.

Fig. 4.69 A comparison between PRA obtained from the Maggioni (2004) procedure and release areas obtained from
photo-interpretation

The f irst thing that catches the eye f rom the comparison is that PRA obtained
through Maggioni algorithm are much more extensive than r eal release areas. It is
also noted that, despite the large scale analysis and non-excellent qualit y DEM, the
matching bet ween PRA and real release areas can be considered more than
satisf actor y. Quantit atively, the real release areas ext ension is equa l to 4% of the
PRA ident if ied thr o ugh Maggioni algorithm. On the other hand, 75% of real release
areas overlap with PRA identif ied by the semi -automat ic pr ocedure. The compar ison
bet ween release area extensions is repor ted in Table 12.
Table 12 Comparison between real release areas (RRA) and potential release areas (PRA) extension

Extension (Km2)
Real release areas (RRA)

23.51

PRA, Maggioni (2004) algorithm

514.45

Overlapping between RRA and PRA

17.65
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4.5.2 Bühler et al. (2018)
In addition to the algorithm just applied, the re are others to determine the
Potent ial Release A r eas. A second algorit hm , developed by B ühler at al. (2018) was
applied. The applied method ref ers to what B ühler at al. (2018) def ine scenar io
f requent. Also in this case , the method t akes into considerat ion some of th e main
topographic attribut es to get PRA. The main parameters used are slope, plan
cur vature and ruggedness. As already described above, the slope is a parameter of
primar y importance f or def ining possible release areas. As f or the previous
algorithm, the areas with a slope bet wee n 30 ° and 60 ° were then extracted, but,
bef ore doing this, a mean f ilter with a 5x5 kernel , weighted with distance, was
applied on a raster with 25 m resolut ion. In this way we try t o homogenize the
result ing areas since slope changes bet ween the individual cells can lead t o
disconnected areas without a real physical reason (B ühler at al., 2018).
Subsequently, the r uggedness (Sappington at al., 2007) was calculated using a
window size of 2 cells (50 m) . This par ameter describes, in essence, t he complexity
of the topography. It is known that ridges , that are very rough terrain, can be used
as an element of separation bet ween PRA because they do not allow the continuit y
of the weak la yer present inside t he snowpack (B ühler at al., 2018 cum bibl.). It is,
theref ore, possible t o use t he value of ruggedness to extract ridges and subtract
them f rom the areas f alling within the slope values indicat ed above. In particular ,
cells having a ruggedness greater than 0.06 were extracted. A f urther element that
allows ident if ying the ridges is the value of plan cur vatures. Basically, by looking
f or convex structures, it is possible to identif y areas where it is diff icult to have
large accumulat ions of snow a nd, consequently, release areas. In this case, the
cells having a value of p lan curvatures greater than 6 rad / 100 m were extracted.
Subsequently, t he extracted cells were remove d f rom the previously def ined areas.
As alr eady descr ibed above, the presence of f orests acts as an element of
protection and impediment to detachm ent. For this reason, using areas without the
f orest, previously obt ained starting from Corine Land Cov er 2012, level IV, only the
PRA in these areas have been extracted. At this point, PRA having an area below
a certain threshold have been excluded. It was decided t o elim inat e areas under
5000 m 2 , as done f or Maggioni algorithm. Finally, only t he areas pr esent in the
mountain areas of interest were ext racted, obtaining the f inal PRA .
Also in this case , it is reported in Fig. 4.70 a sample of comparison bet ween
PRA obtained f rom the algorithm and those obtained f rom photo -inter pretation. As
in the case of PRA obtained with Maggion i algorithm, areas obtained with the sem iautomatic procedur e are much more ext ensive than the real ones. The matching
bet ween PRA and real release areas can be considered sat isf actor y . Quantitat ively,
the real release areas extension is equal to 7.6 % of PRA identif ied through Bühler
et al. algorithm. On the other hand, 62 % of real release areas over lap wit h PRA
identif ied by the semi -automat ic procedure. It is noted that, in this case, a lower
percentage of PRA cells f alls within the real detachment ar eas. Given this f act,
however, we must also consider the diff erence in extension of PRA ident if ied by the
two algorithms. In f act, the PRA extension obtained through Maggioni algorithm is
about 1.7 times higher than that of PRA obtained with the B ühler et al. algorithm .
The comparison bet ween release ar ea extensions is reported in Table 13.
Table 13 Comparison between real release areas (RRA) and potential release areas (PRA) extension

Extension (Km2)
Real release areas (RRA)

23.51

PRA, Bühler at al. (2018) algorithm

309.93

Overlapping between RRA and PRA

14.50
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Fig. 4.70 A comparison between PRA obtained from the Bühler at al. (2018) procedure and release areas obtained from
photo-interpretation.

Qualitatively, we can say that the B ühler algorithm, in this case, resulted
more precise. W e also note an 81% over lap bet ween the B ühler and the Maggioni
PRA. The entir e procedure f ollowed f or obtaining PRA with B ühler at al. (2018)
algorithm is summarized in th e f ollowing f lowchart ( Fig. 4.71). PRA obtained with
both Maggioni (2004) and B ühler at al. (2018) algorithms, f or the mountain sectors
of interest, are repor ted in Att ached 4.

Fig. 4.71 Schematization of the procedure for obtaining PRAs with Bühler at al. (2018) algorithm.
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4.6 Seismic analysis of release areas (January 2017)
On the basis of release areas extracted f rom mapped snow avalanches , it
was possible to perform a statistical analysis of the seismic accelerations . This
analysis has been developed both i n the entire area of interest , as regards the PGA
analysis reported by the seism ic hazard map (P V R =10% V r = 50 y) , and on three
selected mountain sectors, as regards both the analysis of the PGA and the
accelerat ion values f ound in ShakeMaps f or 4 events occurr ed in Januar y 2017.
Shake Maps, obtained f rom INGV site, “have been determ ined automat ically f rom
the instrumentally r ecorded data by the seism ic stations and are updated as more
data become available ” (INGV). T hey give only an indicative estimat ion of the
shaking suff ered by t he ground . It is ant icipated that since Shake Maps are provided
with discr ete acceleration values , homogeneous within each band, and with
inter vals of 0.04 g, the f requency graphs will have only peaks corresponding to the
accelerat ion values multiples of 0.04 g or equal t o 0.02 g (minimum value). For
more inf ormation on S hake Maps, see the publicat ion “ShakeMap Manual: Technical
Manual, User ’s Guide, and Sof tware Guide ” By David J. W ald et al. (2005). Anyway,
selected seism ic events are reported in Table 14.
Table 14 Greater seismic events occurred in January 2017 used for the seismic analysis of snow avalanches release areas

Event ID (ID in Fig. 4.3 )

mm/dd/yy

hh:min:sec UTC

Region

Epicenter

z [km]

ML MW

12695491 (13)

01/18/17

9:25:40 AM

Abruzzo

L’Aquila

9.2

5.3 5.1

12697591 (12)

01/18/17

10:14:09 AM

Abruzzo

L’Aquila

9.1

5.4 5.5

12698071 (8)

01/18/17

10:25:23 AM

Abruzzo

L’Aquila

8.9

5.3 5.4

12707401 (5)

01/18/17

1:33:36 PM

Abruzzo

L’Aquila

10.0

5.1

5

These are earthquakes of greater entity occurred in January 2017; they
ver if ied on Januar y 18 t h , 2017 and mainly in the morning. It is obser ved that
magnitude values ar e all higher than 5. Theref ore, selected earthquakes, according
to Podolskiy et al. ( 2010), would correspond to events that could trigger landslides
since the ref erence lower bound is M w = 5.1. It is also not ed that depths of such
earthquakes are comparable to each other. In f act, according to what is reported in
Fig. 4.3, these earthquakes were generated sta rting f rom the same f ault, i .e. the
Colf iorito-Campotost o f ault (ITCS028) whose charact erist ics are reported in Table
9. Mor eover, it is obser ved that almost all the earthquakes occurred in Januar y
2017 were generated by this part icular ly active f ault. Selected mountain sectors, in
order to perf orm seismic analysis, are Sibillini Mountains, Lag a Mountains and Gran
Sasso Massif . The character izat ion of Majella and the Sirent e Velino release ar eas
has not been carried out as they f all entirely or almost entirely int o a single
accelerat ion band and, moreover, with the lowest values. The Shake Maps used,
with the indicat ion of the most aff ected mountain areas , are reported in Fig. 4.72.
The three mountain sectors considered, due to their proxim it y to the epicenters and
due to the seismic accelerat ions f ound, may, more likely, have manif ested snow
avalanches release caused by t he action of earthquake s. In realit y, it must be kept
in m ind t hat , in or der to study the release of snow avalanches induced by
earthquakes, it is necessar y to know two critical parameters: seism ic acceler ation
and snow height. Each considered mount ain sector was f urther subdivided int o the
Adriatic and Tyrrhenian side to ascertain any dif f erences. It is emphasized that the
statistical analysis was perf ormed on the totalit y of release areas cells f alling int o
the interest ed mount ain sect or. The reasoning h as theref ore been made on a large
scale and not considering ever y single release area.
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a)

b)

c)

d)

Fig. 4.72 Shake Maps used, with the indication of the most affected mountain areas: a) ShakeMap for the earthquake
verified on January 18th, 2017 at 9:25:40 AM UTC b) ) ShakeMap for the earthquake verified on January 18th, 2017 at
10:14:09 AM UTC c) ShakeMap for the earthquake verified on January 18th, 2017 at 10:25:23 AM UTC d) ShakeMap for
the earthquake verified on January 18th, 2017 at 1:33:36 PM UTC. Snow avalanches release areas are shown in black.

4.6.1 Total release areas
As alre ady ant icipat ed, the character iz at ion of all snow avalanche s release
areas, wit hin the area of interest, was carried out only concerning PGA values
reported by t he seismic hazard map (P V R = 10% V r = 50 y). Since the PGA values
were f ound in the form of points on the INGV site, and because of they wer e
distr ibuted according to a regular grid of 0.02 ° (planar distance of about 3 km), it
was necessar y t o transf orm points in rast er and carr y out a resampling so th at the
values of PGA, f alling within release ar eas, could be extract ed. The raster was
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resampled at 25 m using , as r esampling technique , a method that calculates PGA
values weighting f or distance. The obtained raster has already been reported in
Fig. 4.1. At t his point , the PGA values were extracted within the release areas
perimeters. Perf orming the f requency analysis, the results r eported in Fig. 4.73
were obt ained .

Fig. 4.73 Statistical analysis of the PGA values reported by the seismic hazard map (PVR = 10% Vr = 50 y) carried out for
all release areas extracted from mapped snow avalanches

It is observed that approxima tely 57% of release areas cells show values
ranging f rom 0.15 to 0.25 g , corresponding to seismic zone 2. The remaining 43%
of the cells show values higher than 0.25 g, corresponding to seism ic zone 1. It is
theref ore obser ved that all the release ar eas f all into the t wo zones with the highest
seism ic hazard . It should be not ed that the seismic hazard map presents PG A
values about a rigid and plan soil, not taking into account the stratigraphic and
topographic amplif ication phenomena which, f or a single eve nt, can lead to higher
accelerat ion values . The comparison bet ween acceleration s obtained, f or release
areas, f rom earthquakes of Januar y 2017 and seism ic hazard map will be
addressed, in the f ollowing paragraphs , for the considered m ountain sectors.

4.6.2 Gran Sasso release areas
The statistical analysis carried out f or release areas extract ed in Gran Sasso
Massif is shown below in Fig. 4.74. Fig. 4.74 a) shows the distr ibut ion of release
areas accelerat ion f or the earthquake verif ied on Januar y 18 t h , 2017 at the t ime
9:25:40 AM UTC in t he interested mount ain sector. It is observed that about 13%
of the cells of release areas include PGA values of 0.02 g, 48% equal to 0.04 g and
the remaining 39% equal to 0.08 g. Fig. 4.74 b) shows the distribut ion of release
areas accelerat ion f or the earthquake verif ied on Januar y 18 t h , 2017 at the t ime
10:14:09 AM UTC in the interest ed mount ain sect or. It is observed that about 12%
of the cells of release areas include PG A values of 0.02 g, 62% equal to 0. 04 g,
22% equal to 0.08 g, 3% equal to 0. 12 g and the remaining 1% equal to 0.16 g. Fig.
4.74 c) shows the distr ibut ion of release areas accelerat ion f or the earthquake
ver if ied on Januar y 18 t h , 2017 at the t ime 10:25:23 AM UTC in the interest ed
mountain sector. It is obser ved that about 5 % of the cells of release areas include
PGA values of 0.02 g, 60% equal to 0.04 g, 22% equal to 0.08 g, 5% equal to 0.12
g and the remaining 8% equal to 0.16 g. Fig. 4.74 d) shows the distr ibut ion of
release areas acceleration f or the earthq uake verif ied on Januar y 18 t h , 2017 at the
time 1:33: 36 PM UTC in the interested mountain sector. It is obser ved that about
11% of the cells of release areas include PGA values of 0.02 g, 78% equal to 0.04 g,
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11% equal to 0.08 g, and the remaining 0.1% equal to 0.12 g. Fig. 4.74 e) shows
the distribution of release ar eas PGA extr acted f rom seismic hazard map ( P V R = 10%
V r = 50 y). It is obser ved th at approximately 39 % of release areas cells show values
ranging f rom 0.15 to 0.25 g, corresponding to s eismic zone 2. The remaining 61 %
of the cells show values higher than 0.25 g, corresponding to seism ic zone 1. It is
theref ore obser ved that all the rele ase ar eas f all into the t wo zones with the highest
seism ic hazard.

a)

b)

c)

d)

e)

Fig. 4.74 Statistical analysis of accelerations for the earthquakes verified on January 18th,2017 at the time a) 9:25:40 AM
UTC b) 10:14:09 AM UTC c) 10:25:23 AM d) 1:33:36 PM and e) PGA extracted from seismic hazard map (PVR =10% Vr=
50 y) carried out for Gran Sasso release areas extracted from mapped snow avalanches
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4.6.3 Gran Sasso, Adriatic side, release areas
The statistical analysis carried out f or release areas extract ed in Gran Sasso
Massif , Adriat ic side, is shown below in Fig. 4.75. Fig. 4.75 a) shows the distribution
of release areas acceler ation f or the eart hquake ver if ied on Januar y 18 t h , 2017 at
the time 9:25:40 AM UTC in the inter ested mountain sector. It is obser ved that about
11% of the cells of release areas include PGA values of 0.02 g, 51 % equal to 0.04
g and the remaining 38 % equal t o 0.08 g. Fig. 4.75 b) shows the distribution of
release areas acceleration f or the earthq uake verif ied on Januar y 18 t h , 2017 at the
time 10:14:09 AM UTC in the inter ested mountain sect or. It is obser ved that about
16% of the cells of release areas include PGA values of 0.02 g, 52% equal to 0.04
g, 28% equal to 0. 08 g, 3% equal to 0.12 g and t he remaining 1% equal t o 0.16 g.
Fig. 4.75 c) shows t he distribution of release areas acceleration f or the earthquake
ver if ied on Januar y 18 t h , 2017 at the t ime 10:25:23 AM UTC in the interest ed
mountain sec tor. It is obser ved that about 8 % of the cells of release areas include
PGA values of 0.02 g, 59% equal to 0.04 g, 23% equal to 0.08 g, 7 % equal to 0.12
g and the remaining 3 % equal to 0.16 g. Fig. 4.75 d) shows the distr ibut ion of
release areas acceleration f or the earthq uake verif ied on Januar y 18 t h , 2017 at the
time 1:33: 36 PM UTC in the interested mountain sect or. It is obser ved that about
6% of the cells of release areas include PGA values of 0.02 g, 87% equal to 0.04g
and the r emaining 7% equal to 0.08 g. Fig. 4.75 e) shows t he distr ibut ion of release
areas PGA extracted f rom seismic hazard map (P V R =10% V r = 50 y). It is obser ved
that approximately 48% of release areas cells show values ranging from 0.15 to
0.25 g, corresponding to seismic zone 2. The remaining 52 % of the cells show
values higher than 0. 25 g, corresponding to seism ic zone 1. It is theref ore observed
that all the release areas f all into the t wo zones with the highe st seism ic hazard.

a)

b)

c)

d)
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e)

Fig. 4.75 Statistical analysis of accelerations for the earthquakes verified on January 18th,2017 at the time a) 9:25:40 AM
UTC b) 10:14:09 AM UTC c) 10:25:23 AM d) 1:33:36 PM (previous page) and e) PGA extracted from seismic hazard map
(PVR =10% Vr= 50 y) carried out for Gran Sasso Adriatic release areas extracted from mapped snow avalanches.

4.6.4 Gran Sasso, Tyrrhenian side, release areas
The statistical analysis carried out f or release areas extract ed in Gran Sasso
Massif , Tyrrhenian side, is shown below in Fig. 4.76. Fig. 4.76 a) shows t he
distr ibut ion of release areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 9:25:40 AM UTC in the interest ed mountain sect or. It is
obser ved that about 17% of the cells of release areas include PGA values o f 0.02
g, 45% equal to 0.04 g and the remaining 38% equal to 0.08 g. Fig. 4.76 b) shows
the distribution of release areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 10:14:09 AM UT C in the inter ested mountain sector. It is
obser ved that about 8% of the cells of release areas include PGA values of 0.02 g,
74% equal to 0.04 g , 14 % equal to 0.08 g, 3% equal to 0.12 g and the r emaining
1% equal to 0.16 g. Fig. 4.76 c) shows the distr ibut ion of release areas accelerat ion
f or the earthquake verif ied on Januar y 18 t h , 2017 at the time 10:25:23 AM UTC in
the interested mount ain sec tor. It is observed that about 2 % of the cells of release
areas include PG A values o f 0.02 g, 62% equal to 0.04 g, 21% equal to 0.08 g, 2 %
equal to 0.12 g and the remaining 13 % equal t o 0.16 g. Fig. 4.76 d) shows t he
distr ibut ion of release areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 1:33:36 PM UTC in the interest ed mo untain sect or. It is
obser ved that about 17 % of the cells of release areas include PGA values o f 0.02
g, 67% equal to 0.04g, 16 % equal to 0.08 g, and the remaining 0.2 % equal to 0.12
g. Fig. 4.76 e) shows the distribution of release ar eas PGA extracted f rom seismic
hazard map (P V R =10% V r = 50 y). It is obser ved that approximately 25% of release
areas cells show values ranging from 0.15 to 0.25 g, corresponding to seism ic zo ne
2. The remaining 75 % of the cells show values higher than 0.25 g, corresponding
to seism ic zone 1. It is theref ore obser ved that all the release areas f all into the
two zones with the highest seismic hazar d.
a)

b)
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c)

d)

e)

Fig. 4.76 Statistical analysis of accelerations for the earthquakes verified on January 18th,2017 at the time a) 9:25:40 AM
UTC b) 10:14:09 AM UTC (previous page) c) 10:25:23 AM d) 1:33:36 PM (previous page) and e) PGA extracted from
seismic hazard map (PVR =10% Vr= 50 y) carried out for Gran Sasso Tyrrhenian release areas extracted from mapped
snow avalanches.

4.6.5 Laga release areas
The statist ical analysis carried out f or release ar eas extracted in Lag a
Mountains is shown below in Fig. 4.77. Fig. 4.77 a) shows the distr ibut ion of release
areas ac celerat ion f or the earthquake verif ied on Januar y 18 t h , 2017 at the t ime
9:25:40 AM UTC in t he int erested mount ain sector. It is observed that about 2 % of
the cells of release areas include PGA values of 0.04 g, 4% equal to 0.08 g, 28%
equal to 0.12 g, 66% equal to 0.16 g and the remaining 0.03% equal to 0. 2 g. Fig.
4.77 b) shows the distr ibut ion of release areas accelerat ion f or the earthquake
ver if ied on Januar y 18 t h , 2017 at the t ime 10:14:09 AM UTC in the interest ed
mountain sector. It is obser ved that about 2 % of the cells of release areas include
PGA values of 0.04 g, 0.14% equal to 0. 08 g, 16% equal to 0.12 g, 37 % equal t o
0.16 g , 36% equal to 0.2 g, 9% equal to 0. 24 g and the remaining 0.3% equal to
0.28 g. Fig. 4.77 c) shows the distr ibut ion of release ar eas acceleration f or the
earthquake ver if ied on Januar y 18 t h , 2017 at the ti me 10:25:23 AM UTC in the
interest ed mountain sector. It is obser ved that about 2% of the cells of release
areas include PG A values of 0.04 g, 12% equal to 0.08 g, 68 % equal to 0.12 g, 11%
equal to 0.16 g, 7% equal to 0.2 g , and t he remaining 0.5% equal to 0.24 g . Fig.
4.77 d) shows the distr ibut ion of release areas accelerat ion f or the earthquake
ver if ied on Januar y 18 t h , 2017 at the time 1:33:36 PM UTC in the interested
mountain sector. It is obser ved that about 79 % of the cells of release areas include
PGA values of 0.04 g, 21% equal to 0.08 g and the remaining 0.02% equal to 0.12
g.
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Fig. 4.77 e) shows the distribution of release areas PGA ext racted f rom seismic
hazard map (P V R =10% V r = 50 y). It is obser ved that approximately 16 % of release
areas cells show values ranging from 0.15 to 0.25 g, corresponding to seism ic zone
2. The remainin g 84% of the cells show values higher than 0.25 g, corresponding
to seism ic zone 1. It is theref ore obser ved that all the release areas f all into the
two zones with the highest seismic hazar d.

a)

b)

c)

d)

e)

Fig. 4.77 Statistical analysis of accelerations for the earthquakes verified on January 18 th,2017 at the time a) 9:25:40 AM
UTC b) 10:14:09 AM UTC c) 10:25:23 AM d) 1:33:36 PM and e) PGA extracted from seismic hazard map (P VR =10% Vr=
50 y) carried out for Laga release areas extracted from mapped snow avalanches
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4.6.6 Laga, Adriatic side, release areas
The statist ical analysis carried out f or release ar eas extracted in Lag a
Mountains, Adr iat ic side, is shown below in Fig. 4.78. Fig. 4.78 a) shows the
distr ibut ion of release areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 9:25:40 AM UTC in the interest ed mountain sec tor. It is
obser ved that about 10% of the cells of release areas include PGA values of 0.04
g, 17% equal to 0.08 g, 54% eq ual to 0.12 g, and the remaining 19% equal to 0.16
g. Fig. 4.78 b) shows the distribution of release ar eas accelerat ion f or the
earthquake ver if ied on Januar y 18 t h , 2017 at the time 10:14:09 AM UTC in the
interest ed mount ain sector. It is obser ved that about 10 % of the cells of release
areas include PGA values of 0.04 g, 0.6% equal to 0.08 g, 55 % equal to 0.12 g,
33% equal t o 0.16 g and the r emaining 1.6 % equal to 0.2 g. Fig. 4.78 c) shows the
distr ibut ion of release areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 10:25:23 AM UT C in the inter ested mountain sector. It is
obser ved that about 10 % of the cells of release areas include PGA values of 0.04
g, 86% equal to 0.12 g, 2.4 % equal t o 0. 16 g and the r emaining 1.6 % equal to 0.2
g. Fig. 4.78 d) shows the distribution of release ar eas accelerat ion f or the
earthquake verif ied on Januar y 18 t h , 2017 at the time 1: 33:36 PM UTC in t he
interest ed mount ain sector. It is obser ved that about 97 % of the cells of release
areas include P GA values of 0.04 g, while the remaining 3% equal to 0. 08 g. Fig.
4.78 e) shows the distribut ion of release areas PGA extracted f rom seismic hazard
map (P V R =10% V r = 50 y). It is obser ved that approxim ately 77 % of release area s
cells show values ranging f rom 0.15 to 0.25 g, corresponding to seismic zone 2.
The remaining 23 % of the cells show values higher than 0. 25 g, corresponding to
seism ic zone 1. It is theref ore obser ved that all the release areas f all into the t wo
zones with the highest seism ic hazard.
a)

c)

b)

d)
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e)

Fig. 4.78 Statistical analysis of accelerations for the earthquakes verified on January 18 th,2017 at the time a) 9:25:40 AM
UTC b) 10:14:09 AM UTC c) 10:25:23 AM d) 1:33:36 PM (previous page) and e) PGA extracted from seismic hazard map
(PVR =10% Vr= 50 y) carried out for Laga Adriatic release areas extracted from mapped snow avalanches

4.6.7 Laga, Tyrrhenian side, release areas
The statist ical analysis carried out f or release ar eas extracted in Lag a
Mountains, Tyrrhenian side, is shown below in Fig. 4.79. Fig. 4.79 a) shows the
distr ibut ion of release areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 9:25:40 AM UTC in the interest ed mountain sector . It is
obser ved that about 20% of the cells of release areas include PGA values of 0.12
g, 80% equal to 0.16 g and the remaining 0.04% equal to 0.2 g. Fig. 4.79 b) shows
the distribution of releas e areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 10:14:09 AM UT C in the inter ested mountain sector. It is
obser ved that about 5% of the cells of release areas include PGA values of 0.12 g,
38% equal to 0.16 g , 45% equal to 0.2 g, 12% equal to 0.24 g and the r emaining
0.35% equal to 0.2 8 g. Fig. 4.79 c) shows the distribut ion of release areas
accelerat ion f or the earthquake verif ied on Janu ar y 18 t h , 2017 at the time 10:25:23
AM UTC in the inter ested mountain sect or. It is obser ved that about 15 % of the
cells of release areas include PGA values of 0.08 g, 63% equal to 0.12 g, 13% equal
to 0.16 g, 9% equal to 0.2 g and the r emaining 0.6% equal to 0.24 g. Fig. 4.79 d)
shows the distribution of release areas acceleration f or the earthquake ver if ied on
Januar y 18 t h , 2017 at the time 1:33:36 PM UTC in the intereste d mountain sector.
It is obser ved that about 74% of the cells of release areas include PG A values of
0.04 g, 26% equal to 0.08 g and the remaining 0.02% equal to 0.12 g. Fig. 4.79 e)
shows the distribut ion of release areas PGA extracted f rom seismic hazard map
(P V R =10% V r = 50 y) . It is obser ved that 100% of release areas cells show values
greater than 0.25 g , corresponding to seismic zone 1 .

a)

b)
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c)

d)

e)

Fig. 4.79 Statistical analysis of accelerations for the earthquakes verified on January 18 th ,2017 at the time a) 9:25:40 AM
UTC b) 10:14:09 AM UTC (previous page) c) 10:25:23 AM d) 1:33:36 PM and e) PGA extracted from seismic hazard map
(PVR =10% Vr= 50 y) carried out for Laga Tyrrhenian release areas extracted from mapped snow avalanches

4.6.8 Sibillini release areas
The statistical analysis carr ied out f or release areas extracted in Sibillini
Mountains is shown below in Fig. 4.80. Fig. 4.80 a) shows the distr ibut ion of release
areas accelerat ion f or the earthquake verif ied on Januar y 18 t h , 2017 at the t ime
9:25:40 AM UTC in the interested mount ain sect or. It is observed that about 0.4 %
of the cells of release areas include PGA values of 0.02 g, 60 % equal to 0.04 g and
the remaining 40 % equal to 0.08 g. Fig. 4.80 b) shows the distribut ion of release
areas accelerat ion f or the earthquake verif ied on Januar y 18 t h , 2017 at the t ime
10:14:09 AM UTC in the inter ested mount ain sector. It is observed that about 0.4%
of the cells of release areas include PG A values of 0.02 g, 58% equal to 0. 04 g,
41% equal to 0.08 g and t he remaining 0.18% equal to 0.12 g. Fig. 4.80 c) shows
the distribution of release areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 10:25:23 AM UT C in the inter ested mountain sector. It is
obser ved that abou t 0.4% of the cells of release areas include PGA values of 0.02
g, 77% equal to 0.04 g and the remaining 22.5 % equal to 0.08 g. Fig. 4.80 d) shows
the distribution of rele ase areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 1:33:36 PM UTC in the interest ed mountain sector. It is
obser ved that about 48% of the cells of release are as include PGA values of 0.02
g while the remaining 52% is equal to 0.04 g . Fig. 4.80 e) shows the distr ibut ion of
release areas PGA extracted f rom seismic hazar d map (P V R =10% V r = 50 y). It is
obser ved that approximately 88 % of release areas cells show values ranging f rom
0.15 to 0.25 g, corresponding to seismic zone 2. The remaining 12 % of the cells
show values higher than 0.25 g, corresponding to seism ic zone 1. It is theref ore
obser ved that all the release areas f all into the two zones with the highest seism ic
hazard.
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b)

c)

d)

e)

Fig. 4.80 Statistical analysis of accelerations for the earthquakes verified on January 18 th,2017 at the time a) 9:25:40 AM
UTC b) 10:14:09 AM UTC c) 10:25:23 AM d) 1:33:36 PM and e) PGA extracted from seismic hazard map (P VR =10% Vr=
50 y) carried out for Sibillini release areas extracted from mapped snow avalanches

4.6.9 Sibillini, Adriatic side, release areas
The statist ical analysis carried out f or release areas extracted in t he Sibillini
Mountains, Adr iat ic s ide, is shown below in Fig. 4.81. Fig. 4.81 a) shows the
distr ibut ion of release areas accelerat ion f or the earthquake verif ied on Januar y 18,
2017 at the time 9:25:40 AM UTC in the interest ed mountain sector. It is obser ved
that about 0.6% of the cells of release areas include PGA values of 0.02 g, 64 %
equal to 0.04 g and the remaining 36% equal t o 0.08 g. Fig. 4.81 b) shows t he
distr ibut ion of release ar eas accelerat ion f or the earthquake verif ied on Januar y 18,
2017 at the time 10: 14:09 AM UTC in the inter ested mountain sector. It is obser ved
that about 0.6% of the cells of release areas include PGA values of 0.02 g, 53%
equal to 0.04 g, 46% equal to 0.08 g, and the remaining 0.1% equal to 0.12 g.
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Fig. 4.81 c) shows t he distribution of release areas acceleration f or the earthquake
ver if ied on Januar y 18 t h , 2017 at the t ime 10:25:23 AM UTC in the interest ed
mountain sector. It is obser ved that about 0.6 % of the cells of release areas include
PGA values of 0.02 g, 75 % equal to 0.04 g and the remaining 24.4 % equal to 0.08
g. Fig. 4.81 d) shows the distribution of release ar eas accelerat ion f or the
earthquake verif ied on Januar y 18 t h , 2017 at the time 1: 33:36 PM UTC in t he
interest ed mount ain sector. It is obser ved that about 48% of the cells of release
areas include PGA values of 0.02 g, while the remaining 52% is equal to 0.04 g .
Fig. 4.81 e) shows the distribution of release areas PGA ext racted f rom seismic
hazard map (P V R =10% V r = 50 y). It is obser ved that approximately 99 % of release
areas cells show values ranging from 0.15 to 0.25 g, corresponding to seism ic zone
2. The remaining 1% of the cells show values higher than 0.25 g, corresponding to
seism ic zone 1. It is theref ore obser ved that all the release areas f all into the t wo
zones with the highest seism ic hazard.
a)

b)

c)

d)

e)

Fig. 4.81 Statistical analysis of accelerations for the earthquakes verified on January 18 th,2017 at the time a) 9:25:40 AM
UTC b) 10:14:09 AM UTC c) 10:25:23 AM d) 1:33:36 PM and e) PGA extracted from seismic hazard map (P VR =10% Vr=
50 y) carried out for Sibillini Adriatic release areas extracted from mapped snow avalanches
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4.6.10 Sibillini, Tyrrhenian side, release areas
The statist ical analysis carried out f or release areas extracted in t he Sibillini
Mountains, Tyrrhenian side, is shown below in Fig. 4.82. Fig. 4.82 a) shows the
distr ibut ion of release areas accelerat ion f or the earthquake ver if ied on Januar y
18 t h , 2017 at the time 9:25:40 AM UTC in the interest ed mountain sector. It is
obser ved that about 52% of the cells of release areas include PGA values o f 0.04
g, while the remaining 48 % is equal to 0.08 g. Fig. 4.82 b) shows the distribution of
release areas accelera tion f or the earthq uake verif ied on Januar y 18 t h , 2017 at the
time 10:14:09 AM UTC in the inter ested mountain sector. It is obser ved that about
69.7% of the cells of release areas include PGA values of 0.04 g, 30% equal to 0.08
g and the remaining 0.3% equ al to 0.12 g. Fig. 4.82 c) shows the distribution of
release areas acceleration f or the earthq uake verif ied on Januar y 18 t h , 2017 at the
time 10:25:23 AM UTC in the inter e sted mountain sector. It is obser ved that about
82% of the cells of release ar eas include PGA values of 0.04 g , while the r emaining
18% is equal to 0.08 g. Fig. 4.82 d) shows the distribution of release areas
accelerat ion f or the earthquake verif ied on Januar y 18 t h , 2017 at the time 1:33:36
PM UTC in the inter ested mountain sect or. It is obser ved that about 47 % of the
cells of release ar eas include PGA values o f 0.02 g, while t he remaining 53 % is
equal to 0.04 g. Fig. 4.82 e) shows the distribut ion of release areas PGA extracted
f rom seismic hazard map (P V R =10% V r = 50 y). It is obser ved that approximately
66% of release areas cells show values r anging f rom 0.15 to 0.25 g, corresponding
to seismic zone 2. The remaining 34 % of the cells show values higher than 0.25 g,
corresponding to seismic zone 1. It is theref ore observed that all th e release areas
f all into the t wo zones with the highest seismic hazar d.
a)

b)

c)

d)
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e)

Fig. 4.82 Statistical analysis of accelerations for the earthquakes verified on January 18 th,2017 at the time a) 9:25:40 AM
UTC b) 10:14:09 AM UTC c) 10:25:23 AM d) 1:33:36 PM 8previous page) and e) PGA extracted from seismic hazard map
(PVR =10% Vr= 50 y) carried out for Sibillini Tyrrhenian release areas extracted from mapped snow avalanches.

4.6.11 Mountain sectors release areas compared
Regarding Fig. 4.83, it is obser ved that f or earthquakes of January 18 t h , 2017,
in Gran Sasso Massif , release ar eas have always shown roughly the sam e
accelerat ion values. Only dif f erences in the maximum values are noted: in the
earthquakes occurred at the time 10:14:09 UTC and 10:25:23 UTC they reached a
0.16 g PGA. Maximums were lower f or the other earthquakes. In general, compar ing
extracted values with those of seismic hazard map, acceler ations lowe r or
comparable with the minima shown on the map, have been reached. There were no
particular diff erences bet ween Adr iat ic and Tyrrhenian side both f or earthquakes
and the seis m ic hazard map. A behavior similar to that f ound in the Gran Sasso was
also obser ved in the Sibillini mountains where, however, the acceleration values
obtained in release areas are ver y sim ilar during the 4 eart hquakes. Also in this
case, maximum values w ere f ound in the course of the earthquakes that took place
at 10:14:09 UTC and 10:25:23 UTC. Com pared to values extracted f rom the seism ic
hazard map, accelerations f elt by release areas dur ing eart hquakes were m uch
lower. For all earthquakes , release areas of Laga mountains presented the highest
accelerat ion values. Most of these values, caused by earthquakes, f all below the
f irst quartile reported, f or the same areas, by the seismic hazar d map. Moreover,
these values ar e slightly higher than the minimum values of the seismic hazard
map. In this case , we obser ve diff erences bet ween Adriatic and Tyrrhenian side.
Higher accelerat ion values are obser ved in the release areas of the Tyrrhenian side,
which is the slope t hat is f irstly aff ected by seism ic waves. T he same trend is
obser ved start ing f rom values extr acted f rom seismic hazard map. During the
earthquake that occurred at 13:33: 36 UTC, a decrease and homogenizat ion of
accelerat ions f elt by the release areas of dif f erent sectors is obser ved. The highest
values are always f ound in t he Laga Mountains, but they are much more comparable
with values f ound for Gran Sasso and Sibillini release ar eas. Reporting in the
boxplots also the number of snow avalanches occurred in each sector , it was
obser ved that , in Gran Sasso and Sibillini Mountains, the events number does not
seem to be relat ed to the accelerat ion values f ound. In these sectors the number of
snow avalanches was , inst ead, related to the snowf all dat a ( Fig. 4.66). On the other
hand, a similar trend bet ween accelerat ion values and events number was noted in
Laga Mountains . It is interesting to note t hat, looking at the Adriat ic and Tyrr henian
sides of Laga Mount ains, the higher num ber of events occurr ed on the Tyrrhenian
side in which there is not the maximum of cumulative snow pr ecipitat io n, f ound on
the Adr iatic side ( Fig. 4.66), but the maximum of acceler ation values.
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This element may suggest that some events in the Laga Mountains may, in som e
way, be related to earthquakes, even if , as already mentioned, we must always take
into account t wo crit ical parameters: accelerat ion and snow height.

a)

b)

c)
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d)

e)

Fig. 4.83 Comparison among PGA distributions of release areas for earthquakes verified on January 18, 2017 at a)
9:25:40 AM UTC b) ) 10:14:09 AM UTC c) 10:25:23 AM UTC (previous page) d) 1:33:36 PM UTC and e) seismic hazard
map. Dot line indicates number of events in each sector.
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4.6.12 Snow avalanches potentially triggered by earthquakes
Af ter the seismic characterization of release areas , we tried to understand
which of these could have been tr iggered by earthquakes with M w ≥ 5 occurred on
Januar y 18 t h , 2017. To this end, the snow avalanche release model , pr oposed by
Pérez-Guillén (2014) cum bibl . also repor ted in paragraph 3.2.2 was applied. The
goal is the achievement of a crit ical acceleration value, produced by an earthquake,
that can tr igger snow avalanches. As already anticipated, the problem of the
detachment induced by earthquake must take into account 2 parameters: the
snowpack height and the acceleration. In our study, the f irst problem was to
understand the snow height when the ear thquakes occurred. This depends on the
meteorological model that accumulates snow r egardless of the occurrence of
previous snow avalanches. As a consequence, on the day of interest, the cumulative
values ranged f rom 400 to 500 cm in all the release areas. The Pérez-Guillén (2014)
cum bibl. model would be inapplicab le using these values, since the cumulative
value is higher than the critical snow height f or which snow avalanches would be
detached, even without the earthquake s action. Having no f urther data available,
we tried to estimate the average snow height present i n each mountain sector,
dif f erentiating bet ween Adriat ic and Tyrrhenian side. Usually, when the sno w
avalanche release occurs, the whole snow thickness is hardly ever detached. Of
the entir e precipitous snow mass, only a part is considered unstable. A
represent ative quant it y of this mass is the detachment height 𝐻𝑑 . The latter can be
calculated using the indications provided by Swiss Direct ives (Salm et al., 1990) ,
and it pr esents the following expression.
𝐻𝑑 (𝑇; 𝑧) = [𝐷𝐻3𝑔𝑔 (𝑇; 𝑧) + 𝐻𝑠𝑑 ] ∙ cos(28°) ∗ 𝑓(𝜗)

(50)

𝐷𝐻3𝑔𝑔 (𝑇; 𝑧) is the increase in snowpack height (measured vert ical ly), on three
consecutive days of precipit ation , and it is a f unction of the return time 𝑇 and the
average altit ude of release area 𝑧. In this case, return time and alt itude have not
been taken into account. So, t he cumulative precipitat ion dat a , as provided by the
model, were used. 𝐻𝑠𝑑 is the snow height (measured vertical ly) transported by the
wind. On the mountain sector scale, exposures var y a lot and there are many f actors
that can inf luence this variable. So, this parameter has been set equal to 0 because
it is not possible to evaluate the wind eff ect. 𝑓(𝜗) is a descending f unction of the
release area averag e slope, 𝜗, having the f ollowing expression:
𝑓(𝜗) =

0.291
, 𝑤𝑖𝑡ℎ 𝜗 ≥ 28°
sin(𝜗) − 0.202 ∙ cos(𝜗)

(51)

The 𝐷𝐻3𝑔𝑔 (𝑇; 𝑧) values used for mountain sect ors, on both si des, are the
average values. F or the slope used, we need to make an anticipation . Crit ical
accelerat ion value is highly sensitive with respect to slope var iat ions. More details
in par agraph “ Model and results critical obser vations ”. Theref ore, to be
precaut ionar y, we used the average slope value, to which one degree was
subtracted. At this point, the model of Pérez-Guillén (2014) cum bibl. w as used, but
without considering the action of the ea rthquake. In this way, the cr itical sno w
height , f or which spontaneous release occurs , was obtained. These calculat ions
were made with 2 values of s hear strength. Snow layers composed of decomposing
f orms and graupel were considered. To f ind the shear strength f or decomposing
f orms, equation (29. 1) was used . A snow densit y of 200 kg/m 3 and ice densit y of
916.8 kg/m 3 were considered . To f ind the shear strength f or graupel, the f ollowing
expression, suggested by Osamu Abe (2004), was used:
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𝜌 2.8
𝑆𝐹𝐼 = 82 ∙ (
)
𝜌𝑖𝑐𝑒

(52)

[𝑘𝑃𝑎]

A snow densit y of 19 0 kg/m 3 and ice densit y of 916.8 kg/m 3 wer e used. W e
chose these t wo types of snow composition as they are the ones th at best describe
the snow with weak cohesion reported by bullet ins . Subsequently, the critical height
was iteratively subtr acted f rom the 𝐻𝑑 value. This oper ation was repeated unt il a
value, lower than cr itical height , was obtained. It corresponds to an est imate of the
snow height, stable , in the mountain sectors release areas f or which calculat ions
were perf ormed . As anticipated, we calculated f or both shear strength values . Now,
we applied the Pérez-Guillén (2014) cum b ibl. model, usin g the stable height as
input, to f ind the critical earthquake acceler ation that causes detachment. Input
values (slope and 𝐷𝐻3𝑔𝑔 (𝑇; 𝑧)), 𝐻𝑑 , critical snow height (ℎ𝑐 ), stable snow height (ℎ𝑠𝑡𝑎𝑏 )
and crit ical acceler ation ( 𝑎𝑐 ) f or graupel and de composing forms are reported,
respect ively, in Table 15 and Table 16.
Table 15 Input values (slope and DH3gg), Hd, critical snow height (hc), stable snow height (hstab) and critical acceleration
(ac) for graupel snow

GRAUPEL
Gran Sasso Adriatic
Gran Sasso Tyrrhenian
Laga Adriatic
Laga Tyrrhenian
Sibillini Adriatic
Sibillini Tyrrhenian

α =θ (°)(mean -1 ) DH3gg (cm) (mean)
34
31
33
28
33
28

503
484
500
490
455
430

Hd (m) hc (m) hstab (m) ac (g)
3.299
3.637
3.424
4.325
3.116
3.795

0.960
1.043
0.986
1.144
0.986
1.144

0.418
0.509
0.466
0.893
0.158
0.364

0.725
0.539
0.608
0.132
2.861
1.007

Table 16 Input values (slope and DH3gg), Hd, critical snow height (hc), stable snow height (hstab) and critical acceleration
(ac) for decomposing forms snow

DECOMPOSING FORMS
Gran Sasso Adriatic
Gran Sasso Tyrrhenian
Laga Adriatic
Laga Tyrrhenian
Sibillini Adriatic
Sibillini Tyrrhenian

α =θ (°)(mean -1 ) DH3gg (cm) (mean)
34
31
33
28
33
28

503
484
500
490
455
430

Hd (m) hc (m) hstab (m) ac (g)
3.299
3.637
3.424
4.325
3.116
3.795

0.950
1.031
0.975
1.131
0.975
1.131

0.450
0.544
0.498
0.931
0.190
0.401

0.621
0.461
0.521
0.101
2.246
0.853

The highest accelerations were f ound f or graupel snow. Found accelerat ions
are quite high because ℎ𝑠𝑡𝑎𝑏 shows, in general, low values. Using the results
obtained f rom the release areas seismic character izat ion f or mountain sectors,
reported in par agraph 4.6, and cr itical accelerations, it is possible to understand
which areas can pot entially be triggered by interested earthquakes . It was noted
that only release areas in Laga Mountains, Tyrr henian side, pr esented
accelerat ion s, manif ested dur ing earthquakes, higher than respect ive cr itical
values. The scenario f or graupel and decomposing f orms , during the 4 events
considered, is report ed respectively in At tached 5 and Attached 6. Each scenar io
is independent. Below are the pie charts that show, in the Laga Mountains and f or
the t wo shear strengths, the percentage of release areas extension that can
potent ially be triggered dur ing the considered earthquakes ( Fig. 4.84).
123

Fig. 4.84 Pie charts showing, in Laga Mountains and for the two shear strengths( graupel snow on the left, decomposing
forms on the right), the percentage of release areas extension that can potentially be triggered during the considered
earthquakes
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There are some dif ferences bet ween scenar ios obtained wit h the two shear
strengths. For the f irst 3 earthquakes, a greater release areas extension can be
triggered considering the decomposing f orms shear strength respect to graupel
snow. For the last earthquake, instead, the scenar io obt ained f or decomposing
f orms is identical to that obtained f or graupel snow. In this case, acceler ations
produced by t he earthquake are not high enough to cause det achment . Consider ing
the graupel snow, there is a slight increase in areas that can be triggered bet ween
the earthquake occurred at 9:25:40 UTC (62%) and that verif ied at 10:14:09 UTC
(74%). On the contrary, a sharp decrease of possibly triggered areas is obser ved
bet ween the earthquake occurred at 10: 14:09 UTC and that verif ied at 10:25:23
UTC (17%) , despite the magnitude of the two events is com parable. Consider ing
the decomposing f orms, we obser v e an identical scenar io bet ween the f irst two
earthquakes , in which all the release ar eas of Laga Mountains, Tyrrhenian side,
can be potent ially tr iggered. For the earthquake occurred at 10:25:23 UTC , a slight
decrease in release areas extent, possibly triggered, was observed .
Model and results critical observation s
It is necessar y to make an important obser vat ion . These evaluat ions and
results are carried out o n the scale of mountain massif s; theref ore, on the single
slope the conditions can be signif icant ly diff erent . The model presents unce rtaint ies
related to in put dat a. Release ar eas slope values were obtained f rom a low qualit y
DEM. Moreover, 𝑎𝑐 is very sensitive to slope changes . To be precautionar y, as slope
input ( 𝛼) the average value (calculated f or mountain sector release areas) minus 1
was used. The f ollowing table shows the critical acceleration s that are obtained
using aver age slope value wit h the reduction (%) respect to critical accelerat ion
calculated using mean slope minus 1.

ac α = mean

ac α =(mean -1 )

decrease (%)

ac α = mean

ac α =(mean -1 )

decrease (%)

0.926 g

0.725 g

21.74%

0.791 g

0.621 g

21.55%

0.726 g

0.539 g

25.72%

0.622 g

0.461 g

25.79%

0.788 g

0.608 g

22.83%

0.675 g

0.521 g

22.82%

0.219 g

0.132 g

39.87%

0.179 g

0.101 g

43.74%

4.632 g

2.861 g

38.24%

3.368 g

2.246 g

33.32%

1.560 g

1.007 g

35.45%

1.290 g

0.853 g

33.85%

DEC. FORMS

GRAUPEL

Table 17 ac obtained using mean slope with indication of decrease (%) respect to ac calculated using (mean slope -1)

The choice of the snow composition, with relat ive densit ies, has been hyp othesized
since the stratigraphies were not accessible. To this, we add the meteorological
model uncertaint ies f or the def inition of the cumulat ive snow precipitation.
Moreover, the applied model is basic and we have not taken into account sever al
f actors that can signif icantly change the obtai ned scenar ios. As already ment ioned,
the wind action , that could locally cause a snow load even higher than the values
obtained, was not considered. The temperature var iat ion was not regarded in the
model. It can inf luence the cr itical height value f or which the release occurs.
Moreover, the model does not treat the release ar eas cur vature: a greater concavit y
would allow a better capacit y of accumulation and, theref ore, increase the value of
critical height. Finally, the stable height value , f or which the calculat ions were
developed, is only an approximate estim ate of the height present at the time of
earthquakes . Based on what previously descr ibe d, the ℎ𝑠𝑡𝑎𝑏 values could also be
ver y diff erent from those obtained. Also, no height var iations were made bet ween
one earthquake and another. Theref ore, the obtained scenarios are independent :
the eff ects of the single earthqua ke were considered as if it w as the only event
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that occurred. W e must also add the unc ertaint y of data extr acted by ShakeMaps.
As described in sect ion 4.6, they give only an indicat ive estimation of the shaking
suff ered by the ground. For all these reasons, results obtained are indicative of
which areas may have been, more likely, subject to a seismic ally induced snow
avalanches during the earthquakes of interest. If the analysis w as repeated, locally,
f or each snow avalanche release area, the results could be signif icant ly diff erent.

4.7 Rigopiano disaster (January 18th 2017)
The Rigopiano tragedy , in which 29 people died, occurred on Januar y 18 t h ,
2017, and it is part of a context of heavy snowf all and seismic act ivity in Centr al
Italy. The Rigopiano Hotel was locat ed in Far indola Municipalit y, province of
Pescar a, and it was destroyed by a snow avalanche def ined by Frigo et al., (2018)
a "f luidized dr y snow avalanche" which was char acterized by a particularly long
channeled track zone (about 1500 m) despite the release area extension was not
particularly wide . “The avalanche released appr oximat ely at 17:40 f rom Mount
Siella”, on the Adriatic side of Gran Sasso Massif (Frigo et al., 2018). The main
f eatures of the avalanche were its f luidity and t he pr esence of trees and debr is
(Frigo et al., 2018). U pstream of the Hotel , there was a f orest , and usually, f orested
areas should prevent or slow down the avalanche, but in this case , the f low was
incredibly f ast (about 30 m/s), and the presence of solid material led exclusively t o
avalanche densit y increasing (Frigo et al., 2018). In f act, the slab densit y ca n be
considered equal to 250 kg/ m 3 , but, because of f luidif ication, it can be reduced to
200 kg/ m 3 . Debris and trees densit y was about 700 kg/ m 3 , so the f inal snow
avalanche densit y can reasonably be considered equal to 450 kg /m 3 (Frigo et al.,
2018). This scenar io led to an impact pressure wit h the Hotel equal to 393 kPa
(Frigo et al., 2018) . Starting f rom DEM and cumulative precipitation data o n the
days Januar y 15 t h -18 t h 2017, it was possible to char acter ize Rigopiano release area.
Rigopiano release area shows an extension of approximately 25500 m 2 and it lies
bet ween 1846 and 1725 m altitude, with an aver age alt it ude of 1781 m. The
Rigopiano Hotel was located downstream at an alt itude of about 1150 m. The
average slope obtained is about 34 °, but it presents maxim ums that reach even
47°.Release area aspect is bet ween 18° and 108°, with an average value that is
around 83°, so the area is expose d to the East. The distribut ion of Plan cur vatur e
cells values has a negative median. T heref ore, more than 50% of the area has
concave structures in the direct ion perpendicular to that of maximum slope. On the
contrar y, a pr evalence of convex struct ures is obser ved in the direct ion of maximum
slope. Always keep in mind that data must be evaluated based on the init ial DEM
qualit y. The meteor ological model has returned , f or Rigopiano release area, a
cumulative value, f or the days Januar y 15 t h -18 t h 2017, equal to 485 cm. Consider ing
a depth of the weak layer equal to 2 m (Frigo et al., 2018) , it is possible to estimate
that the snow volume, detached at the release area, is about 50000 m 3 . Consider ing
that the total volum e dragged by the avalanche is about 103000 m 3 (Fr igo et al.,
2018), it can be observed that the volum e has more than doubled . It is emph asized
that data obtained ar e slightly diff erent f rom data reported in Frigo et al., 2018 and
Chiambretti et al., 2018. The main reason s are the diff erent s tarting DEM, and the
analysis carr ied out at a much larger scale. Following the event, the act ivit y carried
out by f orensic engineer ing was signif icant. The most diff icult data to obtain wer e
those relat ing to the release ar ea because of the time elapsed s ince the event. The
perimeter of this area was obtained through the comparison of photographs, f rom
days bef ore the event , combined with data f ound in the f ield. The perimeter of the
avalanche was obtained by GPS , and the rough height of the stream was obtained
by obser ving the veg etation damages. On average, the height of the dense f low was
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3-4 m, while that of the powder f low was of about 10 m. Furthermore, f rom snow
and debr is deposits near the trees , it was possible to evaluate the f low direction
(Chiambretti at al., 2018). Below, in Fig. 4.85, the territor ial classif icat ion , in the
Gran Sasso Massif , of Rigopiano snow avalanche , and the detail of its release area
and path ar e reported . Mor eover, t he section taken along the central axis of snow
avalanche pat h is reported.

Fig. 4.85 territorial classification, in the Gran Sasso Massif, of Rigopiano snow avalanche and the detail of its release area,
path and section taken along the central axis of snow avalanche path

As already mentioned, the Rigopiano release ar ea is not indeed among the
most relevant in terms of the extension, as shown in Fig. 4.86. Approximately 98%
of the total release areas present an ext ension of less than 100,000 m 2 . Only 2%
are larger. Among these, the largest has an extension of approximately 575,000 m 2 .
The averag e extension is about 14000 m 2 , so the Rigopiano r elease ar ea present s
an extension just above the aver age. This f actor makes it possible to understand
how even avalanches involving a lower volume can cause disastrous damage.
Undoubtedly, in the risk assessment, exposure plays a key role. W e want t o
under line that, with both the Maggioni and B ühler algorithms f or th e PRA
delineation, the Rigopiano release area has been ident if ied. Theref ore , with such
methods, it is possible to carr y out a work of prevent ion and protection against snow
avalanches.

Fig. 4.86 Statistical distribution of release areas extension with the indication of Rigopiano release area.
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The context that is being analyzed must take into account, in addition to the
geomorphological and nivo -meteorological data, also the possible inf luence of
earthquakes. In this study, the 4 earthquakes of magnitude high er than or equal t o
5 occurred on January 18 t h , 2017 as reported in paragraph 4.6. In addit ion to these
earthquakes , the seismic hazard map was used. Using the Rigopiano release area,
accelerat ion values resented and seism ic hazard map PGA values were extract ed.
The values obtained are shown in Table 18.
Table 18 Acceleration values (g) that affected Rigopiano release area on 18 January 2017 and PGA from seismic hazard
map for the same release area

Event ID (ID in Fig. 4.3)

mm/dd/yy

12695491 (13)

1/18/2017

hh:min:sec
UTC
9:25:40 AM

Rigopiano resented
PGA (g)

12697591 (12)

1/18/2017

10:14:09 AM

12698071 (8)

1/18/2017

10:25:23 AM

12707401 (5)
Seismic Hazard Map
(PVR= 10% VR= 50 y)

1/18/2017

1:33:36 PM

0.02
0.04
0.04
0.02

-

-

0.21

It is obser ved that the accelerat ion data obtained f rom the 4 earthquakes are
of an order of magnitude lower than the value reported by the seism ic hazard map.
Starting f rom this last value, Rigopiano release area f alls in seismic zone 2 ( Table
8). For the Rigopiano snow avalanche it is possible to af f irm that it is not a coseism ic event, in r eference to the 4 earthq uakes considered. I n f act, the R igopiano
snow avalanche occurred many hours later compared to events with Mw ≥ 5 of
Januar y 18 t h 2017. It is challenging to know if one of these earthquakes could, in
some way, com prom ise the stabilit y of the snowpack causing a delayed r elease
over time. It is assumed that the model of Pérez-Guillén (2014) cum bibl. it is basic
to obtain a precise r esult f or the specif ic case of Rigopiano. As described in the
paragraph 4.6.12 " Model and results crit ical obser vations", too many aspects that
could make the diff erence would be overlooked. In general, however, it is possible
to compare the accelerat ions resented by Rigopiano release area ( Table 18) with
the critical acceler ations (f or graupel snow and decomposing f orms , respectivel y
Table 16 and Table 18) f ound f or the mountain sect or to which it belongs: Gran
Sasso, Adriatic side . From this comparison it is obser ved that the crit ical
accelerat ions, in both cases, are more than one order of magnitude above those
resented at Rigopiano release area. Consequent ly, considering the time gap
bet ween the Rigopiano avalanche and the earthquakes , and ascertaining the
considerable diff erence bet ween cr itical acceleration f ound f or Gran Sasso, Adr iatic
side, and accelerat ions resented at Rigopiano release ar ea, it can be concluded
that the events wit h M w ≥ 5, ver if ied on Januar y 18 t h 2017, played a negligible role
in the detachment of the Rigopiano snow avalanche.
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4.8 Conclusions
This study can be subdivided into 2 parts:
In the f irst part the state of the art of snow avalanches monitor ing,
character izing and f orecast ing methods was described. In particular, seism ic and
inf rasonic methods were descr ibed. It was f ound that dif f erent parameters ( speed,
size, path, type, dist a nce) of avalanches can be obtained thr ough the study of such
signals. It is possible to use seismic and inf rasonic signals f or the automatic
detection of avalanches, even if this operation does not always produce good
results due to the environmental noise . The mutual use of seism ic and inf rasonic
methods is ver y important. Inf rasonic signals are not subject to anelastic
attenuat ion and geometric diff usion so t hat, they can be used f or the detect ion of
the initial phase of the avalanche. On the contrar y, th e f inal phase is only detect ed
by seismic sensors since the powder cloud , origin of inf rasonic signals , is
drastically reduced. Precisely because these methods work well f or the initial and
f inal phase of the avalanche release, they allow to under stand the total event
duration. I n essence, we have obser ved the complement arit y of the two methods
which can provide a great potential f or monitor ing snow avalanches. Also in the f irst
part, the main literat ure not ions about snow aval anches triggered by earthquakes
were introduced. There are t wo t ypes of snow avalanches induced by earthquakes.
The f irst type is co-seism ic snow avalanches, whose release occurred immediatel y
or soon af ter the earthquake. The second type is snow packs that, because of
seism ic-induced stress changes, irr emediab ly compromised t heir stabilit y. Then ,
the release takes place with a certain delay time compared to the earthquake
occurrence. Even now, the success of seismic and inf rasonic methods
complementar it y, f or the identif icat ion of seismic -induced snow avalanches, has
been described . A f undamental concept has been emphasized: when studying the
seism ic-induced snow avalanches, the earthquake alone is not enough to cause
detachment . Snowpack stabilit y conditio ns are f undamental. In the f irst studies on
the subject, a parallelism with landslides triggered by the earthquake s was of ten
sought. W hat is valid f or landslides, and that we expect f or avalanches, is that as
earthquake magnitude increases , the distance f or which seismic -induced events
occur and the num ber of such events , increases too. Again, in a compar ison
bet ween avalanches and landslides, the minimum magnitude value that could
trigger avalanches was invest igated. From literature, the mi nimum M w value that
can trigger snow avalanches, f or a 0 distance bet ween site and source, is equal t o
1.9 (corresponding to a PGA of 0.03 g). The f irst part of the work ends with the
presentat ion of 3 snow avalanches release models with earthquake action . W e
highlight the model of Pérez -Guillén et al. (2014), t o under stand some results of
this study described below, which takes into account the action of the earthquake,
studying the relationship bet ween the shear resistance of the snowpack, at the weak
layer, and the shear stress acting on it. The whole is enclosed in a stabilit y f actor.
In the second part , core of this elaborate , the case study was pr esented:
Central Apennines area. The objective of the study is a geomorphological, nivo meteorological and seism ic analysis of snow avalanches release areas in Januar y
2017. The study ar ea is def ined by the administrat ive lim its of Abruzzo, Lazio,
Marche, Molise and Umbria r egions. Initially, the seism ic and nivo -meteorological
f raming , in Januar y 2017, was pr esent ed. Central Apennines f all into seism ic zones
1 and 2. Most of the earthquakes occurred in Januar y 2017 (57% of those occurr ing
throughout the whole year) were provoked by the CSS ITCS028 ( Colf iorito Campotost o). Among these, there are 4 earthq uakes with M w ≥ 5 occurred on
Januar y 18 t h , 2017. They will be of particular interest f or subsequent analyzes. The
nivo-meteorological analysis was based mainly on of f icial dat a reported by
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Meteomont bulletins : sector 07 ( Appennino Umbro- Marchigiano) and sect or 04
(Grandi Massicci Appenninici and Appennino Abruzzese) . These data are valid on
a synoptic- regional scale, so results of cumulative snow pr ecipitat ion (15 t h - 18 t h
Januar y 2017) returned by the applicat ion of a meteorological model ( Moloch),
compared with NASA satellite images were exam ined too . Mountainous areas
mainly aff ected by the perturbat ion are Laga Mountains, Gran Sasso and Majella
Massif s. In these sectors the aver age cumulat ive value was bet ween 400 and 500
cm, but the maximum values also exceeded 500 cm. However, the entire ar ea of
interest has been subject to strong perturbation in the examined per iod. Af ter this
general over view, the work can be divided into 5 subparts:
1) Geomorphological analysis of the entire study area
2) Geomorphological, nivo -meteorological analysis of snow avalanches release
areas
3) Applicat ion of semi- automatic procedure s f or def ining the Potential Release
Areas (PRA)
4) Seismic analysis of snow avalanches release areas and def init ion of possible
detachment s due to earthquakes .
5) Rigopiano disaster ( Januar y 18 t h 2017)
1)
To carry out the geomorphological analysis the SR T M (Shuttle Radar
Topography Mission) DEM, wit h a resolut ion of 30 m , was used. It is emphasized
that the shif ting, resampling and int erpolating data inher ited, f rom the original DEM,
and introduced artif acts in some topographic f eatures . Theref ore, the used DEM is
not of excellent qualit y. This leads to uncertainties in the results obtained. The
analysis was developed f or areas at an altitude higher than 500 m. The
Zevenbergen and Thorne (1987) algor ithm was used f or the calculation of slope,
aspect prof ile and plan cur vature. S lope distr ibut ion reveals that 50% of cells sho w
values bet ween 10° and 25 °. There are no prevailing exposures on the entir e stud y
area. The distr ibut ion of the Plan cur vature is practically symmetrical, while the
prof ile cur vatur e is slightly asymmetrical, and about 70% of total cells are concave.
A c lassif ication of the cur vat ures was car ried out using the Dikau criterion ( 1989).
The most common structures are hollow f oot and nose (about 30% of the total cells
f or each of them ). Subsequently, diff erent parameters wer e calculat ed f or the
identif icat ion of ridges and valleys. U sing the TOPMODEL approach , we calculated
the Total Catchment Area (TCA) and consequent ly the Specif ic Catchment Area
(SCA). Subsequently, other topographic indices were calculated: Topographic
W etness Index (TW I), Stream Power Ind ex (SPI) and Convergence Index (CI). The
TCA classif ies a high er number of cells as valleys. On the contrar y, the TW I
classif ies a higher number of cells as ridges and it is better than the TCA in
managing the f low f or f lat areas. T he SPI classif ies most o f the cells as valleys, but
the percentag e of ridges does not dif f er much . The CI obtains a sim ilar
classif icat ion . The geomorphological analysis ends with the calculat ion of the
Topographic Position Index (TPI). Also , in this case, the algorithm is used f or
dif f erentiating ridges and valleys. In this case, the result depends on the chosen
neighborhood size.
2)
Snow avalanches, occurred in the Apennines (Januar y 2017) , perimeter of
the largest events was obtained t hanks to a work of photo -int erpretation carr ied out
on high-resolution satellite images. From these, release areas were extr acted. It is
anticipated that the t iming of such avalanches is not known. T he g eomorphological
analysis led to a statistical character izat ion of main topogra phic attributes
(elevation, slope, aspect, and cur vature) of snow avalanches release areas. Nivo meteorological release areas analysis was based mainly on data of cumulat ive snow
precipit ation, dur ing the period 15 t h -18 t h Januar y 2017, deriving f rom a
meteorological model.
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In particular, the geomorphological and nivo -meteorological analyses wer e carr ied
out on the totalit y of release areas and on Sibillini Mountains, Laga Mountains,
Gran Sasso Massif , Majella Massif , and Sirente Velino Mountains release are as.
For each mountain sector, release areas were also character ized by dif f erentiating
bet ween Adr iat ic and Tyrrhenian side. Regarding the altit ude , it is noted that all the
release ar eas lie above 750 m elevat ion. Moreover, we can assert that release
areas elevat ion certainly depends on t he intrinsic alt itude of the mountain sector to
which they belong, but in some cases , the meteorological context can lead to som e
var iat ions. Regarding slope, most of the release areas show values, f or all the
distr ibut ion s, in the range bet ween 28° and 45°. It is considered, f rom literatur e,
the optimal range that f avors detachment. Slope dat a above 60° (too steep) and
below 28° (too f lat), since this range is deeply consolidated, can be attributed to
outliers due to a low DEM qualit y. Aspect is the parameter f or which there are more
var iat ions and more t hings to say. The most interest ing result is that all the release
areas in the T yrrhenian sectors present a much more concent rated distr ibut ion,
bet ween 180° and 270 °, than the Adriat ic ones. This is caused by the orographic
constraints, present in downwind slopes, which lead to the channeling of f lows
loading with snow only areas that intercept and obstruct such f lows com ing f rom
North-East. Regarding Plan cur vat ure, it i s obser ved that almost all distributions
have a negative median value. This means that more t han 50% of cells show
concave structures. The distribut ions of the prof ile cur vature are symmetric wit h
respect to 0. W e expected, f rom these distributions , a signif icant presence of
concave cells. T his data must be cr itically evaluated because of error propagation
through second der ivat ives start ing f rom a low -qualit y DEM. By obser ving the
number of snow avalanches mapped in each sector, a good matching can be f oun d
bet ween the number of events and the cumulative precipitat ion values. The only
except ion is f ound f or events occurred in Laga Mount ains, Adr iat ic and Tyrrhenian
sides. Although on release areas of the Adriatic side t here are higher cumulat ive
values, in the Tyrrhenian side ver if ied more events.
3)
In the perspective of prevention, and construction of protective works, two
semi-aut omatic procedures f or delineating Potential Release A reas (PRA) wer e
applied. Procedures are presented in Maggioni (2004) and B ühler (2018). The
application of the f irst algorithm is mor e complex than the second one. In both
cases, PRA were obt ained start ing f rom reasoning on main t opographic attributes.
The results were com pared with real release areas obtained by photo - interpret ation.
In both cases , the algorithms ident if y an area extension that is decidedly super ior
to that of real event s. The latter show an extension equal to 4% of PRA identif ied
with Maggioni (2004) and equal to 7.6% of PRA identif ied with B ühler et al. (2018).
The 75% of real release ar eas was correctly identif ied by Maggioni (2004), the 62%
by Bühler et al. (2018). PRA ext ension obtained through Maggioni algorithm is 1. 7
times higher than that of PRA obtained w ith the B ühler et al. algorithm . So, in our
case, Bühler's algorithm showed higher precision. In both cases, considering the
DEM qualit y, the results are more than satisf actory. Further possible use of these
algorithms lies in the creation of hazar d maps.
4)
Starting f rom release areas extracted from mapped snow avalanches, a
statistical analysis of the seismic accelerations was perf ormed. This analysis was
developed both in the ent ire area of interest, as regards the PGA reported by the
seism ic hazard map (P V R =10% V R = 50 y) , and on three select ed mountain sectors
(Sibillini Mountains, Laga Mountains and Gran Sasso Massif ) , as regards both the
the PGA and acceler ation s f ound in ShakeMaps f or events wit h M w ≥ 5 occurred in
Januar y 18 t h 2017. For all earthquakes, except f or the one that occurred at 13:33:36
UTC, release areas of Laga mountains presented the highest accelerat ion values .
Higher acceleration values are observed in the release areas of the Laga
Mountains, Tyrrhenian side . In Gran Sasso and Sibillini Mountains, the event s
number is not related to the accelerat ion s f ound. In these sectors the snow
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avalanches number was , instead, related to the snowf all dat a. On the other hand,
a similar trend between acceleration and events number was noted in Laga
Mountains. Looking at Adr iatic and Tyrrhe nian sides of Laga Mountains, the higher
number of events occurred on the T yrrhenian side in which ther e is not the maximum
of cumulative snow precipit ation, f ound on the Adriat ic side , but the maximum of
accelerat ions. Accelerations resented by release ar eas dur ing the earthquakes
were lower than those indicated by t he seismic hazar d map. Now, we tried to
understand which release areas could be triggered by earthquakes of interest. To
this end, the snow avalanch e release model, proposed by Pérez-Guillé n (2014) cum
bibl. was applied. The goal is the achievement o f a critical acceleration value that
can trigger snow avalanches. C alculat ions wer e made wit h 2 values of shear
strength corresponding to graupel snow and decomposing f orms. It was noted that
only re lease areas in Laga Mount ains, Tyr rhenian side, could present accelerations
f or seismic - induced snow avalanches. Critical accelerations f ound respectively f or
graupel and decompsing f orms are 0.132 g and 0.101 g. For each earthquake, the
scenar io is indepe ndent. It is important to underline that we used a basic model and
that these evaluations are carried out on the scale of mountain massif s . Theref ore,
on the single slope the condit ions can be signif icant ly diff erent.
5)
The Rigopiano disaster was analyzed. Also, Rigopiano release area was
statistically charact erized by the geomorphological, nivo -meteorological and
seism ic viewpoint. Rigopiano release area shows an extension of approximately
25500 m 2 and it lies at an aver age altitude of 1781 m . The average slope is about
34 °. Release ar ea aspect is exposed t o the East. Mor e than 50% of cells show
concave structures in the direct ion perpendicular to that of maximum slope. On the
contrar y, a prevalence of convex structur es i s obser ved in the direction of steepest
descent . The meteorological model has returned, f or Rigopiano release ar ea, a
cumulative value, f or the days Januar y 15 t h -18 t h 2017, equal to 485 cm. Rigopiano
release area is not among the most relevant in t erms of extension: it is just above
the average. It should be noted that wit h the applicat ion of both the algorithms
descr ibed at point 3) ; despite the low DEM qualit y, the Rigopiano release area was
correctly identif ied. Accelerations suf fered by Rigopiano releas e area dur ing
earthquakes (f rom 0.02 g to 0.04 g) wer e compared with the critical accelerat ion
f ound f or Gran Sasso, Adriat ic side sect or (0.725 g and 0.621 g respectively f or
graupel snow and decomposing f orms) , to which the snow avalanche belongs. From
this compar ison, and consider ing the time gap between the earthquakes and the
avalanche, we concluded, with the highest probabilit y, that earthquake had a
marginal role in the detachment of the Rigopiano snow avalanche.
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Appendix A
ArcGIS passages for determinating PRA: Maggioni (2004)
For the application of the algorithm repor ted in Maggioni ( 2004), the ArcGI S
sof tware was used. So, slope ( Slope – Spat ial Analyst t ool), aspect (Aspect –
Spat ial Analyst tool) and Planar cur vatur e (Cur vature – Spat ial Analyst tool) rasters
were recalculated f or the study area using diff erent algorithms than those descr ibed
in par agraph X . The reason is that in Maggioni (2004) the aut hor uses this sof tware
to obtain PRA. In this way the results wer e obtained with the same algorithms used
by the author.
Step A
-

Resampling of input DEM at 25 m (Resample – Data Management tool). DE M
must have already been preprocessed (see Geomorphological analysis
section)

-

Download CLC 2012 level IV f rom Geoportale Nazionale (W FS Ser vice) and
extraction of all areas, except f or “boschi di conif ere”, “boschi di lat if oglie”
and “boschi m isti di conif ere e lat if oglie ”. (Select ion by Attr ibutes and Export
selected f eatures)

-

Extract slope rast er using exported no f orested areas as mask. (Extract by
Mask – Spat ial Analyst tool)

-

Export, f rom the latter result, areas with 30° ≤ slope ≤ 60°. Raster calculator
expression: Con ((“Slope_raster” <= 60°) & (“Slope_r aster” >= 30°)),1)

-

Convert the latter r aster in polygon f or subsequent processing. (Raster to
Polygon – Conversion tool)

Step B
-

Calculat ion of ridges with algorithm given by lit erature :

-

Calculate the negative DEM ( Rast er calculator expression: “DTM_r aster” * ( 1))

-

Calculate f low direct i on with negative DEM as input data. (Flow Direction –
Spat ial Analyst tool). Check “Force all edge cells to f low out ward”.

-

Calculate f low accumulat ion using f low direction raster as input. (Flo w
Accumulat ion – Spat ial Analyst tool). Set the output data t yp e as INTEGER.

-

Create
the
f low
net work.
(Raster
Calculator
expression:
Con
(“FlowAccumulation_raster”, 1, 0, “Value >= 500”). Ridgelines are obtained.

-

Convert the latter raster in polygon (Rast er to Polygon – Conversion tool)

[It is possible t o convert the latter rast er into a vect or through the Stream Order
(Stream Order – Spatial Analyst tool). Use as “ input stream raster” the r idgelines
raster and, as “ input f low direction raster” the f low direction raster calculated above.
Use as Stream order ing method S TRAHLER. In the end, use t he Stream to f eature
tool ( Spat ial analyst tool) using as “ input stream raster” and “input f low dir ection
raster” the rasters pr eviously calculated.]
-

Use the command Er ase (Analysis tool) f or subtract ing polygonal r idges f rom
polygon represent ing no f orested areas and slope areas bet ween 30° and 60°
previously computed.
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-

Use the latter polygon f or extract (Extract by Mask – Spat ial Analyst tool) the
Planar cur vature wit h a resolution of 50 m. T heref ore, bef ore the extraction,
resample the Planar cur vature r aster at 50 m (Resample – Data Management
tool)

-

Split the cur vature r aster into the f ollowi ng classes using raster calculator .
Raster calculator expressions:

A.

Con( (“Plan_Cur vature”<= ( - 0.2),1): PRA, self -contained (concave)

B.

Con( (“Plan_Cur vature” > ( - 0.2),1): PRA, f lat e convex.

-

Group PRA, f lat e convex using an adjacency cr iterion (Region Group –
Spat ial Analysis tool). Use FOUR cells as “number of neighbors to use” and
the grouping method W ITHIN. The adjacency with 4 cells ensu res that areas
that are divided by the intermediate presence of a ridge are not considered
adjacent. Perf orming this tool, in the raster attribute table it is present the
f ield COUNT which indicates the number of cells within each group f ound .

-

It is, theref ore, possible to calculat e the area (m 2 ) of each gr oup by adding
the "AREA" f ield and using the Field calculator. Field calculat or expression:
[COUNT] * 50 * 50.

-

Use the group dimension (“AREA”) f or determinating PRA ( f lat e convex),
self -contained and not. For this pur pose , a threshold of 5000 m 2 was used.
Areas below 5000 m 2 are the not self -contained PRA, while those above 5 000
are the PRA, self -contained, f lat or convex. It is possible doing this using the
Raster Calculator . Raster calculator exp ressions:

C.

Con((Lookup( “Raster_Group_Name”, “AREA”) <= 5000), 1), obtaining not
self -contained PRA

D.

Con((Lookup( “Rast er_Group_Name”, “AREA”) >= 5000), 1), obtaining
PRA, self -contained-f lat or convex. )

-

The raster obt ained by the last expression D. , together with the raster of the
PRA, self -contained (concave), obtained with t he expression A. , ar e
subjected t o a f ilter ing process based on Alt itude Range. O nly cells wit h a n
alt itude value higher than “maximum value in ever y PRA minus 200 m” are
considered to belong to that PRA. For obt aining the result, consist ing in Self contained PRA, the f ollowing procedure can be applied. T he procedure wil l
be applied f irst to the PRA, self -contained (con cave) and then to the PRA,
self -contained, f lat or convex.

-

Group PRA raster using an adjacency criterion (Region Group – Spatial
Analysis tool). Use FOUR cells as number of neighbors to use and the
grouping method W ITHIN. The adjacency with 4 cells ensures that areas that
are divided by the i ntermediate pr esence of a ridge are not consider ed
adjacent.

-

Convert Raster PRA in Polygon thr ough Raster to Polygon ( Conversion tool)

-

Execut e, f or obtained poly gon, the Dissolve tool (Data Management tool).
Use “gridcode” as dissolve f ield f or obtaining a layer with indexed groupings
in the attr ibute table.

-

Resampling of input DEM at 50 m (Resample – Data Management tool). DE M
must have already been preprocessed (see Geomorphological analysis
section)

-

Use the Dissolve out put as Mask f or an extract ing ope rat ion ( Extract by Mask
– Spat ial Analyst tool) executed on raster DEM wit h a resolut ion of 50 m.
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-

The Extract by Mask output will be a f loating type raster. W ith this raster
type, it is not possible to open the raster attribute table. Theref ore, convert
it in an integer raster type (Int – Spatial Analyst tool). Now, the attribute table
can be opened. It is present a “gridcode” f ield in which altit ude values are
reported.

-

Use the command Raster to Point (Conversion tool) to convert each DEM
raster cell in a point, maintaining alt itude values.

-

Use the polygon obt ained with the previously Dissolve oper ation and join it
spatially with the point layer just created. In Spatial join settings set the
checkbox Maximum. In this way f or each polygon will be given the maximum
of numeric attributes of the points that f all inside it. This value is shown in
the " Max_grid_c" f ield . By adding a f ield “ Threshold” in the attribute table and
using the f ield calculator (Field calculator expression: [“ Max_grid_c”] –200)
it is possible to f ind t he threshold above which cells are considered to belong
to the PRA.

-

Execut e a spatial joining bet ween the DEM point layer and the output of the
previous join. In this way all area attributes, in which a point f alls in, ar e
associated with it . Theref ore, in the output point layer attribut e table the “grid
code” (altitude values) and the “Threshold” f ield are present.

-

Use Selection by attributes f or the point layer created by using the spatial
join and compile the f ollowing quer y: “grid code” > “Threshold”. In this way,
all points wit h an altitude value higher than the threshold are identif ied.
Export select ed f eatures.

-

Use Point to Raster (Conversion Tool) f or obtaining PRA, self -contained
(concave) and PRA, self -contained (f lat or convex) rast ers.

-

Merge raster t hrough Raster calculator f or obtaining Self Contained PRA
raster. Raster Calculator Expression:
Con((Con(IsNull(“PRA_1_name”),0,”PRA_1_name”)+Con(IsNull(“PRA_2_na
me”),0,PRA_2_name”), 1)

Step C
-

Unit Self Contained PRA raster with Not Sel f Contained PRA raster. Raster
Calculator Expression:
Con((Con(IsNull(“Self _Cont_PRA_name”) ,0,”Self _Cont_PRA_name”)+Con(Is
Null(“ Not_Self _Cont _PRA_name”),0, “Not_Self _Cont_PRA_name”), 1)

-

Use this raster f or extract ing DEM and Aspect values (both with a reso lut ion
of 50 m). (Extract by Mask – Spatial Analyst tool). So , resample aspect raster
at 50 m (Resample – Data Management t ool).

-

Use Euclidean Distance (Spatial Analyst tool) , using as input r aster the merge
raster obtained with the f irst passage of Step C , setting as maximum distance
the cellsize value (50). Beyond this value, the output rast er will have cells
with a value of NoData. In this way r aster will expand , along its entire
perimeter, of one cellsize. Expanded cells have all value 50.

-

Use Raster ca lculator f or extract ing only the expanded cells. Raster
Calculator expression:
Con( (“Expanded_r aster_name” == 50 ), 1)

-

Extract with r aster of expanded cells the init ial DE M and the Aspect raster s,
both with a resolution of 50 m . (Extract by Mask – Spat ial Analyst tool)
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-

Unit DEM, extracted with PRA, wit h DEM extracted wit h expanded cells using
Raster calculator. Repeat the same procedure f or extracted Aspect rasters.
Raster calculator expression:

E.

Con( IsNull( "dtm_cells_exp_name" ), 0, "dtm_cells_exp_name " ) + Con(
IsNull( "DT M_Self C_PRA_name" ), 0 , "DTM_Self C_PRA_nam e ")

F.

Con( IsNull( "Aspect _cells_exp_name" ), 0, "Aspect_cells_exp_name " ) +
Con( IsNull( "Aspect_Self C_PRA_name" ), 0 , "Aspect_Self C_PRA_name ")

-

Use Focal Statist ics (Spatial Analyst tool), usin g as input rast er the merging
obtained at the previously passage and set as statist ic t ype RANGE. In this
way the tool c alculates the range (dif f erence bet ween largest and smallest
value) of the cells in the neighborhood. For the calculat ion, use a rectangular
kernel of 3x3 (cell unit). Check “Ignore NoData in calculat ions”. Use this tool
f or both outputs obtained f rom E. and F. expressions.

-

Extract with the rast er of expanded cells the Focal Stat ist ics output raster.
Use this tool f or both outputs obtained from the previous tool. (Extract by
Mask – Spat ial Analyst tool)

-

Use Raster calculat or f or evaluating adjacent areas in which the alt itude
dif f erence is less than 100 m and the aspect diff erence is higher than 45°.
Raster calculator expression:
Con((("Clipped_Focal_St atist ics_alt itude_name"<100 ) &("Clipped_Focal_Stat
istics_aspect_name" > 45 )), 1)

-

Expand f rom self contained PRA into adjacent areas that respect this
condition. Raster calculator expression:
Con( IsNull( "Self C_PRA_name" ), 0, " Self C_PRA_name " ) + Con( IsNull(
"Adjacent_100_45_name" ), 0 , " Adjacent_100_45_name ")

-

Use Raster calculat or f or evaluating adjacent areas in which the alt itude
dif f erence is less than 100 m and the aspect dif f erence is less than 45° .
Raster calculator expression:
Con((("Clipped_Focal_St atist ics_alt itude_name"<100 ) &("Clipped_Focal_Stat
istics_aspect_name" < 45 )), 1)

-

Join the whole adjacent areas with self -contained PRA. Raster calculator
expression:
Con( IsNull( " Adjacent_100_45_name " ), 0, "Adjacent_100_45_name " ) +
Con( IsNull( " Self C_PRA_name " ), 0 , " Self C_PRA_name ")

-

Repeat all the Step C procedure using the new PRA obtained.

-

Remove again areas with extension less than 5000 m 2 as described in St ep
B.

-

Filter the PRA using a 750 m altimet er f ilter (value obt ained f rom the
character izat ion of the real release areas) af ter the extraction of DEM values
with PRA raster. Raster calculat or expression:
Con((("Final_PRA_DEM">750, 1 )

-

Remove PRA cells that intersect not e track zones.
expression:

Raster calculator

Con(IsNull (“Track_zones_r aster”), “PRA_raster”)
-

Extract only PRA in interested mountain sectors.
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